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Abstract— We introduce StaccaToe, a human-scale, electric
motor-powered single-leg robot designed to rival the agility
of human locomotion through two distinctive attributes: an
actuated toe and a co-actuation configuration inspired by the
human leg. Leveraging the foundational design of HyperLeg’s
lower leg mechanism, we develop a stand-alone robot by
incorporating new link designs, custom-designed power elec-
tronics, and a refined control system. Unlike previous jumping
robots that rely on either special mechanisms (e.g., springs and
clutches) or hydraulic/pneumatic actuators, StaccaToe employs
electric motors without energy storage mechanisms. This choice
underscores our ultimate goal of developing a practical, high-
performance humanoid robot capable of human-like, stable
walking as well as explosive dynamic movements. In this paper,
we aim to empirically evaluate the balance capability and the
exertion of explosive ground reaction forces of our toe and
co-actuation mechanisms. Throughout extensive hardware and
controller development, StaccaToe showcases its control fidelity
by demonstrating a balanced tip-toe stance and dynamic jump.
This study is significant for three key reasons: 1) StaccaToe
represents the first human-scale, electric motor-driven single-
leg robot to execute dynamic maneuvers without relying on
specialized mechanisms; 2) our research provides empirical
evidence of the benefits of replicating critical human leg
attributes in robotic design; and 3) we explain the design process
for creating agile legged robots, the details that have been
scantily covered in academic literature.

I. INTRODUCTION

Our overarching ambition is to develop a humanoid robot

that mirrors human locomotion agility. Agile movements like

jumping offer a flexible and dynamic mode to navigate over

challenging terrains, which allows us to overcome barriers,

evade danger, and traverse disconnected grounds. A robot

with such agility will be able to expand its operational range

across different terrains and reach elevated vantage points

for surveillance and monitoring. To establish an important

milestone toward human-level mobility in robots, we intro-

duce StaccaToe, a single-leg robot designed to perform both

stable balance control and explosive jumping motion.

In jumping robot development, hydraulic and pneumatic

actuators have been widely adopted because of their high

force/torque density, rapid response time, and impact robust-

ness [1]–[6]. An early work of Marc Raibert et al. [7] inves-

tigated a 3D hopping robot that consisted of a hydraulically

actuated hip and a leg using a pneumatic actuator. Recently,
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Fig. 1. StaccaToe robot and component explanation. StaccaToe features
six actuators, including a two-DoF ankle and a toe. The robot is designed
as a standalone system, having an onboard control computer, sensors, and
power system.

Atlas from Boston Dynamics and Festo Bionic-Kangaroo [8]

achieved jumping through hydraulic and pneumatic actua-

tion, respectively. However, systems using hydraulic actua-

tion suffer from inefficiency and maintenance issues such as

oil leaks [9], [10]. Pneumatic systems are also inefficient,

alongside other issues such as limited energy storage, low

precision, and noisy operation.

On the other hand, significant efforts have also been

made to build agile robots using electric actuators. However,

most robots have utilized specially designed mechanisms to

overcome the limited output torque of electric motors. For

instance, Salto-1P [11] achieved jumps exceeding 1 m in

height by integrating a series elastic actuator along with a

variable mechanical-advantage limb. Other small-scale jump-

ing robots such as TAUB [12], JumpRoACH [13], GRILLO

III [14], and ARCHER [15] also leverage mechanical advan-

tages to enhance jumping performance. There are also some

human-scale jumping robots like RAMIEL using a parallel

wire-driven mechanism [16]. While these accomplishments

are impressive, it is nontrivial to extend the mechanisms

specially designed for jumping to general-purpose legged

robots. Moreover, specialized mechanisms such as serial

springs [15], [17] or tendon-driven winding mechanisms [12]

can hinder stable nominal locomotion, although they are

beneficial for certain types of motion. For example, the use of

series elastic actuation can limit the force bandwidth, which

is crucial for dynamic locomotion such as running [18].

There exist other robots that are not designed for hopping
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but are capable of showing impressive jumping. However,

many of them are quadruped robots that can utilize multiple,

relatively short legs [19]–[21] or assisted by a constrain-

ing mechanism [22], [23], or their jumping height is not

comparable to that of a human’s [24]–[26]. Recent develop-

ments have seen the commercial release of humanoid robots

equipped with electric motors that possess the ability to

jump [27]. However, detailed methodologies behind these

capabilities remain undisclosed to the public. In conclusion,

prior studies have not yet presented a solution to accomplish

both controlled nominal locomotion and explosive dynamic

movements in a human-scale, electric motor-powered biped

robot.

We propose a new hopping robot, named StaccaToe: a

human-scale single-leg robot that can perform stable balance

control as well as explosive jump. It stands approximately

1.2 m tall (Fig. 2(c)), weighs 16 kg and equips 6 electric

motors. StaccaToe has two unique features inherited from

HyperLeg [28]: co-actuation and actuated toe mechanism.

To enable high-force exertion, we carefully designed the

drivetrains of knee, ankle, and toe actuators to assist the

knee during leg extension. The cooperative actuation [29]

scheme enables StaccaToe to generate large ground reaction

forces that cannot be accomplished if the actuators are

configured serially or coupled in a way that the actuators

bother each other’s motion during push-off. We formulate

trajectory optimization to fully exploit the co-actuation setup

and accomplish the jumping of StaccaToe experiments thanks

to the augmented knee torque output.

Another unique feature of StaccaToe is an actuated toe.

Despite compelling evidence that underscores the toe’s piv-

otal role in both human and robotic movement [30]–[32], toe

mechanisms in robots are often overlooked, primarily due

to their mechanical complexity and vulnerability to impacts.

Although several toe mechanisms have been proposed, they

are either passive, lacking the ability to provide propulsive

force or active balancing [33], [34], or actuated but heavy

and prone to damage, rendering them unsuitable for dynamic

locomotion [35]–[37]. Unlike the prior designs, StaccaToe’s

toe is light and robust to external impacts while maintaining

high control fidelity to enable balance control of a floating

base. Our tiptoe balance experiment results demonstrate that

the overall drivetrains including a toe offer sufficiently stiff

control to maintain its balance.

In summary, this paper’s main contributions encompass

the following key aspects: 1) development of a human-scale,

stand-alone floating-base hopping robot, StaccaToe, through

new link design and extensive design optimization, 2) exper-

imental validation of the effectiveness of actuated toe and co-

actuation mechanisms by demonstrating tiptoe balance and

jumping, and 3) documentation of detailed design processes

and challenges associated in dynamic legged robot design

and control (e.g., actuator identification, cable management,

power electronics).
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Fig. 2. Design comparisons between StaccaToe and HyperLeg, and

the overall dimensions of StaccaToe. (a) The number of components in
StaccaToe is significantly fewer than that in HyperLeg. This results in
reduced maintenance, a lighter weight, and enhanced stiffness. (b) The
width of StaccaToe’s leg is reduced by 30% by simplifying the pulley
design. (c) StaccaToe is designed to be similar to the average human leg
proportions [38].

II. ROBOT HARDWARE DESIGN AND DEVELOPMENT

The HyperLeg [28] showcased a leg design inspired

by human biomechanics, integrating important features for

acrobatic maneuvers such as an actuated toe, cooperative

actuation [29], non-collocated actuators, and a large range of

motion. While promising, the robot consists only of the lower

leg part, lacking hip joints and a body, and its experiments

required the assistance of a planar constraint mechanism.

As HyperLeg serves as a test platform to demonstrate the

feasibility of two features – the actuated toe and co-actuation

mechanisms – several details like linkage stiffness, power

electronics, body design, mass reduction, and balance control

were not included in its development. In this paper, we create

a standalone robot by 1) refining the original design to reduce

component count, 2) optimizing the durability of linkages

while minimizing weight, 3) conducting extensive analyses

of actuator parameters, 4) developing custom power elec-

tronics, and 5) configuring mechanically safe cable/connector

management.
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A. Reduction in component count and leg width

StaccaToe comprises seven primary modules: torso, hip,

thigh, shank, ankle, foot, and toe. Among those, the thigh and

shank modules are especially important because they need to

endure primary loading during locomotion and encapsulate

various components such as transmission links, pulleys, and

actuators. As depicted in Fig. 2(a), the thigh and shank links

of HyperLeg consist of multiple parts, necessitating many

fasteners such as screws and washers. To be a sustainable

system, it is essential to trim the number of components,

thereby reducing potential failure points and maintenance

difficulties. In the design of StaccaToe, we amalgamated

several components into two links for both the thigh and

shank. This consolidation has reduced the component count

for thigh and shank by 28 and 7, respectively.

Fig. 2(b) shows the widths of the knee and ankle joints

in both models. In our redesigned leg, the widths of the

knee and ankle are trimmed down by 42 mm and 7 mm,

respectively. This not only results in a significant weight

reduction but also a streamlined leg form factor. Such en-

hancements will be beneficial for preventing self-collision

when we extend this leg to bipedal robots.

B. Topology Optimization of Primary Links

To reduce link mass without compromising structural

rigidity, we employed topology optimization on important

components: thigh, shank, foot, and power transmission

links. We used ANSYS [39] for topology optimization

to refine material distribution within a predefined design

space. Fig. 3 illustrates this optimization process, aiming to

minimize strain energy while satisfying the mass reduction

constraint. Minimizing strain energy in optimization ensures

structural integrity and leads to optimized structures with

better performance characteristics such as increased stiffness,

reduced deflection, and improved natural frequencies. During

the process, we employed Sequential Convex Programming

as the primary solver and subsequentially simulated static

structure to assess the structural integrity of components

with the refined topology. These optimized components are

designed to withstand impact forces up to 600 N, or roughly

four times the total weight of StaccaToe. Additionally, the

shank and thigh links can endure twisting moments up to

50 Nm along their primary axes.

Throughout the design optimization, StaccaToe’s leg

achieved a mass reduction of approximately 0.47 kg com-

pared to HyperLeg while maintaining structural rigidity. The

total mass of the lower leg components (shank, ankle, and

foot) was reduced by 14.78%, dropping from 3.79 kg to

3.23 kg. Although StaccaToe’s thigh link has a slight increase

in weight, measuring 4.03 kg against HyperLeg’s 3.94 kg,

we considerably decreased the component count with a

net reduction of 28 components. As depicted in Fig. 2(a),

HyperLeg’s thigh comprises four aluminum plates connected

by metal axles, offering lightness but at the cost of reduced

stiffness. In contrast, StaccaToe’s thigh, with an increment of

0.09 kg and enhanced design, has the capability to withstand
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Fig. 3. The topology optimization process. Optimized components are
reduced in mass while maintaining structural rigidity.

a torsional torque of 50 Nm and a compression force four

times its own weight.

C. Motor Control and Power System

Staccatoe’s actuators are powered by MAB Robotics

MD80 V2.1 motor controllers, which replaced the T-Motor’s

original driver boards. Communication between the UP

Xtreme Intel Core i7 controller and the motor controllers

is facilitated by two MAB Robotics CANdle devices, with

each CANdle device serially connecting to three actuators.

The CANdle devices utilize USB 3.0 for communication

with the controller. We were able to implement a real-time

communication system that runs at 500 Hz utilizing CAN

FD.

For the power system, we engineered a custom power-

board capable of delivering high currents at voltages up to

48 V. As will be evident from our trajectory optimization

results in the later section, StaccaToe has the potential to

perform agile maneuvers, such as jumping, by fully ex-

ploiting the capabilities of its actuators. To reach the peak

torques of the actuators, a power system capable of providing

high currents is required. To achieve this, we implemented

a high side switch using three parallel IXTT140P10T P-

channel MOSFETs, each rated for a continuous drain current

of 140 A, as highlighted in Fig. 4. Additionally, we utilized

a similar high side switch configuration to provide power to

the controller. Furthermore, operating at 48 V (the maximum

allowable voltage of the MD80 motor controllers) allows us

to increase the speed limits of the actuators. The operating

voltage was achieved by connecting two 24 V Kobalt Li-ion

batteries in series to create a 48 V power source.

D. Actuator Identification

We identified the actual torque constants, Kt, and peak

torques, by measuring these parameters of the AK10-9,

AK80-9, and AK60-6 actuators using our dynamometer (see

Fig. 5). It is worth noting that the measured torque constant

values were lower than those specified in the actuator spec-

ifications. These measurements are utilized in the actuator-

level impedance control to ensure proper commanded torque

generation. Another crucial aspect of the actuator is its
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backlash. Given StaccaToe’s scale, significant backlash in

the knee actuator can lead to substantial errors in kinematic

computations. To measure the backlash of the AK80-9 knee

actuator, we rigidly fixed the output shaft and recorded the

motor encoder data while commanding torques. Our experi-

ments revealed a 0.15-degree backlash at the actuator output,

which was within the manufacturer’s backlash specification

of 0.19 degrees. Given the 40/9 reduction ratio between

the knee actuator output and the knee joint, and a knee-

to-body length of 435 mm, 0.19 degrees of backlash in

the knee actuator corresponds to about 6.4 mm of error

in the robot body position. It was observed in a previous

investigation on a similarly scaled robot [40] that a deviation

of about 10 mm in body position due to backlash still yields

Thigh cable holder USB cable holder

Motor cable holder Motor cable holder 

AK10-9

AK60-6

Fig. 6. Cable holders located at vulnerable points of the robot, ensuring
reliable power and signal connections.

acceptable results.

E. Cable Management

Wiring and cable management is often regarded as one of

the most troublesome aspects of electro-mechanical systems.

Strategic wiring is crucial to minimize the risk of wires

getting entangled with their surroundings or tampering with

the mechanical assembly. It is also important to rigidly hold

wire connections, because they are susceptible to becoming

loose, which causes electrical connectivity issues. Problems

in electrical connectivity can cause signal noise, commu-

nication loss, and malfunction in feedback control, which

may eventually lead to catastrophic hardware failure. To

avoid these potential pitfalls, custom cable holders were

designed to tightly hold the signal and power cables. As

shown in Fig. 6, the custom cable holders were fixed near

the vulnerable motor and computer connections. Screw-on

covers on the cable holders secure the cables by firmly

compressing them into a carefully tailored cylindrical groove.

This ensures minimal cable slack and stable connections to

the motors.

III. JUMPING TRAJECTORY OPTIMIZATION

In this study, we use trajectory optimization based on a

single rigid body dynamics model coupled with full kine-

matics to generate jumping trajectories [41], [42]. One key

motivation for adopting this streamlined approach in this

work instead of employing full-body dynamics trajectory

optimization or centroidal dynamics is that this approach

considerably simplifies the complexity of nonlinearities in

the optimization problem. This strategic simplification pri-

marily aims to accommodate the intricate nonlinearities

introduced by the co-actuation mechanism. [41], [42].

In our trajectory optimization formulation, the single rigid

body dynamics of the robot relate the ground reaction forces

to the robot’s linear and angular momentum, while the

kinematics model is used to determine a corresponding kine-

matic trajectory consistent with the center of mass (CoM)

and contact locations. The optimization encompasses the

following state variables:

x = [p⊤ Rvec v⊤ ω⊤]⊤, (1)

where p ∈ R
3 and v ∈ R

3 are the position and the velocity

of the robot’s center of mass. Rvec ∈ R
9 and ω ∈ R

3 are
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Fig. 7. Optimization model. (Left) We approximate the center of mass
of the single rigid body p and orientation R to be aligned with the robot’s
torso’s frame. Forward kinematics functions FKi are derived to map torso’s
origin, orientation and joint positions to contact position ri. During the
contact phase, the contact point positions are constrained to be fixed on
the ground to ensure kinematic feasibility. (Middle) The contact jacobains
are derived to map reaction forces to joint torque. (Right) The co-actuation
Jacobian Jθ is the mapping from motor velocities to joint velocities. By
utilizing the co-actuation jacobian, we could enforce motor-level torque
constraints instead of conservative, approximated ground reaction force-level
or joint torque-level limits.

the vectorized orientation matrix and angular velocity of the

body frame. The optimization is formulated by

min
xk

N
∑

k=1

(X⊤
err,k Q Xerr,k)

where Xerr,k = [perr,k,Rerr,k,verr,k,ωerr,k]. Except for

the orientation error, all other errors are calculated by

subtraction between the current and desired states. For the

orientation error, we first define Rerr,k given by

Rdes,kRerr,k = Rk, (2)

where Rdes
k is the desired orientation matrix for the k-th step

and Rk is the current orientation matrix at k-th step, thus

Rerr,k = Rdes,k
⊤Rk. (3)

The skew-symmetric matrix form of the axis for the orien-

tation matrix can be expressed as

[ω̂] =





0 −ω̂3 ω̂2

ω̂3 0 −ω̂1

−ω̂2 ω̂1 0



 =
1

2 sin θ
(R−R⊤). (4)

Thus

ω̂err,kθerr,k =

(

θerr,k

2 sin θerr,k
(Rerr,k −R⊤

err,k)

)∨

(5)

where ω̂err,kθ
err
k ∈ R

3 is the orientation error, (·)∨ :
so(3) → R

3 is the inverse of the skew function. To enhance

the efficiency of the trajectory optimization, we approximate

sin θerr,k by θerr,k when θerr,k is small. Our orientation error

is given as

ω̂err,kθerr,k =

(

1

2
(Rerr,k −Rerr,k

⊤)

)∨

. (6)

The constraints are given as follows:

xk+1 = dynamics(xk,△t) ①

FKi(pk,Rk,qk) = ri,k ②

ri,kci,k = ri,k+1ci,k ③

− µf
x||y
i,k ≤ fz

i,k ≤ µf
x||y
i,k , ④

fz
i,k(1− ci) = 0, ⑤

qmin ≤ qk ≤ qmax, ⑥

|τj,k| ≤ Jθ(qk)
⊤τmax

motor ⑦

where ① is the dynamics constraint. ② is the forward

kinematics constraint for the contact points, where qk is the

joint position and ri,k is the i-th contact point’s position.

③ enforces the non-slipping constraint, where ci,k indicates

if the i-th contact point is under contact or not. ④ is the

friction cone constraint. ⑤ is the contact force constraint. ⑥

is the joint limit constraint. Finally, ⑦ is the motor torque

constraint to ensure that the generated trajectories comply

with the robot’s actuator limits. As noted in previous work

[41], which our observations also support, the torques needed

to realize these trajectories are largely dominated by those

required to generate ground reaction forces. Therefore, in this

work, we estimate the necessary torque as equivalent to that

required for producing ground reaction forces and establish

limits accordingly, which is given by

τj,k ≈ −S⊤
j

(

nc
∑

i=1

J(qk)
⊤
i fi,k

)

, (7)

where τj,k ∈ R
n is the required joint torque at k-th step,

Sj ∈ R
n×n+6 is a selection matrix, and Ji ∈ R

3×n+6 is

the Jacobian of the i-th contact point. Due to the special

co-actuation design of StaccaToe, the maximum torque that

can be applied at a joint is dependent on the robot’s config-

uration. Consequently, we cannot directly apply torque limit

constraints using simple upper and lower bounds as done in

prior studies [41]. Instead, we use the following constraints:

|τj,k| ≤ Jθ(qk)
⊤τmax

motor, (8)

where Jθ ∈ R
n×n is the motor Jacobian that relates joint

velocity to motor velocity.

IV. RESULTS AND DISCUSSION

The optimization problem described in the previous sec-

tion is formulated in the MATLAB with the aid of CasADI

[43], which provides a symbolic framework for computing

gradients, Jacobians, and Hessians. The nonlinear optimiza-

tion is solved via using IPOPT [44], a free NLP solver.

We used our custom-developed dynamics engine, DARoS-

Core, for physics simulations to validate and refine our

controllers before deploying them on the robot. We utilize

whole-body impulse control (WBIC) proposed in [45] to

compute the joint position, velocity, and torque commands.

For StaccaToe control, we set the default constraints and

tasks as highlighted in Table I.

9061



TABLE I

CONFIGURATION OF WBIC

Contact/Task Name Description

Point contact constraint Four points for the toe link/

one for heel

Body orientation task Torso orientation

Body position task Torso position

Joint control task Keep the entire joint posture
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Fig. 8. Tiptoe balance. WBIC tracking performance during tiptoe stand.
The robot’s body z-position variation, along with time-based motion phase
transition (top right), and CoM position variation in the ground plane
(bottom right), are presented.

A. Tiptoe Balance

We demonstrate that StaccaToe can perform tiptoe motion

using WBIC, maintaining balance by supporting its entire

weight on the small footprint of its toe. To achieve tiptoe

motion, we introduced a knee joint position task to the WBIC

task hierarchy, accompanied by a time-based transition to

remove the contact constraint at the heel. As illustrated by

Fig. 8, the robot initially rises from a flat-footed stance and

moves forward to shift its CoM onto the toe. Subsequently,

we introduce the knee joint position task to stabilize the

current joint angle, while removing the contact constraint

at the heel.

For the balance controller, we chose body position control

as opposed to CoM position control due to its simplic-

ity. As highlighted in Fig. 8, during the standing-up mo-

tion, the robot’s CoM remains within the support polygon,

maintaining balance, while being robust to the undesired

oscillations. These oscillations observed during the motion

can be attributed to backlash in the drivetrain, which is a

common characteristic in many drivetrain systems that is

almost unavoidable. Despite this, our WBIC-based balance

controller was able to effectively compensate for these os-

cillations ensuring dynamic stability. This demonstrates not

only the controller’s ability to maintain precise coordination

and balance but also highlights the drivetrain’s sufficient

stiffness, which is essential for executing nimble motions.
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Fig. 9. Vertical jumping. (a) The figure illustrates the vertical jumping
of our StaccaToe robot, achieved through PD control tracking of a pre-
defined offline jumping trajectory (top). Through the innovative co-actuation
system, the robot’s knee joint is able to generate torques significantly beyond
the motors’ standalone capabilities. (b) The bus and stator voltage profiles
during jumping.

B. Jumping Test for Evaluation of Co-Actuations

As previously discussed, co-actuation is a key feature

that enhances StaccaToe’s agility. This mechanism allows

StaccaToe to generate significantly higher torques, particu-

larly at the knee, compared to what individual actuators can

produce. To demonstrate this, we performed vertical jumping

experiments to assess the effectiveness of co-actuation. We

generated a jumping trajectory containing joint angles, ve-

locity and feed-forward torque using the previously outlined

trajectory optimization method. This trajectory was then

tracked using impedance control with low feedback gains.

We added an additional 1 kg onto the torso of the robot for

better momentum transfer. Since the goal of this experiment

was to evaluate the torque generation of co-actuation, landing

phase of the robot was not considered in the trajectory

optimization. From the results presented in Fig. 9(a), it is

evident that co-actuation has significantly increased torque

generation specifically at the knee joint. Specifically, during

the push-off phase, the knee joint generated over 100 Nm of

torque, exceeding the 80 Nm that the knee actuator alone can

produce after the belt reduction. This is approximately about

25% more torque generation. As a result of co-actuation, the

knee actuator, ankle actuators, and toe actuator collectively

contribute to the overall torque at the knee joint, resulting in

an aggregated torque during knee extension. Subsequently,

this leads to a higher generation of ground reaction forces.

Unfortunately, we could not observe the maximum jump-

ing height that we found in our trajectory optimization

that reflects actuator torque/velocity limits along with the
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Actuated toe mechanism

Fig. 10. New humanoid robot, PresToe. We are building a new humanoid
robot by employing the similar co-actuation and toe mechanisms.

co-actuation setup. The major constraint comes from the

electric power supply because of the batteries’ bus voltage

drop. As highlighted in Fig. 9(b), during the push-off phase,

there is a noticeable drop in bus voltage, accompanied by

an increase in stator voltages of the actuators. This effect

was particularly prominent in the ankle and toe AK60-6

actuators, since they have to operate at high speeds during

push-off. As a result of this, when the difference between

the bus and stator voltage diminishes, the torque generation

capability of these motors will be reduced momentarily [41].

Further investigation and hardware updates will mitigate

the limitation and fully unlock the physical capability of

StaccaToe.

V. CONCLUDING REMARKS AND FUTURE PLAN

In this paper, we introduce a new human-scale electric

motor-driven single-leg robot with an actuated toe and co-

actuation. We present the detailed hardware design process

including topology optimization, actuator parameter identifi-

cation, and power electronics. By conducting toe stand and

vertical jumping experiments, utilizing WBIC and trajectory

optimization respectively, we demonstrate the advantages

conferred by the actuated toe and co-actuation. During

jumping, approximately 25% more torque was generated at

the knee due to co-actuation. These experiments highlight

StaccaToe’s remarkable physical capabilities, underscoring

its potential for executing agile and explosive movements.

The advancements made in this paper will be incorporated

into our new humanoid robot, PresToe in Fig. 10, which aims

to be capable of performing both stable, efficient walking and

explosive sprinting and leaping. We have demonstrated that

StaccaToe has the physical capabilities to perform intricate

motions, such as tiptoe standing, and explosive movements,

like jumping, through the use of the actuated toe and co-

actuation. Our future plans also involve deploying a hopping

locomotion controller to StaccaToe, enabling it to exhibit

locomotion capabilities.

ACKNOWLEDGMENT

This material is based upon work supported by the Na-

tional Science Foundation under Grant No. 2220924.

REFERENCES

[1] S.-H. Hyon and T. Mita, “Development of a biologically inspired
hopping robot-“kenken”,” in Proceedings 2002 IEEE International

Conference on Robotics and Automation, vol. 4. IEEE, 2002, pp.
3984–3991.

[2] X. Li, H. Feng, S. Zhang, H. Zhou, Y. Fan, Z. Wang, and Y. Fu,
“Vertical jump control of hydraulic single legged robot (hslr),” in
2019 IEEE/ASME International Conference on Advanced Intelligent

Mechatronics (AIM), 2019, pp. 1421–1427.

[3] R. Niiyama, A. Nagakubo, and Y. Kuniyoshi, “Mowgli: A bipedal
jumping and landing robot with an artificial musculoskeletal system,”
in Proceedings 2007 IEEE International Conference on Robotics and

Automation, 2007, pp. 2546–2551.

[4] C. Semini, N. G. Tsagarakis, E. Guglielmino, M. Focchi, F. Cannella,
and D. G. Caldwell, “Design of hyq – a hydraulically and electrically
actuated quadruped robot,” Proceedings of the Institution of Mechan-

ical Engineers, Part I: Journal of Systems and Control Engineering,
vol. 225, no. 6, pp. 831–849, 2011.
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N. Küng, D. Mannhart, C. Pfister, M. Vierneisel, F. Weber, R. Deuber,
and R. Siegwart, “Ascento: A two-wheeled jumping robot,” in 2019

International Conference on Robotics and Automation (ICRA), 2019,
pp. 7515–7521.

[26] Z. Li, X. B. Peng, P. Abbeel, S. Levine, G. Berseth, and K. Sreenath,
“Robust and versatile bipedal jumping control through multi-task
reinforcement learning,” arXiv preprint arXiv:2302.09450, 2023.

[27] “Unitree h1 jumping video,” https://www.youtube.com/watch?v=
83ShvgtyFAg.

[28] D.-Y. Kim, S.-H. Yun, J.-K. Lee, J. Yoon, D. Nam, C.-Y. Maeng,
and Y.-J. Kim, “Hyperleg: Biomechanics-inspired high-dof leg and toe
mechanism for highly dynamic motions,” in 2024 IEEE International

Conference on Robotics and Automation (ICRA), 2024, pp. 2456–
2462.

[29] Y. Sim and J. Ramos, “Tello leg: The study of design principles and
metrics for dynamic humanoid robots,” IEEE Robotics and Automation

Letters, vol. 7, no. 4, pp. 9318–9325, 2022.

[30] S.-W. Chou, H.-Y. K. Cheng, J.-H. Chen, Y.-Y. Ju, Y.-C. Lin, and
M.-K. A. Wong, “The role of the great toe in balance performance,”
Journal of Orthopaedic Research, vol. 27, no. 4, pp. 549–554, 2009.

[31] J.-P. Goldmann, M. Sanno, S. Willwacher, K. Heinrich, and G.-
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