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ABSTRACT

Legged robots are capable of navigating rough terrain, but have traditionally been restricted to slow speeds.
New robots combine the power density necessary for rapid motions with increasingly sophisticated leg designs.
Developing controllers that effectively coordinate these high-DOF legs to generate fast, agile motions is challeng-
ing. In this paper we examine a pair of control approaches to generate high-speed trotting for the direct-drive
quadruped robot Minitaur. We first show that optimization of a redesigned feed-forward trajectory improves
the robot’s running speed by 45%, from 1.52m/s to 1.93m/s. We then utilize a monopod version of Minitaur’s
5-bar leg to directly compare this control approach to a dynamic, model-based strategy. We find gaits with the
optimized trajectory are able to achieve speeds up to 2.44m/s, but the model-based dynamic controller is able
to find gaits that are more robust to parameter changes, nearly as fast, and up to 70% more efficient.

1. INTRODUCTION

Legged animals are capable of agile, dexterous locomotion over a wide variety of terrains. The use of legs enables
the exploitation of discrete foot placements to run quickly even over rough, uneven and broken ground. A variety
of challenges, however, arise as robots attempt to develop gaits to mimic these behaviors so gracefully exhibited
by animals. Reduced-order dynamic models, such as the Spring-Loaded Inverted Pendulum (SLIP) model, have
been key to understanding the dynamics of rapid running behaviors.1,2 As robot legs become more complex,
however, so does the difficulty in designing appropriate controllers.

Over the years legged robots have utilized a number of strategies for developing running gaits. These can be
grouped into prescribed feed-forward trajectory tracking and dynamic inspired state-feedback machines. Some
examples of trajectory tracking included foot trajectory tracking,3,4 which prescribe the desired behavior in the
foot space, and clock-driven approaches,5,6 which define feed-forward trajectories in the motor space and allow
the system dynamics to determine the foot path. In contrast to this, dynamics based controllers, such as those
base on Raibert’s hoppers,7 CPG-based,8 Active Energy Removal,9 and Impulse Control,10 use state information
combined with a dynamically inspired rule set to reactively modify desired leg behavior.
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Figure 1. a) Minitaur quadruped b) 1 leg Minitaur hopper attached to a boom



Parameter Value

Body Mass m 5.15 kg

Length 45.7 cm

Width 30.5 cm

Proximal Link (L1) 10.0 cm

Distal Link (L2) 20.0 cm

Toe Extension 2.5 cm

Table 1. Physical Parameters of Minitaur

In this paper we examine the the application of two of these techniques to our quadruped, Minitaur (see
Fig 1a). This robot is unique due to its 5-bar leg kinematics and direct-drive motors. The direct drive motors
allow force sensing, mechanical transparency, and low enough limb impedance to use force control strategies.
With this design, leg stiffness is completely controlled by the motor, and is thus a control rather than physical
parameter. With 2-DOF per leg, the robot is capable of utilizing a variety of gaits (such as walking, trotting,
and bounding 11 as well as control techniques. The primary weakness of the direct-drive system (the low torque
output), however, is off-set by using high power-density motors and a parallel five-bar leg mechanism.11

Thus far, the best hand-tuned leg trajectories developed for Minitaur result in running speeds of only 1.5m/s.
Studies with the biologically-inspired reduced-order dynamic SLIP model predict that a robot this size should
be able to run at up to 2.5m/s. In this study we examine the effect of changes in control policy on Minituar’s
speed, both in quadrupedal form, and for a simpler, more SLIP-like configuration of a single leg on a boom (see
Fig. 1b). In particular, we compare the results of trajectory optimization of a kinematic gait control approach
with a dynamics-based control approach that seeks to modulate the template-dynamics to achieve fast and stable
running.

In section 2 of the paper, we describe how we perform on-board trajectory optimization on trotting gaits
on Minitaur. We look at how changes in the basic gait trajectory affect the optimal speed of running, and we
identify key parameters that enable to robot to run at speeds up to 2.0 m/s. Although this represent a significant
improvement over prior kinematic controllers, in order to directly compare these to dynamic, SLIP-based control
strategies, in Section 3 we introduce a single-legged version of the robot. This enables us to isolate the effects
of the leg controller and implement a Raibert-inspired dynamics-based control approach. Using this Minituar
monopod, we examine the trade-offs (in terms of speed, efficiency, ease of tuning, and robustness) between an
optimized kinematics controller and a classic dynamic template control approach. Section 4 concludes the paper
with a discussion of our experimental results, as well as possible directions for future work.

2. QUADRUPED

2.1 Minitaur Running Robot

Minitaur, shown in Fig. 1a, is a quadrupedal robot whose legs can be described as a five bar closed kinematic
chain. This design enables a 2 degree of freedom workspace while keeping the actuators close to the center of
mass of the body. With the reduced mechanical impedance of a direct drive system, an effective torsional spring
at the hip can be created by tuning the proportional gain of the leg position controller. These torsional stiffnesses
can then be mapped to the virtual leg as described by Blackman et. al.3 to create a virtual RP leg between the
motor and contact point. An additional advantage of having low impedance actuation is the ability to measure
contact via motor controller errors. The physical parameters of the robot are presented in Table 1.

While the 5-bar kinematics allow for a straightforward mapping from motor orientation/torque to foot po-
sition/force, the details of the leg design and the complex foot-ground interaction makes accurate optimization
using a simulation difficult. In terms of leg design, the asymmetry between the lengths of the primary and sec-
ondary links enable configurations with the knee below the hip (the standard biological and robotic configuration
for running) and above the motor (which has recently been shown to enable higher power density11). Additional



complexity is introduced as one of the secondary links has an additional toe extension necessary to add rubber
feet. While the rubber feet improve friction between the robot and locomotion surface, modeling these com-
plex, non-linear interactions, along with the non-linearities in the motor model and mechanical damping, make
creating a high-fidelity simulation challenging and time consuming. We therefore undertake a hardware-based
optimization study.

2.2 Controller Design

Figure 2. a) Minitaur virtual leg b) 3 point nominal foot trajectory(determined relative to the hip) c) 4 point foot
trajectory

2.2.1 Trajectory Control with Virtual Springs

Since the robot has no mechanical springs in the leg, virtual springs are implemented via low p-gains on the as
shown in motors Fig. 2.2a . Consequently, the specified foot trajectory is not expected to be precisely followed.
The trajectory is therefore utilized to form an approximate foot path, which can be defined by small number of
points. Additionally, the low proportional gains and natural dynamics of the leg cause the actual foot path to
smooth any abrupt shifts in the prescribed, idealized trajectory. The goal then of this approach is to induce the
foot to follow a desirable trajectory rather than rigidly track a specific path.

Ground contact and liftoff sensing is achieved by measuring the error between desired and actual position.
While the system is in flight, the only cause of error is from limb momentum and thus the trajectory will be
roughly followed. Once the system encounters the ground, the error will increase as virtual spring compresses,
causing significant deviation from the desired path.

2.2.2 Three Point Trajectory

Previous running gaits on Minitaur have utilized simple feed-forward trajectories,3 with the fastest experimental
gait resulting from the hand tuned triangular trajectory shown in Fig. 2.2b. It is defined by 3 points where the
touchdown (point 1) is set half the stroke length ahead of the hip, and lift off (point 2) is half the stroke length
behind the hip, and the clearance (point 3) is a fixed distance above the stance line a fixed distance in front
of the touchdown point. In previous work3 we found that setting an approach angle β = 81◦ and stride length
L = 12cm created a footpath which more closely matched the biologically inspired teardrop shape (providing
similar benefits as those described with ground speed matching12). The desired foot speed during stance and
flight is determined by the duty factor and driving frequency, where stride time is the inverse of driving frequency
and stance time is defined as duty factor times the stride time (with the remaining time used for flight reset).



Variable Lower bound Upper bound interval
Frequency (Hz) 3 6 0.05
Duty Factor(%) 30 70 1

Proportional Gain 0.7 1.80 0.1
Derivative Gain 0 0.025 0.001

Approach Angle β(◦) 15 115 1
Stroke length (cm) 4 16 0.1

Table 2. Optimization parameter range

2.2.3 Four Point Trajectory

Although hand tuning this 3 point trajectory resulted in adequate (1.5m
s ) running, adding additional flexibility

to the controller should produce a more optimal solution. Determining which parameters to add, however, can be
challenging. Fortunately, our intuition about legged locomotion provides some insights. Obvious choices include
lengthening stroke length, as long as it remains within the leg’s workspace, minimizing the number of acute
angles (as sharp direction changes cause large position errors at high speeds), and properly tuning the ground
approach angle (as large approach angles would cause significant braking forces but small values would result in
insufficient vertical thrust).

A new trajectory, shown in Fig. 2.2c, was developed to facilitate changes to a larger number of parameters.
The touch down (point 1) and lift off (point 2) are defined in a similar manner as the three point trajectory as
they are half the stroke length away from the hip, however in this case, the stroke length can be changed. The
clearance point (point 3) is placed directly under the hip at the desired ground clearance height which retracts
the leg to a distance of 10.5cm below the hip. Finally point 4 is located 1/3 of the stroke length away from the
touch down (point 1) and offset by the approach angle β.

2.3 Experimental Setup

2.3.1 Nelder Mead

A Nelder Mead-type optimization has been previously used by several researchers13–15 as a safe way to optimize
an experimental legged robot and was chosen here because of its conservative nature. To attempt to avoid local
minima, several optimization can be run from different initial sets. For this study where the goal is to achieve
the fastest gait, the cost function of the optimization is simply given as:

cost =
1

v
(1)

Because of the conservative nature of the direct search Nelder Mead optimization, the optimization can require
a significantly higher number of trials to converge and this increases with increasing optimization parameters.
To minimize the number of parameters optimized while ensuring all critical variables are included, the three
point trajectory, discussed in Section 2.2.2, only includes four leg parameters: driving frequency, duty factor,
proportional gain, and derivative gain. The four point trajectory expanded the parameter set to include the
approach angle β and stroke length.

2.3.2 Parameter Range Tested

The boundaries of the optimization parameters are listed in Table 2. The lower bound of the frequency range
was chosen to include the gaits found by Blackman et. al., while the upper bound was chosen as the upper limit
which the legs could recirculate through the flight phase. The lower bound of duty factor, the percentage of
time in stride the prescribed leg trajectory is commanded to be on the ground, is based on the upper limit to
the achievable motor speed. The bounds of the proportional gain, which provides the effective leg stiffness was
chosen to be within the biological range of non-dimensional human leg stiffnesses.16,17 The upper limit was set
based on the power supply limits as well as a desire to decrease the impact loading which was damaging both
the legs and the motor controllers during preliminary trials. The bounds of the derivative gains were set to span



a range of reasonable behaviors, as some damping would likely be necessary for stable running, but too much
should be detrimental.

The 4-point trajectory’s effective shape can be varied by changing the stroke length and the approach angle.
The velocity is expected to be the greatest at lower angles of attack where the leg approaches ground speed
matching. However, in order to maintain a distinction between approach angle and stride length, the minimum
value was set to 15◦. The velocity is expected to increase with increase in stroke length but is constrained by
the limits of the workspace with some margin for safety.

2.3.3 Experimental Procedure

To perform the optimization, the running velocity was captured with a 10 camera Vicon motion tracking system,
recording body position and orientation data at 300 Hz. The cost at each simplex point was determined by
averaging the velocity from 3 trials, where velocity was determined by differentiating the position data output
from Vicon system. In order to eliminate the impact of battery drain, Minitaur was tethered to a power supply
which can output 18v and 60A.

2.4 Results

Figure 3. Initial versus final simplex of the speed optimized Minitaur for the 3 point(left) and 4 point(right) trajectories

Fig. 3 shows the velocity of initial optimization simplex (Sets 1-7) compared with the optimum gait (set 8,
light blue column). Optimization of the 3 point trajectory, shown in Fig. 3(left), resulted in a less significant
increase from the initial simplex, with an optimal velocity of 1.52m/s, giving a 14.5% increase above Blackman
et. al’s best gait. For the 4 point trajectory optimization, shown in Fig. 3(right), the optimal gait achieved a
speed of 1.93m/s which is a 26.6% increase above the 3 point optimal and a 44.6% increase above Blackman et.
al’s gait. Additionally, the increase from the initial to final simplex was over 2 times greater than the increase
of the 3 point trajectory.

Examining the optimal controller parameters, shown in Table 3, it can be seen that several of the 4 point
trajectory parameters railed. These are stroke length and derivative gain, while the proportional gain is close to
railing. Comparing the results between the two trajectories, the time of flight, (Duty/Frequency), is decreased
by 6.2% for the 4 point trajectory. Furthermore, the 3 point trajectory is significantly more compliant (the
proportional gain is 19.5% lower) and the derivate gain of the 3 point trajectory did not approach railing. The
final desired trajectories were then overlaid for comparison, Fig. 4, which show the change in flight length from
20.6 cm to 26.7cm, and stroke length from 12 to 16 cm.

2.5 Discussion

For the 3 point trajectory optimization, which was restricted to tuning four leg parameters (Frequency, Duty
Factor, Proportional Gain, and Derivative Gain), there was a minimal improvement above the initial simplex.
This suggests that previous hand tuning of this gait shape and parameters by Blackman et. al. was reasonably



Variable 3 Point 4 Point
Quadruped Quadruped

Frequency (Hz) 4.9 4.75
Duty Factor(%) 45 50

Proportional Gain 1.37 1.70
Derivative Gain 0.004 0.018

β(◦) 81* 60
Stroke length (cm) 12* 16

Table 3. The optimized parameter sets of the quadruped.
* represents an unoptimized parameter.

Figure 4. The desired shape of the 3 and 4 point optimum
trajectories

effective at achieving fast locomotion, achieving a near optimal gait in significantly fewer trials than our opti-
mization. The optimal 3 point trajectory found appears to have balanced the desire for a shorter flight phase,
by reducing the duty factor and increasing the driving frequency, with properly tuned spring stiffnesses, as the
proportional and derivative gains did not rail.

Adding the additional flexibility to the optimization significantly increased the overall velocity, which suggests
the combination of stroke length and approach angle were important parameters to achieving fast running. The
additional freedom resulted in the optimizer maximizing stroke length, which was expected, but also maximized
the proportional gain. This enables a faster flight reset (necessary because of the increased flight distance of
the trajectory) but also makes the virtual legs much stiffer. For the 4 point trajectory, the optimizer prioritized
increasing the stroke length and minimizing the flight time over a properly tuned spring compliance. During
optimization, it was observed that these best parameters appeared to be marginally stable gaits, bordering with
gaits which had clearly unstable or erratic leg behavior, as there were gaits which would exceed the optimal
speed for a single trial, but could not be repeated. It appears, that stability is the limiting factor for this class
of kinematic, trajectory tracking controller.

3. MONOPOD

3.1 Motivation for switching to Monopod

In order to isolate the leg controller comparison problem, which generates desirable fore-aft dynamics, from the
leg coordination and body dynamic control problem, we switched to the Minitaur monopod. While quadrupedal
robots can be mapped to the SLIP model via virtual legs,18 steady state behavior is accomplished using additional
control layers above the individual leg controller. Isolating the behavior of a single leg to decouple body dynamics
enables a more direct comparison of control strategies and the effects these have on the running behavior.

Some additional physical limitation of our experimental setup from the quadruped can also be address by
switching to the monopod. The most significant of these was the quadruped peak current requirements appeared
to exceed the limits of our power supply. While not directly measuring the current output, the steady state
behavior was observed to be approximately 80% of the current limit. Powering a single leg with the same power
supply should enable higher energy gaits.

3.2 Sagital Plane Hopper

A single Minitaur leg is affixed to a 1.15m boom arm via a 3D printed ABS bracket which is attached to a single
U bracket used to support Minitaur’s legs on the quadruped (see Fig. 5a). The boom records COM position
data using Accu-coder model 15s encoders, operating in the quadrature phase, attached to the arm and base of
the boom which produce resolutions of 0.14 mm vertically and 0.044 mm horizontally. Additionally the boom
has an Allegro ACS709 analog current sensor measuring the overall current used by the platform at a standard
error of ±2%. Data from the boom as well as data from the main control board of the robot is recorded on a
National Instruments myRIO at 100 Hz. The main control board communicates to the myRIO through UART
to send data relevant to the control of the leg.



(a) (b)

Figure 5. a) Single 5 bar leg on the boom b) Toe design of the Monopod

The single leg uses a slightly different foot design than the quadruped. The rubber foot used for the Minitaur
quadruped degraded quickly during the previous trials which may have produced some variation in the friction
of the gait on the surface. In order to reduce this variation, a new spherical foot was designed and fabricated
out of 3D printed ABS plastic, shown in Fig. 5b. In order to produce higher friction between the foot and the
surface, Vytaflex 60A elastomeric material is cast around the foot in a mold with a hexagonal tread pattern.
The foot shape is rounded to facilitate rolling contact with the ground at the toe extension.

3.3 Controller Design: Hopper

In order to explore the realm of both kinetically and dynamically inspired gaits both the 4 point trajectory and a
new control strategy were used. The second controller is a modification of the 3 part control law initial proposed
by Raibert,18 which provides a fixed thrust to extend the leg after it has reached maximum compression and
resets to a fixed leg angle after the body has lifted off. This controller is chosen as it is a traditional design upon
which many other controllers are built.

In order to allow the robot to have rotational freedom at the hip, the control is separated into an extension
and rotational control rather than position control in Cartesian space. Instead of using forward kinematics to
explicitly map the motor position to the virtual leg position, the extension control is based on the difference
between the relative angular position of the two motors and the rotational control is based on absolute position of
the centerline between these angles. The proportional gain on the extension control creates an effective torsional
spring at the hip which rotates based on the angle of the of the virtual leg.

During the first half of stance, the leg has an effective prismatic spring with fixed stiffness. After the robot
passes the centerline of the body, defined as the vertical line at the center of the motors, the robot applies a fixed
thrust to propel itself off of the ground. The thrust is 85% of the total theoretical torque available to the motor.
This preserves sufficient actuator authority to maintain the spring in the leg when lifting off, as it was found
under compression tests of the leg that even at the highest gains used in experimentation the spring required
only 11% of the total power. During the flight phase, the controller uses a trajectory to reset itself for the stance
phase with a small amount of clearance prescribed. The stance phase is begun when the robot senses contact
which is determined by of the deflection of the motors at touchdown.

3.4 Experimental Setup: Hopper

Again a Nelder Mead optimization was run on the 4 point trajectory to develop gaits for the monopod. With
the monopod, the optimization was run twice using distinct cost functions: the inverse velocity cost function (1)



used during the quadrupedal experiments and a speed weighted efficiency cost.

cost =
V ∗ I

(1 + v)3
(2)

Where v is the velocity in meters per second, I is the average current in Amperes, and V its the total voltage
used to power the leg, which was set to 15V in these experiments. The inverse velocity cost allows for direct
comparison between the quadruped and monopod, thus enabling insight into how body dynamics impacted the
optimal gait. The speed weighted efficient cost function has been previously used to find fast stable gaits.13–15

The bounds of the monopod optimization were modified from the previous quadrupedal optimization to
account for the physical limits of the single legged platform. The approach angle β has an upper bound of 70◦

as larger angles of attack will generally cause larger breaking forces which are not consistent with faster gaits.
The lower bounds of β is raised to 30◦ and the minimum stroke length is raised to 10cm to maintain stability, as
the monopod does not have the the benefit of added legs for support during the flight phase. The lower bound
of Duty Factor is set to 40% to avoid motor speed limits when running at high frequencies and to prevent early
flight transition.

The experiments for the trajectory optimization start from a standing position where the foot is held directly
below the hip. Initially, the leg begins a slower gait at stride frequency of 2Hz for 4 seconds, after which the
desired trajectory and frequency are run for 10 seconds. Current, angular position of the boom arm and base,
and leg position data is recorded. Velocity is computed using the encoder data of the base of the boom and
averaged over 4 seconds after the leg achieves steady state. The power data is computed from the average current
within the same 4 second range and scaled by the voltage. Gaits which failed to reach steady state were given
the maximum cost.

Unlike the kinematic-trajectory based controller, the Raibert inspired controller has a small and relatively
well understood set of control parameters. The fixed thrust control strategy relies on the thrust magnitude to
regulate height and touchdown angle to regulate speed. For our platform, the parameters of interest are leg
stiffness (kp) and leg configuration (knee up and knee down). The fixed thrust controller is run at 2 different
extension gains, 2 different knee configurations, and swept through a range of touchdown angles to find stable
gaits. The gains for the extension control in experimentation are chosen to be within the range of non-dimensional
human leg stiffness and are represented by gains of kp = 0.75 and kp = 1. There is a small derivative gain of
kd = 0.005 set on the position control in stance as well in order to regulate some effects of the control accuracy.
The two knee configurations chosen are with the knees horizontal from one another and with the knees above the
hip at 15◦ from the horizontal. The knee neutral and knee up configurations were chosen due to their similarity
to the nominal leg length of the trajectory controller. The touchdown angles explored a range from 5◦ − 20◦

with a 1◦ increment. The gait was deemed successful if it achieved 3 revolutions of continuous hopping around
the track. The power and velocities are computed in the same way as the trajectory trials.

Additional experiments were run to compare the optimum kinematic trajectories with the most efficient
Raibert gaits. To test a specific controller’s robustness to changes in physical parameters, such as payload, the
optimal gaits were run with additional mass. These experiments added 100g and 200g to the center of mass
of the leg which equates to 6.9% and 13.8% of the robot’s mass respectively. The mass tests were run 3 times
for each case with the trajectory controller running for sets of 10 seconds and the fixed thrust running for two
revolutions.

3.5 Results

The maximum speed achieved from the hopper in the velocity optimization experiments was 2.44m/s. The final
parameter set for this velocity optimization is given in Table 4, hereafter this trajectory will be designated V-
opt. Stroke length and the spring stiffness are maximized (railed to the upper bound) in these experiments and
duty factor nearly minimized. Although the derivative gain also maximizes value it was observed from the final
simplex that other similarly fast gaits had a range which varied significantly: from 0.009 − 0.018. Additionally
the angle of beta varied significantly in the final simplex at the higher motor speeds the trajectory was unable
reach the angle approach vector (point 4) effectively and proceeded instead to the desired touchdown. This can
be seen in Fig 6 which shows the prescribed trajectory relative to the body and the actual leg position the 5-bar



Variable Range 4 Point 4 Point Hopper 4 Point Hopper
Quadruped Velocity Optimum Efficiency Optimum

Frequency (Hz) 3 - 6 4.75 5.85 4.2
Duty Factor(%) 40 - 60 50 43 43

Proportional Gain 0.7 - 1.8 1.7 1.8 1.8
Derivative Gain 0 - 0.018 0.018 0.018 0.013

β(◦) 30 - 70 60 67 57
Stroke length (cm) 10 - 16 16 16 14.3

Table 4. Optimized parameter sets of the quadruped and hopper.

Figure 6. Desired versus actual trajectory for V-opt, computed from the center of the hip

mechanism follows when the robot is run at 5.85 Hz. Using the stride frequency and velocity, the approximate
stride length between touch down events was found to be 41cm. It was also found that this gait had a high
power demand of which averaged 260.6W . However, due to its high velocity the gait had a specific resistance of
7.70 and a speed weighted efficiency of 6.9 as energetic costs.

The speed weighted efficiency found an optimum parameter set with velocity of 1.41m/s. The parameter set
for this efficiency optimization (E-opt) is given in the final column in Table 4. With a maximized stiffness and a
low duty factor the leg had a high speed on the ground and attempted to preserve the trajectory tracking. Both
the stroke length and stride frequency are closer to the middle of the range. Thus, unlike V-opt, the maximum
desired speed of the trajectory remains under the motor speed limits,19 and the angle β does effectively alter the
behavior. This angle stays within a range close to 60◦, which is similar to that of the speed optimized quadruped.
The damping did not show significant convergence and had an identical range of values to that of the velocity
optimized results. The power requirements of this gait were significantly smaller, 151.3W , but the velocity was
lower than that of the V-opt parameters leading to a specific resistance of 7.54 and a speed weighted efficiency
cost of 10.7.

At each stiffness and for each leg configuration in the fixed-thrust experiments a range of between 5 and 8
touchdown angles were found which produced a stable gait. These were then averaged to compute the velocity
and efficiency data. These angles were in continuous ranges bounded on either side by gaits which could not
complete the required number of track revolutions to be deemed a success. The average stride frequency of
this control style fell between 3.5 and 4.1Hz and the stride length ranged from 55 to 60cm. The speed and
specific resistance of the four fixed thrust cases tested are compared with the optimized trajectory gaits in Fig.
7. The velocities, shown in Fig. 7a, show the fixed-thrust controller produced speeds comparable with that of
the optimized trajectory velocity, however the specific resistance, shown in Fig. 7b, is much lower for all fixed
thrust gaits than either of the previously presented optimal trajectories. The lowest value was 2.29, a reduction



(a) (b)

Figure 7. Comparison between trajectory and fixed thrust trials. V-opt and E-opt are the velocity and efficiency optimized
trajectories respectively. KN denotes a knee neutral fixed thrust gait and KU denoted a knee up gait the number that
follows these is the proportional gain on the leg extension a) Velocity b) Specific resistance

of 70% compared to most efficient trajectory gaits.

The results of the experiments adding mass to the robot are shown in Fig. 8. With the 200g added mass
V-opt was unable to produce continuous forward motion. Consequently, no speed or specific resistance data is
shown for that case. The velocity comparison is shown in Fig. 8a. The V-opt velocity experiences a considerable
decrease where as both E-opt and the fixed thrust gaits have a smaller change in the velocity between tests.
The specific resistance change is shown in Fig. 8b. The added mass increases power demand in all cases of the
robot which causes the robot to be less efficient. V-opt has the highest average power demand increase with
the 100g mass, requiring roughly 1

3 of the total power available to the motors. The magnitude of this efficiency
change between fixed thrust tests is much smaller than that of the change in the trajectories. Although not all
are shown, all fixed thrust cases tested in the previous parameter sweep display similar robustness in velocity
and efficiency with added mass.

(a) (b)

Figure 8. Experiment with adding 100g and 200g mass comparing V-opt, E-opt, and the most efficient fixed thrust gait.
a) Velocity comparison b) Specific resistance comparison

3.6 Hopper Discussion

For the two trajectory optimization cases, the largest difference between the resulting optimal parameter sets
was driving frequency, which changed from 5.85 to 4.2 Hz. The slower gait allowed E-opt to more closely track
the desired trajectory, increasing the influence of approach angle. While the tracking was more accurate, the
overall decrease in driving frequency significantly reduced the velocities of the optimized gaits, decreasing from
2.44m/s to 1.41m/s, while only marginally increasing the efficiency.

The actual optimization cost of E-opt was higher than V-opt, indicating that the optimization converged
to a local minimum. Because of its conservative approach, Nelder-mead optimization is prone to converge to a



local minimum, especially when there is a significant undesirable region between the two minima. For this case,
intermediate gaits require significantly more energy without a significant increase in velocity until the frequency
approaches the V-opt value. Though the E-opt gait is not optimal with our cost function, it is more robust to
parameter variation, as seen from the experiments with increased system mass. While the V-opt gait is fast and
relatively efficient, its velocity is sensitive to parameter changes, and it was unable to find a gait when 200 g was
added to the robot’s mass. To contrast this, the E-opt gait handled the added weight with less impact on the
velocity.

Both gaits converged to the limit of the proportional gain, which, as noted previously with the quadruped,
increases the speed the system can reset the leg during flight and the virtual leg stiffness. V-opt converging to
this point matches with the previous quadrupedal results and illustrates the priority of minimizing flight (and
thus stride) time over a properly tuned spring stiffness. The fact that the speed weighted efficiency converged
to this same set point suggests the efficiency benefits of an increased flight time outweighed the increased power
costs of high controller gains. However, there should be efficiency and stability benefits to a lower controller gain.
This might be achieved by adjusting the gains in stance and flight independently, which requires incorporating
more state information. Additionally, the efficiency could be significantly improved with regenerative capabilities
which newer brushless motor drivers are incorporating, thus providing the energy saving benefits of a virtual
spring as well as the dynamic benefits.

Comparing the optimized trajectories with the fixed thrust controller, the fixed thrust controller was signifi-
cantly more efficient than either optimal trajectory controller while achieving similar velocities. Because of the
reduced set of tuning parameters, this behavior was achieved without the use of optimization, although it might
be possible to further improve these results using the Nelder-mead algorithm on this controller as well. The
lower stride frequency and higher stride length of the fixed thrust controller indicates that robot is exhibiting
a different gait style. The fixed thrust runs appear to have more of a bounding style gait with longer flight
times where the controller injects more energy during stance. One limiting factor in running performance is the
time needed to accurately reset the leg during flight, therefore the increase in flight time allows the leg to more
efficiently and reliably reset for the next stance.

The fixed thrust controller was also more robust to parameter changes, with minimal sensitivity in the velocity
with differing knee configurations, stiffness values, and added weights. This is likely due to the more flexible
nature of the state based control strategy which requires but also uses more sensor information. In terms of
energetics, the trajectory controller requires continuously high power draw over the entire stride, whereas the
fixed thrust controller requires lower nominal power with a short spike upon thrust application during the second
half of stance. Fixed thrust controllers, however are more challenging to implement on a quadrupedal system,
as leg coordination requires additional layers of control. In contrast to this, the trajectory based controllers
feed-forward strategy is easily extended to quadrupeds by simply prescribing the phasing between the legs.

4. CONCLUSION AND FUTURE WORK

In this paper, we utilized a hardware based optimization to improve the running performance of the Minitaur
quadrupedal platform from 1.52m/s to 1.93m/s. This was achieved in two stages, first attempting to purely
optimize the leg parameters of the previously implemented trajectory, then by extending this optimization to
include additional trajectory shape parameters. The optimization resulted in a gait which maximized stroke
length, but this required a high proportional gain to enable fast flight resets.

The trajectory optimization was then extended to a monopod version of the 5-bar leg to isolate the body
dynamics and potential power limitations from the optimal results. The resulting optimization was able to
achieve a velocity of 2.44m/s. This trajectory control style was then compared with the dynamically inspired,
fixed thrust control, which outperformed it in terms of both efficiency and robustness. The best parameter set for
the fixed thrust controller had an average velocity about 10% slower (2.23m/s), but it had a specific resistance
70% lower than V-opt. Unlike the V-opt, the fixed thrust controller produced more bounding style gaits with
longer flight times. This, coupled with the added flexibility of the state based controller, contributed significantly
to fixed thrust controller’s strong performance in the aforementioned metrics.



The limitations and challenges of hardware based optimization are highlighted from our experiments. The
quadruped optimization illustrated the challenge of finding the minimal number of optimization parameters, as
the optimal three point trajectory was significantly slower than the optimal four point trajectory. The monopod
optimization using speed weighted efficiency converged to a local minimum, illustrating the difficulty in setting
up an appropriate initial simplex without damaging the robot with unsuccessful gaits.

The next step in furthering our understanding of controlling high DOF legged robots is to examine and
compare additional dynamically-inspired control schemes. As an archetype of dynamic control a Raibert-based
fixed thrust approach is effective, however there are newer controller designs which may work well for Minitaur.
Another area of future work is to extend the monopod results back to the quadruped. It will be interesting to
see how well a state-based controller works on Minitaur, and the type of limb-coordination strategy needed to
enable the high speed, efficient, and robust behavior seen on the monopod.
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