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Abstract

Energy efficiency is an ongoing challenge in the field of legged robotics due to the high
energy consumption involved in dynamic locomotion activities. Inspiration can be taken
from animals such as kangaroos, which use long tendons to reduce the metabolic cost of
jumping. We predict that as tendon extension increases for a given spring constant, the
energetic cost of successive hopping to a constant height decreases for a legged robot. A 1-
D constrained vertically hopping monopod robot was designed and built with a modular
tendon mechanism which allows for discrete adjustments of tendon length. The robot
consecutively jumps to a specified height using an adaptive switching controller. The
average power consumed at steady state for a specific height is logged for each tendon
configuration, showing that as tendon strain increases from 30% to 80%, average power
consumed decreases by approximately 20%.

1 Introduction

For many applications, mobile robots must be able to work for long periods of time without
recharging in order to be truly viable. However, modern robots are severely limited in this regard
by the current state of battery technology. Legged robots in particular are often designed to
prioritize simplicity of control rather than energy efficiency, which contributes to their short
duty cycles. Boston Dynamics’ Spot Mini, a quadruped robot, has a battery life of just 90
minutes despite its $75,000 price tag [I].

Hopping robots possess a series of advantages over other types of legged robots, namely their
ability to precisely hit desired footholds in rough terrain [2] and achieve high efficiency from
storing energy through contact [3]. In the animal kingdom, large fauna such as gazelles and
kangaroos (Figure 1) take advantage of long tendons in their legs which act as springs to store
and release energy on each loading cycle [4]. This greatly improves their metabolic efficiency
[5].

The use of tendons to introduce spring mechanics in legged robots has been explored widely.
Most notably, the 3D Bow Leg Hopper returned about 70% of its mechanical energy on each
hop [6]. More recently, Salto, Salto 1-P [3], and Ascento [7] all used series elastic actuators for
energy storage. However, the problem of control has usually taken the foreground [8]. In this
research, we plan to observe the relationship between tendon length and energy efficiency for a
consecutively hopping monopod. The one-dimensional task of hopping is chosen as a starting
point in our research of efficient locomotion. As explained in the future work section, our



robotic platform is easily extendable to two-dimensional and eventually unconstrained three-
dimensional running and hopping by adding lateral control.
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Figure 1: Red kangaroo with SLIP (Spring Loaded Inverted Pendulum) model overlayed. Red
Kangaroos have an unusually high efficiency, attributed to elastic energy storage and recovery
in their long tendons [5], making them an interesting animal to study for biomechanists and
roboticists creating energy-efficient locomotors. (Modified from source: BBC News [9])

2 Hypothesis

As tendon extension increases for a given spring constant, the energetic cost of successive
hopping to a constant height decreases for a legged robot.

3 Design

3.1 Mechanical Design

The robot is a lightweight, direct-drive monopod hopper constrained to movement in the vertical
axis. Direct drive actuation was chosen for maximal actuator transparency (which improves
measurement of torque from motor current and reduces reflected inertia) [10]. In addition, the
lack of any gearing reduces the weight of the robot significantly. Permanent magnet synchronous
outrunner motors with large air gap radii for their volume were chosen for maximal torque
density.

As shown in Figure [2] the motors are connected in series. The use of serial actuation rather
than parallel actuation allows us to avoid mechanical antagonism, which would reduce efficiency
and interfere with efforts to measure energy loss from other sources [11].

Despite being constrained to vertical movement, the robot has two degrees of freedom (DoF).
This allows the design to have the potential to transition to 2D (planar) movement in future
work. In addition, the use of just one motor would require a more complex straight-line extensor
mechanism. [12].
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Figure 3: RoboJoey on the test rail.

The first motor rotates the leg about the base of the robot, and the second motor drives
extension of the leg through a four-bar parallel mechanism. To properly scale the links, we
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(a) Aluminum components. (b) CFRP components.

Figure 4: Components fabricated from carbon fiber reinforced polymer (CFRP) and aluminum,
which enabled a lightweight leg design.

built a first-order model of the robot hopping in Simulink [I3] that executes very quickly in
order to perform a search over the design space (of linkage lengths and spring properties). The
model assumes a point mass at the hip, massless legs, and generates torque requirements for
each motor for a given jump height and frequency. This allowed us to see that in our original
design, the motors we selected did not have sufficient torque to jump without a spring. To
find design parameters that would allow the robot to jump, we searched over a range of link
lengths, and selected a set of link length values that put our required motor torque under
the peak torque of 4.7 N*m. This simulation also allowed us to select a spring constant that
minimized antagonistic torque between the spring and actuator, but still provided appropriate
assist. Figure [13| shows the results of that analysis based on a preliminary mockup design. As
a result, the size of the leg was reduced to approximately 0.75x its original size to keep within
motor torque limits. In addition, the size of the first (hip) motor was reduced, as less torque is
required for that joint.

The structural links are composed of carbon fiber reinforced polymer (CFRP) cut with a
waterjet machine. Other components are either 3D-printed from PLA plastic or machined from
6061-T6 aluminum (Figure . All bearing joints are preloaded with spring washers to reduce
backlash. Hard stops prevent the links from driving past predetermined joint limits. The toe
is 3D-printed from TPU with low infill density for impact damping.

The design of the tendon mechanism is shown in Figure 5] The tendon is located inside of
the last link, which is a hollow CFRP tube. The tendon is anchored at the bottom of the tube
and connected to a steel cable, which is routed around a pulley at the top of the tube to one
of four mounting points on the leg. The location of the mounting point affects the extension of
the spring as a function of leg flexion, as shown in Figure[I5] Spring tension prevents the cable
from coming loose.
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Figure 5: Cross-sectional view of the tendon mechanism.

3.2 Control

The robot uses a mode-switching PI controller (Figure E[) for continuous jumping. At each time
step, a contact sensor provides ground-truth contact information, while magnetic encoders
give absolute motor positions. The estimator (discussed below) uses these values to calculate
positions and velocities both in joint space and the world frame, which in our case is the X-Z
plane. We implemented two controllers in simulation and on hardware.

The simpler of the two controllers is the velocity sign-switch controller. It takes contact
status, vertical velocity, and vertical position as inputs, with position and velocity measured
at the center of the hip motor. While airborne (the contact sensor reads false), the controller
commands joint positions through Odrive’s internal position controller. When the foot is in
contact with the ground, the controller sends torque commands. If the vertical velocity is
negative, the controller commands zero torque. Otherwise, it commands joint torques calculated
using the Jacobian from the head to the toe and a desired ground reaction force (i.e. 7= JTF).
During each flight phase, the maximum height is recorded and compared to the desired jump
height to calculate an error. Using proportional and integral gains, the desired ground reaction
force is adjusted accordingly.

The other controller we have implemented wraps joint position thresholds around the ve-
locity sign-switch scheme described above. This eliminates the need for an assumption that the
robot will "bottom out” and switch direction on its own, either by fully extending the tendon
or, as happened in practice, slamming against the mechanical hard stops and slightly bouncing
upwards.

On our hardware, it turns out that the simpler sign-switching scheme worked well enough
consistently, so we used this controller during data collection.



3.3 Estimation

Any type of closed loop controller requires precise state information to compute the control
signal to send to the motors. Since we deployed our software on a Raspberry Pi for the
hardware experiments, we were able to reuse the same code that we tested, tuned and verified
in the simulator by simply remapping the inputs from simulated sensors to real sensors. The
state estimator has two different modes of operation, one for the contact phase and one for the
aerial phase. When in contact, we treat our robot as a parallel manipulator anchored at the
ground and use forward kinematics to compute the toe displacement, body position and body
velocity. When in the flight phase, we apply gravitational and frictional terms to update the
body vertical velocity of the robot and integrate again to get the body vertical position. This
type of estimator is inspired by the approach presented in [I4]. This form of double integration
tends to drift significantly over longer periods of time [15], but since we're able to directly
measure all aspects of the state each time we hit the ground we assumed that this drift will not
be significant in the < 1s aerial phase. This assumption can be validated by our simulation test
results where we demonstrate that we can track the current state of the robot through different
contact modes effectively (see Figure [10|in the Appendix).

4 Methods

Our original plan was to run a full-factorial study on power consumption while successively
jumping to specified heights with different spring configurations. Upon further consideration,
we decided that a fractional-factorial design was more appropriate given that considering other
variables—such as spring pretension and stiffness for each configuration, or alternative controller
options—would not have fit within the scope of this course due to the time and resources
required.

It is important to note here that we define a spring configuration by the mounting point of
the wire connected to the tendon, and we used the same tendon for all of our experimentation.
Different configurations have the same stiffness but different pretensions and initial lengths.
Due to the geometry of the mounting locations, different configurations also have different
relationships between extensor motor angle and tendon force, with the mounting point closest
to the tendon having the smallest effective angle range.

Ultimately, we decided to record electrical input to the motors, contact status, and average
jump height while varying 2 parameters: spring configuration and target height. Each trial was
to consist of 10 consecutive jumps, and we would run 5 trials at each spring configuration/target
height pair. With 4 possible spring configurations and 2 possible target heights, this would have
yielded a total of 40 trials. For each run, we would discard the trials showing the highest and
lowest average heights, using the remainder for analysis.

In practice, the robot jumped more consistently than we had anticipated, so we logged 3
trials (instead of 5) at each configuration and did not discard any data. Due to time constraints
and the occasional need to debug hardware issues, we ran trials for 1 target height instead of
2. Given that we are primarily interested in how the tendon configuration affects efficiency, we
prioritized testing all 4 configurations over multiple commanded heights.



5 Results

Our collected data is summarized in Table [If and a visualization of the efficiency (measured in
units of meters of jump height per watt of input power) is shown in Figure @

Table [1] Average Height (m) | Average Power (watts)
Configuration 1 | 0.61 22.7
Configuration 2 | 0.64 22.0
Configuration 3 | 0.66 20.1
Configuration 4 | 0.69 18.1

Table 1: Spring Configuration Jump Results
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Figure 6: Efficiency of each Spring Configuration

We see a clear positive correlation between the tendon strain percentage and our overall
jumping efficiency. This backs up our hypothesis that longer tendons that are designed to extend
more are more energy-efficient in persistent jumping tasks. To show both the repeatability of
our test setup as well as the gap between different tendon extensions, we now isolate our
longest and shortest tendon attachment points and draw 20 covariance ellipsoids [16] around
each configuration.
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Figure 7: Efficiency of Longest and Shortest Tendon Configurations

6 Conclusions and Future Work

In this report, we address the issue of energy efficiency in legged robots and draw inspiration
from kangaroos in the design of a monopod hopper. Our initial experiments confirm our hy-
pothesis that as tendon strain increases, the energetic cost of successive hopping to a constant
height decreases. In the future, we hope to conduct a more extensive study, searching for an
optimal tendon strain function with respect to energy efficiency. We would also like to ex-
plore the full design space of spring configurations possible with this robot, exploring stiffness,
strain percentage, and pretension as they pertain to energy efficiency. With some mechani-
cal modifications, our platform could also be used to assess the merits of parallel vs. series
spring configurations. With a full planar test rig such as a boom, and a more advanced control
architecture, our robot could be used to explore planar hopping and running.

Small scale test-beds like the one built in this work can be used to quickly and cheaply assess
leg designs before scaling them up to expensive human-scale, high degree-of-freedom systems.
While there are many trade-offs when introducing compliance to legged systems not discussed
in this report, such as actuator bandwidth and negative work due to motors fighting parallel
springs, we believe that our conclusions make a strong case for the use of elastic energy storage
elements in legged robot design.
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7 Appendix I: Individual Technical Contributions

7.1 Technical Contribution: Benjamin Bokser

Benjamin Bokser led the overall mechanical design of the robot. He was responsible for design
conceptualization, component selection, and CAD.

7.2 Technical Contribution: Nicholas Jones

Nicholas was responsible for writing the controllers and testing them in simulation and on
hardware.

7.3 Technical Contribution: Nikolai Flowers

Nikolai designed and implemented the mode-switching state estimator, the electronics harness
and all of the high-level motor control interfacing functions.

7.4 Technical Contribution: Joseph Wood

Joseph designed much of the lower leg, including the carbon fiber tube and adjustable spring
mechanism. He evaluated various spring materials and performed analysis to select a spring
appropriate for hopping given task requirements. He built the reduced-order model in simulink
for verifying motor selection, link lengths, and spring stiffness before implementation in me-
chanical design. Finally, he led mechanical fabrication of the robot, making machined and
waterjet parts in the CMU machine shop.
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Figure 8: Final Budget. Total expenses came out to $717.66

The spreadsheet of expenses can be found here.|
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https://docs.google.com/spreadsheets/d/1UmyJnnYWavpNLd1VfQYsqouzajN4-bFWNGo_TMgtJjc/edit#gid=0

9 Appendix III: Additional Figures
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Figure 9: Block diagram of the mode switching controller.
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Constant Height Controller Tracking a Sine Wave
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Figure 11: Simulated robot tracking a sine wave of desired jump height inputs
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Figure 12: Simulated robot achieving a constant jump height of 55 cm
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