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Spring-Brake! Handed Shearing Auxetics Improve Ef�ciency of Hopping
and Standing

Joseph Sullivan1;� , Ian Sullivan Good2;� , Samuel A. Burden1, Jeffrey Ian Lipton3

Abstract� Energy ef�ciency is critical to the success of
legged robotics. Ef�ciency is lost through wasted energy during
locomotion and standing. Including elastic elements has been
shown to reduce movement costs, while including breaks can
reduce standing costs. However, adding separate elements for
each increases the mass and complexity of a leg, reducing
overall system performance. Here we present a novel compliant
mechanism using a Handed Shearing Auxetic (HSA) that acts
as a spring and break in a monopod hopping robot. The HSA
acts as a parallel elastic actuator, reducing electrical power for
dynamic hopping and matching the ef�ciency of state-of-the-art
compliant hoppers. The HSA’s auxetic behavior enables dual
functionality. During static tasks, it locks under large forces
with minimal input power by blocking deformation, creating
high friction similar to a capstan mechanism. This allows the
leg to support heavy loads without motor torque, addressing
thermal inef�ciency. The multi-functional design enhances both
dynamic and static performance, offering a versatile solution
for robotic applications.

I. I NTRODUCTION

Legged robots have gained traction in human-built en-
vironments and unstructured terrain, where wheeled and
tracked systems struggle. This makes them well-suited for
inspection, surveying, and home assistance, while several
companies have also explored their use in logistics. A key
limitation is their shorter operating range and endurance,
compared to wheeled robots. This is due in part to two prob-
lems. One is their higher cost-of-transport (COT) (speci�c
resistance)�a fundamental measure of locomotion ef�ciency
[1]. Legged robots consistently exhibit higher COT than
humans and animals [2], in addition to wheeled machines.
Secondly, legged robots often spend energy to maintain
position, a critical function in many applications. Achieving
greater power autonomy without increasing costs or compro-
mising performance remains a challenge.

Approaches to reduce cost of transport often focus on im-
proving the electrical ef�ciency of leg actuators through in-
tegration of mechanical compliance [3], locking mechanisms
[4], and regenerative braking [5]. Mechanical compliance lets
joints store and return mechanical energy, reducing the need
for motor work. Prominent robots that exploit mechanical
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Fig. 1: System Overview. We use Handed Shearing Auxetics
(HSA) as a combined Spring and Break mechanism in a
hopping leg to improve system ef�ciency in hopping and
standing.

compliance include Cassie [6], ANYmal [7], and ATRIAS
[8]. Locking mechanisms such as cams [9], ratchets [10],
and clutches [11] have also been employed for redirecting
the kinetic energy of swinging legs and in combination with
compliance [12], to decouple springs from joints during
speci�c gait phases [13].

While the role of compliance and locking mechanisms
have been extensively studied for dynamic locomotion, less
attention has been given to their role in static tasks, such as
compensating for gravity across different postures and loads.
This functionality is especially important in inspection and
surveying applications, where a mobile robot often serves as
a stationary sensing platform for extended periods. In these
scenarios, wheeled and tracked robots can maintain position
inde�nitely, whereas most legged robots must continuously
consume power to remain in place.

https://arxiv.org/abs/2505.22898v1


A. Contribution: A Multi-Functional Compliant Mechanism
In this paper, we present a novel compliant mechanism

based on a 3D-printed Handed Shearing Auxetic (HSA)
structure, integrated into a monopod hopping robot. The HSA
functions as a parallel elastic actuator, providing mechanical
compliance alongside a low-reduction motor while enduring
large cyclic loads during hopping. We demonstrate that
the HSA signi�cantly reduces electrical power consumption
during hopping, achieving ef�ciency comparable to other
state-of-the-art compliant hoppers.

Beyond dynamic ef�ciency, we leverage the auxetic prop-
erties of the HSA to enable dual functionality: in static
tasks, the HSA acts as a locking mechanism, resisting large
forces with minimal input power. This locking effect occurs
when the auxetic deformation of the HSA is blocked at
high twist angles, generating high friction akin to a capstan
mechanism. As a result, the leg adapts its parallel compliance
to support heavy loads without requiring continuous torque
from the low-reduction motor, which is thermally inef�cient
under such conditions. This multi-functional design enhances
both dynamic performance and static load-bearing capability,
offering a versatile solution for robotic actuation.

II. BACKGROUND AND RELATED WORK

A. Limiting Factors of Electrical Ef�ciency in Legged Robots
Despite their mobility advantages, electrically actuated

legged robots suffer from poor energy ef�ciency compared
to wheeled or tracked systems. Key sources of inef�ciency
include:

� Joule heating in motors: leg actuators operate at
low speed and high torque during dynamic tasks (e.g.
hopping, running), leading to signi�cant thermal losses
in electric motors.

� Inability to recycle energy: legged locomotion requires
a cyclic exchange kinetic and potential energy. This
recycling process is least ef�cient in electric drives at
low speed and high torque. During hopping and running,
opportunities for recycling energy are further reduced
by elastic restitution of velocity at leg impacts.

� static power consumption: static tasks (e.g. standing
under load) demand high sustained torque, which may
necessitate high-reduction gearboxes on electric drives
or joint locking mechanisms.

B. Two Paradigms for Compliant Leg Actuators
1) High Reduction Motors + Series Compliance:Series

elastic actuators (SEAs) are widely used in electrically ac-
tuated robots, combining a high-reduction, non-backdrivable
motor with a spring placed in series between the motor output
and the joint. While high-reduction motors mitigate impact-
losses and Joule heating, these ef�ciencies can be offset by
gearbox losses. In [14], SEAs have been theoretically shown
to be optimal for hopping when regeneration is neglected.
However, they introduce challenges such as increased sensor
requirements, additional mechanical degrees of freedom,
more complex control issues (e.g., stability and phase lag)
[1] and reduced position control bandwidth [7].

2) Low Reduction Motors + Parallel Compliance:Par-
allel elastic actuators (PEAs), though less common, are
often utilized in robotics. They employ low-reduction, high-
torque motors directly connected to a joint, with mechanical
compliance arranged in parallel. This design can signi�cantly
enhance energy ef�ciency by storing mechanical energy and
reducing motor torque during cyclic motions. PEAs are
a simpler alternative to SEAs, and are well-suited to the
dynamics of legged locomotion, which strongly resembles
passive spring-mass dynamics [15]. Due to reduced gearing,
the low-reduction motors in PEAs are more mechanically
ef�cient than their SEA counterparts. However, the key draw-
back of PEAs are their low thermal ef�ciency. Additionally,
PEAS directly couple the motor to the joint, increasing the
joint inertia, resulting in greater impact losses. The need to
improve thermal ef�ciency of direct-drive actuators, while
also satisfying torque demands and mitigating impact losses,
has led to detailed investigations of optimal design of quasi
direct-drive actuators, like those used by Mini Cheetah [16].

C. Handed Shearing Auxetics and Their Application

Handed Shearing Auxetics (HSAs) are a type of structural
metamaterial characterized by their ability to convert shear
into volumetric deformations [17]. The auxetic nature of
HSAs means that as a shear stress is applied, not only does
the structure elongate, but its diameter increases as well.
The linking of shear with extension and diametric expansion
allows HSAs to store and release energy in multiple degrees
of freedom simultaneously. By placing a smaller diameter
object concentric with the HSA, a shear applied to the HSA
can cause it to jam against the inner surface, resulting in
a non-linear stiffness pro�le. Because HSAs are size and
material invariant, they can be computationally designed to
�t a speci�c application needs. This enables lightweight,
compact, and customizable designs that can achieve a broad
range of static and dynamic requirements.

HSAs have been used in a wide range of systems from
mobile robots [18], [19], to robot grippers [20], [21] and
even robot arms [22]. They have been shown to be fabricable
from diverse materials: spring steel, PTFE [17], and a wide
range of printing materials [19], [23]. These past works have
leveraged the distributed compliance and energy storage of
HSAs to sort recycling, walk ef�ciently, and even activate a
can of hair spray using motor imagery brain signals [24]�
[26]. However, past works have limited themselves to quasi-
static or low frequency operations. This has left HSA systems
under explored for highly dynamic tasks.

III. M ETHODS

A. Design Principles of an HSA Hopping Robot

In this paper we set out to design a hopping robot capable
of hopping at 5cm height at frequencyf > 2 Hz. Our
approach combines a low-reduction motor with an HSA
in parallel. We selected a quasi direct-drive motor for its
favorable ratio of torque to re�ected inertia and ample
regeneration capability.



A prototype robot was �rst manufactured and weighed.
The total mass of the system of 1.3 kg is dominated by the
motor and cart cart. To design the HSA, we approximated the
robot’s stance-phase dynamics with a spring-mass-oscillator
model:

m �x + K (x � x0) + mg = 0 ;

where m = 1 :3 Kg is the total system mass,x represents
the leg length,K is the effective stiffness, andg is the
gravitational acceleration.

To compute the required spring constantK , we equate
the mechanical energy at the lowest point of stance to the
potential energy needed for a hop of heighth,

mgh =
1
2

K � x2 � mg� x:

Rearranging forK ,

K = 2mg(h + � x)� x � 2:

Setting � x = h = 5 cm gives an effective spring rate of
K � 1kN

m .
To verify that this stiffness produces hop frequency of at

least 2 Hz, we compute the duration of stance and �ight
modes:

tF = 2
q

2h
g ; tS (m; K ) � �

p m
K

The hopping frequency is then:

f (m; K ) �

 

2

s
2h
g

+ �
r

m
K

! � 1

: (1)

SubstitutingK = 1 kN
m , we �nd:

f (1:3; 1000) � 3:2 Hz:

1) Final Design Speci�cations:From this analysis, we
derive the following actuator design requirements:

� The actuatorstroke length must exceed� x = 5 cm
� The HSA must provide aneffective stiffnessof K �

1000 N
m

� The HSA must supportloading at or above:1:5 � K �
5 cm = 75 N

B. HSA Selection and Fabrication
We select an HSA 0% of the way along the auxetic

trajectory as this maximizes the stroke length, minimizing
stiffness as shown in [27]. Based on work in [23], [27],
we elect for an HSA with 8 rows and 3 columns as this
gives good diametric change for jamming while ensuring
we can achieve the stroke length targets. The HSA was
made from FPU50 on the Carbon M1 DPL printer following
manufactures best practices. FPU50 HSAs can easily support
cyclic loads of 50% strain so the HSA was scaled to a
length of 100 mm, with an additional 16 mm added for
mounting, resulting in a 3D printed part that is 116mm long
and 34mm in diameter. The minimum cross section in the
design is36 mm2, and with the assumed loading conditions,
we see internal stresses of2:1 MPa, which is well below
UTS (25 MPa).

Fig. 2: HSA average stiffness over �ve-centimeters stroke is
shown for different twist angles. Data was collected on an
instron UTM. For large twist angles (red region), the HSA
jams against the inner cylinder, dramatically increasing its
stiffness.

This HSA was then characterized on an Instron universal
testing machine. A 2D sweep over rotation and displacement
was performed. Rotation was swept from� 150� to 120�

in 10� increments and displacement was swept from0 to
5cm in 5mm increments. The average spring constants from
this data are presented in Figure 2. Using positive rotation
values, the average spring constant was found to be912N

m.
The HSA demonstrates a peak spring constant over16kN

m , a
21� increase in stiffness compared to the lowest recorded
value. This validation con�rms that the HSA designed meets
or exceeds the �nal design speci�cations and will act suitably
as both a viscoelastic spring element and as a brake.

C. HSA Parallel Compliance Mechanism

As shown in Figure 1, we integrated an HSA-based
compliance mechanism with a prismatic leg actuator to
provide parallel elasticity to the leg motor (Mjbots QDD100,
with a 1:6 gear reduction). The HSA lengthl is related
to the distance between the foot and body framex by
l = x � 30 cm. This relationship arises from the closed-
loop kinematic structure of the leg, which consists of four
primary links (shown in Figure 1) :

1) Base link - Connects the vertical cart to the leg motor
and HSA base.

2) Thigh link - Connects the leg motor to the shank.
3) Shank link - Connects the thigh to the foot.
4) Foot link - Connects the shank to the top of the HSA

via a steel rod.



Fig. 3: Exploded view of the HSA assembly, illustrating the twisting mechanism at its base. The HSA is �xed at its right end
to a gear carrier, which is driven by a compact servomotor (�Twist Motor�). The left end is coupled to the foot via a 30 cm
steel rod passing through a linear bearing embedded in the base. A shaft collar and thrust bearings secure the gear assembly
to the cart (not shown). Inside the HSA, a rigid cylindrical insert (occluded in orange) enables the braking mechanism by
limiting auxetic deformation.

TABLE I: Robot Mechanical Parameters
Thigh Length L thigh = 7 cm
Shank Length L shank= 15 cm
Rod Length L rod = 30 cm
Cart Mass mc = 1 :1kg
Foot Mass m f = 0 :2kg
Leg Motor Re�ected Inerta J = 3 :5 � 10� 3kgm2

Leg Motor Gear Ratio 1 : 6
Twist Servo Gear Ratio 1 : 4

The HSA is mounted to a horizontal gear assembly,
positioning the leg motor axis at the HSA’s base. The top end
of the HSA is �xed to an end assembly that is rigidly attached
to the steel rod. Atx = 18:4 cm, the HSA reaches its neutral
length of 11.6 cm, applying zero force. Whenx < 18:4 cm,
the HSA undergoes tensile deformation, generating a reaction
force on the leg motor and a corresponding reaction torque
on the twist servo.

D. Braking Affordance

The braking function is enabled by a small servo motor
(�Twist Servo� in Figure 1, GoBilda 2000 Series), which
actuates the twist gear at the base of the HSA. Rotating this
gear counterclockwise deforms the HSA along an auxetic
trajectory, causing its inner diameter to contract.

At 135° of twist, this contraction is physically constrained
by a rigid cylindrical insert (depicted in orange, occluded
in Figure 1). Beyond this point, the HSA cannot continue
to contract, preventing further deformation. This results in a
passive braking effect, in which the HSA remains in a �xed
compressed state until the twist servo is reversed.

IV. H OPPINGEXPERIMENTS

We evaluated the improvement in electrical ef�ciency
provided by the HSA spring through a series of hopping
experiments with increasing added mass. These experiments
were divided into two groups:

TABLE II: Leg Motor Electrical Parameters
Supply Voltage 24V
Motor Constant 105 Vs

rpm
Resistance 0:143 

Peak Rated Power 500W
Peak Rated Torque 16Nm

� With HSA - The HSA was installed on the actuator
(labeled �with HSA� in Figure 5).

� Without HSA - The leg motor imposed virtual compli-
ance using proportional angle control (labeled �without
HSA�).

Both groups utilized a hybrid PD controller to stabilize the
hopping behavior, divided into ’�ight’ and ’stance’ modes.
The purpose of the �ight control is to lift the foot off the
ground, and reposition it in preparation for the following
stance phase. To achieve the desired hopping height, a �xed
push-off torque is applied in the second half of the stance
phase.

During the experiments, we collected telemetry from the
leg motor, including angle (� ), torque (� ) and current (I ),
which we used to calculate motor work, joint work and the
total electrical losses. In our analysis, we de�ne electrical
losses as the sum of net motor work and thermal losses
(heat dissipated in the motor windings). Thermal losses in the
twist servo were negligible as a result of the high mechanical
advantage and friction in its gearbox. Theelectrical power
of the leg motor is approximated by

Pelec = PTherm+ PMotor = RI 2 + � _�: (2)

To fairly assess the bene�ts of the HSA, we included electri-
cal regeneration from negative motor work (i.e., regenerative
braking) in our analysis. Previous studies of energetics in
hopping robots have overlooked electrical regeneration [9],
[11], [14], usually due to the complexity of supporting
regenerative circuitry. However regenerating power from



Fig. 4: Comparison of the electrical power drawn vs. the
force blocked by the leg motor compared to the HSA twist
motor. The power consumed by the primary motor (squares)
is �t by a quadratic function of the blocked force (purple
dotted line). The power consumed by the HSA twist motor
(diamonds) follows a linear trend (gold dashed line). The
solid gold line predicts the power that would be consumed
by the twist servo at 1:8 gear reduction.

negative work can signi�cantly lower cost of transport, as
demonstrated by the Cheetah robots [5], [28]. Fortunately,
modern BLDC motor drives with built-in regeneration capa-
bilities�such as the QDD100 motor used in this study�have
since become widely available.

V. BRAKING EXPERIMENT

To evaluate the power ef�ciency of static braking, we
compared the electrical power consumption of the leg motor
(Mjbots QDD100, 1:6 gearing) and the HSA twist motor
(GoBilda 2000 Series, 1:4 gearing). The experiment mea-
sured the power drawn by each motor while maintaining a
�xed posture under increasing applied force force.

The procedure consisted of:
1) Engaging the HSA braking mechanism, twisting it into

its jammed state to block further deformation.
2) Applying an increasing force on the leg using the leg

motor, simulating static holding conditions.
3) Measuring the electrical power consumed by the leg

motor and the twist motor at different levels of blocked
force.

VI. RESULTS

A. Jammed HSA Reduces Electrical Power Required For
Static Braking

As shown in Figure 4, the power consumed by the leg
motor increases quadratically with blocked force, while the
twist motor follows a linear trend. These results show a
jammed HSA can support static loads with signi�cantly
lower power consumption than the leg motor motor. A
projection for a 1:8 gear reduction (solid gold line) illustrates

TABLE III: SPEAR Vertical Hopping Data [11]

� knee (rad) L td (cm) E (J) � x (cm) h (cm) COT
0.74 60.7 15 10.6 10.5 2.96
1.04 55.7 16.3 21.8 27.5 1.23
1.40 49.5 20 27.8 34.5 1.20

In this table,� knee is the touchdown angle of the knee joint,L td is
the length of the virtual leg at touchdown,E is the electrical energy
consumed during a hop,� x is the maximum compression of the
virtual leg, andh is the calculated hop height.

how additional gearing furter improves the braking ef�ciency.
Theoretically, using a worm gear a jammed HSA can brake
for zero electrical cost.

B. 3D Printed HSA in Parallel with Low-Reduction Motor
Improves Hopping Ef�ciency

For each tested mass, between 64 and 77 hops were
performed with an HSA and without. The total mean and
variance of the hop heights were5:2 cm � 2 mm. For each
condition, we estimated the mean cost-of-tranpsort with 99%
con�dence intervals via the boostrapping method.

We found the HSA consistently reduced the hopping cost-
of-transport across all tested masses. As stated in section
IV, our energy calculation assumes that negative motor work
is perfectly regenerated. Without an HSA, the leg motor
performs nearly all the negative mechanical work in the
system.

C. Increased Ef�ciency is Driven by Reduced Joule Heating
Our calculations show an HSA improves the ef�ciency

of hopping by reducing the thermal cost-of-transport (Joule
heating), while simultaneously increasing the mechanical
cost-of-transport (net motor work).

Figure 5(b) shows the reduction in the thermal COT due
to Joule heating alongside the increase in mechanical COT
due to net motor work. These quantities were obtained via
numerical integration of the motor and thermal power de�ned
in (2) during each hop.

D. Cost-of-Transport Comparison with SPEAR Hopper
To compare the HSA’s performance with traditional steel

springs, we analyzed results from the SPEAR hopping robot
[11], where the authors provided the electrical energyE
consumed, and force-compression curvesF (x) of a virtual
spring between the robot foot and hip.

We estimated the hop heighth by calculating the potential
energy stored in the virtual leg spring, and subtracting work
against gravity for a lumped mass of 4.91 kg (SPEAR’s body
weight):

h � � � x +
1

mg

Z � x

0
F (x)dx:

Table III shows that the COT of SPEAR is linearly related
to the hop height (R2 = 0 :93). Since these hop heights span
a large range of 19% to 63% of the virtual leg length, we
interpolated the data in Table III at an intermediate height
heq = 15:8 cm, calculated by rescaling the average hop
height from our data by the ratio of SPEAR’s touchdown



Fig. 5: Part (a): Hopping cost-of-transport with and without
an HSA compared to results from the SPEAR hopping robot.
Part (b): Changes to the mechanical and thermal components
of COT (with an HSA minus without an HSA), shown in
absolute value, i.e. the blue curve is thedecreasein the
thermal cost, the red curve is theincreasein mechanical cost.
The reduced hopping COT in (a) is due to reduced thermal
cost, while the mechanical cost increases, suggesting energy
is dissipated by the HSA.

leg length to our robot’s touchdown leg length. This resulted
in an equivalent COT of2:46, which is shown as a dashed
line in Figure 5(a).

E. 3D Printed HSA Dissipates Energy

Using the data collected during hop experiments, we
investigated the amount of positive work that is supplied by
the HSA to the system. The positive work done by the HSA
can be inferred from the ratio of positive work done by the
leg motor to the total positive work in the system. This is
captured in the spring ef�ciency metric:

� = 1 �
RTS

0 max(0; PMotor)dt
RTS

0 max(0; PJoint)dt
(3)

whereTS is the duration of the stance period in hopping
andPJoint is the joint power given by,

PJoint = ( J �� ) � _� + ( mcart + mweight) (�x + g) � _x:

This ef�ciency measure was used in [11], [29] to estimate
the amount of positive joint work performed by springs in
legged robots. In our experiments, we calculated� to be
29% mean� 1:7 std%, signi�cantly less than the spring
ef�ciency of 64% reported for SPEAR, suggesting the 3D-
printed HSA dissipates more energy than a steel spring.

VII. C ONCLUSION

In this paper we constructed a hopping robot from a novel
combination a 3D printed Handed Shearing Auxetic spring
with a low-reduction motor. To the best of our knowledge,
this work is the �rst application of an HSA to dynamic
legged locomotion, and the �rst demonstration of the auxetic
jamming effect.

Our experiments demonstrate that the HSA improves
ef�ciency in both static braking and hopping locomotion.
In static conditions, a jammed HSA signi�cantly reduces
electrical power consumption compared to a high-torque low-
reduction motor, with further improvements possible through
additional gearing. During hopping, the HSA consistently
reduced electrical cost by 24%�32%. This improvement
occurred despite reductions in regenerative braking, which is
an important ef�ciency consideration that is often neglected
in the legged robotics literature. The primary mechanism
behind savings is the reduction of Joule heating in the
leg motor. Net motor work increased slightly, but this was
outweighed by the reduction in thermal losses, which became
more pronounced at higher body masses.

We found that the HSA hopper achieved a cost of transport
comparable to SPEAR, a robot using traditional steel springs.
However, the spring ef�ciency� was lower, indicating
that the 3D-printed HSA dissipates more energy than steel
springs, consistent with the increase of net motor work seen
in hopping. Nevertheless, our calculations show that the
spring provided 35% of the positive joint work.

Overall the HSA is and effective compliance for direct-
drive parallel elastic actuators, where reducing motor losses
is crucial. However, its energy dissipation suggests it may not
be as effective in series-elastic con�gurations, where thermal
losses are lower and spring ef�ciency is more important.

A. Limitations

The hopping experiments we conducted have two impor-
tant limitations. First, we only investigated vertical hopping
without any horizontal translation, whereas most works in-
volve forward motion of the robot. This discrepancy made a
direct comparison of our robot’s ef�ciency to others dif�cult.

Secondly, in this paper we have not proposed a dynamic
model of the HSA, and consequently we did not optimize the
leg motor controls for ef�ciency. A more rigorous investiga-
tion into the bene�ts and drawbacks in hopping locomotion
would require a visco-elastic model of the HSA.



B. Future Work
Our work has shown that the 3D printed HSA is a

dissipative element, which limits the maximum ef�ciency
that can be achieved in hopping. This could be improved by
increasing the HSA spring ef�ciency, which may be achieved
through alternative materials or manufacturing techniques
(e.g., metal HSAs) that may reduce energy dissipation.

The HSA has other properties that are signi�cant to
designing leg actuators, but which we did not investigate.
In particular, the rest length of an HSA is a nonlinear
function of its angular displacement, which has implications
for motor Joule heating in quasi-static tasks. Additionally, the
effective spring rate of an HSA is nonlinear in both the linear
and angular degrees of freedom, a property which may be
exploited to dynamically adapt stiffness in different operating
conditions.

ACKNOWLEDGMENT

Removed in compliance with double-anonymous review
requirements. The authors would like to thank David Oh for
his help in designing a dropping mechanism for the leg. Josh
Crumrine, and Joe Torky for their help with 3D printing,
and Tom Zimet, Jake Madian, and Apoorva Kalaskar, for
contributions to earlier versions of robot hardware.

REFERENCES

[1] N. Kashiri, A. Abate, S. J. Abram, A. Albu-Schaffer, P. J. Clary,
M. Daley, S. Faraji, R. Furnemont, M. Garabini, H. Geyeret al.,
�An overview on principles for energy ef�cient robot locomotion,�
Frontiers in Robotics and AI, vol. 5, p. 129, 2018.

[2] S. A. Burden, T. Libby, K. Jayaram, S. Sponberg, and J. M. Donelan,
�Why animals can outrun robots,�Science Robotics, vol. 9, no. 89, p.
eadi9754, 2024.

[3] J. W. Hurst, �The role and implementation of compliance in legged
locomotion,� Ph.D. dissertation, Carnegie Mellon University, 2008.

[4] M. Plooij, G. Mathijssen, P. Cherelle, D. Lefeber, and B. Vanderborght,
�Lock your robot: A review of locking devices in robotics,�IEEE
Robotics & Automation Magazine, vol. 22, no. 1, pp. 106�117, 2015.

[5] S. Seok, A. Wang, M. Y. Chuah, D. J. Hyun, J. Lee, D. M. Otten,
J. H. Lang, and S. Kim, �Design principles for energy-ef�cient
legged locomotion and implementation on the mit cheetah robot,�
IEEE/ASME Transactions on Mechatronics, vol. 20, no. 3, pp. 1117�
1129, 2014.

[6] J. Reher, W.-L. Ma, and A. D. Ames, �Dynamic walking with
compliance on a cassie bipedal robot,� in2019 18th European Control
Conference (ECC), pp. 2589�2595.

[7] M. Hutter, C. Gehring, D. Jud, A. Lauber, C. D. Bellicoso, V. Tsounis,
J. Hwangbo, K. Bodie, P. Fankhauser, M. Bloeschet al., �Anymal-a
highly mobile and dynamic quadrupedal robot,� in2016 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS).
IEEE, 2016, pp. 38�44.

[8] C. Hubicki, J. Grimes, M. Jones, D. Renjewski, A. Spr¤owitz, A. Abate,
and J. Hurst, �Atrias: Design and validation of a tether-free 3d-capable
spring-mass bipedal robot,�The International Journal of Robotics
Research, vol. 35, no. 12, pp. 1497�1521, 2016.

[9] H. Q. Vu, X. Yu, F. Iida, and R. Pfeifer, �Improving energy ef�-
ciency of hopping locomotion by using a variable stiffness actuator,�
IEEE/ASME Transactions on Mechatronics, vol. 21, no. 1, pp. 472�
486, 2016.

[10] S. H. Collins, M. B. Wiggin, and G. S. Sawicki, �Reducing the energy
cost of human walking using an unpowered exoskeleton,�Nature, vol.
522, no. 7555, pp. 212�215, 2015.

[11] X. Liu, A. Rossi, and I. Poulakakis, �A switchable parallel elastic actu-
ator and its application to leg design for running robots,�IEEE/ASME
Transactions on Mechatronics, vol. 23, no. 6, pp. 2681�2692, 2018.

[12] M. Plooij, W. Wolfslag, and M. Wisse, �Clutched elastic actuators,�
vol. 22, no. 2, pp. 739�750.

[13] S. H. Collins and A. Ruina, �A bipedal walking robot with ef�cient
and human-like gait,� inProceedings of the 2005 IEEE International
Conference on Robotics and Automation. IEEE, 2005, pp. 1983�1988.

[14] Y. Yesilevskiy, W. Xi, and C. D. Remy, �A comparison of series and
parallel elasticity in a monoped hopper,� in2015 IEEE International
Conference on Robotics and Automation (ICRA), pp. 1036�1041,
ISSN: 1050-4729.

[15] Z. Gan, T. Wiestner, M. A. Weishaupt, N. M. Waldern, and
C. David Remy, �Passive dynamics explain quadrupedal walking, trot-
ting, and t¤olting,� Journal of computational and nonlinear dynamics,
vol. 11, no. 2, p. 021008, 2016.

[16] A. Hattori, �Design of a high torque density modular actuator for
dynamic robots,� Ph.D. dissertation, Massachusetts Institute of Tech-
nology, 2020.

[17] J. I. Lipton, R. MacCurdy, Z. Manchester, L. Chin, D. Cellucci, and
D. Rus, �Handedness in shearing auxetics creates rigid and compliant
structures,�Science, vol. 360, no. 6389, pp. 632�635, 2018.

[18] J. Ketchum, S. Schiffer, M. Sun, P. Kaarthik, R. L. Truby, and
T. D. Murphey, �Automated gait generation for walking, soft robotic
quadrupeds,� in2023 IEEE/RSJ International Conference on Intelli-
gent Robots and Systems (IROS), 2023, pp. 10 245�10 251.

[19] T. Kim, P. Kaarthik, and R. L. Truby, �A �exible, architected soft
robotic actuator for motorized extensional motion,�Advanced Intelli-
gent Systems, p. 2300866, 2024.

[20] L. Chin, F. Barscevicius, J. Lipton, and D. Rus, �Multiplexed ma-
nipulation: Versatile multimodal grasping via a hybrid soft gripper,�
in 2020 IEEE International Conference on Robotics and Automation
(ICRA). IEEE, 2020, pp. 8949�8955.

[21] V. K. Chen, L. Chin, J. Choi, A. Zhang, and D. Rus, �Real-time gro-
cery packing by integrating vision, tactile sensing, and soft �ngers,� in
2024 IEEE 7th International Conference on Soft Robotics (RoboSoft).
IEEE, 2024, pp. 392�399.

[22] A. Garg, I. Good, D. Revier, K. Airis, and J. Lipton, �Kinematic mod-
eling of handed shearing auxetics via piecewise constant curvature,� in
2022 IEEE 5th International Conference on Soft Robotics (RoboSoft).
IEEE, 2022, pp. 423�430.

[23] R. L. Truby, L. Chin, and D. Rus, �A recipe for electrically-driven
soft robots via 3d printed handed shearing auxetics,�IEEE Robotics
and Automation Letters, vol. 6, no. 2, pp. 795�802, 2021.

[24] L. Chin, J. Lipton, M. C. Yuen, R. Kramer-Bottiglio, and D. Rus,
�Automated recycling separation enabled by soft robotic material
classi�cation,� in 2019 2nd IEEE International Conference on Soft
Robotics (RoboSoft), 2019, pp. 102�107.

[25] P. Kaarthik, F. L. Sanchez, J. Avtges, and R. L. Truby, �Motorized,
untethered soft robots via 3d printed auxetics,�Soft Matter, vol. 18,
pp. 8229�8237, 2022.

[26] M. St¤olzle, S. S. Baberwal, D. Rus, S. Coyle, and C. D. Santina,
�Guiding soft robots with motor-imagery brain signals and impedance
control,� in 2024 IEEE 7th International Conference on Soft Robotics
(RoboSoft), 2024, pp. 276�283.

[27] I. Good, T. Brown-Moore, A. Patil, D. Revier, and J. I. Lipton,
�Expanding the design space for electrically-driven soft robots through
handed shearing auxetics,� in2022 International Conference on
Robotics and Automation (ICRA). IEEE, 2022, pp. 10 951�10 957.

[28] G. Bledt, M. J. Powell, B. Katz, J. Di Carlo, P. M. Wensing, and
S. Kim, �Mit cheetah 3: Design and control of a robust, dynamic
quadruped robot,� in2018 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), 2018, pp. 2245�2252.

[29] M. Hutter, C. D. Remy, M. A. Hoep�inger, and R. Siegwart, �Ef�cient
and versatile locomotion with highly compliant legs,�IEEE/ASME
Transactions on Mechatronics, vol. 18, no. 2, pp. 449�458, 2012.


