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H O P P I N G  L O C O M O T I O N

An agile monopedal hopping quadcopter with 
synergistic hybrid locomotion
Songnan Bai1†, Qiqi Pan2,3†, Runze Ding1†, Huaiyuan Jia1, Zhengbao Yang2,3,  
Pakpong Chirarattananon1,3,4*

Nature abounds with examples of superior mobility through the fusion of aerial and ground movement. Drawing 
inspiration from such multimodal locomotion, we introduce a high-performance hybrid hopping and flying robot. 
The proposed robot seamlessly integrates a nano quadcopter with a passive telescopic leg, overcoming limita-
tions of previous jumping mechanisms that rely on stance phase leg actuation. Based on the identified dynamics, 
a thrust-based control method and detachable active aerodynamic surfaces were devised for the robot to perform 
continuous jumps with and without position feedback. This unique design and actuation strategy enable tuning 
of jump height and reduced stance phase duration, leading to agile hopping locomotion. The robot recorded an 
average vertical hopping speed of 2.38 meters per second at a jump height of 1.63 meters. By harnessing multi-
modal locomotion, the robot is capable of intermittent midflight jumps that result in substantial instantaneous 
accelerations and rapid changes in flight direction, offering enhanced agility and versatility in complex environ-
ments. The passive leg design holds potential for direct integration with conventional rotorcraft, unlocking seam-
less hybrid hopping and flying locomotion.

INTRODUCTION
Many organisms in nature achieve hybrid locomotion through the 
integration of jumping and flying behaviors. Arboreal foraging birds 
such as parrotlets and sparrows exhibit high agility by combining 
jumps between branches with intermittent flights (1). Certain species 
of widowbirds perform ritualized display jumps for advertising fitness 
and defending territories to prospective mates during breeding sea-
sons (2). Insects such as locusts, froghoppers, and fleas integrate 
jumping and flying behaviors to navigate complex environments and 
evade predators (3–5). Flying squirrels (6) and Draco lizards (7) also 
perform hybrid jumping and gliding to achieve long jump distances. 
These examples demonstrate the potential benefits of hybrid jumping-
flying locomotion for improving mobility, agility, efficiency, and 
versatility.

Developing a hybrid robot that can achieve continuous jump-
ing and flying is challenging, particularly when considering the 
limitations and complexity of conventional jumping mechanisms. 
Although a few combustion-driven robotic jumpers have been re-
ported (8–11), previous robots capable of jumping are primarily 
based on either latched (12–30) or unlatched (31–37) actuation 
mechanisms. The former uses a catch mechanism to enable rapid 
energy release from mounted elastomer, making varying jump 
height and continuous hopping difficult. When the explosive en-
ergy release is passively triggered (via cam escapement or pawl-
and-rachet mechanisms, for instance) (12–16, 20, 23–25, 27–30), 
the jump height is fixed according to the predetermined tension, 
limiting the robot’s capability. On the other hand, active trigger-
ing permits adjustable jump heights, but continuous hopping 

remains elusive because precisely timing the release to coincide 
with landing introduces a stringent coordination requirement 
(18, 19, 21, 26).

In contrast, jumpers with unlatched actuation mechanisms can 
directly drive their legs with actuators (31, 38–40), compatible with 
continuous hopping with variable jump height. However, without 
energy storage, they cannot generate sufficient instantaneous power 
for high jumps. To address this limitation, elastomers are used in par-
allel (35, 37) or series-elastic (32–34) mechanisms to temporarily 
store the energy produced by the actuator and amplify the output 
power during the stance phase. With carefully designed linkages and 
nonlinear spring stiffness, these robots benefit from variable me-
chanical advantage, demonstrating agile continuous hopping with 
superior vertical jumping agility (22, 32–34). However, they necessi-
tate a relatively complex mechanical structure, higher actuator power, 
and non-negligible stance time (usually more than 57 ms; see 
table S1), restricting hopping agility because the robot must spend a 
certain amount of time in stance for the actuator to inject energy into 
the system.

Previous attempts to create robots capable of both jumping 
and flight have directly combined jumping mechanisms with 
aerial platforms (16–19, 41–43). This allows the robots to rapidly 
gain altitude through jumping-assisted takeoff. However, most 
cannot achieve continuous hopping, fine-tune jump height, or 
sustain flight.

In this article, we present Hopcopter, a hybrid hopping-flying 
robot that augments a micro–aerial vehicle with a passive elastic 
telescopic leg (Fig. 1A and Movie 1). This results in a mechani-
cally simple and efficient design that directly leverages the existing 
rotors for jumping. The passive elastic leg differentiates Hopcopter 
from previous jumping robots. The absence of direct leg actua-
tion reduces stance duration, leading to higher jumping frequen-
cies and agility. To showcase this, we constructed a 35-g prototype 
and identified and characterized the robot’s hopping dynamics. 
On the basis of the modeling results, we developed a model-
based hopping controller to stabilize the robot during hopping 
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using offboard position measurements. Experimental results show 
that the robot accurately tracked a reference trajectory, validat-
ing our three-dimensional (3D) hopping model and illustrating 
that the Hopcopter’s average vertical hopping speeds approach 
the theoretical ballistic limit, surpassing state-of-the-art jump-
ing robots, including Salto-1P (33). Intermittent hops during 
flight enhance instantaneous accelerations for rapid and tight 
turns. This multimodal locomotion capability has the potential 
to expand the range of environments in which robots can oper-
ate effectively and efficiently, from cluttered indoor spaces to 
rugged outdoor terrains. To attain stable hopping using onboard 
sensors only, we outfitted the robot with an active aerodynamic 
stabilizer. These surfaces dynamically influence landing atti-
tude, stabilizing lateral hopping speed and attitude without ex-
ternal feedback or vision.

RESULTS
Hopcopter platform
Hopcopter is a hybrid hopping and flying vehicle. The robot comprises 
a micro-quadcopter (27 g; Bitcraze, Crazyflie 2.1) and a telescopic leg 
(Fig. 1A). The telescopic leg features a rigidly fixed upper section, a 
sliding rod as a lower section, and rubber bands acting as the elastic 
element. The upper leg is made of two carbon fiber rods (diameter: 
1.8 mm) rigidly mounted below the quadcopter via 3D printed fasten-
ers (Formlab Form 3, Tough 2000). The lower leg (yellow in Fig. 1B), 
made of a single carbon-fiber rod (2 mm by 2 mm square cross sec-
tion), a pointy foot, and 3D printed hooks (for mounting the rubber 
bands), constitutes the main moving components of the hopping 
mechanism. The lower leg connects to the upper part via two sets of 
bearings (VXB 681 with 1-mm inner diameter), restricting motion to 
vertical translation and minimizing sliding friction. In this configura-
tion, the axis of translation passes through the center of mass (CoM) 
of the robot. Two rubber bands (diameter ≈ 1.5 mm and ring radius 
≈ 20 mm) anchor between the upper leg and the tip of the lower leg as 
the elastic element. The rubber bands are installed such that they are 
prestretched (even without leg contraction), and they further elongate 
when the leg contracts. In addition, four reflective spherical markers 
are affixed on the robot to obtain the pose measurements from a mo-
tion capture system. The entire Hopcopter weighs 34.8 g, less than the 
maximum takeoff weight of 42 g.

Notably, our robot is actuated in the aerial phase rather than the 
stance phase, enabling continuous hopping and adjustable jump 
height. During each hop, the passive telescopic leg absorbs and re-
stores kinetic energy through elastic recoil, as the thrust-based actua-
tion compensates for energy loss and stabilizes attitude and velocity. 
This distinguishes our approach from those relying on latched elastic 
actuation, which imposes limitations on continuous hopping and 
variable jump heights, and from those dependent on unlatched series 
elastic actuation, which require a longer stance time. Although a sim-
ilar design has been proposed (44), the robot therein was limited to 
isolated jumps performed intermittently between flights and did not 
display continuous hopping locomotion.

Our design incorporates two key features to simplify the stance 
phase dynamics. First, the long telescopic leg (22 cm from the foot to 
the CoM of the robot) is more than twice the width of the airframe. 
Second, the rubber bands are prestretched, enabling the elastic force 
to overpower the robot’s weight [the prestretch is absent from the leg 
of the quadrotor capable of intermittent jumps reported in (44)]. 
These properties allow the robot to be treated as a point mass during 
the stance phase and decouple the dynamics from the gravity’s orien-
tation as detailed below.

Hopping dynamics
In flight, Hopcopter’s dynamics are characterized by propelling 
torque (roll, pitch, and yaw) and collective thrust, indistinguish-
able from a regular rotorcraft (45–47). However, when functioning 
as a monopedal hopper, the robot is a hybrid dynamical system, 
with one jumping cycle alternating between the aerial and terres-
trial stages, separated by the ground contact (48–50). For model-
ing purposes, the movement of the CoM of the hybrid robot in 
each jumping cycle is divided into aerial (AP) and stance (SP) 
phases, separated by two key time stamps: landing (tLD) and take-
off (tTO) as illustrated in Fig. 2A.

In AP, the robot shares the same flight dynamics with a regular 
quadcopter with six degrees of freedom in the form of rotational and 

Fig. 1. Hopcopter prototype. (A) Photograph of the hybrid flying-hopping robot. 
The robot consists of a micro-quadcopter and a passive telescopic leg. (B) A 3D 
drawing illustrating the retractable elastic leg mechanism. The sectional view il-
lustrates the configuration of the bearing set (green components) as the support 
for the lower leg. The rubber bands are not shown in (B).

Movie 1. Our hybrid hopping and flying robot seamlessly transitions be-
tween aerial and terrestrial locomotion modes.  The hybrid locomotion offers 
the robot boosted agility and endurance. When equipped with the aerodynamic 
stabilizer, the robot is capable of performing outdoor operations without requir-
ing position feedback.
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translational motion. Upon landing, the foot collision marks the 
transition between AP and SP. Under the condition of no slippage 
between the foot and the ground (48, 49), the attitude (described by 
a rotation matrix R) and position p of the robot are physically cou-
pled. As a spring-loaded inverted pendulum (SLIP) system (49, 51) 
(with the robot abstracted as a point mass instead of a rigid body), 
the ground contact point acts as a pivot for the body attitude, with 
the distance to the CoM varying with the leg contraction as illus-
trated in Fig 2 (A and B).

Thanks to the prestretched rubber bands, the elastic force (de-
scribed by Eq. 7) passes through the CoM and dominates the stance 
dynamics. In the absence of active propelling torque, the angular mo-
mentum of the robot is conserved throughout the SP. Thus, the robot 
rotates about a particular axis eψ (defined by Eq. 11) determined by 
the landing velocity ṗ(tLD) and landing attitude zb(tLD), where zb de-
notes the primary axis of the robot, as depicted in Fig. 2B.

By separately modeling the angular and axial dynamics of the ro-
bot, the rotational angle ψ (measured with respect to eψ) and the leg 
contraction of the robot from landing to takeoff can be evaluated ac-
cording to the landing state: landing speed ‖ ṗ(tLD)‖ and zb(tLD) (in 
the form of θLD, the angle between vectors − ṗ(tLD) and zb(tLD)) as 
shown in Fig. 2B. This enables the takeoff state to be predicted from 
the landing state as detailed in Materials and Methods. The takeoff 
state is described by Δψ, θTO, and ‖ ṗ(tTO)‖ . Δψ denotes the angular 
displacement during the entire stance duration, measured with respect 
to eψ; θTO is the angle between the takeoff velocity ṗ(tTO) and attitude 

zb(tTO) as seen in Fig. 2B; and ‖ ṗ(tTO)‖ is the takeoff speed. After pa-
rameter identification (detailed in Materials and Methods), the map-
ping from ‖ ṗ(tLD)‖ and θLD to Δψ, θTO, and ‖ ṗ(tTO)‖ is presented in 
Fig. 2C. This relationship completely defines the state transition from 
landing to takeoff. The maps suggest that for a given ṗ(tLD) , ṗ(tTO) can 
be directly manipulated by modifying θLD in the form of zb(tLD). This 
forms the basis of the model-based hopping controller.

Model-based hopping controller
Similar to other spring-mass monopeds, the passive jumping dy-
namics of the Hopcopter is unstable and lossy. Stabilizing the attitude 
of the robot in the aerial phase to guarantee an upright landing atti-
tude is insufficient to prevent the horizontal speed from diverging 
after consecutive jumps (48, 52, 53). Concomitantly, energy must be 
injected into the system to compensate for viscous losses in both 
stance and aerial phases. However, unlike monopedal hoppers with 
direct leg actuation [for instance, linear hydraulic and hip actuators 
in (54) or a series-elastic actuator in (33)], the stance phase of the 
Hopcopter is completely passive. This hopping mechanism demands 
a dedicated control framework.

The proposed controller for the Hopcopter differs from widely 
used policies (33–35, 53) based on Raibert’s hopping machine (54) 
and other jumping controllers (35, 37, 39, 48, 52, 55). Our controller 
allows the robot to take off in a desired direction in three dimensions. 
This capacity enables the robot to track trajectories while hopping 
and facilitates smooth transitions between aerial and terrestrial 

Fig. 2. Hopping dynamics of the robot. (A) A schematic diagram illustrating the dynamics during the aerial and stance phases of a complete jumping cycle. (B) Illustra-
tion of the stance phase dynamics from the moment of landing (tLD) to the point of takeoff (tTO), showing the geometric relationships between the landing velocity, land-
ing attitude, takeoff attitude, and takeoff velocity. (C) Takeoff state prediction based on the identified stance phase dynamics. The 130 data points show the measured 
landing and takeoff states of the robot from the controlled hopping experiment, with the color depth representing the values of these states.
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modes, enabling complex hybrid locomotion. For instance, during 
high-speed flight, Hopcopter leverages the ground contact or envi-
ronment to generate an instantaneous burst of acceleration and hop 
to decelerate, turn, or accelerate, notably improving agility beyond 
flight alone.

The control strategy takes advantage of the derived model of the 
stance dynamics to decrease the control effort and decouple the alti-
tude control problem from the landing control problem as much as 
practically possible as detailed in Materials and Methods. As a result, 
the trajectory of the robot in the aerial phase is mostly ballistic, and 
the position control is accomplished through the control of zb(tLD), in 
a similar manner to the control of the touchdown angle in (33). This 
differs from a previous jumping quadrotor (44), in which the position 
control is directly implemented during the aerial phase using a flight 
controller designed for a rotorcraft. Our framework renders the hop-
ping locomotion markedly more efficient than flying. In addition, the 
elastic force during the stance phase overpowers the robot’s weight by 
an order of magnitude (see fig.  S1D) and surpasses the propulsive 
thrust. Exploiting this considerable elastic force through the leg al-
lows superior position control and jumping ability.

Hopping tests and model verification
To validate the identified parameters and the derived dynamic model, 
we performed a preliminary controlled hopping experiment with the 
developed controller. The robot was commanded to hop at varying 
altitude set points in the range of 0.5 to 0.7 m and translate laterally up 
to 1 m per step for approximately 90 s. 
According to the recorded landing and 
takeoff states, the values of ‖ ṗ(tLD)‖ , θLD, 
Δψ, and θTO from 130 consecutive jumps 
were computed as detailed in Materials 
and Methods. We used the devised model 
to predict the takeoff states in terms of 
Δψ and θTO and compared the predic-
tions with the measurements as presented 
in Fig. 2C [note that ‖ ṗ(tTO)‖ cannot be 
accurately measured because of the im-
plementation of powered climbing]. The 
measurements are highly aligned with the 
predictions, with the root mean square 
errors (RMSEs) of only 1.0° and 1.6° for 
Δψ and θTO. The consistency between 
the model predictions and measurements 
confirms that the derived equations and 
associated assumptions are suitable for 
capturing the stance dynamics of the 
Hopcopter.

Next, the tracking performance was 
evaluated using circular and step trajec-
tories. For the circular trajectory, the ro-
bot was instructed to hop at a constant 
altitude (0.60 m) with a radius of 1.20 m 
at an average speed of 0.2 m/s. The step 
trajectory demanded the robot to main-
tain a jump height of 0.75 m and laterally 
translate by up to 2 m several times in 
40 s. Three repeated trials were conducted 
for each trajectory (movie S1). The resul-
tant trajectories are shown in Fig. 3 (A to 

C). The tracking performance was determined by calculating the 
RMSEs of three repeated tests: The RMSE of the landing position is 
16 cm for the circular trajectory and 40 cm for the step trajectory. For 
the jump height, the RMSEs are 4.1 and 4.8 cm, respectively. Fig-
ure 3B suggests that the amplified error of the step trajectory is due to 
the inability to respond promptly to sudden changes of the set point 
position. These results demonstrate that the proposed controller can 
achieve accurate trajectory tracking with low altitude error and mod-
erate landing error, even with large displacements between steps and 
the absence of full flight control during the aerial phase.

Hopping agility
Next, we conducted an experiment to investigate the relationship be-
tween the hopping height h and the frequency f of the robot and to 
calculate its hopping agility, defined as the cycle-averaged vertical 
hopping speed of the robot: ν = 2hf. The definition of hopping agility 
ν presented here deviates from the vertical jumping agility defined in 
(32); the latter refers to the vertical climbing speed. The robot was 
commanded to hop in place for more than 60 s using the developed 
position controller. The test was divided into seven segments, each 
corresponding to a different hopping height ranging from 0.59 to 1.63 m. 
In each segment, the robot hopped at a constant height for at least six 
cycles (fig. S2 and movie S2). We then measured and plotted the pe-
riod of one hopping cycle for each segment and plotted it against the 
corresponding height (see Fig. 4A). This was compared with the pe-
riod predicted by the model, which can be broken down into tSP = tTO 

Fig. 3. Trajectory tracking experiments in the hopping mode. (A) Reference and realized circular trajectories. (B) Refer-
ence and realized step trajectories. For each experiment, three repeated trials were conducted and included. (C) A com-
posite photo showing the trajectory of the robot from 16.6 to 18.8 s while tracking the step trajectory.
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− tLD (as defined in eq. S18 in Supplementary Methods), ΔtPA (as de-
fined in Eq. 27), and ΔtPJ (as defined in Eq. 29). In addition, we identi-
fied the ballistic limit f ∗−1 =

√
8h∕g  (32), which occurs when the 

robot spends negligible time in the stance phase and the entire flight 
phase is ballistic, where g is the gravitational acceleration.

As seen in Fig. 4A, the model prediction of the jumping period is 
approximately 40 ms longer than the ballistic limit, which approxi-
mately corresponds to the time the robot spends in the stance phase. 
In addition, the measured periods are approximately 130 ms longer 
than the model prediction. This discrepancy is mainly attributed to 
the fact that the model neglects the air drag and thrust generated for 
the attitude control effort when the robot is descending. These pro-
long the time in the aerial phase. Therefore, we can infer that these 
factors collectively lengthen the robot’s hopping period compared 
with the theoretical limit.

We computed the hopping agility as the product of the height and 
frequency. Because of the short stance time (<45 ms; refer to Supple-
mentary Methods), the Hopcopter achieved a hopping agility of 2.38 m/s 
when h = 1.63 m, which is 30% higher than 1.83 m/s for 1.25 m at-
tained by Salto-1P (with a stance time of 57 ms for a lower jump 
height) (32, 33) and other jumping robots (Fig. 4B and table S1). All 
in all, the Hopcopter exploits the natural dynamics of a springy tele-
scopic leg with high stiffness to minimize the ground contact time 
(see Supplementary Methods), which enables high agility because of 
the reduced stance time during hopping.

Synergistic hybrid locomotion for agile maneuvers
Strategically combining hopping and flying can enhance maneuver-
ability and agility because the hopping mode can generate bursts of 
acceleration for flight. By momentarily switching to hopping mode 
during flight for a single jump, the monopedal robot can generate an 
instantaneously large acceleration from the ground reaction force. 
Using the developed hopping model, the takeoff direction is regu-
lated through the landing attitude. This operation assists the robot in 
decelerating, accelerating from hover, or turning tightly (movie S3), 

providing improved agility despite the limited thrust-to-weight ratio 
of only 1.2.

The first maneuver demonstrates the use of elastic leg and ground 
reaction force to accelerate and then decelerate the robot in flight. As 
captured in Fig. 5 (A and B), the robot was initially commanded to 
hover. To accelerate forward, the hopping mode was activated and 
the robot entered a free fall (red shading in Fig. 5B). Once landed at 
a pitch angle of 14°, the passive stance dynamics induced an impul-
sive takeoff with the forward speed of 1.14 m/s with less than 45 ms 
spent in the SP, producing the lateral SP acceleration of 26.0 m/s2. 
The landing and takeoff velocities, as well as the SP acceleration for 
this and subsequent experiments, were calculated on the basis of an 
estimated SP duration of 45 ms, as detailed in Supplementary Meth-
ods. Including the fall period (0.50 s as indicated by shadings in 
Fig. 5B and fig. S3), the average lateral acceleration was 2.2 m/s2. Af-
ter the liftoff, the robot continued its flight and reached the forward 
speed of more than 1.99 m/s before executing the second jump to 
land at a pitch angle of 19° and deftly decelerate to lateral speed of 
0.05 m/s. The sudden stop resulted in a lateral SP deceleration of 
43.5 m/s2 and an average deceleration of 3.3 m/s2 (including the 
falling period of 0.52 s as marked in Fig. 5B and fig. S3).

Next, the agility is illustrated through rapid and tight turns. The 
robot leveraged the ground to swiftly change the travel direction by 
90° as depicted in Fig. 5 (C and D). Beginning with the flight speed of 
1.9 m/s, the leg-assisted right turn altered the flight course in the 
space of 0.54 s (from falling to completion of the SP). The robot landed 
with the lateral speed of 1.63 m/s and resulted in the post jump speed 
of more than 1.23 m/s as shown in fig. S4. This equates to the lateral 
SP acceleration of 44.4 m/s2 (in 45 ms) and average acceleration 
of 4.2 m/s2. The large SP acceleration resulted in a sharp right-angle 
trajectory instead of a curve as captured by Fig. 5C. An even higher 
acceleration was achieved when the hybrid locomotion was imple-
mented for suddenly reversing the flight direction (fig. S5). The 
jump with a pitch angle of 28° at landing entirely turned the flight 
around in 0.55 s (from falling to completion of SP), from the lateral 
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landing velocity of 1.79 m/s to the post jump speed of 1.46 m/s in the 
opposite direction, equating to a lateral SP acceleration of 72.3 m/s2 
(in 45 ms) and an average lateral acceleration of 6.9 m/s2.

To further push the agility limit, we realized hybrid jumps on a 
wall and a tilted surface. Nonhorizontal surfaces extend the range of 
nonslip landing and takeoff angles (see Supplementary Methods). 
This effectively raises the achievable lateral acceleration. In the exper-
iment, the robot flew toward a wall at a speed more than 4 m/s. With-
in 0.54 s or 1.8 m before reaching the surface, the attitude controller 
reoriented the robot for landing, and the robot touched down on the 
wall with a tilt (pitch) angle of 57° and landing speed of 3.6 m/s (Fig. 5, 
E and F, and fig. S6). The wall jump reversed the lateral speed of the 
robot to 2.68 m/s within 45 ms. Immediately after the bounce, the 
robot spent 0.43 s accelerating toward another inclined surface (30°) 

and executed the second jump in 
0.63 s (from falling to completion 
of SP) to decelerate the flight from 
3.9 m/s to end the maneuver with a 
hover. The average lateral accelerations 
in these two periods are 11.4 and 
5.7 m/s2, whereas the lateral SP accel-
erations reached 139.8 and 66.6 m/s2.

The results demonstrate that the 
jump-flying locomotion increases 
the average and instantaneous lateral 
accelerations compared with those 
achieved by flight alone, especially 
considering the robot’s modest thrust-
to-weight ratio of only 1.2. The Hop-
copter accomplished instantaneous 
and average accelerations of more 
than 14g and 1.2g by using the ground  
reaction force and the elastic leg in 
intermittent jumps. This is substan-
tially higher than the reported accel-
erations of other micro aerial robots 
with similar or higher thrust-to-
weight ratios (46, 47, 56). Hybrid 
locomotion is particularly advanta-
geous for robots with limited thrust, 
such as small and lightweight plat-
forms, because it allows them to per-
form rapid and tight maneuvers that 
would otherwise be impossible, of-
fering versatility in navigating com-
plex trajectories.

Self-stabilized hopping via 
active aerodynamic stabilizer
According to the proposed hopping 
dynamic model, in hopping, the take-
off velocity of the robot is directly 
dependent on landing attitude and 
velocity. This implies that to stabilize 
the robot, a velocity measurement as 
feedback is necessary. To reduce the 
robot’s dependence on sensors and 
external measurements (such as GPS 
or feedback from motion capture 

cameras), we proposed an actuated aerodynamic stabilizer to interact 
with the airflow to stabilize the robot. The strategy to enable the robot 
to hop in place without position or velocity feedback involves the ad-
justment of θLD based on the robot’s velocity ṗ when falling using both 
the aerodynamic force and active control. This is by appropriately bal-
ancing the attitude controller with the rotational torque created by the 
stabilizer.

Aerodynamic stabilizer
The 4.9 g of detachable stabilizer for the Hopcopter consists of three 
horizontally hinged surfaces (Fig. 6A). Each with an area of 39 cm2 
(refer to Supplementary Methods for sizing), these hinged surfaces 
can be made rigid by pulling on the cables connected to a servomotor 
(H-King 282AS) or allowed to swing freely in response to airflow 
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Fig. 5. Demonstration of hybrid jumping and flying locomotion. (A and B) A composite image and the trajectory of the 
robot showing the robot making use of the ground to accelerate from hover and decelerate from lateral translation. Panel 
(A) only demonstrates the deceleration from 4.4 to 5.5 s. (C and D) A composite image and flight data showing the robot 
using ground contact to turn 90°. Panel (D) demonstrates that the turning maneuver does not require prior deceleration. 
(E and F) Two sequential composite images and data showing the robot jumping on a wall and a tilted surface.
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when the cables slacken (movie S4). Tightening the cables activates 
the stabilizer, enabling it to bear aerodynamic load and generate 
torque to steer the robot’s attitude on the basis of airflow. Conversely, 
loosening the cables deactivates the stabilizer, allowing the surfaces to 
deflect from the vertical by up to 15° (see fig. S7 and movie S4). In this 
configuration, the aerodynamic force and torque are substantially di-
minished unless the robot undergoes aggressive maneuvers. This 
cable-activated mechanism sets our stabilizer apart from aerodynam-
ic surfaces found in other robotic platforms, which typically are either 
rigidly affixed (57, 58, 59, 60) or actively steerable (61). Our design 
renders the aerodynamic force negligible when the cables are loos-
ened to keep the dynamics during the ascent phase unaffected.

Damper-mediated stability
During hopping, the servo-driven cable is relaxed to disengage the 
stabilizer and eliminate the aerodynamic damping forces while as-
cending. This allows the robot to maintain full control over its atti-
tude, aligning itself to an upright orientation for the power climb. The 
stabilizer is activated during the descent. It uses the upward airflow to 
create a torque that rotates the robot’s attitude and reduces θTD by 
directing its major axis to point in the opposite direction of its 

translational velocity [according to the flat plate theory (62–64)]: 
zb → − ṗ . In the meantime, the attitude controller applies a propel-
ling torque to make the robot upright zb → zw = e3. As a consequence 
of the competing efforts, the robot lands with its major axis zb point-
ing between the vertical axis and the velocity vector − ṗ(tLD) (see 
Fig. 6B). By tuning the control gains and the stabilizer configuration, 
the hopping dynamics can be stabilized without velocity measure-
ments. That is, the Hopcopter gains the ability to operate in real-world 
environments using only the feedback from its onboard inertial sensor.

To manifest the damper-assisted stability, we numerically con-
structed Poincaré maps assuming a constant hopping height of 0.5 m. 
The landing state was chosen as the fixed point of the limit cycle. 
Under the influence of the attitude controller and the aerodynamic 
stabilizer, the vectors zw, zb, and ṗ(tLD) are coplanar. The angle be-
tween the landing velocity and the vertical (see Fig. 6B) is

The angle quantifies the horizontal speed that should converge to 
zero over repeated hops in the case of stable hopping. In addition to 
θz, the landing attitude ϕ, defined as the signed angle between zb and 

θz = arccos( − zT
w
ṗ(tLD)∕ ‖ ṗ(tLD)‖ ) (1)

Fig. 6. Detachable active aerodynamic stabilizer and Poincaré map. (A) A photo of the robot equipped with the aerodynamic stabilizer and a drawing detailing the 
structure and actuation of the stabilizer. (B) Diagram displaying the relationships between landing velocity, landing attitude, and takeoff velocity. Here, θz is the angle 
between the vertical axis zw and the negative landing velocity − ṗ(tLD) . The angle ϕ represents the landing attitude defined as the signed angle between the robot’s 
primary axis zb and the vertical at landing. The orange arrows illustrates the positive direction of ϕ. (C) Poincaré map depicting the evolution of the landing velocity 
angle θz in terms of θz∣k + 1/θz∣k, as a function of θz∣k and ϕ∣k for hopping at 0.5 m. The white solid lines indicate the boundaries between stable and unstable regions. 
Circular dots represent the recorded landing state in the hopping stability test. Red, blue, and white colors represent the measurements when only the attitude control-
ler, aerodynamic stabilizer, or both mechanisms were active. (D) Photo of the robot during the outdoor hopping experiment. The aerodynamic surfaces were deflected 
under aerodynamic load.
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the vertical at landing, affects the takeoff and subsequent landing 
states. ϕ is positive, as seen in Fig. 6B, when

and negative otherwise. We leveraged the model of the stance dynam-
ics to predict the next landing state for any combination of θz and ϕ as 
described in Materials and Methods.

The Poincaré maps plot θz∣k + 1/θz∣k for different θz∣k and ϕ∣k at a 
particular hopping height, where k represents the hopping cycle 
(Fig. 6C and fig. S8). The maps reveal the stable regions (θz∣k + 1/θz∣k < 
1), establishing the conditions for converging hopping speed. Notably, 
the red dashed line in the Poincaré maps corresponds to ϕ∣k = 0, rep-
resenting the scenario in which the attitude controller dominates and 
the robot consistently lands with an upright orientation. On the other 
hand, the blue dashed line depicts cases where the stabilizer domi-
nates, aligning the landing velocity and attitude (θz∣k = ϕ∣k). These 
dashed lines lie near the boundaries of the stable region, indicating that 
reliance on either strategy alone would not result in stability with suf-
ficient robustness. However, the Poincaré maps exhibit a large overlap 
between the stable region and the area between the dashed lines. By 
tuning the control gains and stabilizer configuration, the interplay be-
tween the controller and the mechanism stabilizes the hopping speed 
and attitude over repeated jumps without velocity measurements.

Hopping stability test
To substantiate the insights from the Poincaré analysis, we conducted 
three sets of experiments evaluating the performance of the hopping 
robot under each control strategy (attitude control and aerodynamic 
stabilizer) individually, as well as their combination (movie S5). For 
each set of experiments, the robot started to hop after a drop from 
75 cm. We tracked the hopping trajectory to determine the robot’s 
attitude and velocity in the landing phase.

When using only the attitude controller (red dashed line), the ro-
bot was expected to land consistently in an upright orientation or 
ϕ = 0 but without any guarantee on the horizontal hopping speed or 
θz. Experimental results confirmed this (Fig. 6C and fig. S9), showing 
that the robot could hop for three to five cycles before the horizontal 
speed diverged as θz∣k + 1/θz∣k > 1.

Relying solely on the stabilizer (the attitude controller was only ac-
tive when the robot is ascending) was predicted to marginalize the dif-
ference between θz and ϕ but not directly reduce θz. Again, experiments 
validated this (Fig. 6C and fig. S9). Some discrepancies between the 
model prediction (θz = ϕ) and the results reflect a limited effectiveness 
of the aerodynamic stabilizer, which is dependent on the size of the 
stabilizer and the time the robot spent descending. Overall, the robot 
displayed poor stability and crashed after 6 to 10 hopping cycles.

In contrast, experiments integrating both the attitude controller 
and stabilizer yielded highly robust hopping as theorized. The robot 
retained near-zero horizontal velocity component and near-upright 
attitude across multiple successive jumps (white dots in Fig. 6C and 
fig. S9), achieving more than 56 hops in 45 s within a 3 m–by–3 m 
arena in the absence of position and velocity feedback.

Field hopping demonstration
To further demonstrate the robustness and reliability of the stabilizing 
strategy, we conducted several field tests in varying environments, in-
cluding stairs, a narrow corridor, and outdoor terrain (see Fig. 6D and 
movie S6). In each test, a human operator commanded the desired 

landing attitude for the controller, although the actual landing posture 
depended on both the attitude setpoint and aerodynamic stabilizer as 
previously described. The adjusted desired landing attitude results in 
a bias that directs the robot to hop toward the prescribed direction. 
This control scheme allowed the Hopcopter to ascend/descend a 
flight of stairs, navigate the confined corridor space, and traverse 
rough terrain. Through these field experiments, we verify that the ac-
tive stabilizer enables stable and resilient mobility without requiring 
vision or additional sensors for velocity feedback. Unlike wheeled 
aerial vehicles that struggle to negotiate rough terrains (65–71), the 
hopping ability allows the robot to overcome obstacles and traverse 
uneven surfaces naturally.

Endurance and power efficiency
Unlike the aerial mode, the Hopcopter generates thrust intermit-
tently rather than continuously during the hopping mode. This 
mode of operation presents an opportunity to substantially extend 
the robot’s operation time while reducing power consumption. To 
evaluate the endurance, we conducted a continuous jumping test 
with a fully charged 250-mAh single-cell Li-ion battery (8.3 g). The 
robot hopped continuously for more than 1246 s (20.8 min). With 
a 650-mAh Li-ion battery (16.8 g), the endurance increased to 
more than 3052 s (50.9 min). However, the total mass of the robot 
with a high-capacity battery (43.1 g) exceeded the maximum take-
off weight for flight (42.0 g). Battery voltages recorded onboard 
during the tests are shown in fig. S10B. The terrestrial locomotion 
shows a four- to eightfold increase in endurance in comparison 
with the benchmark quadcopter (32.1 g; Crazyflie 2.1 with retrore-
flective markers but without the leg), which only hovers for 379 s 
with a 250-mAh battery (movie S7).

The lack of a reliable onboard current sensor and the weight 
limitation rendered direct measurement of power consumption 
impractical. Nevertheless, we used duty cycle of the motors as a 
metric to compare the flight and terrestrial operations. This is 
because the robot is required to constantly generate T ≈ mg when 
hovering, with m being the mass of the robot, whereas it only 
generates T = mg momentarily after each takeoff while hopping. 
Defining the vehicle-based duty ratio where the summation ∑fi 
represents the net thrust

We obtain D = 1 for a benchmark quadcopter flight. In the endurance 
test, Hopcopter spent more than 85% of the time in the ballistic and 
stance phases with minimal thrust for attitude control (∑fi < 0.11mg 
outside the powered climb; see fig. S10A). For these reasons, the over-
all duty ratio across 1246 s was only 0.28, implying more than a three-
fold improvement in efficiency and endurance. In comparison, the 
hybrid quadcopter robots, PogoDrone (44) and LEO (72), saved only 
20 and 44% power, respectively, via jumping and walking locomotion 
compared with flying, with a duty ratio exceeding 0.5.

DISCUSSION
The Hopcopter is a hybrid robot that combines hopping and flying 
capabilities to achieve high-performance locomotion. Its passive 
telescopic leg distinguishes it from previous bioinspired jumping 
robots that rely on latched or unlatched elastic actuation because it 

arccos( − zT
b
ṗ(tLD)∕ ‖ ṗ(tLD)‖ ) < θz (2)

D = (1∕T) ∫
T

0

∑
(fi ∕mg)dt (3)
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dispenses the need for a trigger, actuation in stance, or variable me-
chanical advantage, making it mechanically simpler and more reli-
able. The thrust-based actuation of the passive telescopic leg allows 
shorter stance phase and higher hopping frequencies, resulting in its 
high agility. The robot achieves a maximum velocity of 2.38 m/s at a 
jump height of 1.63 m, exceeding the highest agility reported in 
jumping robots (Fig. 4B and table S1), including Salto-1P (32, 33, 73). 
The use of thrust permits fine-tuning of jump height. The Hopcopter 
demonstrated jumps from 0.6 to 1.6 m in experiments, showcasing 
its wide jump height range.

The Hopcopter’s ability to both fly and hop facilitates rapid changes 
in flight speed and direction. The robot’s jumping ability can be lever-
aged to mitigate damage from collisions with walls or ground by 
using jumping maneuvers (movie S8). The integration of attitude 
control and aerodynamic stabilizer establishes the robot’s hopping 
control autonomy. Poincaré analysis and experiments show that the 
attitude controller and aerodynamic stabilizer work together to stabi-
lize the Hopcopter’s hopping dynamics. Without position feedback, 
the robot achieved more than 56 consecutive jumps with near-zero 
velocity and upright landing.

Compared with rotorcraft, flight-capable bipedal and legged ro-
bots (72, 74–76), the hopping mechanism requires less energy for 
locomotion. The marked increase in power efficiency and endurance 
translates into tangible advantages for the Hopcopter’s operational 
capabilities, specifically in terms of mission duration and range. Sim-
ilar to perching (63, 64, 77–82), the longer operation time allows the 
robot to remain active for extended periods, which is valuable in sce-
narios such as surveillance, inspection, or exploration, where sus-
tained presence is desired. Moreover, the improvement in endurance 
could potentially extend the robot’s travel distance, expanding its 
operational range as demonstrated in other robotic flyers capable of 
terrestrial locomotion (66, 71, 83, 84).

Crucially, the passive leg design of Hopcopter could be readily 
applied to conventional rotorcraft. With a simple addition of an elas-
tic leg and control changes, a standard quadcopter could transform 
into a hopping robot, unlocking synergistic hybrid locomotion. For 
instance, a payload that would be too heavy for continuous flight 
could still be transported in a series of hops. Overall, the Hopcopter 
represents a platform that displays the benefits of integrating flight 
and hopping capabilities.

MATERIALS AND METHODS
Aerial dynamics
When flying, the robot is modeled as a rigid body with weight mg 
and inertia tensor I = diag (Ix, Iy, Iz) in a gravity field. The lightweight 
telescopic leg is abstracted as a thin rod with a preloaded elastomer. 
The leg axis passes through the CoM of the robot and aligns with the 
thrust direction of the propellers as schematically illustrated in Fig. 2 
(A and B).

In the aerial phase, the equations of motion are identical to those 
of a regular multirotor vehicle (45–47, 85) and given by

where p = [x, y, z]T denotes the position vector of the CoM of the 
robot in the inertial frame {xw, yw, zw}. The z axis of the body-fixed 
frame {xb, yb, zb}, as seen in the inertial frame, represents the thrust 
direction of the propellers: zb = Re3, where R ∈ SO(3) is a rotation 
matrix mapping the body-fixed frame to the inertial frame and e3 = 
[0,0,1]T is a basis vector. ω = [ωx, ωy, ωz]T is the body-centric angular 
velocity. The summation ∑fi denotes the total thrust magnitude and 
τp is the total propelling torque in the body frame. Together ∑fi and 
τp are control inputs that can be commanded by distributing the 
power between the four rotors. In a regular flight regime, aerody-
namic drag can be neglected (46, 85).

Stance dynamics and landing transition
Once landed (time stamp tLD in Fig. 2A), the ground reaction force 
brings about the leg contraction, decreasing the leg length l(t) from 
the nominal state of l0 = 22 cm. Without any influence from the 
propelling thrust, the SP dynamics is completely passive. The main 
robot body interacts with the ground through the telescopic leg in 
the form of the restoring force created by the elastomer fe. Because 
the robot can be treated as a point mass (33, 48, 49) instead of a 
rigid body ( Ix , Iy , Iz ≪ ml2

0
 , thanks to the long leg length as dis-

cussed in Supplementary Methods), the robot follows the equa-
tion of motion

On the basis of the measurements from the drop tests (see details 
below and fig. S1D), the elastic force fe is linearly proportional to the 
deformation of the elastomer l − l0 − lp by a constant k, with a con-
stant damping force of magnitude fc

where l − l0 is the leg contraction and lp is the prestretched length of 
the elastomer. The friction term accounts for the dissipated energy 
(likely attributed to the bearing friction and the loss in the elastomer) 
that results in a hysteresis behavior brought by the loading/down-
stroke ( ̇l < 0 ) and unloading/upstroke ( ̇l > 0 ) motion (see fig. S1D). 
By design, the preload force klp dominates the weight of the robot 
(klp = 3.35 N versus mg = 0.34 N; see details below and table S2). 
Therefore, the stance dynamics is predominated by fe, and Eq.  6 
simplifies to

Assuming no slippage (thanks to the pointy foot), the ground contact 
point can be regarded as a free-to-rotate spherical hinge, and the 
CoM of the robot is restricted to the translation along the leg axis and 
the rotation about the foot as shown in Fig. 2 (A and B). Because the 
elastic force fe is always along the axial direction, the angular mo-
mentum measured with respect to the ground contact in the SP is 
conserved, and the trajectory of the CoM can be separately described 
as the axial and angular motion and is independent of the gravity 
direction. Denoting the landing velocity as ṗ(tLD) and θLD ∈ [0, π) as 
the angle between ṗ(tLD) and the leg axis zb(tLD), we yield the leg 
contraction speed at touchdown

mp̈ = zb
∑

fi − e3mg (4)

�p = I�̇ +� × I� (5)

mp̈ = − e3mg + zbfe (6)

fe = − k(l − l0 − lp) − sgn(l̇)fc for l < l0 (7)

mp̈ = zbfe (8)

l̇(tLD)= z
b
(tLD) ⋅ ṗ(tLD)= −‖ṗ(tLD)‖cosθLD (9)
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As long as the body-centric angular velocity immediately before 
landing is minimized, the angular speed of the CoM ψ̇(tLD) with re-
spect to the ground is the component of ṗ(tLD) in the direction or-
thogonal to zb or

As illustrated in Fig. 2B, the subsequent angular motion is character-
ized by the rotational axis defined by

perpendicular to both ṗ(tLD) and zb(tLD). The axial l̇(tLD) and angular 
ψ̇(tLD) speeds become the initial conditions of the robot in the SP.

Stance phase and takeoff transition
Unlike previous studies of the 3D SLIP models (48, 52), the complex-
ity of the stance dynamics of the Hopcopter is further reduced owing 
to the strategic design decision to substantially prestretch the elasto-
mer. As detailed in Supplementary Methods, when the directions of 
ṗ(tLD) and zb(tLD) are largely aligned, the centrifugal acceleration is 
negligible, and the SP is governed by the axial and angular dynamics 
in the form of two semi-coupled differential equations

Given the initial conditions ( ‖ ṗ(tLD)‖ and θLD), the axial dynamics is 
independent of ψ and dictated by the natural frequency Ω =

√
k∕m . 

We obtain an analytical solution of l(t) and the tTO corresponding to 
the moment when the elastic force vanishes (l(tTO) = l0) as detailed in 
Supplementary Methods. With the expression of l(t), Eq. 13 states that

The time integration

provides the attitude of the robot at the takeoff as the rotation of zb(t) 
about the axis eψ in stance phase (tSP, from tLD to tTO, see Fig. 2B). 
Therefore, the change in the body attitude zb(t), in terms of Δψ, in the 
entire SP is also fully determined from ‖ ṗ(tLD)‖ and θLD. Reprojecting 
to the inertial frame, the takeoff attitude of the robot is given by

where R(eψ, Δψ) is a rotation matrix based on the axis-angle repre-
sentation. Letting

be the primary body axis at tTO, the takeoff velocity ṗ(tTO) is ob-
tained by projecting the axial l̇(tTO) and tangential speeds l0ψ̇(tTO) of 
the robot at tTO to the inertial frame. This results in

with the direction specified by the angle between zb(tTO) and 
ṗ(tTO) given by

In the vector form, this is given by

As illustrated in Fig. 2B, because of the conservation of angular mo-
mentum, vectors zb(tLD), ṗ(tLD) , zb(tTO), and ṗ(tTO) are all coplanar 
and perpendicular to eψ, and the takeoff velocity is directly influ-
enced by the landing attitude. Therefore, the jumping trajectory can 
be controlled through the manipulation of zb(tLD). With the identi-
fied model coefficients ( Ω =

√
k∕m , fc/m, and lp in table S2) from 

the drop tests (see details below and movie S9), the takeoff state of 
the robot specified by Δψ, θTO, and || ṗ(tTO) || is predicted according 
to the landing state [θLD and || ṗ(tLD) || ] in Fig. 2C.

Overview of the hopping controller
Because the hopping motion is cyclic and the aerial phase of the tra-
jectory is primarily ballistic, we regulate the landing attitude of the 
current hopping cycle (indexed k) to yield the desired landing loca-
tion in the subsequent hop (indexed k + 1; as shown in fig. S11A). 
The proposed method strategically decouples the attitude, altitude, 
and lateral dynamics of the robot by neglecting the aerodynamic 
drag and exploiting the ability of the robot to adeptly command its 
attitude in the aerial phase. We leveraged the developed dynamic 
model to create a set of equations that predict the landing point at 
time step k + 1 from the landing attitude at time step k and relied on 
these equations to numerically solve for the set point landing attitude 
that brings about the desired landing location at time step k + 1. The 
structure of the controller, consisting of five submodules, labeled (i) 
to (v), is outlined in fig.  S11B. Starting from the jumping cycle k, 
fig. S11B (i) predicts the landing location and velocity. This informa-
tion, together with a prespecified landing attitude and a hopping alti-
tude set point, are used to predict the takeoff state of cycle k and 
landing location of cycle k + 1 in fig. S11B (ii). In fig. S11B (iii), a 
numerical optimizer relies on the output of fig. S11B (ii) to form an 
algebraic loop (red in fig. S11B) that determines the desired landing 
attitude of cycle k and the thrust requirement during the climb in 
cycle k to reach the hopping altitude setpoint and the next landing 
location in cycle k + 1. Last, fig. S11B (iv) is a thrust and attitude 
manager that converts the outcome from the solver in fig. S11B (iii) 
to command inputs for the low-level controller fig. S11B (v). The de-
tailed implementations of the controller are as follows.

Landing state prediction
The high-level hopping controller loop is executed once per jump 
cycle. Starting from the apex of cycle k, the total thrust of the Hop-
copter is nominally set to zero, and the unpowered robot follows a 
ballistic trajectory as illustrated in fig. S11A. From the current posi-
tion p(t) and velocity ṗ(t) at time stamp t, the time to touchdown is 
determined from

l0ψ̇(tLD)=‖ṗ(tLD)×z
b
(tLD)‖=‖ṗ(tLD)‖sinθLD (10)

e
ψ
= − ṗ(tLD) × zb(tLD)∕ ‖ ṗ(tLD)‖ (11)

m
d

dt
l̇ = − k(l − l0 − lp) − sgn(l̇)fc (12)

m
d

dt
(l2ψ̇) = 0 (13)

ψ̇(t) = l2
0
ψ̇(tLD)∕ l

2(t) (14)

Δψ = ∫
tTO

tLD

ψ(t)dt (15)

R(tTO) = R(e
ψ
,Δψ)R(tLD) (16)

zb(tTO) = R(tTO)e3 (17)

‖ ṗ(tTO)‖ =

�

l
2
0
ψ̇

2(tTO) + l̇
2
(tTO) (18)

θTO = arctan(l0ψ̇(tTO)∕ l̇(tTO)) (19)

ṗ(tTO) = l̇(tTO)zb(tTO) + l0ψ̇(tTO)eψ × zb(tTO) (20)

= ‖ ṗ(tLD)‖R(eψ , θTO)zb(tTO) (21)
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given by

The landing location and velocity are

During the descent, the attitude of the robot is controlled with the 
collective thrust and angular velocity minimized, allowing the mo-
tion to be treated as free fall from an altitude of z(t) − l0.

Altitude control and next landing location
On the basis of the landing set point attitude zb(tLD) (or R(tLD)e3) and 
the computed landing velocity ṗ(tLD) , the stance phase dynamics 
(Eqs.  12 and 13) is integrated forward to produce the liftoff state 
R(tTO) and ṗ(tTO) using Eqs. 16 and 20 with

Immediately after taking off (detected by a notable change in the ax-
ial acceleration), the low-level controller (v) (described below) swiftly 
reorients the robot to an upright orientation (zb = e3) to minimize 
the horizontal thrust. Thus, the landing position of cycle k + 1 is en-
tirely determined by the lateral component of the liftoff velocity 
( [e1, e2]Tṗ(tTO) ∣k ) and the time the robot spends in the aerial phase. 
This flight time is varied according to the setpoint altitude as the 
aerial maneuver is divided into a powered ascent (PA) and an un-
powered projectile (PJ) (fig. S11A). We ensure the hopping altitude 
set point zd is reached by briefly producing vertical thrust of magni-
tude ∑fi = mg for

where

is the vertical liftoff speed and zd denotes the relative hopping alti-
tude. The former case is when the vertical liftoff speed is insufficient 
for the robot to passively reach the set point, and the latter is when 
the jump height without any thrust assistance is already more than 
zd. During the powered flight phase, the propelling thrust counter-
balances the weight and the vehicle retains its upward speed of ż(tTO) . 
The rest of the trajectory is a projectile with duration of

in which the first term refers to the rest of the time the robot spends 
ascending and the latter is free fall. Finally, the landing position for 
cycle k + 1 is iteratively updated as

The outcome of Eqs. 24 to 30 verifies that the touchdown location of 
the next cycle (k + 1) is predominantly determined by the landing 
attitude zb(tLD) of the current cycle.

Landing attitude computation and aerial trajectory planning
From the estimated current landing position p(tLD)∣k provided by 
Eq. 24, the controller uses Eq. 30 to iteratively search for the touch-
down attitude that minimizes the predicted position error of the 
next landing,

under the no-slip condition as constrained by the ground friction 
coefficient μ (see Supplementary Methods)

Depending on the set point pd and the current state of the robot, the 
error in Eq. 31 can be marginalized to zero or a particular value, 
which indicates whether the robot is able to reach the desired loca-
tion in a single or multiple steps.

Thrust and attitude manager
After zb(tLD) is determined from Eq. 31, it is realized when the robot 
is falling by the low-level controller (v). To regulate the jumping alti-
tude, after the liftoff, the robot is quickly reoriented to an upright di-
rection and the collective thrust magnitude is maintained at ∑fi = mg 
for ΔtPA as described by Eq.  27. The action injects energy into the 
system to compensate for any losses. Thereafter, the robot remains up-
right until the landing location is again predicted by fig. S11B (i) for 
the next jump cycle.

Planning strategy for trajectory tracking
Unlike flying robots, which are able to marginalize any control er-
rors continuously, the cyclic nature of the hopping motion only al-
lows the corrective measure to be executed once per cycle. The 
action to alter the landing attitude when the robot is falling only 
affects the landing location in the next cycle. Therefore, to track a 
predefined trajectory, the desired landing location pd in Eq. 31 is 
chosen to be the desired location of the robot at tLD∣k + 1, under the 
assumption that

This consideration eliminates the inherent latency, allowing the ro-
bot to track a time-varying trajectory more precisely. Still, the com-
plexity of achievable trajectories is intrinsically limited by the 
hopping frequency.

Low-level control for flight, hopping, and hybrid maneuvers
The same set of equations was applied to determine the rotor com-
mands for flight and when the attitude of the robot during the aerial 
hopping phase was regulated. To achieve the designated attitude, we 
first implemented a proportional-integral-derivative controller (45) 
to compute the required body-centric torque τp, d.

Depending on the operational demand, the target thrust magni-
tude Td can be zero, mg, or a particular value. To evaluate the force 
allocation between four rotors, we define f = [f1, f2, f3, f4]T and a four-
by-four configuration matrix A for power distribution

z = eT
3
p(t) and ż = eT

3
ṗ(t) (22)

ΔtLD = tLD − t = ż(t)∕2 +

√

2(z(t) − l0)∕g + ż2(t)∕g2 (23)

p(tLD) ∣k = p(t) + ṗ(t)ΔtLD − e3
1

2
gΔt2

LD (24)

ṗ(tLD) ∣k = ṗ(t) − e3gΔtLD (25)

θ(tLD)= arccos(−zT
b
(tLD)ṗ(tLD)∕‖ṗ(tLD)‖) (26)

ΔtPA=

{
zd∕ż(tTO)− ż(tTO)∕2g for ż(tTO)<2gzd

0 otherwise,
(27)

ż(tTO) = eT
3
ṗ(tTO) (28)

ΔtPJ = ż(tTO)∕g +
√
2zd ∕g (29)

p(tLD) ∣k+1 = p(tLD) ∣k + [e1 e2]
Tṗ(tTO) ∣k(ΔtPA + ΔtPJ) (30)

zb(tLD)∣k = argminzb(tLD)∣k ‖pd − p(tLD)∣k+1 ‖ (31)

arccos(e3 ⋅zb(tLD)) ∣k, arccos(e3 ⋅zb(tTO)) ∣k < tan−1μ (32)

tLD∣k+1 − t = ΔtLD + 2
√
2zd ∕g (33)
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To ensure that fi ≥ 0 even when Td = 0, the following attitude-
priority allocation [similar to (47)] is used to compute f.

Despite that the collective thrust generation may not be correctly set 
to Td, this ensures that the torque is correctly generated (τp, d = τp) 
and minimizes the error of thrust (T − Td) when the desired thrust 
and torque may cause saturation of motor commands, especially for 
the unpowered projectile where Td is set to zero.

Experimental setup and measurements
The experiments were carried out in a 3 m–by–3 m–by–2.5 m arena 
with 10 motion capture cameras (OptiTrack Prime 13w). The pose 
measurements were used for both control and ground truth measure-
ments. The high-level controllers, including the hopping and flight 
controllers, were implemented by Python on the ground computer 
and executed at 100 Hz. The robot and the ground station communi-
cated through a radio module (Bitcraze Crazyradio PA) via the Crazy-
flie Python library. We used the built-in flight controller for low-level 
attitude control with the customized thrust allocation method (de-
tailed below). To manipulate the aerodynamic stabilizer, we pro-
grammed the Crazyflie controller board to drive the servo motor.

Drop tests for parameter identification
Because the stance phase dynamics captured by Eqs. 12 and 13 are 
subject to a few unknown lumped physical parameters, namely, 
Ω =

√
k∕m , fc/m, and lp (l0 = 22 cm is a design parameter), we de-

vised a drop test to identify these model parameters according to the 
axial dynamics of the robot (Eq. 12) before applying the equations for 
predicting and controlling the hopping motion.

The setup of the drop tests is schematically presented in fig. S1A. We 
fabricated a robotic gripper to hold the robot via a cable and release it 
when triggered. The end of the cable was tied through the CoM of the 
vehicle to ensure that the robot was in an upright orientation. A high-
speed camera (MotionBLITZ EoSens mini 2) captured the trajectory 
of the robot at 1000 frames per second, covering the landing site. Both 
the gripper and the camera were controlled by the same computer. 
Using the Kanade-Lucas-Tomasi tracker (86), we identified and 
traced feature points on the robot between frames. Two-dimensional 
trajectories were reconstructed by calculating the geometric center of 
the tracked feature points. Figure S1B shows a snapshot of the Hop-
copter in stance with the tracked features.

The tests were carried out at three drop heights: 0.68, 0.82, and 
0.96 m, with four drops at each height. The high-speed footage and 
visually tracked trajectories are shown in movie S9, with 12 recon-
structed trajectories plotted in fig. S1C. Among these tests, the ro-
bot spent ≈32 ms in the stance phase. The elastic element was 
stretched to 4.68 to 5.55 cm from a preloaded length of 1.97 cm. 
We calculated the leg contraction l0 − l(t) from the data to plot the 
contraction against the acceleration in fig. S1D. The outcome sug-
gests two vertically offset linear trend lines with the same gradient. 
The lower and upper lines correspond to the leg compression and 
retraction, respectively. The evident and uniform gap between 

downstroke and upstroke (dark and light) accelerations reflects 
the energy loss or hysteresis in the form of damping. This leads to 
the proposed elastic force model in Eq.  7. We applied the least 
squares method to estimate the model parameters. The best fitted 
linear model (solid lines in fig. S1D) produces k/m = 5.00 × 103 
s−2, fh/m = 12.7 m/s2, and lp = 1.97 cm. The identified parameters, 
listed in table S2, corroborate that the weight of the robot is negli-
gible compared with the force of the prestretched elastomer as 
klp/mg ≈ 10.

Computation of the landing and takeoff states
In the controlled hopping test, the recorded position and attitude 
data were processed to obtain ‖ ṗ(tLD)‖ , θLD, Δψ, and θTO. We first 
identified the landing and takeoff time stamps from the CoM loca-
tion. The transition velocities [ ṗ(tLD) , ṗ(tTO) ] and attitude states 
[zb(tLD), zb(tTO)] with respect to the inertial frame are deduced. Be-
cause, in practice, these four vectors may not be perfectly coplanar 
as modeled in Fig. 2B, eψ is computed as a unit normal vector of the 
best-fitted plane

The average value of the objective function in Eq. 36 was 0.8°, indicating 
minimal misalignment. After the reprojection onto the rotational plane 
normal to eψ, the angles θLD, Δψ, and θTO for each jump were ob-
tained. From the data of 130 jumps in 90 s, a wide region of the land-
ing state [ 1.5 < ‖ ṗ(tLD)‖ < 3.3 m/s and 0∘ < θLD < 20∘] was covered.

Poincaré maps for hopping stability analysis
The constructed Poincaré maps assume a constant jumping 
height zd. Hence, the vertical landing speed at cycle k is de-
termined by

Given the landing attitude ϕ∣k and the angle of the landing veloc-
ity θz∣k, we calculate the landing angle θLD∣k = ∣(ϕ∣k − θz∣k)∣ under 
the assumption that vectors zw, zb(tLD)∣k, and ṗ(tLD) ∣k are copla-
nar and orthogonal to eψ. The takeoff states, zb(tTO)k∣ and ṗ(tTO) ∣k , 
are obtained from Eqs. 16 and 21. After takeoff, the robot briefly 
throttles up in an upright orientation to compensate the energy 
lost before entering the ballistic trajectory. The horizontal veloc-
ity remains constant during flight. This implies that the horizon-
tal speed at takeoff at cycle k is equal to the horizontal speed at 
landing at cycle k + 1. The vertical landing speeds at cycle k + 1 
and k are the same as dictated by the jump height zd. The angle of 
the landing velocity θz∣k + 1 is then the direction of the landing 
velocity relative to the vertical. This allows us to compute θz∣k + 1 
or θz∣k + 1/θz∣k for any θz∣k and ϕ∣k, which results in the Poincaré 
maps illustrating the stability of θz over jumping cycles (Fig. 6C 
and fig. S8).

Supplementary Materials
This PDF file includes:
Supplementary Methods
Figs. S1 to S13
Tables S1 and S2

[ �p T ]T = Af (34)

f = argmin
f

∣Td − T ∣ (35)

subject to fi ≥ 0 and �p,d = �p

e
ψ
= argmin

n

1

2
((nTṗ(tLD)∕‖ṗ(tLD)‖)

2
+

(nTṗ(tTO)∕‖ṗ(tTO)‖)
2
+ (nTz

b
(tLD))

2
+ (nTz

b
(tTO))

2)
1

2

(36)

ż(tLD) =
√
2gzd (37)
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Other Supplementary Material for this manuscript includes the following:
Movies S1 to S9
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Editor’s summary
Conventional jumping robots are actuated in a stance phase, either by a rapid energy release mechanism or with
legs driven by actuators. Previous attempts at a jumping and flying robot used these mechanisms for jump-assisted
takeoff but struggled to achieve continuous hopping or adjustable jump heights. A new robot called the Hopcopter
by Bai et al. combines a commercial quadcopter with a passive telescopic leg. The Hopcopter was actuated in the
aerial phase, allowing for continuous hopping, high jump frequencies, and tunable jump height. Intermittent hops led
to sudden increases in acceleration and enable highly agile movements such as rapid, tight turns. The robot was also
modified with an aerodynamic stabilizer that interacts with air flow to stabilize the robot with only internal sensors. The
combination of locomotion modes was shown to increase endurance and power efficiency, which could potentially
extend travel distance and operational range for applications in surveillance and inspection. —Melisa Yashinski
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