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

Joseph Sullivah , lan Sullivan Good , Samuel A. Burdeh Jeffrey lan Liptod

Abstract Energy ef ciency is critical to the success of

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
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legged robotics. Ef ciency is lost through wasted energy during Front View | Side View
locomotion and standing. Including elastic elements has been |
shown to reduce movement costs, while including breaks can | Hand .
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dynamic and static performance, offering a versatile solution 2
for robotic applications. Leg Motor =
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Legged robots have gained traction in human-built er
vironments and unstructured terrain, where wheeled al
tracked systems struggle. This makes them well-suited f
inspection, surveying, and home assistance, while seve
companies have also explored their use in logistics. A ke
limitation is their shorter operating range and enduranc
compared to wheeled robots. This is due in part to two prol= -
lems. One is their higher cost-of-transport (COT) (speci d-ig. 1: System Overview. We use Handed Shearing Auxetics
resistance) a fundamental measure of locomotion ef ciency (HSA) as a combined Spring and Break mechanism in a
[1]. Legged robots consistently exhibit higher COT tharhopping leg to improve system ef ciency in hopping and
humans and animals [2], in addition to wheeled machinestanding.

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. compliance include Cassie [6], ANYmal [7], and ATRIAS

Approaches to reduce cost of transport often focus on ik L?Ckigg mechr;llnismsl such as camls [°1, fratchetls [10],
proving the electrical ef ciency of leg actuators through in-a"d clutches [11] have also been employed for redirecting

tegration of mechanical compliance [3], locking mechanism € kir_letic energy of swinging legs _and in com_bi_nation V\_'ith
[4], and regenerative braking [5]. Mechanical compliance let§ompliance [12], to decouple springs from joints during

joints store and return mechanical energy, reducing the neﬁﬂeCi ¢ gait phases [13].

for motor work. Prominent robots that exploit mechanica] VWhile the role of compliance and locking mechanisms
have been extensively studied for dynamic locomotion, less
These authors contributed equally to this work attention has been given to their role in static tasks, such as
This work was supported by the National Science Foundation, gragompensating for gravity across different postures and loads.

numbers 2017927 and 2035717, by the ONR through Grant DB2240 argl.: ; [ ; : I ;
by the Murdock Charitable Trust through grant 201913596 Fﬂ'us fu.nCtlonal.lty I.S especially |mpor.tant in inspection and
1 Electrical and Computer Engineering, The University of WashingtonSUrveying applications, where a mobile robot often serves as

Seattle, WA 98195 USA a stationary sensing platform for extended periods. In these

SzMechanicaI Engineering, University of Washington, Seattle, WA, 9819%cenarios. wheeled and tracked robots can maintain position
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A. Contribution: A Multi-Functional Compliant Mechanism 2) Low Reduction Motors + Parallel Compliance?ar-

In this paper, we present a novel compliant mechanis@€l elastic actuators (PEAs), though less common, are
based on a 3D-printed Handed Shearing Auxetic (HSAgften utilized in robotlcs. They employ. Iqw-ret_:iucﬂon, hlg.h—
structure, integrated into a monopod hopping robot. The HS}Rrque motors directly connected to a joint, with mechanical
functions as a parallel elastic actuator, providing mechanic&®Mpliance arranged in parallel. This design can signi cantly
compliance alongside a low-reduction motor while endurin§nhance energy ef ciency by storing mechanical energy and
large cyclic loads during hopping. We demonstrate thdfducing motor torque during cyclic motions. PEAs are
the HSA signi cantly reduces electrical power consumptiorf Simpler alterative to SEAs, and are well-suited to the
during hopping, achieving ef ciency comparable to othedynamics of legged locomotion, which strongly resembles
state-of-the-art compliant hoppers. passive spring-mass dynamics [15]. Due to reduced gearing,

Beyond dynamic ef ciency, we leverage the auxetic propIhe low-reduction motors in PEAs are more mechanically
erties of the HSA to enable dual functionality: in staticef cient than their SEA counterparts. However, the key draw-
tasks, the HSA acts as a locking mechanism, resisting lar§@Cck of PEAs are their low thermal ef ciency. Additionally,
forces with minimal input power. This locking effect occursP EAS directly couple the motor to the joint, increasing the
when the auxetic deformation of the HSA is blocked afoint inertia, resulting in greater impact losses. The need to
high twist angles, generating high friction akin to a capstanprove thermal ef ciency of direct-drive actuators, while
mechanism. As a result, the leg adapts its parallel compliangés0 satisfying torque demands and mitigating impact losses,
to support heavy loads without requiring continuous torquBas led to detailed investigations of optimal design of quasi
from the low-reduction motor, which is thermally inef cient direct-drive actuators, like those used by Mini Cheetah [16].
under such conditions. This multi-functional design enhances ] ) ) o
both dynamic performance and static load-bearing capability;; Handed Shearing Auxetics and Their Application
offering a versatile solution for robotic actuation. Handed Shearing Auxetics (HSAs) are a type of structural
metamaterial characterized by their ability to convert shear
o ) ] ] into volumetric deformations [17]. The auxetic nature of
A. Limiting Factors of Electrical Ef ciency in Legged Robotsjsas means that as a shear stress is applied, not only does

Despite their mobility advantages, electrically actuatethe structure elongate, but its diameter increases as well.
legged robots suffer from poor energy ef ciency compared he linking of shear with extension and diametric expansion
to wheeled or tracked systems. Key sources of inef ciencgllows HSAs to store and release energy in multiple degrees
include: of freedom simultaneously. By placing a smaller diameter

Joule heating in motors leg actuators operate at object concentric with the HSA, a shear applied to the HSA
low speed and high torque during dynamic tasks (e.gan cause it to jam against the inner surface, resulting in
hopping, running), leading to signi cant thermal losse2 non-linear stiffness pro le. Because HSAs are size and
in electric motors. material invariant, they can be computationally designed to
Inability to recycle energy: legged locomotion requires t @ speci ¢ application needs. This enables lightweight,
a cyclic exchange kinetic and potential energy. Thigompact, and customizable designs that can achieve a broad
recycling process is least ef cient in electric drives atrange of static and dynamic requirements.
low speed and high torque. During hopping and running, HSAs have been used in a wide range of systems from
opportunities for recycling energy are further reducednobile robots [18], [19], to robot grippers [20], [21] and
by elastic restitution of velocity at leg impacts. even robot arms [22]. They have been shown to be fabricable
static power consumption: static tasks (e.g. standing from diverse materials: spring steel, PTFE [17], and a wide
under load) demand high sustained torque, which maynge of printing materials [19], [23]. These past works have
necessitate high-reduction gearboxes on electric drivégveraged the distributed compliance and energy storage of
or joint locking mechanisms. 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-

1) High Reduction Motors + Series Complianc8eries  static or low frequency operations. This has left HSA systems
elastic actuators (SEAs) are widely used in electrically aginder explored for highly dynamic tasks.

tuated robots, combining a high-reduction, non-backdrivable

motor with a spring placed in series between the motor output [1l. METHODS
and the joint. While high-reduction motors mitigate impact- . o .
losses ajnd Joule heat?ng, these ef ciencies ca?l be oflfaset 6y Design Principles of an HSA Hopping Robot

gearbox losses. In [14], SEAs have been theoretically shownIn this paper we set out to design a hopping robot capable
to be optimal for hopping when regeneration is neglectedf hopping at 5cm height at frequendy > 2 Hz. Our
However, they introduce challenges such as increased senapproach combines a low-reduction motor with an HSA
requirements, additional mechanical degrees of freedonim, parallel. We selected a quasi direct-drive motor for its
more complex control issues (e.g., stability and phase lafgvorable ratio of torque to re ected inertia and ample
[1] and reduced position control bandwidth [7]. regeneration capability.

Il. BACKGROUND AND RELATED WORK

B. Two Paradigms for Compliant Leg Actuators



A prototype robot was rst manufactured and weighed.

The total mass of the system of 1.3 kg is dominated by the HSA Average Stiffness
motor and cart cart. To design the HSA, we approximated the 14000 -
robot’'s stance-phase dynamics with a spring-mass-oscillato
model: 12000 A
mx + K(x Xg)+ mg=0; —_
(x Xo)* mg £ 10000 A
wherem = 1:3 Kg is the total system mass, represents Z
the leg length,K is the effective stiffness, and is the 2 8000 -
gravitational acceleration. _ éﬂ 6000 4 Viscoelastic Spring
To compute the required spring constdfit we equate =

the mechanical energy at the lowest point of stance to the 4000 -

potential energy needed for a hop of height
2000 -

— 1 2 .
mgh = éK XS mg X 658—

Rearranging folK , —100 -50 0
K=2mg(h+ x) x 2. Twist Angle (Degrees)

Setting x = h =5 cm gives an effective spring rate of Fig. 2: HSA average stiffness over ve-centimeters stroke is
K 1kN shown for different twist angles. Data was collected on an

To venfy that this stiffness produces hop frequency of aihstron UTM. For large twist angles (red region), the HSA
least 2 Hz, we compute the duration of stance and ighfams against the inner cylinder, dramatically increasing its

modes: stiffness.
q 2h. . P m
tr =2 ts(m;K) K
The hopping frequency |ssthen: | This HSA was then characterized on an Instron universal
on r o ! testing machine. A 2D sweep over rotation and displacement
f(m;K) 2 —+ K : (1) was performed. Rotation was swept froml50 to 120
9 in 10 increments and displacement was swept frono
Substitutingk =1 ¥ we nd: 50_m in 5mm increments. _The_ average spring cor_1§tants frpm
this data are presented in Figure 2. Using positive rotation
f (123; 1000) 3:2Hz: values, the average spring constant was found t@12Y.

The HSA demonstrates a peak spring constant mel—’# 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.

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

The actuatostroke length must exceed x =5 cm
The HSA must provide aeffective stiffnessof K
1000
The HSA must suppoibading at or abovel:'5 K
5cm=75N
C. HSA Parallel Compliance Mechanism
B. HSA Selection and Fabrication
We select an HSA 0% of the way along the auxetic As shown in Figure 1, we integrated an HSA-based
trajectory as this maximizes the stroke length, minimizingompliance mechanism with a prismatic leg actuator to
stiffness as shown in [27]. Based on work in [23], [27],provide parallel elasticity to the leg motor (Mjbots QDD100,
we elect for an HSA with 8 rows and 3 columns as thisvith a 1:6 gear reduction). The HSA lengthis related
gives good diametric change for jamming while ensuringo the distance between the foot and body framedy
we can achieve the stroke length targets. The HSA wds= x 30 cm. This relationship arises from the closed-
made from FPU50 on the Carbon M1 DPL printer followingloop kinematic structure of the leg, which consists of four
manufactures best practices. FPU50 HSAs can easily suppprimary links (shown in Figure 1) :
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 mn?, and with the assumed loading conditions, 3) Shank link - Connects the thigh to the foot.
we see internal stresses Bfl MPa, which is well below 4) Foot link - Connects the shank to the top of the HSA

UTS (25 MPa). via a steel rod.

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



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 TABLE II: Leg Motor Electrical Parameters
Thigh Length L thigh = 7. cm Supply Voltage 24V
Shank Length L shank= 15¢cm Motor Constant 105 r\g—;
Rod Length Lrod = 30Cm Resistance 0:143
Cart Mass mc = 1:1kg Peak Rated Power 500W
Foot Mass my =0:2kg Peak Rated Torque 16Nm
Leg Motor Re ected Inerta J =3:5 10 S3kgm?

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

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

The HSA is mounted to a horizontal gear assembly, Without HSA - The leg motor imposed virtual compli-
positioning the leg motor axis at the HSAs base. The top end  ance using proportional angle control (labeled without
of the HSA is xed to an end assembly that is rigidly attached =~ HSA).
to the steel rod. Ak = 18:4 cm, the HSA reaches its neutral  Both groups utilized a hybrid PD controller to stabilize the
length of 11.6 cm, applying zero force. Wher< 184 cm,  hopping behavior, divided into *ight' and 'stance’ modes.
the HSA undergoes tensile deformation, generating a reactighe purpose of the ight control is to lift the foot off the
force on the leg motor and a corresponding reaction torqufound, and reposition it in preparation for the following
on the twist servo. stance phase. To achieve the desired hopping height, a xed
push-off torque is applied in the second half of the stance
phase.

The braking function is enabled by a small servo motor During the experiments, we collected telemetry from the
( Twist Servo in Figure 1, GoBilda 2000 Series), which leg motor, including angle {, torque () and current (),
actuates the twist gear at the base of the HSA. Rotating thighich we used to calculate motor work, joint work and the
gear counterclockwise deforms the HSA along an auxetiotal electrical losses. In our analysis, we de ne electrical
trajectory, causing its inner diameter to contract. losses as the sum of net motor work and thermal losses

At 135 of twist, this contraction is physically constrained(heat dissipated in the motor windings). Thermal losses in the
by a rigid cylindrical insert (depicted in orange, occludedwist servo were negligible as a result of the high mechanical
in Figure 1). Beyond this point, the HSA cannot continueidvantage and friction in its gearbox. Thkectrical power
to contract, preventing further deformation. This results in af the leg motor is approximated by
passive braking effect, in which the HSA remains in a xed
compressed state until the twist servo is reversed.

D. Braking Affordance

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
We evaluated the improvement in electrical ef ciencybraking) in our analysis. Previous studies of energetics in
provided by the HSA spring through a series of hoppindpopping robots have overlooked electrical regeneration [9],
experiments with increasing added mass. These experimefitd], [14], usually due to the complexity of supporting
were divided into two groups: regenerative circuitry. However regenerating power from

IV. HOPPINGEXPERIMENTS



TABLE Ill: SPEAR Vertical Hopping Data [11]

knee(rad Ly (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
1.40 495 20 27.8 345 1.20

In this table, nee is the touchdown angle of the knee joilty is
the length of the virtual leg at touchdowa, 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
Fig. 4: Comparison of the electrical power drawn vs. the ror each tested mass, between 64 and 77 hops were
force blocked by the leg motor compared to the HSA twisherformed with an HSA and without. The total mean and
_motor. The power _consumed by the primary motor (squareg)riance of the hop heights weB2 cm 2 mm. For each
is t by a quadratic function of the blocked force (purple ¢ongition, we estimated the mean cost-of-tranpsort with 99%
dotted line). The power consumed by the HSA twist motogy, dence intervals via the boostrapping method.
(die_lmonds)_ foIIows_a linear trend (gold dashed line). The \ne found the HSA consistently reduced the hopping cost-
solid gold line predicts the power that would be consumegs yransport across all tested masses. As stated in section
by the twist servo at 1:8 gear reduction. 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
negative work can signi cantly lower cost of transport, asgystem.
demonstrated by the Cheetah robots [5], [28]. Fortunately,
modern BLDC motor drives with built-in regeneration capaC. Increased Ef ciency is Driven by Reduced Joule Heating
bilities such as the QDD100 motor used in this Study have Our calculations show an HSA improves the ef Ciency
since become widely available. of hopping by reducing the thermal cost-of-transport (Joule
heating), while simultaneously increasing the mechanical
cost-of-transport (net motor work).

To evaluate the power efciency of static braking, we Figure 5(b) shows the reduction in the thermal COT due
compared the electrical power consumption of the leg mot@s Joule heating alongside the increase in mechanical COT
(Mjbots QDD100, 1:6 gearing) and the HSA twist motordue to net motor work. These quantities were obtained via
(GoBilda 2000 Series, 1:4 gearing). The experiment meaumerical integration of the motor and thermal power de ned
sured the power drawn by each motor while maintaining & (2) during each hop.
xed posture under increasing applied force force.

The procedure consisted of: D. Cost-of-Transport Comparison with SPEAR Hopper

1) Engaging the HSA braking mechanism, twisting it into To compare the HSA's performance with traditional steel

V. BRAKING EXPERIMENT

its jammed state to block further deformation. springs, we analyzed results from the SPEAR hopping robot
2) Applying an increasing force on the leg using the legl1], where the authors provided the electrical eneEy
motor, simulating static holding conditions. consumed, and force-compression curfgx) of a virtual

3) Measuring the electrical power consumed by the legpring between the robot foot and hip. _
motor and the twist motor at different levels of blocked We estimated the hop heightby calculating the potential

force. energy stored in the virtual leg spring, and subtracting work
against gravity for a lumped mass of 4.91 kg (SPEAR’s body
VI. RESULTS weight): 7
A. qammeq HSA Reduces Electrical Power Required For h X + 1 F (x)dx:
Static Braking mg o

As shown in Figure 4, the power consumed by the leg Table Ill shows that the COT of SPEAR is linearly related
motor increases quadratically with blocked force, while théo the hop heightR? = 0:93). Since these hop heights span
twist motor follows a linear trend. These results show a large range of 19% to 63% of the virtual leg length, we
jammed HSA can support static loads with signi cantlyinterpolated the data in Table Il at an intermediate height
lower power consumption than the leg motor motor. Ay = 15:8 cm, calculated by rescaling the average hop
projection for a 1:8 gear reduction (solid gold line) illustratesheight from our data by the ratio of SPEAR’s touchdown



whereTs is the duration of the stance period in hopping
and Pjoint is the joint power given by,

Piint=(J ) —+ (Mcartt Myeign) (X + ) 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 calculatedo be
29% mean 1:7 std%, signicantly less than the spring
ef ciency of 64% reported for SPEAR, suggesting the 3D-
printed HSA dissipates more energy than a steel spring.

VII. CONCLUSION

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

Fig. 5: Part (a): Hopping cost-of-transport with and withouputweighed by the reduction in thermal losses, which became
an HSA compared to results from the SPEAR hopping robomore pronounced at higher body masses.

Part (b): Changes to the mechanical and thermal componentdNe found that the HSA hopper achieved a cost of transport
of COT (with an HSA minus without an HSA), shown in comparable to SPEAR, a robot using traditional steel springs.
absolute valugi.e. the blue curve is thelecreasein the However, the spring efciency was lower, indicating
thermal cost, the red curve is tivereasein mechanical cost. that the 3D-printed HSA dissipates more energy than steel
The reduced hopping COT in (a) is due to reduced thermaprings, consistent with the increase of net motor work seen
cost, while the mechanical cost increases, suggesting eneifgyhopping. Nevertheless, our calculations show that the
is dissipated by the HSA. 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

leg length to our robot's touchdown leg length. This resultetf crucial. However, its energy dissipation suggests it may not
in an equivalent COT of:46, which is shown as a dashedbe as effective in series-elastic con gurations, where thermal
line in Figure 5(a). losses are lower and spring ef ciency is more important.

E. 3D Printed HSA Dissipates Energy A. Limitations
The hopping experiments we conducted have two impor-

Using the data collected during hop experiments, W?ant limitations. First, we only investigated vertical hopping

investigated the amount of positive work that is supplied b ithout any horizontal translation, whereas most works in-

the HSA to the system. The positive work done by the HS volve forward motion of the robot. This discrepancy made a
can be inferred from the ratio of positive work done by the. . e pancy
- : . . direct comparison of our robot’s ef ciency to others dif cult.
leg motor to the total positive work in the system. This is Secondly, in this paper we have not proposed a dynamic
captured in the spring ef ciency metric: ' . .
P pring y model of the HSA, and consequently we did not optimize the
Rrq _ leg motor controls for ef ciency. A more rigorous investiga-
-1 8 max(0; Puotor) dt (3) tion into the bene ts and drawbacks in hopping locomotion

“OTS max(0; Pjoing dt would require a visco-elastic model of the HSA.




B. Future Work [13]

Our work has shown that the 3D printed HSA is a
dissipative element, which limits the maximum ef ciency[14]
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$s]
(e.g., metal HSAs) that may reduce energy dissipation.

The HSA has other properties that are signicant to
designing leg actuators, but which we did not investigaté16]
In particular, the rest length of an HSA is a nonlinear
function of its angular displacement, which has implicationg; 7;
for motor Joule heating in quasi-static tasks. Additionally, the
effective spring rate of an HSA is nonlinear in both the linea 18]
and angular degrees of freedom, a property which may be
exploited to dynamically adapt stiffness in different operating

conditions. [19]
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