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Try to design highest performance robots

Use those robots as scientific tools to study locomotion



APPROACH | DESIGN FOR 
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To perform better at energetic tasks, design with power density 
as primary criteria

Method: Use one actuator to do all the energetic work.
This is enabled by a coupling mechanism that produces the 
desired behavior by default, when power is applied
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Test power density first design with running robot and jumping  
robot. 
Both should be best in class

X2-VelociRoACH

Salto
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RAPID AND AGILE LOCOMOTION WITH POWER-
DENSE MILLIROBOTS
1:  RAPID LOCOMOTION

Approach

Result

Stride kinematics

Force and power

Energetics

2:  AGILE LOCOMOTION

Motivation

Agility metric

Actuation strategies

SE+MA actuation

Leg mechanism

Proof of concept

Prototype & results
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FASTER RUNNING ROBOTS VIA POWER-DENSITY
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FASTER RUNNING ROBOTS VIA POWER-DENSITY

1:  RAPID LOCOMOTION

Approach



RAPID | MOTIVATION
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Find the speed limits of legged locomotion

What limits the top speed of a robot?



RAPID | APPROACH
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Design for power-density first: 
Cut everything that doesn’t add power
Run using a single actuator

!"#$%&'() *+,$-'./

Build faster robot 
by increasing 
power density



Attach single motor to running mechanism
Mechanism translates power to running
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RAPID | APPROACH

VelociRoACH



Prior running robot
2 DoF, 43 W/kg, 2.7 m/s top speed
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RAPID | 2013: VelociRoACH

VelociRoACH



To get running from open-loop power input:
Tune leg kinematics and stiffness to get stable motion
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RAPID | APPROACH: MECHANSIM

Establish mechanical stability 
to get running by default



New running robot: X2-VelociRoACH
1 DoF, 120 W/kg
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RAPID | APPROACH: MECHANSIM

Single-motor design gets 3X power density
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FASTER RUNNING ROBOTS VIA POWER-DENSITY

1:  RAPID LOCOMOTION
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RAPID | RUNNING RESULTS
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Top speed: 4.9 m/s



RAPID | RUNNING RESULTS 
(SLOWED 5X)
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RAPID | RUNNING RESULTS 
(SLOWED 20X)

Footage captured at 600 fps

4/24/17 RAPID AND AGILE LOCMOTION 17



RAPID | RUNNING RESULTS 
(SLOWED 19X)
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RAPID | STRIDE KINEMATICS
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Stride length increases at 
higher frequencies

Speed continues to increase with stride frequency
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RAPID | PREDICTED POWER 
DRAW
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Forces increase cubically 
with stride rate

Power increases 
cubically



RAPID | MEASURED POWER 
DRAW
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Inertial forces drive 
power consumption

Power increases 
cubically, as 
predicted



RAPID | LEG FORCES
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Increased stride 
length caused by leg 
deformation



RAPID | MATERIAL FAILURE 
LIMIT
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35 Hz 45 Hz

Top speed limited by self-destruction
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RAPID | SPECIFIC RESISTANCE
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Usually monotonically 
decreasing 

Cubic power costs mean 
diminishing returns on 
efficiency



RAPID | CONCLUSIONS

Demonstrated power-density first design strategy
! 1 Actuator driving specialized mechanism
! 3X increase in power density

X2-VelociRoACH is fastest running robot relative to size

Geometrically increasing power and damage motivate other 
methods for increasing speed
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AGILE | MOTIVATION

FEMA USAR Training Site, Menlo Park
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AGILE | MOTIVATION

Need more mobility
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AGILE | MOTIVATION

Ability to traverse rubble
! Not unstructured, but sparse

Small platform size
! More robust
! Won’t disturb site
! Cheaper

Implies leaping 
(saltatorial) locomotion
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AGILE | ANIMAL SALTATORIAL 
LOCOMOTION
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AGILE | ROBOTIC SALTATORIAL 
LOCOMOTIONC6%%1%B D6(-1%B

Controlled continuous 
locomotion

Uncontrolled intermittent 
jumps

Low amplitude hops High-power jumps

OPEN AREA: 
Controlled high-power jumps
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[Park, Park, Kim 2015]

[Kovac et al, 2008]
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AGILE | AGILITY METRIC

To find animal that will 
inspire new robot:
Find metric that 
describes behavior
! Jump high
! Jump quickly

Metric: 
Vertical Jumping 
Agility
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AGILE | MODEL ANIMAL: 
GALAGO
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AGILE | MODEL ANIMAL: 
GALAGO

4/24/17 RAPID AND AGILE LOCMOTION

E:2C6771%1

GALAGO
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[Kovac et al, 2008]

AGILE | AGILITY METRIC
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AGILE | POWER DENSITY AND 
AGILITY
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AGILE | ACTUATION STRATEGIES
Energetic goal:  deliver as much jumping energy as possible
Approaches:
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Rigid

F

Parallel-elastic

F

Series-elastic

F

Rigid maximum power determined by motor

Parallel-elastic can store/return energy. No maximum power limit (with latch)

Series-elastic can passively store/return energy. 
Increase max power by factor of 1.436
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[Kovac et al, 2008]

AGILE | AGILITY METRIC
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AGILE | ACTUATION STRATEGIES
Energetic goal:  deliver as much jumping energy as possible
Approaches:
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Rigid Series-elasticParallel-elastic Series-elastic 
+ Mechanical advantage

F F
F

F

SE+MA strategy: add variable mechanical advantage to 
increase peak power



AGILE | DESIGN OF 
TRANSMISSION
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A variable mechanical advantage profile increases power modulation factor of 
series-elastic systems (Bullfrog study [Roberts, Marsh 2003])

Power modulation
PMAX > PMOTOR

C'3'&1G2747&+(

Mechanical 
advantage:

Output force
Input torque



AGILE | ACTUATION STRATEGIES
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AGILE | ACTUATION STRATEGIES
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SE+MA strategy reduces required power density by factor of 3.8

Parallel-elastic has lowest theoretical power density

HI+$&+2#4-'&#+&1G$J2B$J$B';71K+.2I'3'&L2.+&+I(1%+2%+G+77$I42-'?+I2.+%71&4
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AGILE | LEG MECHANISM
Design for power density: drive jump with single actuator
Leg mechanism has MA profile for power-modulation
and
Produces rotation-free jumps by default
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AGILE | MECHANISM 
REQUIREMENTS

4/24/17

1. The mechanism constrains a foot point to a vertical straight line, the 
line-of-action, in the frame of the robot.
2. Translation of the foot point, or stroke, is long relative to the size of the 
robot.
3. All pivots are located above the foot point at all times, with an input 
pivot near to the line-of-action.
4. Link lengths are compact.
5. The input link that attaches to the series elastic actuator rotates over a 
large range.
6. The leg possesses low mechanical advantage at the top of stroke.
7. Mechanical advantage defines a constant ground force for the 
remainder of stroke.
8. Moments exerted on the body of the robot by the mechanism are 
minimized.
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AGILE | MECHANISM SYNTHESIS

4/24/17

Find all Stephenson linkages that 
trace a straight line
! Homotopy continuation method
! 4478 good solutions

Details: M. M. Plecnik, D. W. Haldane, J. K. Yim, R. S. Fearing, Design 
exploration and kinematic tuning of a power modulating jumping 
monopod, J. Mech. Robot. (2016). Choose solution best matching specifications
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AGILE | MECHANISM SYNTHESIS

4/24/17

Optimize start point from 
design space exploration to 
meet requirements

Prototype spins!
! Inaccurate mass models
! 6-bar hard to balance

Start End

Details: M. M. Plecnik, D. W. Haldane, J. K. Yim, R. S. Fearing, Design 
exploration and kinematic tuning of a power modulating jumping 
monopod, J. Mech. Robot. (2016).
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AGILE | MECHANISM SYNTHESIS
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6-bar hard to balance
!Add two more links
!Reoptimize

Final design satisfies all specifications

Start End

Details: M. M. Plecnik, D. W. Haldane, J. K. Yim, R. S. Fearing, Design 
exploration and kinematic tuning of a power modulating jumping 
monopod, J. Mech. Robot. (2016).
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AGILE | ACTUATED PROOF OF 
CONCEPT
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AGILE | ACTUATED PROOF OF 
CONCEPT

4/24/17

Mechanism
Binary tension links: CF tie-
rod
Binary compression link, 
ternary links, body: Pre-fab 
CF honeycomb panel
Joints: IGUS polymer 
bushings
Connected by molded 
polyurethane
Panel and molds cut using 
Othermill

Spring
Torsional conic-
sectioned latex

Actuator
COTS 3W DC gearhead
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Increasing motor power →    (Videos slowed 10X)

AGILE | JUMPING EXPERIMENTS
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AGILE | POWER MODULATION
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0

Power modulation factor: 3.63

Power modulation
PMAX > PMOTOR



AGILE | EFFECT OF POWER 
DENSITY
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Integrate high-power actuator, spring, inertial tail, and foot with jumping 
mechanism

!"#$%&'()*(+,-,$(
-,(./*(0123(+,-,$

AGILE | ROBOTIC PROTOTYPE
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[Libby et al 2012]



AGILE | VERTICAL JUMPS
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1.008±0.007m vertical jumps, 
Highest robotic vertical jumping agility of 1.75m/s
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AGILE | VERTICAL JUMPS
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1.008±0.007m vertical jumps, 
Highest robotic vertical jumping agility of 1.75m/s
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AGILE | WALL JUMPS
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AGILE | WALL JUMPS
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AGILE | WALL JUMPS
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AGILE | CONCLUSIONS

Agility metric able to compare animal and robot jumpers

Bio-inspired SE+MA strategy increases peak power

SE+MA can be done with singly-actuated mechanism

Salto has highest vertical jumping agility

High agility enabled the new wall-jump
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AGILE | SPATIAL STABILIZATION

Salto is only controllable in-plane

Unstable out of plane

To stabilize without compromising 
power density ‒ Add thrusters (4.4 g)
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Salto-1P
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AGILE | SPATIAL STABILIZATION

Salto is only controllable in-plane

Unstable out of plane

To stabilize without compromising 
power density ‒ Add thrusters (4.4 g)

4/24/17 RAPID AND AGILE LOCMOTION 73



= 3: SPATIAL AGILE 
LOCOMOTION

4/24/17 RAPID AND AGILE LOCMOTION
7
4

EXPANDING LOCOMOTORY CAPACITY WITHOUT 
COMPROMISING POWER DENSITY
1:  RAPID LOCOMOTION

Approach

Result

Stride kinematics

Force and power

Energetics

2:  AGILE LOCOMOTION

Motivation

Agility metric

Actuation strategies

SE+MA actuation

Leg mechanism

Proof of concept

Prototype & results

3:  SPATIAL-AGILE

Attitude control

Spatial controller



5'O+J2?$JJ;P6(-23+#$O1'I

AGILE | SPATIAL LOCOMOTION 
CONTROLLER
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[Raibert 1984]
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AGILE | SPATIAL IN-PLACE 
JUMPING
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AGILE | SPATIAL IN-PLACE 
JUMPING
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Footage slowed 10X
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AGILE | SPATIAL IN-PLACE 
JUMPING
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5'O+J2?$JJ P6(-23+#$O1'I

JUMPING
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AGILE | SPATIAL IN-PLACE 
JUMPING
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AGILE | SPATIAL FORWARDS-
BACKWARDS JUMPING
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AGILE | SPATIAL FORWARDS-
BACKWARDS JUMPING
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AGILE | SPATIAL FORWARDS-
BACKWARDS JUMPING

4/24/17 RAPID AND AGILE LOCMOTION 84



5'O+J2?$JJ;P6(-23+#$O1'I

4/24/17 RAPID AND AGILE LOCMOTION 85

AGILE | ENERGETICS OF 
REPEATED JUMPING

63% average energy recovery 
by series elastic element

First jump establishes 
energy
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AGILE | JUMP EXPLORATION
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AGILE | JUMP EXPLORATION

5'O+J2?$JJ P6(-23+#$O1'I
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AGILE | JUMP EXPLORATION

8.93 m/s maximum .v



AGILE | GRANULAR MEDIA
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AGILE | CONCLUSIONS

Power-density maintained using small actuators to get spatial 
control authority

Early work to simplify mechanism dynamics allowed use of 
simple Raibert controller 

SE+MA mechanism able to passively recover 63% of jumping 
energy

Jumping power translates to wide range of Δv
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CONCLUSION | DESIGN FOR 
POWER-DENSITY
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Tested power density first design with running robot and 
jumping  robot. 
Both were best in class

X2-VelociRoACH

Salto-1P
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RAPID AND AGILE LOCOMOTION WITH POWER-
DENSE MILLIROBOTS
1:  RAPID LOCOMOTION

Approach

Result

Stride kinematics

Force and power

Energetics

2:  AGILE LOCOMOTION

Motivation

Agility metric

Actuation strategies

SE+MA actuation

Leg mechanism

Proof of concept

Prototype & results

3:  SPATIAL-AGILE

Attitude control

Spatial controller

In-place jumping

Forwards-backwards 

Jump exploration
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C+Y61I+(+%&7
U: ZI$G+72$27&I$1B#&2J1%+
T: Q'%B27&I'[+
>: HF2%+$I2J1%+;'\;$G&1'%
W: H'(-$G&2.1(+%71'%7
N: ]%-6&2J1%[2I'&$&+72'O+I2J$IB+2I$%B+
V: Q'?2(+G#:2$.O:2$&2&'-2'\27&I'[+
^: H'%7&$%&2BI'6%.2I+$G&1'%2\'IG+
_: `%B6J$I2('(+%&6(23$J$%G+.

a6%G&1'%7

C+.6G+2I+Y61I+.2
('&'I9B+$I2&I$1%2&'IY6+

"'?+I2('.6J$&+2$2
7+I1+7;+J$7&1G2$G&6$&'I

ZI$%7\'I(2('&'I2&'IY6+21%&'2
O+I&1G$J2P6(-1%B2\'IG+

F1%1(1K+2-+$[2\'IG+7

D6(-2?1&#'6&2I'&$&1'%

M1%BJ+27&I6G&6I+

!"#$%&'"()*$+",#)-.)/&0'-1+)2$,
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F'&'I2b
E+$I&I$1% ]%-6&2J1%[

Q+B2J1%[$B+

a''&2-$&#
a''&2-$&#

0+
J'
G1
&4 a'IG+

`%B6J$I2
('(+%&6(2
3$J$%G+.

C+Y61I+(+%&7
U: ZI$G+72$27&I$1B#&2J1%+
T: Q'%B27&I'[+
>: HF2%+$I2J1%+;'\;$G&1'%
W: H'(-$G&2.1(+%71'%7
N: ]%-6&2J1%[2I'&$&+72'O+I2J$IB+2I$%B+
V: Q'?2(+G#:2$.O:2$&2&'-2'\27&I'[+
^: H'%7&$%&2BI'6%.2I+$G&1'%2\'IG+
_: `%B6J$I2('(+%&6(23$J$%G+.

3$45"6$%$#'+
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Q+B2J1%[$B+

c
d+2#$O+2%'2GJ6+2?#$&2&#172(+G#$%17(2(1B#&2J''[2J1[+:

C+Y61I+(+%&7
U: ZI$G+72$27&I$1B#&2J1%+
T: Q'%B27&I'[+
>: HF2%+$I2J1%+;'\;$G&1'%
W: H'(-$G&2.1(+%71'%7
N: ]%-6&2J1%[2I'&$&+72'O+I2J$IB+2I$%B+
V: Q'?2(+G#:2$.O:2$&2&'-2'\27&I'[+
^: H'%7&$%&2BI'6%.2I+$G&1'%2\'IG+
_: `%B6J$I2('(+%&6(23$J$%G+.

/'&6'"#,).6-%)/(6&'(7
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A Prismatic Joint

F+G#$%17(

c
`271%BJ+27-I1%B;J'$.+.2-I17($&1G2P'1%&

MJ1.+I72$I+2#+$O42$%.2%'&2BI+$&2?1&#2J$&+I$J2J'$.7:

C+Y61I+(+%&7
U: ZI$G+72$27&I$1B#&2J1%+
T: Q'%B27&I'[+
>: HF2%+$I2J1%+;'\;$G&1'%
W: H'(-$G&2.1(+%71'%7
N: ]%-6&2J1%[2I'&$&+72'O+I2J$IB+2I$%B+
V: Q'?2(+G#:2$.O:2$&2&'-2'\27&I'[+
^: H'%7&$%&2BI'6%.2I+$G&1'%2\'IG+
_: `%B6J$I2('(+%&6(23$J$%G+.
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Pick a four-bar

@7+21%GI+.13J+2O176$J1K$&1'%27[1JJ72&'2.+71B%2
$2\'6I;3$I8

C+Y61I+(+%&7
U: ZI$G+72$27&I$1B#&2J1%+
T: Q'%B27&I'[+
>: HF2%+$I2J1%+;'\;$G&1'%
W: H'(-$G&2.1(+%71'%7
N: ]%-6&2J1%[2I'&$&+72'O+I2J$IB+2I$%B+
V: Q'?2(+G#:2$.O:2$&2&'-2'\27&I'[+
^: H'%7&$%&2BI'6%.2I+$G&1'%2\'IG+
_: `%B6J$I2('(+%&6(23$J$%G+.
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Straight-line Linkages

C'3+I&72J1%[$B+ H#+347#+O2J1%[$B+ "+$6G+JJ1+I J1%[$B+

D$(+72d$&&2.+71B%+.2
&#172J1%[$B+2'O+I2T>=2
4+$I72$B'8

<&#+I27&I$1B#&;J1%+2
(+G#$%17(78

C+Y61I+(+%&7
U: ZI$G+72$27&I$1B#&2J1%+
T: Q'%B27&I'[+
>: HF2%+$I2J1%+;'\;$G&1'%
W: H'(-$G&2.1(+%71'%7
N: ]%-6&2J1%[2I'&$&+72'O+I2J$IB+2I$%B+
V: Q'?2(+G#:2$.O:2$&2&'-2'\27&I'[+
^: H'%7&$%&2BI'6%.2I+$G&1'%2\'IG+
_: `%B6J$I2('(+%&6(23$J$%G+.

4/24/17 RAPID AND AGILE LOCMOTION 104



a'6I;3$I72?927J1.+I782
+,$G&27&I$1B#&2J1%+7

`--I',:27&I$1B#&2J1%+2
\'6I;3$I7

! 5'%+2'\2&#+7+2#$O+2BI'6%.2
-1O'&721%2761&$3J+2J'G$&1'%7

5'JJ+L2*:2eQ1%[$B+2G'6-J+I2G6IO+274%&#+71782$2#17&'I1G$J2I+O1+?f]:2g+O+J'-(+%&726-2&'2U_^N:e2
F+G#$%17(2$%.2F$G#1%+2Z#+'I42h:T2iUh^Wj82UW^;UV_:

An Atlas Of All Known Straight-Line 
Four-Bars
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g+71B%2
k,-J'I$&1'%

l1%+($&1G2
Z6%1%B

C+Y61I+.2
A+#$O1'I7

a1%$J2g+71B%

C+Y61I+(+%&7
U: ZI$G+72$27&I$1B#&2J1%+
T: Q'%B27&I'[+
>: HF2%+$I2J1%+;'\;$G&1'%
W: H'(-$G&2.1(+%71'%7
N: ]%-6&2J1%[2I'&$&+72'O+I2J$IB+2I$%B+
V: Q'?2(+G#:2$.O:2$&2&'-2'\27&I'[+
^: H'%7&$%&2BI'6%.2I+$G&1'%2\'IG+
_: `%B6J$I2('(+%&6(23$J$%G+.

Design Approach
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g+71B%2
k,-J'I$&1'%

l1%+($&1G2
Z6%1%B

C+Y61I+.2
A+#$O1'I7

a1%$J2g+71B%
F:2F:2"J+G%1[L2g:2d:2*$J.$%+L2D:2l:2m1( $%.2C:2M:2a+$I1%BL2T=UV:2eg+71B%2k,-J'I$&1'%2$%.2l1%+($&1G2Z6%1%B2'\2$2"'?+I2
F'.6J$&1%B2D6(-1%B2F'%'-'.Le2?,@$6%9(,8(A'BC%6D<+<(%6&(:,;,-DB<L2hiUj8=UU==h:

Generate An Atlas Of DesignsDesign Approach
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g+71B%2
k,-J'I$&1'%

l1%+($&1G2
Z6%1%B

C+Y61I+.2
A+#$O1'I7

a1%$J2g+71B%

/01230451%6174)8%9:04;4<304=8

>

//
///

/>

/01230451%6174)8%9:04;4<304=8
/

>/
>//

>///

?483@%6174)8

F:2F:2"J+G%1[L2g:2d:2*$J.$%+L2D:2l:2m1( $%.2C:2M:2a+$I1%BL2T=UV:2eg+71B%2k,-J'I$&1'%2$%.2l1%+($&1G2Z6%1%B2'\2$2"'?+I2
F'.6J$&1%B2D6(-1%B2F'%'-'.Le2?,@$6%9(,8(A'BC%6D<+<(%6&(:,;,-DB<L2hiUj8=UU==h:

Design 
Approach
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g+71B%2
k,-J'I$&1'%

l1%+($&1G2
Z6%1%B

C+Y61I+.2
A+#$O1'I7

a1%$J2g+71B%

l+42.+71B%2-#$7+
! "I+;+,17&1%B2.+71B%72%'&267+.2\'I2'-&1(1K$&1'%27&$I&1%B2

-'1%&7
! g'+72%'&2.+-+%.2'%2B+'(+&I1G21%&61&1'%2'I2R(+G#$%1G$J2

B+%167S
! H#$JJ+%B+.2342&#+2G6I7+2'\2.1(+%71'%$J1&4

Key Design PhaseDesign Approach
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M'JO1%B2F$771O+2"'J4%'(1$J2M47&+(7

c
U:2F'&1'%2I+Y61I+(+%&7

k,$(-J+

n22]&27#'6J.2B'2&#I'6B#2&#+7+2-'1%&7

n22`%.23+2\$7&2#+I+

n22A6&27J'?2#+I+

T:2"'J4%'(1$J2747&+(

f1(x1,…,xn) = 0
f2(x1,…,xn) = 0
f3(x1,…,xn) = 0
f4(x1,…,xn) = 0
f5(x1,…,xn) = 0
f6(x1,…,xn) = 0

fn(x1,…,xn) = 0

>:2"'J4%'(1$J27'J6&1'%7

n22`%.2?#$&+O+I2+J7+o

A=@51

B1C%:2=D177%=E%F174)8%
1G:@=2304=8H
"'J4%'(1$J2#'('&'-4
G'%&1%6$&1'%

*1B#2'I.+I2747&+(2?1&#2
($%427'J6&1'%7

Design Exploration

4/24/17 RAPID AND AGILE LOCMOTION 110




