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Abstract— Arboreal environments challenge current robots
but are deftly traversed by many familiar animals such as
squirrels. We present a small, 450 g robot ‘“Pinto”” developed for
tree-jumping, a behavior seen in squirrels but rarely in legged
robots: jumping from the ground onto a vertical tree trunk.
We develop a powerful and lightweight latched series-elastic
actuator using a twisted string and carbon fiber springs. We
consider the effects of scaling down conventional quadrupeds
and experimentally show how storing energy in a parallel-
elastic fashion using a latch increases jump energy compared
to series-elastic or springless strategies. By switching between
series and parallel-elastic modes with our latched 5-bar leg
mechanism, Pinto executes energetic jumps as well as maintains
continuous control during shorter bounding motions. We also
develop sprung 2-DoF arms equipped with spined grippers to
grasp tree bark for high-speed perching following a jump.

I. INTRODUCTION

We lack crucial data on forest health and biodiversity,
because they are difficult to access and monitor. Currently,
it is labor-intensive to diagnose the distribution of pests
and diseases in order to protect agriculture and forestry [1].
Still, collecting data to improve our understanding of forests
has important applications in informing conservation policy,
biology research, and managing a sustainable economy de-
pendent on natural resources [2].

Robots have been developed to navigate arboreal environ-
ments in place of humans, taking the form of small drones
[3], legged climbers [4], [5], and novel designs combining
aerial and tethered movements [6]. These monitoring tasks
require robustness in an unpredictable setting, long range,
and ability to carry a small payload like sensors, compu-
tation, and wireless communication. For larger payloads,
climbing robots work well to traverse steep and uneven
surfaces, such as rock cliffs [7] and telephone poles [4].

For traversing gaps and traveling longer distances, there is
a large body of work applying drones to monitoring tasks;
however they are fragile, have limited flight time, and need to
avoid collisions in dense natural environments. Farinha et al.
developed an UAV designed to launch a dart containing wire-
less sensors into tree bark, accessing locations unavailable to
the main vehicle [8]. Others developed bio-inspired grippers
for drones to land reliably on large branches [9], [10]. Aerial
vehicles can be undesirable in certain applications due to
noise and the downwash airflow necessary for lift that can
disturb the environment being measured. Fast-spinning pro-
pellers may pose a safety risk too, and lightweight vehicles
often cannot apply high manipulation forces.
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Fig. 1. Pinto, a squirrel-sized robot that can jump onto a tree trunk.
Video: https://youtu.be/-g4JT jmDX6k

We can trade the efficiencies, speed, range, and obstacle
clearance of aerial vehicles for the higher payload of agile
jumping robots. Legged robots can move through tighter
spaces, have longer runtimes, and produce less disturbance
to their surroundings.

In the animal world, squirrels are able to navigate arboreal
environments extremely well, jumping to distant angled
surfaces like branches unreachable by static climbers [11] in
cluttered spaces difficult for drones. In addition to jumping,
squirrels are also able to bound on flat ground and climb
vertically.

We aim to achieve a set of behaviors we call tree-jumping
(Fig. 2), whose possibility squirrels have demonstrated: walk-
ing/bounding, jumping, flight, perching, and climbing. In this
work our prototype “Pinto” achieves the first four elements
of tree-jumping, and to our knowledge is the first to do so
without aerodynamic forces like those of flying. We will
leave climbing for future extension work.

We anticipate that a squirrel-sized legged mobile robot
would be well-matched for navigating arboreal environments.
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Fig. 2. A squirrel demonstrating stages of a tree-jump maneuver.
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Pinto weighs 450 grams, within the 400 to 600 gram weight
range of the eastern gray squirrel (Sciurus carolinensis), a
common tree squirrel in the Midwestern United States [12].

Smaller size has the advantage of increasing survival
during impacts from free fall and inadvertent contact during
running. [13] estimates the “Haldane limit”: above an upper
limit of about 1 kg, animal materials suffer from plastic
deformation, suggesting injury. Animals below this limit
may use mechanically mediated control, where impacts help
create the intended motion at high speed and active control
can be less precise. For a mobile robot in a cluttered natural
environment, the ability to survive impacts will help it travel
faster and operate more reliably.

Additionally, a moderately small robot disturbs the en-
vironment it intends to monitor less compared to existing
quadrupeds such as the Boston Dynamics Spot [14], but is
still large enough to carry its own computer, wireless com-
munication, and battery suitable for autonomous operation at
long range, unlike existing insect-scale robots [15].

II. BACKGROUND

Many existing quadrupeds achieve impressive agility using
direct drive or quasi-direct drive actuators, often brushless
DC motors, coupled with a low gear reduction to obtain
high power with a low reflected inertia, allowing for impact
absorption and estimation of contact forces using only motor
current sensing [16], [17], [18], [19], [20]. As we scale down
the legged robot, obstacles remain the same height but the
robot’s relatively shorter legs must still propel the robot to
clear them. It becomes difficult to generate the same jumping
height by simply scaling down existing quadruped designs.

Jump energy can be approximated by the work done by the
motor over the stroke of the leg. We can then calculate the
jump height, assuming a constant force F' over the stroke
of the leg L, propelling a mass m. [21] found that motor
torque theoretically scales with the square of the gap radius
14, closely related to the motor diameter. If dimensions of the
robot scale uniformly, the torque varies with length squared,
leg stroke linearly with length scale, and mass with the length
cubed. In this simple model, the length terms cancel out
and predict a consistent jump height across length scales. In
practice however, motors perform worse at smaller scales.
In off-the-shelf frameless brushless motors, where there is
minimal external structure not contributing to torque, [21]
found that torque density scales with rg'g, where 7 is the gap
radius. In a review of 322 RC servos and 175 motors from
0.3 W to 250 W, [22] found that most commercially available
light-duty motors have torques that scale proportionally with
mass. These findings suggest that if motor mass scales with
the cube of some characteristic length, then real motors have
torques that roughly scale between L2 and L3. In an older
study of small-scale electric motors, it was reported that
torque scales with L3 [23]. This more aggressive scaling
of real motors would positively correlate jump height and
length scales, decreasing the expected jump height of small
direct or quasi-direct drive robots.

Additionally, scaling the robot down decreases the power
we are willing to supply to the motor, even if possible. The
high-torque low-speed operating region typical for legged
locomotion is often constrained by heating in the stator
coils. In [21], a study of a catalog of frameless motors
found that torque production efficiency (torque squared per
unit ohmic power loss) scales with 74-1, showing relatively
higher heat production in smaller motors. With smaller robots
using smaller radius motors and equipped with less battery
energy storage due to packaging constraints, the actuators
must budget more mass for higher gear reductions in order
to achieve the necessary acceleration without overheating or
excessively draining the battery. Higher reductions decrease
the jump performance by increasing mass, decreasing max-
imum speed, and increasing frictional losses.

In nature, biological muscle also performs worse at jump-
ing at smaller scales due to decreased force production at
higher strain rates [24]. Smaller animals can nevertheless
achieve high jumps with the use of latch-mediated spring
actuation (LaMSA) to amplify the instantaneous jump power
beyond that of the muscle [25].

Many existing small jumping robots use a LaMSA mech-
anism to load up a spring in parallel with the leg [26], [27],
[28], [29], [30], [31]. A winch or cam with high mechanical
advantage allows low-power motors to contribute to spring
energy over a long period of time, then release with a latch
for impressive jumps. In [31], a jump of over 30 meters
is accomplished by a combination of work multiplication
and careful design of the elastic elements. However, parallel
elastic jumping robots previously mentioned lose much of
their control of the end effector during the jump since
the latch disconnects the motor to release the spring. This
makes them inefficient to quickly retract and extend for other
desired behaviors. In particular, we would like to retract and
position the leg after the jump to perch on the side of a tree.

The Salto jumping monoped uses series-elastic power
modulation instead. In the energy storage phase, the leg
linkage produces a low mechanical advantage between the
series spring and the foot, allowing the motor to wind up
the spring without moving the foot due to the weight of
the robot. When the forces are sufficiently high, the leg
linkage starts to move and transitions to a much higher
mechanical advantage, releasing the spring potential energy
with power greater than that of the motor alone [32]. After
the foot leaves the ground, the robot can quickly retract
its leg without opposition from the series-elastic (rather
than parallel-elastic) spring, allowing for agile maneuvers
involving position control of the foot, such as wall jumping.
[33] uses another latch-free mechanism introducing a spring
additional to the robot weight to increase the energy storage.

Our robot aims to perform both ground locomotion and
jumping. These movements often require at least two degrees
of freedom (DoF) in the legs, such as independently adjusting
the pitch angle and extension length of the leg. [26] uses a
separate direct drive actuator to adjust the pitch of the 1
DoF bow leg LaMSA mechanism relative to its main body.
Some direct drive or quasi direct drive quadruped jumpers
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arrange two actuators coaxially such that both contribute
to the jumping stroke if rotated in opposite directions, and
together adjust the pitch if rotated in the same direction
[18], [19], [20]. This example of cooperative actuation shares
the load between all the actuators, improving the jumping
force capability without significantly increasing the reflected
inertia with the use of additional gear reduction [34].

To our knowledge, there has been no previous imple-
mentation of a cooperatively actuated 2 DoF leg with latch
mediated spring actuation. [20] includes an optional parallel
elastic spring to improve jumping performance and effi-
ciency, but does not use a latch to control energy storage and
release. In the following sections, we present the prototype
robot “Pinto”, developed around a twisted string actuated 2
DoF leg mechanism capable of both latched elastic jumping
and stiff position control.

III. METHODS

A. System overview

Pinto consists of a powerful rear leg driven by 2 twisted
string actuators, 2 front arms driven by 5 servos, and a tail for
self-righting. This design intends to show feasibility, which
could be subject to optimization in future work.
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Configuration

carbon fiber
spring

Magnetic
encoders

3S LiPo
battery

Shock
absorbing
link

Compliant tail

Roll cage
profile

Fishhook
claws

Arm
abduction
cam

Self-righting
Configuration

Arm
adduction
spring

Fig. 3. Diagram of Pinto. In the self-righting configuration (bottom), Pinto
extends its arms forward to fit within the circular profile of its roll cage.

B. 2 DoF Latched Leg

We present a mechanism that can operate in either high-
stiffness series-elastic or latch mediated spring actuation,
allowing for both fine control and powerful jumps. A similar
concept is found in the trapjaw ant, which can directly move
its mandibles using its muscles, or store elastic energy in
its head and rapidly release the energy for a much more

Latched Latch reset

Loading

Unlatching

Fig. 4. Time sequence of a latched jump: latches (shown in yellow) switch
the system between parallel-elastic and series-elastic actuation modes. The
link shapes shown here are simplified for visualization. On the robot, each
link is modified for strength and denser packaging.

powerful closing motion that can be used for locomotion
[35]. Fig. 4 depicts the operation of the 2 DoF LaMSA
mechanism.

Links labeled A and B in Fig. 4 act as the input to the
mechanism, each pushing on a spring that transfers force to
links C and D. In the latched and spring loading states, links
C and D are prevented from moving further, allowing the
actuators to load energy into the springs. When links A and
B reach a certain position, they release the latches (in yellow)
and the leg linkage (in blue) propels the leg downwards.
After unlatching, the leg linkage is still connected to the
actuator with a spring in series, allowing the leg to retract
with the actuated A and B links. The latch geometry is
designed such that once links C and D are sufficiently
retracted, the latches reset to make it possible to compress
the springs again.

The latch trigger event is solely dependent on the angle
of the links, simplifying control of the spring energy release
timing compared to the “dynamic catch” effect of Salto,
which depends on robot weight and a race between the motor
and the accelerating leg extension [32], [33]. Magnetic en-
coders measure the angle of links C and D, and proportional
position controllers regulate each degree of freedom.

By combining pultruded carbon fiber strips and latex
rubber bands, the spring in [31] has a nearly constant
force—displacement profile (a “softening” nonlinear spring)
that allows for motor windup until material failure of the
spring. Otherwise, an equilibrium is reached when the spring
reaction force is equal to the maximum motor force [24].

We use two links pinned together to load pultruded carbon

TABLE I
PINTO MATERIALS AND PROPERTIES

Mass 450 g
Leg stroke 118 mm
Battery Tattu 3S 450mAh LiPo
Leg motors 2x 2105.5 2650KV BLDC Motors

1.1 mm
3 x 85 x 0.5 mm pultruded carbon fiber
5 x 85 x 0.5 mm pultruded carbon fiber
2.53)
5x Dynamixel XL330-M077
3D printed PLA, PETG
1/8” aluminum shafts, Igus Q bearings

Twisted string diam.
Side springs
Center springs
Total spring energy
Arm motors
Structure
Pin joints
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Fig. 5.
spring plotted in black and simulated torque exerted by the spring at various
ratios of link length plotted in color, generated by varying Lo while keeping
L7 and the carbon fiber strip parameters constant. Spring behavior near the
edges of the used range have measurement artifacts not seen in the robot.

Experimentally measured torque vs. compression angle for one

fiber strips in compression and achieve a similar softening
spring effect. By choosing the ratio R of the output link
length Lo to the input link length L;, we achieve a torque
profile that does not increase significantly within our range
of spring compression angle. Simulated springs compressed
with links of different ratios R are shown in Fig. 5, using an
Euler buckling beam model [36]. We choose R = 0.61 for a
flatter profile that is still feasible to mechanically package.

Salto’s series-elastic power modulation requires a low
stiffness spring to store enough energy for a high jump,
but the low stiffness reduces the force control bandwidth
of the foot, making it difficult to balance in the application
of jumping between branches [37].

Pinto’s physical latch decouples the energy release from
the stiffness of the spring, giving us the flexibility to choose
a stiff spring to prioritize control. On the other hand, a stiffer
spring requires a higher force to deflect.

To actuate the input links in the LaMSA mechanism, we
use a brushless motor with a twisted string transmission
for its high power and mechanical advantage. These twisted
strings wrap around pulleys on links A and B. Twisted strings
have been used in robotic hands for their ability to apply
high forces with high speed but low torque electric motors
while remaining extremely lightweight [38], [39]. Blip, a 110
kg competition battlebot, used a twisted string transmission
to transfer energy from a flywheel into a mechanism to flip
other robots into the air [40], showing that twisted strings can
be effective for highly dynamic applications. The decreasing
mechanical advantage as the string contracts is well suited for
accelerating a mass from rest. One limitation of the twisted
string transmission is that it only applies a tension force,
which must be opposed by another force for retracting the
mechanism. We place relatively weaker antagonistic rubber
bands to retract the leg because much higher forces are
expected during leg extension than retraction. For the string
we use a section of Dyneema rope (McMaster 4377N2)
due to its material durability [41], which we unbraided for
smaller diameter and higher predictability [38].

The LaMSA mechanism drives links C and D, which drive

Fig. 6. Workspace of the rear and front legs shown with curves indicating
the directions where both degrees of freedom move in the same direction
(gray) and in opposite directions (red) to realize cooperative actuation [34].

the coaxial 5-bar linkage CEFD (Fig. 6). We append two
links G and H to expand the workspace while keeping the
5-bar small for easier packaging. The linkage was manually
tuned to create a long leg stroke when both degrees of
freedom rotate simultaneously in cooperative actuation [34].

C. Front legs and grippers

Pinto has 2 DoF front arms with shared abduc-
tion/adduction actuation. Each arm is tipped with 2 fish
hooks, leveraging sharp spines to grip onto asperities of
hard tree bark [42]. One cam actuates abduction of both
arms simultaneously, while adduction is provided by a rubber
band, allowing for perching on tree bark without active
control: during impact, the momentum of the robot pushes
the arms outwards while the spring presses the claws against
the bark. Similar to the rear leg, we choose a 5-bar that
allows cooperative actuation [34] in the vertical direction for
jumping, and horizontally for future climbing maneuvers.

D. Self-righting

The robot automatically recovers from falls and overturn-
ing. We use a roll cage with a circular frontal profile that
protects critical components and provides passive stability
on flat terrain because the center of mass is lower than the
center of the circular profile, shown in Fig. 3.

Additionally, two links coupled to the spring input link A
form a tail actuated directly by the twisted string. In rough
terrain where the circular roll cage is not enough to flip the
robot, the tail can apply a large force to the ground. Although
this tail produces a squirrel-like silhouette, its function is not
similar to that of real squirrel tails.

E. Control system

The front leg servos track timed position setpoints during a
jump. When unlatched, the rear leg motors perform a propor-
tional position controller on the spring output angle (links C
and D), allowing foot position tracking that compensates for
twisted string nonlinearity. Our custom BLDC motor drivers,
magnetic encoders, and IMU are available at (https://
github.com/gwertpas/squirrelbrain).
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Fig. 7. High speed video, onboard sensing, and a force sensor platform
measure jump performance. The tracked center of mass position and robot
orientation are represented by the magenta lines. We tuned the jump
trajectory parameters to vertically orient the robot at the apex of the jump.

IV. EXPERIMENTS

A. Energy and time

We evaluated the effectiveness of the latched jump be-
havior by comparing its jump energetics to two alternative
propulsion designs: springless actuation and series-elastic
actuation (SEA) without latches. Ideal jumps would achieve
high energy within a short time for rapid locomotion, though
a practical tradeoff might increase jump time to reduce peak
forces. With a rigid link between the twisted string output
and the leg linkage replacing the springs, the jumps averaged
1.28] over 201 ms. With stiff carbon fiber springs in the SEA
configuration, the energy did not increase and each jump took
slightly longer. Adding a latch for the PEA configuration, the
jump energy increased by 11% to 1.42], spending 246 ms
(a 22% increase in time from the springless configuration).
Due to the small sample size, we use a Mann-Whitney U
test to show that PEA has significantly higher jump energy
than SEA (U=23, p=0.016) and PEA has significantly higher
jump energy than Rigid (U=21, p=0.048).

The SEA did not contribute to the measured jump energy

Energy and time comparison between Springless, SEA, and PEA Jumps
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Fig. 8. Jump propulsion time before takeoff and the mechanical energy
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Fig. 9. Link angles and ground reaction forces are plotted for springless,
series-elastic, and parallel-elastic actuated jumps. Series-elastic jumps are
almost indistinguishable from springless, while parallel-elastic jumping
introduces a spring loading phase where the spring input and output links
move relative to each other. The spring input is coupled to the motor position
through the twisted string, and spring output is coupled to the foot position
through the leg linkage. The area between these two curves represent spring
compression and is colored in yellow. The twisted string goes slack after
the spring releases energy, indicated by the dotted line.

compared to the springless configuration likely due to stiff
springs and increased friction in the bushings. With the
spring pre-stressed against the links, larger internal forces
increased the load on the bushings.

We placed the rear legs on a force sensor that consists of
two perpendicular load cells that measure the force in the
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horizontal and vertical directions. We find that the series-
elastic and springless jumps have similar force profiles. In
contrast, the parallel-elastic jump has a spring loading phase
without high ground forces that lasts around 130 ms, then a
propulsion phase of 110 ms. The propulsion phase is shorter,
but high rear leg forces are maintained immediately after
spring unlatch.

The average net electrical consumption of the two rear
motors during propulsion phase was 130W for springless and
130W for SEA vs. 180W during the PEA loading phase.

B. Tree jumping

The robot performs similarly on flat floor as on uneven
grassy terrain, and achieves the Launch, Flight, and Perch
elements of the tree-jump behavior onto a vertical tree trunk
using latched parallel-elastic actuation. Contact occurs with
the tree at a center of mass height of 27 cm, while the
perching results in a resting height of 22 cm (about one body
length above the ground) due to front arm claws sliding to
find asperities in the tree bark.

During the flight phase, the arms and legs followed a
manually tuned trajectory to the perching configuration.
Inability to correct for variations in the jump resulted in a
low perching success rate, however our results demonstrate
that a tree jump is mechanically feasible and may be actively
controlled for more reliability in the future.

Fig. 10. Pinto performing a tree jump, raising its center of mass about a
body length above the ground at the time of contact.

C. Other behaviors

Operating in latched parallel-elastic or unlatched series-
elastic modes allows Pinto’s foot to produce both high-
power jumping and detailed position control depending on
the mode, improving the robot’s versatility.

We demonstrate position control of the foot by following a
closed trajectory in series-elastic mode as shown in Fig. 11.
The robot is also capable of bounding forward by chaining
together multiple series-elastic jumps (reaching an average
velocity of 0.39 m/s), turning using the front arms, and self-
righting on both smooth and uneven terrain.

V. DISCUSSION

This paper presents Pinto, a compact multi-behavior robot
developed towards monitoring arboreal environments. A 2
DoF LaMSA leg mechanism with a parallel elastic mode
and a stiff series elastic mode produces higher jumps while
maintaining precise foot control. Brushless DC motors with
twisted strings produce a lightweight actuator for dynamic

Predicted

Fig. 11.

Other behaviors: Left: The rear leg follows a desired trajectory.
Right: Forward bounding on an artificial turf.

jumping. Perching on a tree using passive compliance is
accomplished with rigid claws mounted on arms that are ac-
tuated in abduction and sprung for adduction. Pinto demon-
strates ground locomotion, jumping, perching, and even self-
righting, but does not demonstrate climbing on trees which
could be integrated by future development.

Pinto’s experimental results prove the feasibility of a
multi-DoF latched series-elastic LaMSA mechanism for
powerful yet controllable legged jumping at small scale.
Performance could be improved by reducing joint friction
and impact losses. Power consumption could be reduced by
switching between two string twisting methods [43], or by
electronically switching the motor winding termination to
change the torque constant [44] during spring loading.

Future work could also explore other designs for multi-
DoF latches. This could include alternative release syn-
chronization, more latched degrees of freedom, or other
collaborative or antagonistic latch arrangements. For exam-
ple, we originally intended to time the release of the two
latches relative to each other to vary the parallel-elastic jump
direction, and we found that the latches tend to affect each
other. Such mechanisms could also find applications besides
jumping including rapid manipulation or striking.

On the other hand, twisted string jump actuation proves
capable on its own without latches, only 11% less energetic
than the parallel-elastic actuation in Pinto’s implementation.
Springless twisted string jumpers might have lower jump
energy but higher-bandwidth control and reduced mechanical
complexity without elastic energy storage and latches.

Pinto’s operation in both latched parallel-elastic or stiff
series-elastic modes introduces a choice between operating
modes for different tasks. Future work can investigate how
tasks such as climbing, manipulation, or continuous hopping
benefit from each mode.
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