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In nature animals are highly adapted to perform rapid maneuvers. However, these

maneuvers have generally been avoided by robotics researchers due to the complex

(and poorly-understood) dynamics they entail. To improve the agility of the current

state-of-the-art robots, highly agile platforms need to be developed capable of

performing these maneuvers. Due to the complexities involved, robotics researchers

need to leverage trajectory optimization techniques to inspire and aid in designing

and controlling these platforms. Presented here is the optimization-inspired design

and testing of an agile bipedal robot called Baleka, which has specifically been

designed for rapid acceleration and gait termination. By using the Vertical Agility metric

(VA), experimental results show that Baleka is one of the most agile biped robots.

Baleka achieved a vertical agility of 1.86m/s (for the biped) and 1.82m/s (for the

monopod). When leaping with a single leg, Baleka achieved a vertical agility of 1.33m/s,

surpassing that of humans (0.89m/s). These results indicate the power of using trajectory

optimization methods to aid in the mechanical design process and prove Baleka’s

suitability for future rapid transient maneuver studies.

Keywords: legged robots, maneuverability, vertical agility, biped, Raibert control

1. INTRODUCTION

Legged locomotion is by far the most optimal method for locomotion on land as it allows for
the navigation on rugged, non-smooth terrain, along with agile rapid maneuvers. These agile
maneuvers are paramount to survival in nature, be it hunting prey or evading predators. These
maneuvers are performed almost effortlessly by animals yet we are nowhere near replicating these
behaviors in robotic systems. These maneuvers (acceleration, braking, and turning) will be critical
if our robots are 1 day to leave the safe confines of the laboratory.

Such transient motions are not well-understood, with many of the most well-known studies
taking inspiration from nature to achieve high maneuverability, such as the MIT Cheetah
(Ananthanarayanan et al., 2012; Park and Kim, 2014; Wensing et al., 2017). However, the optimal
leg morphology of animals may not be optimal for the robotic equivalent due to robots not being
constrained by the same factors. Animals comprise of compliant muscle tendon actuators whereas
robots use rigid links and linear (pneumatics, linear motors) or rotary actuators (servo motors,
torque motors) with some designers adding series or parallel elements such as springs and dampers
(Hutter et al., 2012). Therefore, robots must be designed around the desired task, as the resulting
dynamics of such different morphologies would greatly affect the achievable maneuverability. Thus,
direct biomimicry may not always be suitable or optimal for rapid maneuvers of robots.

That being said, most roboticists are yet to investigate these complex, transient motions and are
currently focused on steady-state locomotionwith the aims of improving the top speed as well as the
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energy efficiency (Hubicki et al., 2018; Kashiri et al.,
2018). However, there has been some research efforts into
understanding the dynamics, control and design of robotic
maneuverability. Various trajectory optimization studies have
been employed to study the dynamics of rapid acceleration
and braking (Hubicki et al., 2015, 2018; Fisher et al., 2019).
There have also been efforts to study the unique mechanical
and morphological requirements for agile robots (Semini et al.,
2010; Blom and Patel, 2018). More recently, the Authors have
conducted an investigation into how robots should accelerate
and decelerate (Fisher et al., 2019), where it was shown that
the energy optimal movement is to launch straight into the
desired gait and avoid performing multiple intermediate gaits.
These experiments were however performed in simulation, with
the next steps aimed at validating these results on a physical
platform. For this to occur, a novel highly agile platform needs to
be developed.

There has been some recent interest in optimizing platforms
for vertical agility (maximum hopping height multiplied by the
frequency of the hops (Duperret et al., 2016; Haldane et al., 2016).
It has also been suggested that having a high vertical agility is
fundamental for rapid transient motions for bipedal robots, as
the entire robot torso can lean forward and actuate with the
legs as if it were a normal vertical jump (Blom, 2019). Thus, if
a biped excels in vertical agility, it is a reasonable assumption
that the robot would perform well in forward planar agility. The
only limitation of the vertical agility test ultimately comes down
to the friction at the foot which is unrelated to the power of
the platform.

With that being said, what should the actuation topology look
like for rapid maneuverability? There are numerous actuator
schemes that have seen typical use in legged robotics, however
the benefits of one typically results in a downfall of another.
Furthermore, given the limited knowledge on the expected
leg motions for rapid maneuvers, it is undesirable to select
an actuation scheme that may inhibit certain movements.
Compliance, such as serial elastic actuators (SEA’s, Pratt and
Williamson, 1995; Hutter et al., 2011; Hubicki et al., 2016), is
mainly determined by the desired motion of a robot. However,
given that rapid acceleration motions are not known and the
degradation of control bandwidth, it is clear that all passive
compliance should be avoided, using virtual compliance to
actively modulate the elasticity on the fly.

To achieve Virtual Compliance, the actuators should have
a high control bandwidth (Hutter et al., 2011; Hubicki et al.,
2016; Park et al., 2017). Thus, geared motors are not suitable
given the significant backlash as well as poor proprioceptive
characteristics. A high mass-specific force output is highly
desirable for rapid acceleration maneuvers, thus, Quasi Direct-
Drive was selected, forgoing some of the advantages of direct
drive such as reduced control bandwidth, improved robustness
and improved proprioceptive sensitivity to gain a several fold
increase in mass-specific torque output. However, a method to
optimize parameters such as gear ratio and leg length ratio needs
to be utilized. This was achieved in previous work (Blom and
Patel, 2018) where the different leg designs were compared. Using
trajectory optimization on a mathematical model of the biped,

parameters such as gear ratio and leg length ratio were optimized
for. The task being optimized was a long-time horizon task
(where the robot had to start and end at rest and travel a fixed
distance) in minimum time, which had a distinct acceleration,
steady-state, and deceleration phase.

In this paper we build on the aforementioned simulation
results and describe the development of the physical robotic
platform, Baleka (meaning “To sprint” in Zulu), which is
specifically designed for rapid acceleration studies. The methods
used to inspire and design the robot are described in section
2, followed by the controller design in section 3. A number
of experiments were performed on Baleka which are detailed
in section 4, including the results. These are further discussed
in section 5 with conclusions and future work presented
in section 6.

2. TRAJECTORY OPTIMIZATION INSPIRED
MECHANICAL DESIGN

Previous research (Blom and Patel, 2018) selected a linkage
morphology for the leg and optimized its design in simulation.
There are several key properties that were focused on during the
selection of the linkage morphology: the functional workspace,
force transparency, force amplification, physical robustness
and load sharing between actuators. There are two main leg
morphologies seen in existing legged platforms, the Series-
Articulate (used by MIT cheetah, Ananthanarayanan et al., 2012;
Park and Kim, 2014; Wensing et al., 2017) and four-bar parallel
linkage [used by Ghost Minitaur (Kenneally et al., 2016; De
and Koditschek, 2018) and ATRIAS (Hubicki et al., 2016)]. The
implications of using the four-bar mechanism with the chosen
actuator scheme would result in an extremely large hip for the
bipedal robot, with four motors and gearboxes located co-axially.
To reduce the susceptibility of the robot to roll moments, a five-
bar linkage was additionally investigated whereby the actuators
are located adjacently, reducing the hip width by half.

The load distribution throughout the workspace for the
parallel linkages (the four- and five-bar) was significantly better
than that of the series articulate, which, in numerous locations,
barely used one of themotors, shown in Figure 1. From the figure
it can be seen that the load distribution for the parallel linkages
was fairly evenly distributed with a symmetrical workspace,
compared to the asymmetrical workspace for the series articulate
linkage. The series articulate linkage often places a large load
on one motor, while the other motor is hardly used, raising the
torque requirements from each motor.

Furthermore, by analyzing the singularity of the Jacobian, the
best linkage ratio could be identified for each morphology [0.35
(L1/L2, Blom, 2019)] for the four- and five-bar linkage and 0.5
for the series articulate linkage) while simultaneously comparing
the workspace, force amplification and proprioceptive sensitivity
(more details can be found in Kenneally et al., 2016; Blom, 2019
and seen in Figure 2). From these results it was clear that the
five-bar linkagemechanismwas the optimalmorphology with the
best force amplification (minimize the maximum singular value)
and proprioceptive sensitivity (maximize the minimum singular
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FIGURE 1 | The load distribution characteristics of each linkage are shown. The four-bar and five-bar scissor linkages are seen to have a good load distribution for a

1N vertical force at the foot. However, the series articulate can be seen to have higher requirements from each motor, overall requiring higher rated torque motor to

generate the 1N force. This figure also roughly depicts the shape of each linkages workspace.

value), only falling short to the workspace of the four-bar linkage
and can be seen in Figure 3.

In legged robotics, forward velocity can be achieved by
having long legs and a low stride frequency or vice versa.
There however are no formulas for determining the optimal leg
length and resulting stride frequency. Determining the leg length
becomes more complex when performing aperiodic maneuvers
such as rapid acceleration and deceleration. Thus we leverage off
trajectory optimization to determine an optimal nominal linkage
length and gear ratio given the constraints of pre-bought motors
(U12 T-Motors) and availability of gear boxes (a gear ratio of 3,
5, and 7 were available).

With a leg morphology chosen and the desired linkage ratio,
the next challenge in the design process was to find a balance for
the spatial-temporal gait characteristics (stride length and stride
frequency). With short legs, high mass specific torque can be
achieved but compromises on the duration that the force can
be used while long legs allow for large strides but at very low
frequencies. With complex maneuvers such as rapid acceleration
this becomes practically impossible. To overcome this, trajectory
optimization was used in a novel way to assist in the mechanical
design process. This has been done in the past assisting in simpler
scenarios (Ha et al., 2016; Spielberg et al., 2017). In this work
we exploit trajectory optimization to its limits to identify both
the best gear ratio (ng) and nominal leg length (L1 + L2) for
a minimum time sprint, with the optimal link ratio (0.35). The
task was to start and end at rest while traveling a fixed distance
(Hubicki et al., 2015), which enforces a distinct acceleration,
steady-state and deceleration phase. The task was optimized
iteratively, adjusting parameters such as nominal leg length and
gear ratio to determine the optimal parameters.

Below is an outline of the constraints and bounds of the

trajectory optimization formulation, followed by the solving
procedure and final mechanical design.

2.1. Constraints
A number of constraints were applied to guide the solver to find
an optimal solution. These constraints included the following:

1. Direct Collocation: The trajectory optimization problem
was discretized into N, 200, node points using direct
collocation methods. The equations of motion (calculated
using Euler-Lagrange methods) were discretized using
Implicit-Euler integration:

q(i) = q(i− 1)+ h(i)q̇(i)

q̇(i) = q̇(i− 1)+ h(i)q̈(i)
(1)

where q are the generalized coordinates of the system at the
ith node point. The generalized coordinates include the body
position and angle, as well as the angle of each link. In order
for the optimizer to minimize time, and handle the ground
contacts, the time duration for each node, h, was allowed to
vary as follows:

0.1hglobal ≤ h(i) ≤ 2hglobal (2)

where hglobal was selected as 0.01 s (100Hz). This allowed the
robot to take between 0.2 and 4 s to complete the long-time-
horizon task.

Each leg of the biped resembled a closed kinematic chain,
which created large complex equations of motions that
struggled to result in a feasible trajectory. Therefore, each leg
was modeled as two individual legs, with additional forces
added to the connection point to enforce the closed kinematic
chain (Blom, 2019). These forces were constrained to be
equal but opposite, to ensure no net force is applied to the
connection point. It is the task of the optimizer to solve these
forces to ensure the leg connection remains together.
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FIGURE 2 | The singular values for each linkage mechanism (series articulate, four-bar and five-bar linkages) are shown. The minimum singular value should be

maximized to make the end effector forces more visible to the motors. The maximum singular value should be minimized to improve the torque requirements at the

motor to generate a force at the foot, resulting in a trade-off. The bottom graph also shows how the workspace changes with change in linkage ratio. From these

graphs it is clear that the four- and five-bar mechanism offers the best performance in terms of visible forces on the motor and torque requirements to generate the

required force. As soon as the linkage ratio is above 0.3, the four- and five-bar mechanisms also offers the best workspace capabilities. The dotted lines show the

optimal ratio for each linkage system, with the four- and five-bar linkages being roughly the same at a linkage ratio of 0.35 and the series articulate being optimal at 0.5.

2. Contact-Implicit Methods: Due to the hybrid nature of legged

robots (intermittent ground contact) as well as the complexity

of the optimization task (contains rapid acceleration and

deceleration maneuvers), a fixed contact order was not

prescribed. Instead the optimizer was tasked with choosing the

optimal contact order using Contact-Implicit Optimization

methods (Posa et al., 2014). This method resulted in a
number of complimentarity constraints (see Posa et al.,
2014) Equations (8) to (18) that were solved using the
penalty method:

αβ = penalty (3)

Frontiers in Mechanical Engineering | www.frontiersin.org 4 July 2020 | Volume 6 | Article 54

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Fisher et al. Baleka: A Bipedal Robot

FIGURE 3 | The mathematical model with all the generalized coordinates is shown on the left (A) with the physically built robot in the middle (B). On the right (C) is the

V-Rep simulation of the robot with parameters imported from accurate SolidWorks models. For the mathematical model the position of the COM of the body is

represented by x and y, with the pitch angle of the body represented by θ1 (an absolute angle). The femur’s (top links of the leg) are represented by the relative angles

φ1 and φ2 with respect to the body. The absolute angles are therefore φ1 + θ1 and φ2 + θ1 respectfully. The tibia’s (bottom links of the leg) are represented by the

relative angles φ3 and φ4 with respect to the body, with the absolute angle being φ3 + θ1 and φ4 + θ1 respectfully. The reason for this angle convention is due to it

simplifying the constraints for the trajectory optimization methods.

The penalty was summed for each node point for each
complimentarity constraint and added into the objective
function to be minimized, and when solved αβ = 0. The
contacts were modeled as inelastic collisions, and a friction
cone (λ = 1) was enforced. This means that the contact
can take one of two modes: Sticking or slipping. Slipping was
modeled using a coulomb friction model (Posa et al., 2014).

3. Actuator Model: One of the design constraints of the project
was to utilize U12 T-Motors. Therefore, an actuatormodel was
implemented that restricted the available torque according
to the velocity of the motor. This speed/torque model was
a simple linear representation of the motor (Haberland and
Kim, 2015) and is implemented as follows:

− τmax −
τmax

ωmax
ω(i) ≤ τ (i) ≤ τmax −

τmax

ωmax
ω(i) (4)

Where τmax and ωmax are the stall torque and no load speed
characteristics of the motor. τ (i) and ω(i) are the applied
torque and link velocity for the ith node. The torque and leg
link velocity variables were further bounded to the parameters
of the motor (τmax and ωmax, respectively).

4. Terminal Conditions: The task that the robot had to
performwas the long-time-horizon task, that involved starting
(enforced using bounds) and stopping (enforced using
constraints) at rest, while traveling a fixed distance of 6m
(enforced using constraints). The constraints were as follows:

q(N) = q(1)

q̇(N) = q̇(1)

X(N) = 6

(5)

where q are the generalized coordinates of the robot. The
top constraint acts on all generalized coordinates except the
horizontal position, X.

2.2. Bounds
Bounds were used to enforced the starting node, to ensure the
robot started in a standing position, at rest (with zero velocity).
This was implemented by setting the upper and lower bound to
the desired value for the first node. Terminal conditions were
enforced through constraints. Bounds were also placed on the leg
links to ensure that the leg remained in its achievable workspace.

The remaining variables were bounded sufficiently high so as
to not effect the solution space, but still restrict the search space
(for example the bounds on theX position were set to [−1m, 7m],
as the robot started at 0m and ran 6m).

2.3. Solving Procedure
The optimization problem was implemented in the General
Algebraic Modeling System (GAMS (Corporation, 2015) using
the IPOPT solver (Wachter and Biegler, 2006). For each leg
length and gear ratio, 100 optimizations were performed, each
initialized with a random seed (starting point) so as to not
bias solutions and to ensure the search space was thoroughly
searched. The nominal leg lengths ranged from 200 to 800mm
in increments of 100mm with a gear ration of 3, 5, and 7 used.

The problem was posed as a minimum time problem, where
the robot had to perform the long-time-horizon task, in the
fastest time. A minimum time problem ensured that the robot
performed a rapid acceleration and deceleration maneuver. The
objective function took the following form:
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FIGURE 4 | The normalized minimum time for the long-time horizon task are

shown as a function of the nominal leg length (Ln = L1 + L2) and gear ratio

(Ng) used in different models. It can be seen that large gear ratios improve

performance with longer links. However, the optimal configurations of each

gear ratio and leg length varies by roughly 0.5 s. From this a gear ratio of 5

with a nominal leg length of 0.5m was chosen for the Baleka robot.

J =

N
∑

i=1

h(i)+ B penalty (6)

where N is the number of node points, 200, and h(i) is the time
duration for each node point. B is the scaling factor, 10 000,
for the penalty. As the scaling factor is large, the optimizer first
minimizes the penalty and then minimizes the time. J therefore
represents the total time the robot took to complete the task once
the penalty has been solved (reduced to zero).

2.4. Trajectory Optimization Inspired Final
Design
Figure 4 shows a comparison of the sprint times for each of the
long-time horizon tasks with the optimal time for the gear ratio
of 3 occurring at a nominal leg length of 0.4m, for the gear ratio of
5 it occurred at a nominal length of 0.5m and for the gear ratio of
7 it occurred at 0.6m. These results were for the five-bar linkage
with a linkage ratio of 0.35. The optimal result was with a gear
ratio of 5, which was chosen for the Baleka robot. At the extremes
of this graph, the longer links were heavier, decreasing the stride
frequency, while the shorter links had less mass but required a
higher stride frequency.

Figure 5 shows a trajectory using the optimal gear ratio and
linkage ratio (with a nominal length of 0.5m). The robot started
at rest and accelerated (Phase 1) to steady-state (Phase 2, periodic
motion). The robot then decelerated back to rest in Phase 3. The
robot ran the trajectory of 6m (12 leg lengths) in 1.4 s.

From these results, the mechanical design of the robot was
taken through the typical cyclic design process with several key
focuses. Each leg of the biped was to be modular for possible
future re-positioning, robust, inexpensive and have minimal
friction andmass. Constraints on themechanical design included

using U12 T-motors which were readily available as well as
using planetary gearbox supplied by Matex (available gear ratios
included 3, 5, and 7 with the previous study revealing optimal
ratio of 5). Common materials were used as far as possible given
the limited budget available.

A prototype was built to take corrective action for any
oversights. This concerned problems such as unexpected play and
assembly issues. However, it was not a functioning prototype as
it was created using 3D printed parts. A second iterative process
was required where critical components in the final robot design
underwent stress analyses and modified to meet a suitable factor
of safety.

Furthermore, the ground reaction forces calculated from the
trajectory optimization solutions from the previous research were
used to estimate the stress the leg links would undergo, allowing
a suitable safety factor to be chosen and minimizing weight. The
platform weight was measured at 14.1kg with the weight of leg
links making up only 13.32% of the body mass which is very
similar to that of the MIT cheetah’s leg (Park et al., 2014) which
was roughly 10%.

The completed platform can be seen in Figure 3B with a list
of the components presented in Table 1. A real-time operating
system was implemented using Simulink Real-Time with an
interface to the robot through Beckhoff Ethercat devices, with the
operating system running at 500 Hz. A motion capture system
(Pretorius and Boje, 2017) was located above the testing area.
The system has sub-centimeter accuracy and was modified to
determine the position and velocity of the robot. Furthermore,
to determine the attitude of the robot body, an encoder was
incorporated into the design of the boom. Amethod for detecting
ground contacts was required to switch the controller through
the different states. Two force sensors (ATI Axia 80 F/T Sensor)
were purchased to enable this switching state to be detected.
A ground force plate was then created with these two sensors.
Furthermore, proprioceptive capabilities of the robot can be
determined by measuring the ground reaction force at the end-
effector. Once the platform was constructed, a mechanical boom
was developed to constrain the motion in the sagittal plane.
The boom was implemented as a four-bar mechanism (allowing
vertical1 motion) that was free to pivot around the vertical axis
(allowing horizontal motion). For the vertical agility tests, the
boom was constrained to vertical motion and was not allowed
to pivot.

3. CONTROLLER DESIGN

A virtual compliance controller (Kalouche, 2016) was designed
to enable the five-bar mechanism leg to act as a spring loaded
inverted pendulum (SLIP model, Blickhan, 1989; Geyer et al.,
2006), with the radial length of the leg modeled as a prismatic
spring. This was accomplished by first choosing some neutral
length (ln), a spring constant Kl (N/m) and damping coefficient
Cl (Ns/m) and then using the robotic legs radial position, rv, and
velocity, ṙv, to generate the desired force, Fv:

1The motion is actually an arc, but due to the length of the boom it is considered

as vertical motion.

Frontiers in Mechanical Engineering | www.frontiersin.org 6 July 2020 | Volume 6 | Article 54

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Fisher et al. Baleka: A Bipedal Robot

FIGURE 5 | The most feasible trajectory solution of the bipedal model completing the long-time horizon task (start and end at rest while traveling a fixed distance).

Phase 1 is the acceleration phase, Phase 2 is the steady-state (periodic motion) phase and Phase 3 is the deceleration phase of the motion.

TABLE 1 | Hardware components.

Item Quantity

Machined parts 1

U12 T-Motors 4

Matex gear box 4

Jupiter 40/80 controllers 4

encoders 5

ATI Axia 80 F/T Sensor 2

Beckhoff ethercat devices

EK1818 1

EL6022 1

EK1122 1

EL5152 1

Fv = −Kl(rv − ln)− Cl ṙv + Fthrust (7)

where Fthrust is the commanded upwards force. Should virtual
compliance be needed for leg angle, the desired torque, τv, was
calculated in a similar manner to the prismatic spring:

τv = −Kθv (θv − θn)− Cθv θ̇v (8)

where Kθv is the spring constant, θv is the angle of the virtual leg,
θn is the selected neutral angle and Cθv is the damping coefficient.
These controllers were first tested and tuned in simulation (the
robot was emulated in V-REP with imported parameters form
the SolidWorks model, see Figure 3C) and then tested on the
physical platform, Figure 3B.

The anchor (the underlying object that fixes the SLIP model
template to the physical platform) for the SLIP model was the
five-bar linkage system shown in Figure 6. This anchor is used to
transform the desired virtual forces and torques from the SLIP
model into the joint space of the biped leg. The Jacobian, J,
transpose of the five-bar linkage transforms the desired virtual
leg force into the required motor torques as follows:

[

τ1
τ2

]

= JT
[

Fv
τv

]

(9)

where the Jacobian matrix, J, is determined by the partial
derivative of the forward kinematics equation, X = f (q), with
respect to the generalized coordinates of the system, q, as follows:

FIGURE 6 | Image showing the five-bar linkage leg and how the virtual SLIP

template was calculated with respect to the leg. See Figure 3 for a description

of the generalized coordinates.

J =
∂X

∂q
(10)

A sequential state-machine was also developed which enabled
the robot to perform vertical hopping motions, which turned
the virtual compliance controller on and off. For the hopping
experiments, each leg was assigned one of 4 states of the state
machine. Each leg is labeled as active or inactive. An inactive
leg is pulled up to allow ground clearance when the active leg
is preparing to land, getting compressed due to gravity and then
pushing off to launch the robot into the air. The states include:

1. Compression: Virtual compliance controller implemented on
the active leg while the leg is being compressed due to gravity,
with Fthrust = 0.

2. Thrust: Virtual compliance controller implemented on the
active leg with Fthrust commanded to launch robot into the air.

3. Flight wait: Pull the leg up while it is inactive.
4. Flight swing: Activate leg and move into landing position.
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FIGURE 7 | Image showing the four experiments performed on the robot. The first was a force transparency test, where an external force was applied to the robot

which was standing on a force plate. The second test was a hop up test followed by a drop test. The fourth test was a continuous hopping test.

4. EXPERIMENTAL TESTS

To test the robustness and agility of the platform, a number of
experiments were conducted, and can be seen in Figure 7.

4.1. Force Transparency Test
Force transparency is highly desirable as it allows the platform
to accurately perceive the ground reaction force (GRF) at the
foot for an effective control strategy, while avoiding force
sensors which increase the leg inertia. To measure the accuracy
achievable, a single leg of the biped underwent several virtual
compliance tests with external disturbances. The actual motor
torques, τm, were calculated from the motor currents and
multiplied by the inverse Jacobian, (JT)−1, to calculate the
force at the end effector, Ffeedback. A three-axis force sensor
(ATI Axia 80 F/T Sensor) was used below the foot in
this experiment to determine the actual force exerted. Any
discrepancies between these two readings would be due to either
geometric errors, impedance, motor cogging torque or encoder
initialization offsets.

Ffeedback = (JT)−1
τm (11)

To evaluate the force transparency of the linkagemorphology and
mechanical design, a range of stiffness and damping coefficients
for the virtual spring model were used, with two of the results
shown in Figure 8. The robot was initially dropped from an
unspecified height, followed by an external disturbance. The
Figure shows that the platform performed extremely well, with
an averaged error of roughly 16%. It can be seen that the there is
a minimal steady-state offset most probably due to the friction

in the joints of the robotic platform. Furthermore, the force
calculated from the motor torques does not capture the ground
impact spikes acting as a low pass filter and filtering out force
spikes up to 500N.

4.2. Jump and Drop Test
To ensure that the platform does not undergo any damage
and is suitably robust, the jump test was investigated first. The
maximum achievable height of the robot was then used in follow
up drop tests to ensure that the platform can sustainably land
from that height. To perform the jump test, Baleka was mounted
on the boom arm and constrained to vertical motion only. To
perform the jump tests, the standard virtual leg template was
used and a foot force of Fthrust = 600N was commanded at
the foot to saturate the motor drives (the limiting factor) for
a significant portion of the launch. When the leg length of the
template exceeds 0.45m, the radial leg damping was toggled to
150Ns/m to slow the foot down and avoid self impact. During
these experiments the thrust force was increased, however, the
linkage mechanism would interfere with itself (hitting the end
stops), thus having to lower the thrust force and slow the foot
velocity. In the monopod setup (biped jumping using one leg),
the platform managed to jump 0.54m high, while hopping with
both legs simultaneously achieved a height of 0.92m.

The drop tests are performed using the same set up but the
virtual leg template was given a spring constant of 1, 500N/m
with the neutral point at almost full extension and a damping
constant of 120Ns/m for landing. This was stiff enough to
ensure the robot does not bottom out (hit the hard stops on the
limbs) while keeping the motor torques just below the actuation
saturation limits. The leg was dropped at incrementing heights to
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FIGURE 8 | These graphs show the single leg module undergoing virtual compliance testing where an external disturbance was applied and the platform was raised

and dropped (each test seen by the blue marker). The purpose of this test was to identify the force transparency of the system by comparing the force calculated from

the torque feedback (11) to the six-axis ATI force torque sensor reading.

ensure it could sustainably land. Ultimately the platform was able
to land from the maximum hopping height.

4.3. Continuous Hopping and Vertical
Agility Test
To ensure the platform was suitably robust, the leg was put
through several continuous hopping experiments where the
stance and aerial times were measured as well as the average
height obtained. The test was also setup in a similar manner to
the aforementioned experiments. Vertical Agility (Haldane et al.,
2016) was the metric used to evaluate the agility of the biped
robot, allowing the platform’s performance to be compared to
other known legged robots that have also been evaluated. Vertical
Agility, VA, is defined as the vertical height a system can reach in
a single jump, h, multiplied by the frequency of repeated hops,
1/(tstance + taerial). High leaping at high frequencies is considered
to be more agile. Numerous robots and animals have had their
vertical agility determined allowing the results gathered to be
compared to judge the platforms performance.

VA =
h

tstance + taerial
(12)

It should be noted that all legged animals are limited to a ballistic
trajectory and thus there was a point where hopping height and
frequency can go no higher. Gravity, g, limits the rate at which
a system can return to the ground, thus higher jumps inherently
lower the hopping frequency.

2h

(tstance + taerial)2
≤ g (13)

Controllers were first tested in V-Rep to get initial gain values for
the control strategy. These values were then used and tested on
the physical robot. The robot can be seen jumping in Figure 9

with the associated forces and leg lengths. The single leg was
able to jump to an average height of 0.81m. The vertical agility
for the monopod was calculated to be 1.82m/s. The biped was
tested in a similar manner, where initially a single leg was held
retracted. The platform was able to leap to 0.54m (in simulation
it achieved 0.47m) with a vertical agility of 1.33m/s. However,
when the robot jumped with both legs simultaneously, a height of
0.92mwas reached with a vertical agility of 1.86m/s was achieved.

Beyond performance testing, it is a requirement for legged
locomotion to be able to handle impacts continuously to ensure
the suitability for rapid acceleration maneuvers and robustness.
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FIGURE 9 | Baleka can be seen hopping on the left with the resultant ground reaction forces (proprioceptive and actual force) and leg lengths revealed on the graph

on the right.

The continuous hopping tests were less aggressive than the
vertical agility tests by reducing the thrust force and the resultant
motion can be seen in Figure 9. During this motion the ground
reaction force peaked at 900N, roughly 5.8 times the mass of
the robot, similar to that of humans (Bobbert et al., 1992).
The plot of the leg lengths and body height indicate that the
platform’s motion was consistent, suitable for legged locomotion
control strategies.

5. DISCUSSION

A novel bipedal robot was developed using trajectory
optimization results to select parameters such as leg ratio
and gear ratio. The results show that force sensing capabilities
of the platform had an average error of 16%, which is in
line with other platforms (MIT Cheetah and GOAT leg
having an error of 5 and 19%, respectively (Kalouche, 2016;
Wensing et al., 2017). This indicates that the leg mechanism
and drive train selected was suitably designed for accurate
proprioception and agile maneuvers. The error in force
sensing was attributed to joint friction and motor cogging effects.
Another advantage is that the impulsive spikes (up to 500N) were
not captured.

Initial controllers were designed and tuned in a physics
engine (V-Rep) before being tested on the physical platform.
In simulation the robot achieved a continuous hopping height
of 0.47m and on the platform it achieved a continuous
hopping height of 0.54m. The difference between the results
was attributed to how the ground reaction forces were handled
in simulation (soft contact model) and how the boom was

FIGURE 10 | Image comparing the vertical agility of robotic platforms. The

ballistic limit is also shown. The performance of Baleka can be seen to out

perform the majority of other platforms and lies on the 2.2m/s vertical velocity

line.

modeled (added mass and inertia to the robot). During these
continuous hopping tests, the robot experienced a peak ground
reaction force of 900N, which is roughly 5.8 times the mass of
the robot.
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TABLE 2 | Table comparing the different metrics (Park et al., 2014; Hubicki et al., 2016; Kalouche, 2016) of the robot developed in this work compared to other existing

robots.

Robot name GR No legs Leg length (cm) Body mass (kg) Leg mass % Motor mass % Jump height (m) Hop freq (Hz) VA ms−1

BalekaMono 5 1 50 8.24 13.87 23.28 0.88 2.25 1.82

BalekaBi 5 1 50 15.62 13.32 22.37 0.54 2.47 1.33

BalekaBi2 5 2 50 15.62 13.32 22.37 0.92 2.27 1.86

ATRIAS 50 2 42 60 3.90 11 0.11 2 0.22

Delta Hopper 1 1 20 2 ? 38 0.35 ? ?

GOAT 1 1 26 2.5 25.20 48 0.82 2.3 1.88

HRP3La-JSK ? 2 30 54 ? ? 0.27 ? ?

Minitaur 1 4 20 5 ? 40 0.48 2.33 1.12

MIT Cheetah 5.8 4 27.5 33 10.30 24 0.5 2.36 1.18

StarlETH 100 4 20 23 ? 16 0.32 2.23 0.71

XRL 23 6 20 8 ? 11 0.425 2.10 0.89

Salto 25 1 1.5 0.25 ? ? 1.008 1.74 1.75

The performance metrics for BalekaBi indicates the platform leaping with one leg and the other retracted while BalekiBi2 metric are with both legs actuated simultaneously. The body

mass for the platforms in this work include the mass of the 1.42 Kg boom. The leg mass (946 g) percentage is a percentage of the robot body mass excluding the boom mass. Note

that the max jump height is not an average but the highest ever reached by the robot.

The maximum jump height of the monopod setup was 0.54m
while hopping with both legs resulted in a height of 0.92m.
During the vertical agility tests, it was noted that the biped result
of 1.86m/s was higher than that of the monopod at 1.82m/s. This
increase was attributed to the reduced weight of the supporting
boom that each leg had to carry, increasing themass specific force
of the robot.

The vertical agility of Baleka is compared against numerous
well-known animals and robots in Figure 10 and Table 2.
Leaping with only a single leg, Baleka’s vertical agility of
1.33m/s is greater than that of a human at 0.89m/s. When
leaping with both legs, the agility of the platform far exceeds
all other robots with the exception of the GOAT leg with a
vertical agility of 1.88m/s, noting that it does not have to
support the weight of a boom like Baleka does, showing that
Baleka has a large payload capacity. All other metrics are
compared in Table 2. In addition Baleka was able to leap the
highest out off all existing robots (ignoring SALTO due to its
extremely small body size of 0.25kg). This robot is the most
agile biped making it suitable to perform rapid acceleration
maneuvers and indicates that using optimization techniques
for mechanical parameter selection is a viable part of the
design process.

6. CONCLUSION AND FUTURE WORK

In conclusion, trajectory optimization results were utilized
to inspire the novel design of a bipedal robot called
Baleka, which, in terms of vertical agility, out performs
most of the current robotic platforms. These results
are an indication that the platform is indeed suitable
for testing agile transient motion controllers such as
acceleration and deceleration. Future work will involve
designing and testing these controllers on the platform and
implementing the strategies described in Fisher et al. (2019)

as well as investigating the effects of swinging arms
(Wensing and Orin, 2013).
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