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1 Problem-hybriddynamicscreateanauthoritygap

Conventional 
Hopper

Inertial 
Appendages

Propeller 
Assistance

Stance
Ground reaction force exists onlyduringa short
contact interval.

Flight
Nocontact: attitudebecomesunderactuated.

Disturbance
Impacts andpushes inject attitudeandhorizontal
momentum.

Controlauthoritydisappearsexactlywhenattitudecankeepdrifting.
Designquestion: howshould legcontact forceandrotor thrustbecoordinatedacrossstanceandflight?

2 Firstproof-stableon30◦grass

Propellers OFF

Propellers ON

𝟑𝟎°
Keeps balance

Falls down

Propellersoff
After asymmetric contact, attitude error grows. Withno
flight-phaseactuator, the robot falls.

Propellerson
Differential thrust remains available throughflight and
restores attitudebefore thenext landing.

Whatthisestablishes
Residualauthority in stance.
Primaryattitudeauthority inflight.
Faster recovery fromuneven impacts.

Notprimary lift: therotorsclosethe
attitude-authoritygap.

Propellersoff: attitudediverges and the robot falls. Propellerson: it remainsupright andkeepshopping.

3 Platform-hardwarebuiltforleg-firsthopping
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Legandtri-rotor components

Raspberry Pi

Flight Controller
IMU

CAN HAT

Power Board
24/5V

ESC
Propeller 

Motor

Leg Motor
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User Input
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24V

24V
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USB

Ethernet
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CANPWM
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5V

Electronicarchitecture

3-RSRparallel leg
ThreeRSRchainsmeet at one foot: fast 3-DoF
omnidirectional placement, only 0.35kgmovingmass.

Computationalhub
Batteries andelectronics near thehip: lowcenter ofmass, low
inertia.

Y-layouttri-rotor
Continuousattitudeauthority;10Nper rotor, total0.82 mg:
a hopper, not adrone.

ExternalPC@500Hz
Statemachine, estimation,wrenchplanning, and theHFA
allocator.

RaspberryPi interface
CANto the three legmotors;MSPto theflight controller.

Real-time link
LCMoverEthernet: RTT≈0.2ms, 99%<0.5ms,within the
2msperiod.

3.75kgtotal • 9.2%legmass • 20Nm/legmotor • 500Hzcontrol

4 Model-onerigidbody,twoactuatorsets

Contact forcefc and thrusts t1,2,3 produce the body
wrench.

Netwrench=legcontact+threerotors⎡⎢⎢⎢⎢⎣
Fnet

τnet

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

fc

rc × fc

⎤⎥⎥⎥⎥⎦ + 3∑︂
i=1

⎡⎢⎢⎢⎢⎣
dt

ri × dt

⎤⎥⎥⎥⎥⎦ ti

Newton-Eulerdynamicsof theCoM
ma = Fnet + mg, ω̇ = I−1(︄R⊤τnet − ω × Iω

)︄

Symbols (valuesused inall experiments)
fc ground reaction force (world)
rc, ri arms: CoM→ contact, rotor i
ti ∈ [0, 10]Nthrust alongdt = Re3
Fnet, τnet net force,moment

m=3.75 kg;g gravity;I inertia
R ∈ SO(3) attitude;ω body rate
J leg Jacobian; τmax=20Nmlimit
µ=0.4 friction coefficient

pz, ṗz CoMheight, velocity;hdes=0.664m
l leg length; l0=0.464m;∆td threshold
kz, bz, kE vertical,kv, kr Raibert gains
KR, Kω attitudePDgains

6 Control-leg-priorityhierarchicalforceallocation
Robot

Phase Machine
𝒔𝒕𝒂𝒏𝒄𝒆/𝒇𝒍𝒊𝒈𝒉𝒕

SRB Wrench
and Foot Placement

Phase states Hierarchical Force 
Allocation (HFA)

Desired wrench
Foot target

Robot Kinematic and Geometry

State Estimation
Robot state p, 𝑣, 𝑅, 𝜔

Foot position
Propeller position 𝐽, 𝑟! , 𝑀"

PC 500Hz

User Input
User cmd  𝑣#$%&' , ℎ%&'

𝜏, 𝑡

Encoders 𝑞, 𝑑𝑞
IMU 𝑞𝑢𝑎𝑡, 𝑔𝑦𝑟𝑜, 𝑎𝑐𝑐

𝑞, 𝑑𝑞

500Hzarchitecture: commands+ feedback→planner→ two-stage allocator→ leg torques+ rotor thrusts.

A.Verticalenergyhopping(stance)
Esys = 1

2mṗ 2
z + mg pz, Edes = mg hdes

fdes
c,z = max

(︄
0, kz(hdes − pz) − bzṗz

+ kE(Edes − Esys)
)︄

Injects push-offenergy, absorbs impact.

B.SO(3)attitudePD(bothphases)
eR = 1

2
(︄
R⊤

desR − R⊤Rdes

)︄∨

τ des
b = −KReR + Kω(ωdes − ω)

Roll/pitchonly; yaw left free. τ des = Rτ des
b .

C.Legfirst -constrained least squares
f cmd

c,xy = arg min
fxy

⃦⃦⃦⃦
⃦(rc×fc)rp − (τ des)rp

⃦⃦⃦⃦
⃦22

s.t.∥fxy∥2 ≤ µfdes
c,z , ∥J⊤(−R⊤fc)∥∞ ≤ τmax

The leg realizes all it canunder frictionand torque limits.

D.Rotors takeonlytheresidual
τ cmd

res = τ des − rc × f cmd
c

δtcmd = arg min
δt

⃦⃦⃦⃦
⃦(Mt δt)rp − (τ cmd

res )rp

⃦⃦⃦⃦
⃦22

s.t. thrust bounds; tcmd = Tbase

3 13 + δtcmd,Tbase = 0.02 mg.

E.Flight - rotorsprimary;Raibert-style footplacement
fc = 0; rotors track (τ des)rp; rdes

td,xy = kvvxy − krv
des
xy

pdes
foot =

[︄
xdes

td , ydes
td , −

⌜⃓⃓⎷l20 − ∥rdes
td,xy∥2

2
]︄⊤

5 Onehop-event-drivenauthorityhandoff

Stance Phase Flight Phase

Touchdown Compression

𝐹!,#
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Friction cone

Liftoff 

Touchdown: l ≤ l0 − ∆td

Legabsorbs impact; energy law
drives thenext apex.

Liftoff: l ≥ l0
Contactwrenchvanishes;
rotors primary for attitude.

Handoff
Events switchauthority; no
hardwareor gain change.

Legauthorityexistsonly instance; rotorattitudeauthority iscontinuousthroughthe fullhop.

7 Validation-indoorstop-and-gotracking

Stop-and-goover17hops: velocity recoveredstridetostridebyRaibert footplacement.

8 Validation-grasstowood

b)

c)

d)

WoodGrass

a)

𝒁𝒘
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Grass→wood,23hops: samecontroller -noterrainmodel,nogain retuning.

9 Validation-pushrecovery
a) Push

b)

c)

d)

Time	(s)

Push
e)

𝒁𝒘
𝒀𝒘𝑿𝒘

Rotor-armandbodypushes rejected-stable trackingagain in1–3hops.


