
Background:

Flying, Hopping and Rolling: Developing a Multi-Modal 
Robot for Efficient All Terrain Traversal

Ryan Zazo and Pakpong Chirarattananon

Physical Design:
• Quadcopters are limited by their small batteries and low carrying 

capacity

• Hopping quadcopters improve the Cost of Transport and carrying 
capacity but can be made more efficient [1-3]

• Rolling is up to 10x more efficient on flat terrain than flying and 
consistently outperforms walking or hopping gaits [4-8]

The proposed robot is a quadcopter platform, augmented with a 
hopping mechanism and wheeled foot, to seamlessly transition 
between hops, rolling hops, flight and rolling modes of locomotion.

Stance Phase Dynamics:

Foam Wheel 
and Housing

25 cm Carbon 
Fibre Leg

Hopping 
Mechanism

The Jumping Plane is defined as the plane that best fits the 
Landing Pose, Landing Velocity, Takeoff Pose and Takeoff Velocity. 
We compute this plane using Singular Value Decomposition.
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For a state q, the stance phase model is written as follows, where M is 
the Mass matrix, C is the Coriolis Term and G Potential energy vector. 
The leg is modelled as a linear spring with a velocity-based damper. 
The rolling hop model additionally incorporates the wheel spin into the 
state vector and models the associated rolling resistances and inertial 
properties of the wheel. 

System Identification:
To identify the System Parameters, we must collect data on both the Rolling Hops and Regular Hops. Hops are filtered 
based on the heading’s direction relative to the jumping plane, rolling hops lie in plane and regular hops are 
perpendicular to it. Parameters are then fit using a Least Squares Regression.

Hopping Trajectory:

Crazyflie Bolt v.1.1 
FC and ESC

Jumping Plane

Regular Hop

850mAh 3S 
LiPo Battery

References:
[1] S. Li et al., "A High-Payload Robotic Hopper Powered by Bidirectional Thrusters," in IEEE Transactions on Robotics, vol. 41, pp. 5307-5326, 2025, doi: 
10.1109/TRO.2025.3600127.
[2] Songnan Bai et al., “An agile monopedal hopping quadcopter with synergistic hybrid locomotion”. Science Robotics, 9, eadi8912, 2024
[3] F. Giardina, F. Iida. “Collision-based energetic comparison of rolling and hopping over obstacles”. PLoS One. ;13(3):e0194375, Mar 14 2018
[4] J. Lee et al,. “Learning robust autonomous navigation and locomotion for wheeled-legged robots". Science Robotics, 9(89), p.eadi9641, 2024
[5] D. O. Al Tawil et al,. “Quadrupedal Locomotion with Passive Ventral Wheels: A Data-Driven Approach to Energy Efficiency Analysis". Robotics, 14(11), 158. 
https://doi.org/10.3390/robotics14110158, 2025

[6] E. Gefen, D. Zarrouk, "Flying STAR2, a Hybrid Flying Driving Robot With a Clutch Mechanism and Energy Optimization Algorithm," in IEEE Access, vol. 10, 
pp. 115491-115502, 2022, doi: 10.1109/ACCESS.2022.3218305.
[7] H. Jia et al., ”Quadrolltor: A Reconfigurable Quadrotor With Controlled Rolling and Turning," in IEEE Robotics and Automation Letters, vol. 8, no. 7, pp. 4052-
4059, July 2023,
[8] H. Jia et al., "A Quadrotor With a Passively Reconfigurable Airframe for Hybrid Terrestrial Locomotion," in IEEE/ASME Transactions on Mechatronics, vol. 27, 
no. 6, pp. 4741-4751, Dec. 2022
[9] M. Pivtoraiko and A. Kelly, “Efficient Constrained Path Planning Via Search in State Lattices”.
[10] S. Kim and P. M. Wensing, “Design of Dynamic Legged Robots,” Foundations and Trends in Robotics, vol. 5, no. 2, pp. 117–190, Mar. 2017

We would like to thank Song Li and Yann Zhang for all their help during the testing!

Department of Mechanical and Industrial Engineering, University of Toronto 

Goal:
By rolling during the stance phase, we aim to maintain our momentum 
and decrease the Cost of Transport compared to standard hopping 
gaits and unlock a new mode of locomotion. 
Through leveraging multiple modes of locomotion, we aim to navigate 
the environment efficiently, such as by rolling down ramps, hopping 
over small obstacles and flying over large obstructions. 

Next Steps:
• Construct a State Lattice using the identified models
• Quantify the Cost of Transport of each mode to 

estimate the energy cost of a given trajectory

• Use a path planner to find the most energy efficient 
trajectory

• Add onboard LiDAR for autonomous traversal

Takeaway: Given a landing state we can reliably predict the takeoff state for both Rolling and Regular hops.
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