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Abstract

Inertial and Aerodynamic Tail Steering of a Meso-scale Legged Robot

by

Nicholas Joseph Kohut

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor Ronald S. Fearing, Chair

Legged robots have excellent potential for all-terrain mobility, and are capable of many be-
haviors wheeled and tracked robots are unable to perform. However, legged robots have difficulty
turning rapidly, or turning while running forward. For maximum maneuverability, terrestrial robots
need to be able to turn precisely, quickly, and with a small radius. Previous efforts at turning in
legged robots primarily have used leg force or velocity modulation. This work presents two novel
methods of legged robot turning.

The first of these methods is inertial tail turning, or using a rapidly actuated, weighted tail to
cause a sudden change in angular momentum, turning the body of the robot. The tailed robot
presented here is able to make rapid, precise turns. By rapidly rotating the tail as the robot runs
forward, the robot was able to make sudden 90◦ turns at 360 ◦sec−1, making it the fastest turning
legged robot known to the author at the time of this publication. Unlike other turning methods, this
turn is performed with almost no change in forward running speed. The dynamics of this maneuver
have also been modeled, to examine how features, such as tail length and mass, affect the robot’s
turning ability. This approach has produced turns with a radius of 0.4 body lengths at 3.2 body
lengths per second running speed. Using a nonlinear feedback controller, turns with an accuracy
of ± 5◦ for a 60◦ turn have been achieved.

The second method of turning presented here allows a legged robot to turn continuously while
running at high speeds. This remains a difficult task for legged robots, but is crucial for ma-
neuvering quickly in a real-world environment. SailRoACH is the first running robot that uses
aerodynamic forces to turn. A flat plate serves as an aerodynamic surface, and depending on its
position, can be used to impart positive or negative aerodynamic yaw torques on the robot as it
runs forward, causing turns of up to 70◦sec−1 at a radius of 1.2 meters and a running speed of 1.8
ms−1. A scale analysis of aerodynamic steering is also presented, showing this method is most
effective for small robots. Comparisons to other steering methods are made, showing that inertial
and aerodynamic steering are superior for high speed turns at high forward velocity, compared to
existing methods.
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Chapter 1

Introduction
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1.1 Context and Motivation
Currently legged robots have difficulty running and turning simultaneously at high speeds. Ani-
mals are able to employ numerous actuators per leg, allowing them to maintain high speeds and
coordinate leg forces to effect a turn. Robots are often limited to one actuator per leg or have a
single actuator for several legs. This makes sophisticated coordination of leg forces to produce
high running speeds and turns simultaneously difficult. This work seeks to find a solution to this
problem by separating the legs from generating the turning moment. By using a single additional
actuator, a turning moment can be applied through rapidly moving an inertial element, causing a
turn. This allows leg forces to stay coordinated and decouples forward motion and turning. Turning
by aerodynamic torques has a similar effect.

1.2 Overview
This chapter discusses the context and motivation for inertial and aerodynamic tail steering on
legged robots, and discusses the contributions to the field of robotics found in this body of work.
Chapter 2 discusses current and past approaches to legged robot maneuverability, while also exam-
ining maneuverability solutions employed by animals. Biological and artificial methods of turning
and/or use of tails are examined, as are the use of passive aerodynamics in running robots. Fi-
nally, Chapter 2 reviews the RoACH (Robotic Autonomous Crawling Hexapod) family of robots,
of which TAYLRoACH and SailRoACH, the two robots detailed in this dissertation, are a part.

Chapter 3 details modeling and simulation of the inertial and aerodynamic turning methods.
Models are developed from first principles for inertial turning, while empirical models are used for
friction, motor torque, and aerodynamic torque. This chapter also presents physical verification of
these models. Chapter 4 details the mechanical design of the three tail mechanisms used for exper-
imental results. It also details the software and control laws used in tail operation, and provides a
brief analysis of gear ratio selection.

Chapter 5 reports the experimental results, including inertial turning open loop response, in-
ertial turning closed loop response using a nonlinear controller, and aerodynamic turning. The
performance of the closed loop controller is examined, and inertial and aerodynamic steering are
compared to other legged robot steering solutions.

Chapter 6 serves as a conclusion to the dissertation, summarizes the work and contributions,
and provides a possible scope of future work.

1.3 Contributions
This work makes both theoretical and technological contributions to the field of robotics. Theoret-
ical contributions include a planar dynamic model of inertial turning that incorporates friction and
an empirical motor model. It is shown that this model can be used to inform the design of an iner-
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tial tail system. A theoretical comparison of best case inertial and legged turning methods is made,
showing that inertial turning is preferable for low friction surfaces, while legged turning may be
more effective on high friction surfaces. A discussion of scale effects for inertial, aerodynamic,
and differential drive steering is also made.

Experimental contributions include the first demonstration of terrestrial inertial turning on
a legged robot. This turning is highly rapid, inducing turns up to 400◦sec−1, making TAYL-
RoACH the fastest turning legged robot known to the author. A nonlinear controller was devel-
oped showing that this method of turning could be precise with feedback, and its performance has
been characterized. Additionally, the first use of passive aerodynamics to induce a turn in a legged
robot is demonstrated. Finally, it is shown that both inertial and aerodynamic tail steering have
significant advantages for turning while running at high speeds when compared to other turning
methods.
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Chapter 2

Legged Robot Maneuverability
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2.1 Background
The capability of a mobile robot can be though of as a product of its mobility, intelligence, and
quantity [9]. Small legged robots, due to their low size and packaging constraints, often do not
possess great intelligence as an individual unit. However, due to their generally low cost and ease
of fabrication, they can be built in large numbers and have high multiplicity. This means that if
a small legged robot can achieve high mobility, its capability can be very high, exceeding that of
larger, more expensive, more complex robots.

(mobility)(intelligence)(quantity) = capability (2.1)

Mobility comes in many forms and can be achieved in a variety of terrains and media. Gener-
ally, animals and robots are specialists in ground, air, or water locomotion. Few are able to excel in
all three of these domains. For example, the ostrich is able to cover ground at over 40 mph [6] but
does not fly. The hummingbird, relatively closely related to the ostrich, can execute remarkable
aerial maneuvers but is unable to walk [15].

Here the focus is on ground mobility. Ground mobility can be expressed as the ability to
navigate various types of terrains, at various speeds. Also important to mobility is the ability to
turn. Without the ability to make rapid, precise turns, many animals would go hungry (in the case
of predators) or be an easy meal (in the case of prey). While robots do not (as of this writing)
need to consume other robots for energy, they are often tasked with missions that require excellent
ground mobility and exceptional turning. In a search and rescue situation, depicted in Fig. 2.1, the
ability to turn quickly and in small spaces could be the difference between life and death. Similarly,
if an area must be searched quickly to determine if there are any harmful substances, rapid turning
can help a robot cover the same ground in less time. In this work I show how the addition of a tail
can greatly increase a legged robot’s ground mobility by improving its ability to turn.

2.2 Animals and Robots use of Tails
In the animal kingdom, tails are used for many purposes, from fat storage [41] to communication
[38]. Animals also use their tails to increase their maneuverability. Geckos are able to right
themselves from a fall within 106 ± 6 msec using their tail [19], shown in Fig. 2.2. The Rightbot
robot [20] is able to mimic this behavior as well. Similarly, Agama agama lizards have been shown
to be able to control the pitch angle of their body by modulating the position of their tails while
airborne [29]. This allows the lizard to respond to a disturbance just before or after a jump, and
land appropriately. Tailbot [4] was built to replicate this behavior, and can drive off of ramped
jumps, then adjust its tail to counteract any tumbling that would otherwise occur. This behavior
is shown in Fig. 2.3. This principle was shown to apply in larger robots as well, when similar
behavior was implemented on an RHex-class robot [18].

Tails can also be used to control the yaw attitude of an animal or robot. Using a vertical wind
tunnel, Jusufi et. al [19] showed that lizards can control their yaw orientation while airborne.
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Figure 2.1: A robot with excellent ground mobility could navigate a collapsed building, reaching
places humans could not.

This could be useful for control during gliding. It has recently been shown that when agama
lizards turn, 57% of the body rotation in the first leg stride can be attributed to the motion of the
tail, with the rest of the turn being caused by ground reaction forces from the legs of the animal
[28]. The TAYLRoACH robot presented in this dissertation mimics this behavior, though for most
experiments turns are produced by the tail only. Aerial animals [8] and robots [34] also use tails to
affect the angular momentum of their body.

Robots find many other uses for tails that can be beneficial. Many climbing robots use tails to
provide normal force against the climbing surface [40][21][22][30]. This produces an anti-peeling
moment, and also may serve to lower the center of gravity of the robot beneath the center of adhe-
sion, aiding in stability. ROCR (shown in Fig. 2.4) is a climbing robot that “uses an actuated tail
to propel itself upward” [36]. Aquatic robots may produce turns with tails by exploiting hydrody-
namic forces [11].
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Figure 2.2: A gecko uses its tail to right itself during a fall. Figure courtesy of Ardian Jusufi, used
with permission.

2.3 Animals and Robots Turning
Turning is an essential aspect of maneuverability. Animals and robots find many solutions to the
problem of turning. As mentioned above, animals and robots may use their tails to produce turns,
either through an exchange of angular momentum or the use of hydrodynamic forces.

One way to perform a turn is through kinematics. In a legged robot or animal, this can be
done either by using longer strides with the outer legs and shorter strides with the inner legs, or
by moving the outer legs faster than the inner legs. The stick insect changes its stride length to
produce a turn [7], as do mice [43], and the robot Hector [39]. The OctoRoACH robot [37] varies
its stride frequency of one side relative to the other to produce a turn. For kinematic turns, enough
friction must be present to enforce a sticking condition on the legs. Otherwise slip will occur and
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Figure 2.3: (a) Agama lizard jumping off high traction obstacle, allowing tail and body angles to
remain constant. (b) A low traction vault surface produces an angular momentum perturbation. By
swinging their tail upwards, lizards redirected angular momentum from the body into the tail to
maintain body angle. (c, d) A robot drives off a ramp, producing a nose-down perturbation in body
angular momentum. (c) Without PD feedback control, the body and tail rotate as a rigid body. (d)
With PD feedback control, the tail swings upwards to stabilize the body and keep the body angle
constant. Figure and caption courtesy of Tom Libby, used with permission. Originally published
in [29].

the turn may not be executed.
Turns can also be generated dynamically, by using ground reaction forces to produce a turning

moment. Cockroaches use this method [17], as does the SPRAWL family of robots [31]. This can
produce very rapid turns, up to 230 ◦sec−1in the iSprawl robot. These turns can be generated with
the legs sticking or slipping, and are generally limited by the available traction. One innovative,
dynamic method of turning involves changing the center of mass location of a wheeled vehicle,
thus altering the normal forces on the wheels, which changes the lateral forces at the tires and
produces a turn [32].

There are many other ways to turn, though most of these can be reduced to the kinematic or
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Figure 2.4: ROCR uses an actuated tail to move its body and climb upwards. Figure courtesy of
Will Provancher, used with permission.

dynamic case. RHex alters the amount of time each leg is on the ground while keeping the overall
leg frequency constant [33]. Differential leg stiffness is used by the DynaRoACH robot to induce
turning [14], while the miniRoACH robot modulates actuation timing to turn [13]. The DASH
robot can produce turns by warping its compliant body, thus altering its running kinematics, as
shown in Fig. 2.6 [2].
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Figure 2.5: The OctoRoACH robot uses differential speed drive of its legs to produce a turn. Figure
courtesy of Andrew Pullin. Used with permission.

Figure 2.6: DASH can warp its body kinematics, changing its leg stroke, and inducing a turn.
Figure courtesy of Paul Birkmeyer, used with permission.

2.4 Legged Robots Use of Aerodynamics
Aerodynamics are a relatively unexplored realm for turning in running robots, although they have
been used for other functions.
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(a) (b)

Figure 2.7: (a) RoACH was first in the RoACH family of robots. At the time of its design, it was
the world’s smallest walking robot. (b) DynaRoACH is a minimally actuated legged robot, that is
the predecessor of the OctoRoACH and TAYLRoACH. Images courtesy of Aaron Hoover. Used
with permission.

Aerodynamics are of course a crucial aspect of flying robots [27][45][42]. Other non-flying
robots have exploited aerodynamics for a performance advantage. DASH+Wings [35] showed
improved performance in forward running speed and stability compared to its wingless version,
while the EPFL jumpglider [26] also employs aerodynamics to increase its mobility. Little work
has been done however, on aerodynamic surfaces in running robots used for purposes other than
flight or gliding. The VelociRoACH [10], is a notable exception, and uses a large roll stabilizer
with aerodynamic damping to increase its stability while running at high speeds. To the author’s
knowledge, steering of a legged robot using aerodynamic forces while the robot runs over the
ground has not been explored.

2.5 Overview of previous RoACH Robots
TAYLRoACH is an evolution of several years of Scaled Composite Microstructures [12] robots.
The first legged robot built using SCM was the RoACH [13], or Robotic Autonomus Crawling
Hexapod. RoACH weighed 2.4 grams and could walk forward and turn.

DynaRoACH was a palm-sized evolution of the smaller RoACH. These robots are shown in
Fig. 2.7. DynaRoACH is dynamically tuned for high-speed running and can travel at 1.4 m/s
[14]. DynaRoACH is minimally actuated and featured a single DC motor to drive all 6 legs. To
facilitate better turning, the OctoRoACH was designed [37]. The OctoRoACH features two DC
motors, one driving the left set of legs while the other driving the right set. The VelociRoACH
(from which TAYLRoACH is most directly derived) also uses this configuration. VelociRoACH
incorporates design elements from DASH [2] and CLASH [1] and has been tuned for high speed
running, reaching 2.7 m/s [10].
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Chapter 3

Modeling and Simulation
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3.1 Background
This chapter examines a planar mechanics model, coupled with a motor model and simple friction
model, to predict the performance of an inertial tail for turning. Model sensitivity analysis is per-
formed to inform the design of the TAYLRoACH robot. An empirical aerodynamic model is also
presented, which is used to inform the operating parameters of the SailRoACH robot. The effect
of scale is discussed for both inertial and aerodynamic sail turning. Finally, physical verification
of the models is presented.

3.2 Mechanics Model
To model the turning of TAYLRoACH, we consider a point mass mt on a massless rod of length `
representing the tail, and a rigid body with mass mb and yaw inertia Ib representing the robot body,
as seen in Figure 3.1. The location where the tail is mounted to the body is referred to as the pin.
Only planar dynamics are considered.

The robot has width 2a and length 2b. The body’s yaw angle relative to the world frame is θ.
The tail’s yaw angle relative to the world is φ. The angle of rotation of the body relative to the tail
is

ψ = θ − φ (3.1)

3.2.1 Balances of Angular and Linear Momenta
Rigorous analysis of tail-body dynamics while a robot is in free fall have been explored in [18, 46].
The analysis presented below is similar but incorporates friction from the legs, a tail offset from
the center of mass, a piecewise linear motor model, and compares turning with the tail to legged
steering, also modeled here.

We define the position vector of the center of mass of the body:

xb = r+ xE1 + yE2 (3.2)

and the position vectors of the pin and tail are, respectively,

xpin = xb − be2 (3.3)

and
xt = xb − be2 − `t2 (3.4)

From these expressions, we find a representation for the position vector of the center of mass of
the body-tail system.

r =
mbxb +mtxt

mb +mt

(3.5)
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Figure 3.1: Planar model of the robot body and tail.

The position vectors of the centers of mass of the body and tail relative to the system’s center
of mass can be expressed as

rb = xb − r = −mt (b sin θ + ` sinφ)

mb +mt

E1 +
mt (b cos θ + ` cosφ)

mb +mt

E2 (3.6)

and

rt = xt − r =
mb (b sin θ + ` sinφ)

mb +mt

E1 −
mb (b cos θ + ` cosφ)

mb +mt

E2 (3.7)

The angular momentum of the robot body relative to the origin is

Hb = Ibωb +mb(rb + r)× (vb + ṙ) (3.8)
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where vb = ṙb and ωb = θ̇E3 is the angular velocity vector of the robot body. The corresponding
expression for the angular momentum of the tail is

Ht = mt(rt + r)× (vt + ṙ) (3.9)

where vt = ṙt.
We are now in a position to write down the balances of linear and angular momenta for the

system and its components. First, we have the balance of linear momentum for the system:

(mb +mt) r̈ = Ff (3.10)

where Ff is the friction force. Next, we have the balances of angular momenta for the body and
the tail

Ḣb = −T+ rpin × Fpin +Mf (3.11)

and
Ḣt = T− rpin × Fpin (3.12)

where Mf =MfE3 is the moment from friction and T = TE3 is the tail torque.
The only external forces on the system are due to friction and normal forces. The tail torque and

pin reaction forces are internal. It is assumed that the friction forces on the system form a couple,
and provide no net force, but do provide a net moment. Taking a balance of linear momentum of
the system, we quickly find that the velocity vector of the center of mass of the system is constant:

r̈ = 0 (3.13)

Without loss of generality, we can define an inertial frame attached to the center of mass of the
system whose origin translates at constant velocity with the center of mass of the system:

r = 0 (3.14)

Since the pin force is the only net force on the body, it can be calculated as

Fpin = mb (r̈b + r̈) = mbr̈b (3.15)

From here, we can calculate equations of motion based on the change in angular momentum and
the net moments on the tail and body:[

b2k + Ib b`k cos (ψ)
b`k cos (ψ) `2k

] [
θ̈

φ̈

]
=

[
−T +Mf + b`k sin (ψ)φ̇2

T + b`k sin (ψ)θ̇2

]
(3.16)

where
k =

mbmt

mb +mt

(3.17)
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Figure 3.2: Measured motor torque compared to the approximated motor torque used in the model.

3.2.2 Motor Modeling
A Didel Superslicks 7mm brushed DC motor was used to drive the tail. Testing was performed on a
dynamometer to determine motor torque as a function of motor speed. As discussed in Section 4.6,
the H-bridge used to drive the motor can only provide 500 mA of current, limiting the maximum
torque of the motor. For this reason, a piecewise linear torque model was employed, with a flat
torque section for low speeds and a linearly decreasing section for high speeds, as shown in Figure
3.2.

The motor speed and torque can be calculated as follows

ωmot = ηψ̇ (3.18)

Tmot =
T

ηα
(3.19)

where η is the gear ratio of the tail transmission and α is the mechanical efficiency of the drivetrain.

3.2.3 Ground Interaction and Friction Moment
We use the Coulomb model to estimate the friction moment on the robot as the turn is made. We
assume the friction produces a pure moment during the turn, and the friction moment is expressed
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as
Mf = −µd(mb +mt)g · reff · sgn(θ̇) (3.20)

where µd is the effective coefficient of friction, and reff is the effective radius of the moment. reff

is defined to be half the diagonal length of the robot. The greatest tail torque occurs as soon as the
tail is actuated, which overwhelms the static friction. As such, we only consider dynamic friction
here. µd, which is a function of stride frequency, was measured experimentally by running the
robot up a slope γ. If the robot was not able to advance upwards, but did not slide downwards,
then the effective friction coefficient is

µd = arctan γ (3.21)

This experiment was repeated for a range of leg frequencies between 0 and 13.3 Hz.

3.2.4 Comparing Theoretical Leg and Tail Yaw Rates
For turning with the tail, the motor torque limits the yaw rate. If more torque is available, the
tail can be driven faster and correspondingly the robot will turn faster. Legged turning however,
through friction and normal forces, and it is limited by these. We can determine a maximum
theoretical turning limit for legs that are sliding on the ground and compare this to our tail turning
method. For the best turning with the legs, we assume the legs on the outside of the turn are
driving forward, while the legs on the inside of the turn are driving rearward. Eq. (3.22) shows the
maximum moment that can be applied under sliding friction with the legs.

Mlegs = µmg · a (3.22)

Applying this moment over a time interval changes the yaw rate of the body, which we can then
compare to our model of tail turning as a function of dynamic coefficient of friction. The time used
is 150 milliseconds, to accord with the physical experiments performed in section 3.6.2. Figure
3.3 shows the results of this comparison.

Without friction, the legs are unable to turn the robot at all, while the tail turns the robot
at 530 ◦sec−1. At a friction coefficient of about 0.22, both methods are turning the robot at about
240 ◦sec−1. With a friction coefficient of 0.5, the tail can produce a yaw rate of only 10 ◦sec−1while
the legs could theoretically produce 540 ◦sec−1. Legged turning in this manner would be difficult
or nearly impossible while the robot is running at high speed, but this limitation does not apply to
tail steering. Effects of leg compliance are not considered in this analysis.

An important consideration not addressed in Fig. 3.3 is that of duty factor. In the analysis
above, a constant normal force during running is assumed. If the normal force on the robot varies
over the stride, the effective coefficient of friction could be much lower than what is measured
statically. If an airborne phase occurs, the friction is essentially zero, independent of the surface
media. Inertial steering torque, however, can be applied by the tail actuator 100% of the time,
making the results shown in Fig. 3.3 conservative with respect to inertial steering, and represent a
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Figure 3.3: As friction increases, legged turning becomes more effective, and tail turning loses
effectiveness. However, the tail steering can be applied while the robot runs without losing forward
speed. This would be difficult or impossible for the legged steering. This assumes the best case for
legged steering is Eq. (3.22).

best case for legged steering.
It is also important to note that the tail turning is limited by the torque of the motor. If the

motor torque increased, higher turning rates would be achieved, whereas the legged results are
fundamentally limited by friction. Finally, it is noted that the legged results are theoretical, and
that the best published yaw rates using legs are currently 230 ◦sec−1[31].

3.3 Sensitivity and Design
We can use the model to inform the design of the tail. By examining the sensitivity of the body
yaw rate to tail length and mass we can choose a tail that will allow the robot to turn quickly and
perform well in small spaces for maximum maneuverability.

Figure 3.4 presents the body yaw rate as a function of tail mass. The graph is normalized such
that the maximum yaw rate over all masses has a value of 1. Diminishing returns can be found
from increasing tail mass. Maximum yaw rate occurs with a 7 gram tail weight, but at 4 grams, we
see 96% of the performance for less than 60% of the weight.

Figure 3.5 shows how the body yaw rate varies with tail length. The graph is normalized in the
same way as Figure 3.4. Again, we see diminishing returns with an increasing tail length. Here,
our length choice of 10.2 cm provides 84% of the maximum potential performance while keeping
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Figure 3.4: Modeled normalized body yaw rate as a function of tail mass, assuming maximum
effort tail actuation.

the tail length similar to the body length. Doubling the tail length to 20.4 cm would only give a
17% relative improvement over the 10.2 cm tail, but the ability to maneuver in small spaces would
be greatly compromised.

3.4 Aerodynamic Model
SailRoACH can be equipped with a sail, as discussed in Section 4.4.1. The sail is positioned at the
end of the tail. While the robot runs forward with an alternating tripod gait, the sail produces drag
and lift forces that cause the robot to turn. An empirical aerodynamic model was developed to help
choose the best static sail position for turning. Figure 3.6 shows a representation of the robot-sail
system.

3.4.1 Aerodynamic Force Modeling and Wind Tunnel Measurements
The sail can induce a moment on the robot through aerodynamic drag and lift forces. We assume
that the force produced by the sail follows the equation:

F = (1/2)ρCAv2 (3.23)
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Figure 3.5: Modeled normalized body yaw rate as a function of length, assuming maximum effort
tail actuation.

where ρ is the density of air, C is the non-dimensional aerodynamic coefficient, A is the surface
area of the sail, v is the wind speed, and F is the force on the sail.

To test this model, and determine the aerodynamic coefficients, we gathered data in a wind
tunnel (Aerovent, Inc.) with a square cross section of 0.61 m2 using an ATI Nano-17 6-axis force
transducer. The yaw moment produced by the sail on the robot is determined by the component of
aerodynamic force normal to the sail (Fn).

T = Fn · l (3.24)

where T is the torque, and l is the distance from the sail to the center of mass of the robot.
Fig. 3.7 shows the measured force perpendicular to the sail at wind speeds from 0 to 2.25

ms−1 in 0.25 ms−1 increments and at angles of attack from 0◦ to 75◦ in 15◦ increments. Fig. 3.7
only shows data from 15◦, 30◦ and 45◦ for clarity, as 60◦ and 75◦ were not appreciably different
from the 45◦ measurements.

Along with the normal force on the sail, the drag force also affects the ability of the robot to
turn by limiting the forward velocity, and can be calculated:[

cos(α) sin(α)
− sin(α) cos(α)

] [
Ft

Fn

]
=

[
Fd

Fl

]
(3.25)

where α is the sail angle, Fd is the drag force, Fl is the lift force (lateral to the robot), and Ft is the
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Figure 3.6: A diagram of SailRoACHrunning forward with an alternating tripod gait. The left
tripod is comprised of legs 1,4,5 and the right tripod is comprised of legs 2,3,6.

force tangential to the sail.
Table 3.1 shows the yaw moment and drag coefficients across a range of sail angles based on

fitting the data from our wind tunnel experiments to Eq. 3.23. For the best aerodynamic turning,
the yaw moment coefficient should be maximized and the drag coefficient minimized. An angle of
30 ◦ shows a good operating point, and was used for experiments.

Table 3.1: Yaw moment and Drag Coefficients
Sail Angle Cn Cd

Cn

Cd

15 ◦ 0.27 0.34 0.79
30 ◦ 1.20 0.85 1.41
45 ◦ 1.60 1.28 1.25
60 ◦ 1.54 1.41 1.09
75 ◦ 1.57 1.54 1.02
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are omitted for clarity. The data points were obtained from the wind tunnel, shown with error bars
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in Table 3.1.

3.5 Discussion of Scale Effects
Scale effects can be an important consideration. Concepts tested on Meso-scale robots may be
more powerful at larger or smaller scales, or conversely, may not be applicable at all at a different
scale. This analysis allows us to examine the relative effectiveness of inertial and aerodynamic
tail turning at other scales. Here, the characteristic length of the robot, L, is used as the primary
scaling factor.

3.5.1 Inertial Tail Turning
To examine the scale effects of inertial tail turning, Equation 3.16 is simplified by assuming the
tail is mounted at the center of mass of the body (b = 0). Johnson et. al [18] shows that this
assumption does not yield large errors for a similarly scaled robot. Walter et. al [44] discuss how
rotational inertia scales for certain rodents and lizards.

[
Ib 0
0 l2k

] [
θ̈

φ̈

]
=

[
−T +Mf

T

]
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From Eq. (3.26) we determine that

θ̈ =
−T +Mf

Ib
(3.26)

As shown in Hunter et. al [16], motor torque scales with L3. However, friction on the body scales
with characteristic length to the fourth power.

Mf = µmgr ∼ mL ∼ L4 (3.27)

while Ib scales with L to the fifth power.

Ib ∼ mL2 ∼ L5 (3.28)

Consequently, angular acceleration is inversely scaled with characteristic length.

θ̈ ∼ L3 + L4

L5
∼ 1

L
(3.29)

Hence, small robots are better equipped than larger robots to take advantage of inertial turning
effects.

3.5.2 Aerodynamic Tail Turning
Aerodynamic effects are greatly influenced by scale. Here, the effects of scaling on steering aero-
dynamics is examined, again using the characteristic length of the robot, L, as the main scaling
factor. By assuming dynamically similar systems, one expects the running speed of a robot to vary
with the square root of characteristic length [5].

v ∼ L0.5 (3.30)

From Eq. (3.23), we see that aerodynamic force then scales with length cubed,

F ∼ L2v2 ∼ L3 (3.31)

while aerodynamic torque scales with length to the fourth power.

T ∼ FL ∼ L4 (3.32)

This means that the angular acceleration varies inversely with characteristic length.

α =
T

Ib
∼ 1

L
(3.33)
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Thus, if there are no other torques present, a smaller robot will be turned more than a larger one.
This analysis ignores effects of a changing Reynolds number, which may affect the parameter Cd

in Eq. (3.23), or may make the equation invalid altogether. For scales where Equation 3.23 still
holds, small robots can take advantage of aerodynamic turning better than larger robots.

Experiments (see Section 5.4) show that the angular velocity during steady state running with
the sail deployed is nearly constant. This indicates that the legs must provide an equal and opposite
counter-torque. The scaling of this effect is examined in [25] by Zarrouk. Zarrouk observes that
previous work [47][3] shows that the speed of a robot linearly decreases as a steeper slope is
ascended. This leads to the conclusion that a resistive force (on a slope gravity, on SailRoACH,
aerodynamic forces) slows the robot linearly. While ascending a slope, both the right and left legs
are affected by the resistive gravity force equally. However, when subjected to aerodynamic forces
an torques, these resistive forces load the robot’s right and left legs unequally, causing a resistive
torque. Zarrouk further shows that this resistive torque causes the yaw rate during aerodynamic
turning to be inversely proportional to the square root of the characteristic length, assuming Eq.
3.30 holds.

θ̇ ∼ 1√
L

(3.34)

3.5.3 Skid Steering
Though this work does not focus on skid steering (analogous to a tank), the scale effects are
examined here to serve as a comparison to inertial and aerodynamic turning.

Skid steering relies on the friction from the legs to produce a turn. The friction torque that the
legs of a robot can produce are proportional to its mass and size.

Tf = µmgr ∼ mL ∼ L4 (3.35)

Again we see that because inertia scales inversely with characteristic length to the fifth power,
smaller robots are generally more effective at differential drive steering than larger robots.

αskid =
Tf
Ib
∼ 1

L
(3.36)

3.6 Physical Verification

3.6.1 Robot in Free Fall
To test the model without the complications of friction, the tail was actuated at maximum effort
for 150 milliseconds while the robot was in free fall. This provides a zero angular momentum
environment in which the robot can turn, as well as serving as a benchmark for terrestrial turning.
In Figure 3.6.1 we see the results of this experiment and a comparison to the model discussed in
Section 3.2.
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Figure 3.8: The robot turns at almost 450◦sec−1in free fall. The model shows good agreement with
the experiment.

The model accurately matches the results of the experiment. In the experiment, the robot turns
at an average of 447 ◦sec−1, compared to 530 ◦sec−1for the model. Much of the difference may
be due to the fact that the motor does not start developing torque exactly at zero seconds in the
experiment. If we assume a lag of 50 milliseconds, there is almost no discrepancy. The turning
rate of 530 ◦sec−1represents an upper bound on performance with respect to our model, although
unmodeled effects while the robot is on the ground, such as leg compliance, could increase the
turning rate beyond this limit.

3.6.2 Effect of Running Speed on Tail Efficacy with Open Loop Actuation
For agile locomotion, it may be desirable to run the robot at a range of speeds. Experiments were
performed to determine how the performance of the tail system varied with running frequency. If
the variance were low, open loop control with the tail could be possible. Additionally, these tests
would reveal the maximum change in body angle that could be produced by the tail at various leg
frequencies. Experiments consisted of the robot running straight for one second with leg steering
control [37] activated, then simultaneously turning off the leg steering control and actuating the
tail at maximum effort. The tail actuation induces a turn in the robot, which is measured with the
MEMS gyroscope. The experiment was done over irregular floor tile, at 8 different leg frequencies
between 0 and 13.3 Hz. At each leg frequency considered, 10 trials were performed for a total of
80 experiments. Leg frequencies between 0 and 3 Hz are not well controlled and were not tested.

Figure 3.9 shows the results of these experiments. As leg frequency increases, the effective
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coefficient of friction generally decreases and then levels off at high frequencies, as shown in [37].
This produces a higher body yaw rate at higher leg frequencies, from 296◦sec−1at standstill to
344◦sec−1at 3.3 Hz to 401◦sec−1at 10 Hz. A possible explanation for the decrease and leveling off
of the coefficient of friction is that at low frequencies, the legs are sticking and slipping, yielding
a coefficient of friction somewhere between that of static and dynamic. At higher frequencies slip
dominates and only dynamic friction is observed. A Student’s t-test reveals statistically signifi-
cant differences (p<.05) between 3.3 Hz, 6.7 Hz, and 8.3 Hz, while the turning rates at higher
frequencies are not statistically significantly different from each other.
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Figure 3.9: Results from open loop trials on tile surface. The square markers indicate the mean
yaw rate of the robot body during the experiments, while the bars show plus or minus one standard
deviation away from this mean. The circles show results from the model detailed in section 3.2.
As leg frequency increases, turning performance increases and then levels out.

As shown in Figure 3.9, the model matches the experiments well for trials where the robot
is running forward. At 10 Hz leg frequency, the error is 1.5%. At 5 Hz the model performs the
worst, with an error of 13.4%. The total average error is 3.5%. For trials at 0 Hz, the model does
not match the experiment well, with an error of -50%. The robot body is able to shift without
the legs moving, as the hip flexures act as springs. This may explain the discrepancy, and a more
appropriate model may be a rigid body rotating in the horizontal plane on a torsional spring.

It is also interesting to note places where the experiment slightly outperforms the model - most
models are idealizations and show better than real-world performance. For this work the stochastic
nature of the leg contact means that the friction used in the model could be overestimated. For
example, if the robot’s airborne phase is significant during the tail flick, this may lead to lower
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overall friction, since the full weight of the robot and tail is not on the legs at all times. This varia-
tion shows that consistent turning cannot be done open loop, and feedback control is necessary.
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Chapter 4

Mechanical Design, Software, and Evolution
of the Tail



29

Several versions of the tail mechanism were developed over time and used in various experi-
ments. Initial tail development focused on off the shelf solutions to provide a “proof of concept,”
showing that a tail could be used to generate a terrestrial turn. These solutions were not found
to be suitable for high performance, and so custom tail hardware and software was created. This
chapter briefly covers initial tail development, then details the design and capabilities of the three
tails used to perform experiments featured in this work.

4.1 Initial Tail Development
In initial development, off-the-shelf servomotors were used to drive the tail. These are easy to ob-
tain, and come with control built in, but suffer several disadvantages. Servos are generally built for
high-torque, low-speed applications, though high-speed is necessary here. This was addressed by
physically opening the servo housing, removing a gear, and fusing two gears together by soldering
iron (plastic weld) or glue. This produced higher tail speeds, but meant low available torque, and
less accurate built-in control. Modification also reduced the off-the-shelf advantage. Additionally,
servos are heavy (about 8 grams), and do not integrate well into our robot platforms.

The tail itself was constructed of a cardboard SCM adapter holding a carbon fiber rod to the
servo, and another cardboard SCM piece with embedded magnets to allow for adjustable ballast.

This tail was useful for executing early experiments of tail turning. The robot, OctoRoACH+Tail,
has peak yaw rates of 400◦sec−1at 4 Hz actuation frequency, but cannot produce sustained turns at
this rate. Detailed results can be found in [37]. OctoRoACH+Tail can be seen in Fig. 4.1.

Figure 4.1: The OctoRoACH+Tail. This early tail prototype used modified off the shelf parts.
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4.2 Torque Controlled Tail
From the initial experiments, it became clear that a higher powered tail was necessary. Further-
more, the control of the servomotor was limiting, as only the position could be chosen, but not the
delivered torque. To solve these problems, Tail Design I (TD I) was developed. An isometric view
of TD I is shown in Fig. 4.2. A top view can be seen in Fig. 4.3.

motor

lower
 housing

upper housing

gears

carbon �ber rod

ballast

output adapter

Figure 4.2: Isometric view of Tail Design 1. The tail does not have sensors, and must be torque
controlled.

The components of the tail mechanism include the DC motor, a pinion gear, three spur gears,
a custom adapter to join the tail rod and the gears, a custom two piece transmission housing that
holds the motor and gears in place and provides bearing support, a carbon fiber rod to serve as the
length of the tail, and a custom printed ballast piece, fitted with steel dowel pins to provide weight.
A 1 mm ID ball bearing allows free movement of the tail with respect to the bearing support. The
tail is 11.5 cm long, and the ballast on the end weighs 4 grams.

The tail has a gear ratio of 85.3:1, chosen because high torque was necessary to cause the legs
of the robot to leave the static friction regime when actuating the tail. It was also chosen because
it could be built with off-the-shelf gears.

The tail has no sensors, so the only control available is torque control. This limits the variety
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Figure 4.3: Top view of TD 1. The 7 mm DC motor drives the tail through an 85.3:1 gear ratio.

of experiments that can be performed, but is suitable for open loop tests of turning ability. The
bearing support piece limits the range of motion of the tail to 260 degrees. If the end of the range
of motion is reached, the tail collides with the bearing support, stopping the tail abruptly and
creating an impulse moment detrimental to the robot’s turning performance. However, due to the
lack of feedback, the physical stops are useful for experiments. The tail can be positioned while
the robot is not moving by applying a small amount of torque over time, ensuring the tail rests on
a stop. At this point the robot can be given commands (such as running forward) and the tail can
be actuated with the full range of motion available.

Tail Design I was fitted to TAYLRoACH I (Tail Actuated Yaw Locomotion Robotic Au-
tonomous Crawling Hexapod), whose chassis is adapted from the VelociRoACH design [10].
TAYLRoACH I is shown in Fig. 4.4.

TAYLRoACH I is a 45 gram hexapedal robot that features three 7 mm brushed DC motors,
two of which independently control a set of 3 legs on either side of the robot. This allows the
robot to steer using its legs alone as detailed in [37], while the final motor drives the tail. The tail
mechanism is shown in greater detail in Fig. 4.5. As discussed in Section 5.1, TAYLRoACH I is
capable of 90 degree turns at 400◦sec−1.
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Figure 4.4: TAYLRoACH I, used for determining open-loop body yaw response.

Figure 4.5: Close up view of tail mechanism.

4.3 Tail with Position Feedback
Tail Design II (TD II) features position feedback for the tail, and design improvements that allow
for better performance. These improvements include a more compact design, less parts and a
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revised gear ratio. Due to their size, packaging considerations are critical on a millirobot. To this
end, a worm gear was used in place of a pinion gear, greatly improving packaging, as discussed in
Section 4.3.1. An isometric view of TD II can be seen in Fig. 4.6. A top view of TD II can be seen
in Fig. 4.7.

motor

housing

Hall e�ect sensor

output gear
and adapter

carbon �ber rod

ballast

worm gear

Figure 4.6: Isometric view of Tail Design II. The diametrically polarized magnet used for the Hall
effect encoder and the ball bearing are not shown.

4.3.1 Worm Gear Drive
One of the largest differences between TD I and II is the use of a worm gear to drive the tail. Using
a worm gear has several advantages for this application, especially for packaging. In this case, the
worm gear allows the motor axis to be oriented in the horizontal plane. In the TAYLRoACHchassis,
there are many moving parts just below the top of the chassis. In TAYLRoACH I the motor and
tail transmission must be mounted behind the entire leg drivetrain, to not interfere with its moving
parts. The use of the worm gear allows the tail to be mounted on top of the main chassis, closer to
the robot’s center of mass. This reduces the moment of inertia of the robot significantly, as the tail
is a heavy component at the very end of the body. This difference is shown in Fig. 4.8, and in Fig.
4.9.
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Figure 4.7: Top view of TD II. The TD II transmission features only a single gear that, coupled
with the worm gear on the motor, gives a 60:1 gear ratio.

(a) (b)

Figure 4.8: (a) TD I uses spur gears, necessitating a large vertical footprint. (b) TD II employs a
worm gear, making for a more compact design.
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Figure 4.9: (a) TAYLRoACH I must mount the tail behind the rear hips, to prevent colliding with
the leg drivetrain. (b) TAYLRoACH II has its tail mounted in front of the rear hips. This brings the
tail closer to the center of mass of the robot, reducing yaw moment of inertia.

TAYLRoACH II uses a 60:1 gear ratio. This requires one gear instead of the three used on
TAYLRoACH I. Considering the reduction of accompanying pins, this causes the part count to go
down significantly.

A disadvantage of the worm gear is its dynamic behavior. High friction occurs in a worm
gear, and the tail cannot be back-driven. This may be advantageous if the tail is to be kept at a
static position, but usually is not useful. The lack of back-drive can make the tail difficult to work
with and requires a special tool to turn easily without using computer control. Additionally, the
worm gear has low efficiency (measured at 27%) and backlash of two to three degrees, due to axial
displacement of the motor output shaft.

4.3.2 Transmission
The transmission housing for TAYLRoACH II is a single piece, and allows a range of motion
of 300 degrees. The housing holds the motor, the output gear, and provides bearing support. The
output gear is a 3D printed single piece which also holds the tail rod. This is stronger than TD I and
uses less parts. Bearing support is provided by a 3 mm diametrically polarized magnet mounted in
a 3 mm ID ball bearing, serving dual use as a magnet for the sensor and as a shaft. A section view
can be seen in Fig. 4.10.

4.3.3 Position Sensor
To provide position feedback, an absolute position sensor using Hall Effect is employed. The chip
is an AMS AS5048B Rotary Position Sensor. The 14 bit sensor is accurate to 0.05 degrees after
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Figure 4.10: The Hall effect sensor provides position feedback for the tail.

linearization and averaging. The sensor is located by two small bosses on the transmission housing
which allow for precise placement. The diametrically polarized magnet used for bearing support is
mounted directly beneath the sensor. The magnet moves with the tail, while the sensor is grounded.
This relative movement allows the sensor to determine the relative position between the body and
the tail. The gyroscope on the robot CPU, with forward Euler integration, can measure the robot’s
yaw position. The combination of these two readings gives a global yaw position of the tail.

4.3.4 TAYLRoACH II
TD II was integrated into the chassis TAYLRoACH II (seen in Fig. 4.11). A closer view of the tail
mechanism can be seen in Fig. 4.12. As discussed in Section 5.2.1, TAYLRoACH II is capable of
90 degree turns at 360◦sec−1precise to 13 degrees and 30 or 60 degree turns at a similar yaw rate
precise to less than 5 degrees.
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Figure 4.11: TAYLRoACH II, equipped with worm gear drive and Hall effect position sensor.

4.4 Tail with Unlimited Rotation
Tail Design III allows unlimited rotation of the tail, and for interchangeable ballast. An isometric
view of the tail is shown in Fig. 4.13. A top view of the tail is shown in Fig. 4.14.

4.4.1 Modular ballast
Modular ballast allows the tail to be configured with different end pieces quickly and easily. This
functionality facilitates a wide range of experiments, and expands the potential of the tail. Instead
of using a weight on the end of the tail, a camera or other sensors could be added, aerodynamic
elements could be used, or other modifications could be made. Modular ballast is also useful for
testing hypotheses, the experiment and control case can be easily interchanged.

A single 3D printed piece attaches permanently to the tail. A second 3D printed piece holds
the ballast piece. A slip fit between the two pieces allows them to mate. Two 0.75 mm pins secure
the ballast to the tail, but can easily be removed, allowing the ballast to be swapped. A closeup of
the ballasts can be seen in Fig. 4.15

The sail, used for aerodynamic turning, is constructed of cardboard and PET using the SCM
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Figure 4.12: The Hall effect sensor provides position feedback for the tail.

fabrication process. It forms a 50 mm x 50 mm flat plate and weighs 0.7 grams. The carrier pieces
that attach to the sail weigh a combined 2.7 grams. The “weight attachment” serves as a control
case for the sail, as it has the same mass but produces little drag or lift at the running speed of the
robot.

4.4.2 Unlimited Rotation Transmission
Unlimited rotation offers many advantages. The tail does not need to be “reset” after a maneuver,
as all positions are roughly equivalent. To this end, the tail is now mounted in the center of the robot
instead of the rear. This also reduces the moment of inertia of the robot significantly, increasing
the tails effectiveness.

Bearing support is necessary for the tail to function properly, but here the support is mounted
below the tail rod to avoid limiting its range of motion. The transmission housing for SailRoACH is
composed of two main pieces. The lower piece holds the motor, the Hall effect sensor, and a ball
bearing. The top piece press fits into the lower piece, and also holds a ball bearing. The output
gear sits between the upper and lower housing. It also has a diametrically polarized magnet press
fit into it, used for position sensing. The order of assembly of the transmission is important. First,
the magnet of the output gear is placed into the ball bearing of the lower housing. Then, the
upper housing is press fit into the lower housing, and the output gear slots into the upper housing’s
bearing. This provides double bearing support for the tail, making it extremely stable. Finally, a
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Figure 4.13: An isometric view of Tail Design III. Bearing support is now below the tail, allowing
for unlimited rotation. The ballast is equipped with a sail to test aerodynamic effects.
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Figure 4.14: A top view of TD III. A single 48:1 output gear is driven by a worm gear.

3D printed cap goes over the top of the output gear, and the tail rod is slotted through the output
gear and cap. The cap and output gear are glued together. This locates the output gear and provides
a thrust constraint. The output gear is located such that it rotates while touching the moving ball
bearing itself, meaning there is very little friction in the system. The cap shares shear load with the
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Figure 4.15: A permanent carrier piece is permanently fixed to the tail with adhesive. A second
piece slip fits into the carrier piece, and holds the ballast. (a) Sail attachment (b) weight attachment

output gear, making it more robust. A section view and an exploded view are shown in Fig. 4.16.
SailRoACHis shown in Fig. 4.17, featuring different ballasts for different tasks. Tail Design

III is shown in Fig. 4.18.

4.5 Powertrain Design
Choosing the correct gear ratio for the tail powertrain is important. A gear ratio that is too high
will limit the maximum speed of the tail, limiting the maximum change in angular momentum.
However, a gear ratio that is too low will not provide enough torque to overcome the static friction
of the ground. For early designs, high gear ratios were used to ensure static friction could be over-
come, but experiments revealed that the tail was speed-limited. For Tail Design III, the simulation
detailed in Section 3.2 was used to determine the best possible gear ratio.

The maximum torque the motor can produce is limited by the amount of current through the
motor, the motor constant, the gear ratio, and the efficiency of the drivetrain, as shown in Eq. 4.1.

Tmax = ktimaxηε (4.1)

where kt is the motor constant, imax is the maximum current, η is the gear ratio, and ε is the
efficiency of the drivetrain. To determine the drivetrain efficiency, the tail was rigidly mounted to
a ground, and actuated at 100% effort. The tail speed and position were recorded. The tail motion
should follow the equation

φ̈ =
Ttail
mtl

(4.2)

where φ̈ is the angular acceleration of the tail, Ttail is the delivered torque, mt is the tail mass,
and l is the tail’s length. Further,
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Figure 4.16: A section and exploded view of the unlimited rotation tail.

Ttail = Tmotηε (4.3)

where Tmot is determined using the piecewise linear model discussed in Section 3.2.2. Using ε
as a fitting parameter, the best fit between the experimental data and Eq. 4.3 is made. The chosen
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Figure 4.17: SailRoACH can be equipped with ballast of any kind, carrying aerodynamic ele-
ments, sensors, or simply weight. (a) SailRoACH equipped with the sail attachment, which gen-
erates aerodynamic drag when the tail is actuated or when the robot runs at high speeds. (b)
SailRoACH equipped with a three gram weighted ballast.

ε is then used in the full robot system model in Section 3.2.
To determine the best gear ratio, four possible gear ratios are examined, 24:1, 36:1, 48:1, and

60:1. Multiples of 12 were used because these could be fabricated using available gear generation
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Figure 4.18: A closeup view of the Tail Design III mechanism.

software. Ratios above 60:1 were not used because experimental evidence already showed that
the tail was speed limited with a 60:1 gear ratio. In simulation, a powertrain of a given gear ratio
was actuated until the robot body turned 180 degrees, the maximum desirable turn. The gear ratio
which was able to turn the robot 180 degrees in the least amount of time was chosen.
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Figure 4.19: Robot body position versus time for a maximum effort actuation for different gear
ratios.

As shown in Fig. 4.19, the 48:1 gear ratio performs best, turning the body 180 degrees in
0.31 seconds. 60:1 and 36:1 each take slightly longer, while 24:1 takes significantly longer at 0.48
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seconds. The simulated surface is tile, where most of the inertial tail turning experiments (see
Chap. 5) were performed.

4.6 Power, Communication, and Control Hardware
The robot is equipped with a control board similar to that used in [23]. A component block diagram
is presented in Figure 4.20. A dsPIC33F microcontroller coordinates all the control loops, motion
timing, and communication functions of the robot. The board also hosts a 3-axis MEMS chip
gyroscope, and three motor drivers. Drive for the leg-actuating motors is identical to the method in
[37], where each of the two legs motors are driven by a single MOFSET, providing one-direction
control with no braking. Leg motor speed is sensed via back-EMF, and average motor speed is
controlled via pulse-width modulation (PWM) and a PID control loop. The drive for the tail motor
is provided by an integrated chip H-bridge with a current limit of 0.5 A, resulting in limited motor
torque, as discussed in Section 3.2.2. The H-bridge is configured for no motor braking or current
recirculation.

The magnetic position encoder for the tail described in Section 4.3.3 is connected to the CPU
board via the I2C bus. Real-time telemetry is recorded onboard to a flash memory at 150 Hz
and downloaded via an 802.15.4 radio after each experiment, providing a complete trace of the
instantaneous inputs and outputs of each software control block, yaw rates, tail position, and motor
back-EMF. After queues of motion commands are sent from a host PC system, the robot runs fully
autonomously with no external control loop closure, all sensing done on-board, and millisecond
accurate coordination of actuators and control goals.

MOSFET motor 

driver (2.2A)

AT86RF232

802.15.4

Radio

ITG3200

3 Axis Gyro

dsPIC33FJ128MC706A

CPU

AT45DB321D

32Mb Flash 

Memory

H-Bridge 

(500mA)Li-Polymer

Ba!ery

(4.2v ,300 mAh)

MOSFET motor 

driver (2.2A)

Tail motor

Figure 4.20: Block diagram of controller board.
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4.7 Tail Software
Two feedback control policies were employed on TAYLRoACH II and SailRoACH. A PID algo-
rithm controls the relative position of the tail and body, while a min-max or “bang-bang” controller
is used to control the yaw of the robot body with the tail. These are not executed simultaneously.
The relative position control is a standard PID control loop, seen in Fig. 4.21.

Tail 

Dynamics

Hall Effect 

Sensor

Reference

rela"ve tail angle, ψ

+
-

Error Tail torque Tail mo"on

Measured 

rela"ve tail angle

PID

Figure 4.21: A standard PID control loop used to regulate the position of the tail relative to the
body.

To control robot body position, bang-bang control is used, as detailed in Chapter 5.
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Chapter 5

Experimental Results
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This chapter details experimental results of inertial and aerodynamic steering of TAYLRoACH I,
TAYLRoACH II, and SailRoACH. The first section details open loop actuation of the tail for in-
ertial turning, and shows that highly rapid turns are possible, but lead to inconsistent results. The
second section examines the addition of a feedback controller, and demonstrates that precision can
be improved greatly with a nonlinear control strategy.

The third section of the chapter more thoroughly characterizes the performance of the iner-
tial turning and control, while the fourth section details the consequences of the aerodynamic sail
and compares those results to a non-aerodynamic control. The final section of the chapter com-
pares inertial and aerodynamic steering to other methods of steering currently employed on legged
robots.

5.1 Open Loop Actuation
TAYLRoACH I was driven from a stop on a tile surface at a fixed throttle for the legs for two
seconds. The tail is initially set to its full right position, and is free, with no torque applied to
it. Velocity control is implemented on the leg speeds, but neither position control of the legs nor
steering control of the body is used. This means that the phasing of the left and right legs is
not controlled, and there is no feedback on the robot heading to ensure straight ahead motion. One
second into the experiment, the tail is actuated with maximum torque for 300 milliseconds, moving
the tail from full right to full left position. Yaw data for the tail and body were recorded using an
OptiTrack 1 motion capture system.

As seen in Fig. 5.1, the robot drifts before tail actuation, has a high yaw rate during the tail
actuation, and then changes direction after the tail actuation, possibly due to an internal impact.
TAYLRoACH is a low inertia, minimally actuated robot, and many variables, such as ground con-
tact, roll, pitch, and leg position are not controlled during this experiment. This leads to variation
among trials, shown in Fig. 5.2.

We break these data into three events: before tail actuation, during tail actuation, and after tail
actuation. We find that each event has distinct characteristics.

As shown in figure 5.3, yaw rate is very high during tail actuation (mean 285◦sec−1). Before tail
actuation, mean yaw rate is near zero (-7◦sec−1), suggesting the robot is going on average straight,
although it is still subject to variation. After tail actuation, the average yaw rate is -41◦sec−1. The
difference in yaw rate before and after actuation (both periods in which the tail is unactuated and
free) may be accounted for by the impact of the tail. This impact reduces the total turn angle of the
robot and is undesired. Since these yaw rates are measured over different time periods, it is useful
to look at the total yaw angle as well.

In Fig. 5.4 we see that the yaw displacement before actuation is small (-7◦), while it is large
during actuation (68◦) and after actuation (-24◦). The impact of the tail decreases the total turn of
the robot, on average, by 35%. Due to the large variation in results, feedback control is applied to

1www.naturalpoint.com/optitrack
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Figure 5.1: Data from an example trial showing the yaw displacement of the body and tail with
respect to time. At the beginning of the trial the robot moves forward without any steering input.
At the first vertical line, the tail is actuated. This actuation ends at the second vertical line while
the robot continues running.

obtain more consistent turns.

5.2 Body Position Feedback Control

5.2.1 Body Angle Control using the Tail and Gyroscope Feedback
A tail control mode was implemented that produces a turn of the body very rapidly using feedback
from the gyroscope. The body can be turned up to 90 degrees using this method, before the tail
saturates. After tail saturation, the legs would have to be engaged to turn the robot further, or the
tail would have to be reset so it can be actuated again.

Due to the varying ground contact friction, it is difficult to establish an input/output map of tail
motion to body motion. Thus, a PID controller would be difficult to implement. Instead, a “bang-
bang” controller was used, shown in Fig. 5.5, applying maximum torque to the tail unless the body
is within five degrees of the goal angle. This serves as a deadband, and no torque is applied in
this case. Using maximum torque ensures that the static friction is overcome and that the robot
operates in the dynamic friction regime. This allows the robot to make turns of up to 90 degrees
without the tail saturating, depending on the robot’s forward speed. Using this gyro based control,
the robot can make a controlled 90 degree turn in one quarter of a second, as shown in Figure 5.6.
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Figure 5.2: Body yaw vs. time. Fourteen trials were used to measure the variation in open loop
turning. This plot is normalized so that at the point of tail actuation, time and body yaw are zero.

Figure 5.3: Body yaw rate, before, during, and after tail actuation. The red line marks the mean, the
blue box marks one standard deviation, and the black bars mark minimum and maximum values.
N = 14
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Figure 5.4: Mean, standard deviation, minimum, and maximum of yaw displacement, before,
during, and after tail actuation. N = 14
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Figure 5.5: Control block diagram for the body angle control. The tail is given maximum positive
or negative torque when away from the reference angle, and given zero torque in a small deadband
to prevent unwanted high frequency actuation.

The bang-bang controller is able to remove much of the variation seen in open loop actuation.
10 trials each were performed as the robot was commanded to turn 30, 60, and 90◦. As shown
in Table 5.1, for 30 and 60◦ turns the RMS error is less than five degrees, the size of the control
deadband. Control becomes more difficult at more extreme angles. At 90◦ the RMS error is over
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Figure 5.6: The tail motion induces a turn in the body. The bang-bang controller reacts to any
overshoot by reversing the direction of the tail movement. A controlled 90 degree turn is performed
in about 0.25 seconds.

13◦. With high friction, the tail rotates more quickly relative to the body, meaning that the tail’s
range of motion may be consumed before reaching the target angle. If this occurs, an internal
impact is created, turning the robot away from the target angle. This can lead to large errors, but an
increased (or unlimited) range of motion would eliminate this problem. This occurred in a single
trial, denoted by the black cross on Figure 5.7.

Table 5.1: RMS error and commanded angle.
Commanded Angle RMS Error

30◦ 3.8◦

60◦ 4.5◦

90◦ 13.2◦

5.2.2 Turning Radius
Figure 5.8 shows the robot position, heading, and speed while the closed loop tail control is actu-
ated. The origin of the arrow is the robot position, the direction of the arrow is the robot’s heading,
and the length of the arrow is proportional to the robot’s velocity. The robot is able to complete
a 90 degree turn in a 4 cm space. Fig. 5.9 shows screenshots from a video detailing a controlled
turn.
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Figure 5.7: Results of the bang-bang controller commanded to 30, 60, and 90◦ turns. 10 trials for
each target angle. The black cross shows where, in one trial, the tail reached the end of its range of
motion, creating an internal impact and turning the robot away from the target angle.

5.2.3 Turning on a High Friction Surface using an Alternating Tripod Gait
SailRoACH is able to generate rapid turns using its sail as an inertial mechanism. Due to Sail-
RoACH employing an alternating tripod gait unlike TAYLRoACH, it is able to turn on high friction
surfaces as well. The alternating tripod gait causes periodic variation in the robot’s normal forces
[10], lowering the effective coefficient of friction, as discussed in Section 3.2.4. Fig. 5.10 shows
the results of a controlled inertial turn performed on a high friction surface (carpet, µs ∼ 2.0).
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Figure 5.8: Data from a closed loop 90 degree inertial tail turn. The origin of the arrow is the robot
position, the direction of the arrow is the robot’s heading, and the length of the arrow is proportional
to the robot’s velocity. The robot makes a 90 degree turn in the space of approximately 4 cm, or
0.4 body lengths, without slowing down.

(a) (d)(c)(b)

Figure 5.9: TAYLRoACH makes a controlled 90 degree turn on a tile surface. (a) Tail starts to
move [t = 0.0s] (b) Robot about halfway through turn [t = 0.14s] (c) Robot overshoots 90◦ target [t
= 0.23s] (d) Tail corrects overshoot, robot has made 90◦ turn [t = 0.30s]

SailRoACH is able to consistently make transient 200◦sec−1 tail inertial turns on carpet, while
running at 1.8 ms−1. It should be noted that this turn is performed with the same actuator used for
the aerodynamic steering.

5.3 Performance Characterization
To characterize the performance of the inertial tail closed loop control, we examine the step re-
sponse data from Section 5.2.1. Neither the control law, nor the surface dynamics of the tile are
linear, but we compare the performance of the controller to a linear second order system. The peak
time and percent overshoot were measured for all trials. A delay of 50 ms is assumed, as this is the
approximate time it takes from when the control command is issued to when the tail torque over-
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Figure 5.10: Heading of SailRoACH as a function of time during inertial turning. Before t = 0
no steering control is employed. At t = 0 a 45 degree turn is commanded using inertial exchange.
SailRoACH makes a controlled 45 degree turn at approximately 200◦sec−1 on carpet (µ ∼ 2.0).

comes the static friction torque. The calculated natural frequency and damping ratio are shown in
Table 5.2. The data compared to its linear approximation are shown in Fig. 5.11.

Table 5.2: Performance Characterization.
Commanded Turn Natural Freq. [Hz] Damping Ratio

30◦ 5.02 ± 0.86 0.34 ± 0.098
60◦ 3.70 ± 0.31 0.47 ± 0.099

The linear second order step response does not serve as a model of the behavior, but does
provide a sense of the performance capabilities of the system. For 30◦ turns, the robot turns with
a natural frequency of 5 Hz, whereas for 60◦ turns, this is reduced to less than 4 Hz. This is likely
due to the actuator saturation. The actuator can switch directions quickly but cannot move the body
faster than about 525 ◦sec−1.

5.4 Aerodynamic Turning
SailRoACH was run forward at a 21 Hz stride frequency for 60 strides with its sail held at constant
position. As a control, the same experiments were done with the sail replaced by a ballast of the
same weight but minimal aerodynamic properties (refer to Fig. 4.15). Results were recorded using
a Vicon motion capture system. Eight to fourteen trials were performed for each configuration.
When the robot first starts running, there is a transient phase where its heading changes due to
the stochastic nature of the surface contact. All measurements of yaw rate and speed are made at
steady state, and this transient effect is neglected. The paths described by the robot while running
are shown in Fig. 5.14.
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Figure 5.11: (a) For the 30 degree step resonse, the controller has performance similar to that of a
second order linear system with a natural frequency of 5 Hz and a damping ratio of 0.34. (b) For
the 60 degree step resonse, the controller has performance similar to that of a second order linear
system with a natural frequency of 3.7 Hz and a damping ratio of 0.47. .

When equipped with the ballast, the center of mass is shifted, but aerodynamic effects are
negligible. This does not significantly affect the path of the robot. The robot turns right slightly in
many of these trials, irrespective of ballast position. This is likely due to a slight asymmetry in the
robot’s hand assembled structure.

When the sail is placed at an angle, the robot turns due to the aerodynamic torque on the body.
With the sail 30 degrees left, the robot turns at an average of 51◦sec−1 while running at steady
state. When placed at 30 degrees right, the robot turns at an average of -73◦sec−1. The ballast
performs significantly worse, at 2◦sec−1 and -25◦sec−1 for left and right placement, respectively.
These measurements can also be found in Table 5.3.

When the ballast is positioned at zero degrees (straight back), the turning rate is -15◦sec−1,
compared to 0◦sec−1 when the sail is positioned at zero degrees. This indicates that the sail pro-
vides a stabilizing torque while the robot runs forward.
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Table 5.3: Steady State Yaw Rate and Speed, 21 Hz Stride Freq.
Configuration θ̇ [◦sec−1] Speed [ms−1]
Sail Left 51 ± 19 2.02 ± 0.10
Ballast Left 2 ± 16 1.86 ± 0.12
Sail Center 0 ± 13 2.28 ± 0.05
Ballast Center -15 ± 22 2.09 ± 0.05
Sail Right -73 ± 23 1.84 ± 0.19
Ballast Right -25 ± 19 1.99 ± 0.10
VelociRoACH [10] – ∼2.0

5.4.1 Forward Speed
For maneuverability, maintaining high speed running is important. The sail mechanism constitutes
23% of the total robot weight, and adds aerodynamic drag, which may slow the robot down. Ex-
perimental evidence however, does not show this. When running forward with the sail or ballast at
an angle, the steady state speed of the robot was between 1.84 and 2.02 ms−1, as shown in Table
5.3. When the sail or ballast was positioned rearward, the sail produces slightly higher speeds, at
2.28 ms−1 versus 2.09 ms−1 for the ballast. This is mostly likely due to the stabilizing effect of
the sail, which rejects yaw disturbances that may slow the robot down.

Haldane et al. [10] measured the speed of this robot chassis without an additional sail mech-
anism, and reported approximately 2 ms−1 at 21 Hz running frequency. The robot is not power
limited, but limited by stability. The extra mass and aerodynamic stabilizing torque may ensure
footfalls are more consistent and could explain this performance difference.

0 0.5 1 1.5 2 2.5
0

1

2

3

time [sec]

sp
ee

d 
[m

/s
]

 

 

Sail Center Ballast Center

Figure 5.12: When the sail is centered, yaw disturbances are reduced due to an aerodynamic
aligning torque, resulting in better forward speed performance.
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5.5 Comparison to Other Turning Methods
Many methods have been demonstrated that allow legged robots to turn, but most employ the legs
themselves to turn, and are ineffective at high speeds. Both inertial and aerodynamic tail turning
do not affect leg gait, which can be advantageous. To examine the ability to turn while running at
high speeds, McClung [31] defines a turning performance parameter:

K = θ̇v (5.1)

where θ̇ and v are the simultaneous yaw rate and speed. We will use this to characterize various
turning methods.

5.5.1 Differential Drive
The OctoRoACH [37] turns by moving legs on one side faster than the other. This causes the
outside of the robot to move farther than the inside, producing a turn. The OctoRoACH is able to
make 90◦sec−1 turns while running forward at 0.4 ms−1. This turning method is effective, but
precludes high speed running. The leg sides are not in phase with each other, an alternating tripod
gait cannot be used, and the force produced by the legs cannot be coordinated, limiting the top
speed.

Closed loop inertial turning with tail actuation is both precise and rapid, and makes sharper
turns in shorter time compared with differential drive, or other methods. Figure 5.13 shows the
path the TAYLRoACH II takes while executing a 90 degree turn. Three methods are used to make
the turn. The first method employs differential drive steering (which, due to its similar layout to
OctoRoACH, it is capable of) with gyroscope feedback. Using this method TAYLRoACH can
accurately turn 90 degrees, but the path required is much larger and the time required is three
times greater than using inertial turning. The second method used is by actuating the tail without
feedback. This results in a quick, sharp, but inaccurate turn. Finally, the robot is turned using the
tail with gyroscope feedback. Using this method, a 90 degree turn is achieved in 1/3 of a second
with a turning radius of 4 cm.

5.5.2 Differential Leg Phasing
The XRL robot uses differential leg phasing and a modified Buehler clock to turn [33]. This
mode has the advantage of maintaining an alternating tripod gait, but requires a high degree of
intra-stride control, and uses 6 motors. It is possible that using two motors could also accomplish
similar behavior. As shown in [33], the XRL can turn at 8◦sec−1while running forward at 0.18
ms−1.
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Figure 5.13: Path of the robot as it runs forward, executes a 90 degree turn, and runs forward again.
Turns performed on tile surface.

5.5.3 Modified Leg Kinematics
The SPRAWL family of robots turns effectively while running forward. iSprawl is a hexapedal
robot that can change the angle of its middle legs. This causes a yaw moment, turning the robot.
At 6Hz stride frequency, iSprawl is able to run forward at 0.5 ms−1while turning at approximately
40◦sec−1[31].

5.5.4 Inertial Turning
TAYLRoACH [24] is able to turn rapidly on low friction surfaces using a tail to induce a quick
exchange of angular momentum, as discussed in Section 5.2.1. This generates a yaw rate of
360◦sec−1 while running forward at 0.3 ms−1.

5.5.5 Aerodynamic Turning
SailRoACH is able to use its sail to generate torques aerodynamically, turning the robot. This
turning method is completely decoupled from the legs, meaning an alternating tripod gait can
be maintained. Although not as rapid as the inertial turning method, aerodynamic turning can
be executed continuously, as long as forward speed is maintained, unlike inertial turning, which
requires rapid actuation of a mass and generally takes place only over a short period of time.
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5.5.6 Maneuverability Comparison
Table 5.4 shows the maneuverability, K, of each highlighted robot. Many different methods of
turning are effective, but aerodynamic and inertial turning allow for high yaw rates and for an
alternating tripod gait to be employed, making the product of yaw rate and forward velocity high.

Table 5.4: Comparison of Turning Methods.
Robot θ̇ [◦sec−1] K = θ̇v [◦ms−2] Transient?
OctoRoACH [37] 90 36 No
DASH [2] 50 25 No
XRL [33] 8 1.44 No
iSprawl [31] 40 18 No
TAYLRoACH (Inertial, low µ) 360 108 Yes
SailRoACH (Inertial, high µ) 200 360 Yes
SailRoACH (Aerodynamic) 70 134 No
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Figure 5.14: (a) The paths of the robot when the sail or ballast is held 30 degrees to the left of
center. (b) The paths of the robot when the sail or ballast is held at center. (c) The paths of the
robot when the sail or ballast is held 30 degrees to the right of center. Placing the sail at an angle
produces a turning moment, while placing the sail directly behind the robot produces a stabilizing
moment.
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Chapter 6

Conclusion
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6.1 Summary
This work has presented two novel ways to induce turning in legged robots. Previous work sur-
rounding turning and tail use in robots and animals was reviewed in Chapter 2. Chapter 3 presented
models of inertial and aerodynamic steering, which can be used to predict performance and inform
design. This chapter also discussed scaling laws that can help us understand how different methods
of turning can be best applied across a wide array of robot morphologies. Chapter 4 detailed the
design and software of the tail and sail mechanisms, and also provided a powertrain analysis.

Chapter 5 reviewed experiments performed with the robot platforms, demonstrating rapid, low
radius, precise turning in the inertial turning case, and turning during high speed running for the
aerodynamic turning case. Additionally, a comparison of these turning methods to other common
legged robot turning methods was made.

6.2 Future Work

6.2.1 Inertial Turning
The inertial tail turning presented here mostly focuses on two surfaces, tile and carpet. Surface
variability, and its interaction with the robot’s duty factor, is a rich area for exploration. A robot
with a low duty factor (and therefore large airborne phase) may be able to turn on extremely high
friction surfaces, or even surfaces where normal or constraint forces may be an issue, such as a rock
bed. Another issue yet to be explored is timing the actuation of the tail with a specific leg phase.
It may be that by optimizing when the tail actuates relative to the leg phase (and thus normal force
on the robot), better performance could be produced. It should be noted that this was not examined
due to issues of timing. The motor can take up to 50 milliseconds to develop significant torque,
but a full leg stride at 24 Hz only lasts 42 milliseconds.

Other avenues for exploration would include powertrain optimization and a more through ex-
amination of the effect of initial tail position. Developing better models of leg compliance could
inform a better friction model, which could be used to improve the design and thus performance
of the robot-tail system greatly.

6.2.2 Aerodynamic Turning
In this work, aerodynamic turning is performed using a flat plate surface. This surface is in no way
optimal and could be greatly improved. A higher performing airfoil would produce higher yaw
rates at lower forward speeds. Additionally, the aerodynamic turning demonstrated here is done
open loop, with the flat plate held at a constant position. Implementing a closed loop controller with
gyroscope or other sensor feedback could ensure a constant yaw rate, or turning radius. Integrating
this controller with the legged turning, and feedback from a camera or other navigational sensor,
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would allow for path-following behavior at high speeds that may not be possible with legged
control only.

The sail is generally held behind the robot as the default position. This is useful because the
aerodynamic torque stabilizes the yaw of the robot. If the default sail position were directly in
front of the robot, the robot would be unstable to yaw disturbances while running at high speeds,
but may also be more responsive. A closed loop controller may be able to stabilize the robot and
allow for high performance maneuvers that would not be possible with a rear facing tail.

Another avenue for improvement would be to use the aerodynamic and inertial turning together.
This was not fully explored in this work, but if the tail is actuated rapidly while the robot runs
forward at high speeds, this could have a dramatic effect on the sail speed and thus the aerodynamic
torque on the robot. It should be noted that, depending on the tail position and velocity, the inertial
and aerodynamic torques could be in similar or opposite directions. This brings up interesting
questions about controllability and reachability of the system that could be addressed in future
work.

Aerodynamic turning could have other benefits, unrelated to performance. It is difficult to
introduce a constant yaw disturbance to a robotic system, but this may be desirable to study legged
locomotion. Since the speed of the robot at steady state is fairly constant, and the aerodynamic
torque is proportional to speed squared, this may provide a way to systematically test the stability
margins of a legged robot.
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