
This paper has been accepted for publication in IEEE Transactions on Robotics.

DOI: 10.1109/TRO.2020.3045644

IEEE Explore: https://ieeexplore.ieee.org/document/9316238

Please cite the paper as:

Joseph Norby, Jun Yang Li, Cameron Selby, Amir Patel, and Aaron M. Johnson, “Enabling Dynamic

Behaviors with Aerodynamic Drag in Lightweight Tails,” in IEEE Transactions on Robotics, 2021.

©2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all

other uses, in any current or future media, including reprinting/republishing this material for advertising

or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or

reuse of any copyrighted component of this work in other works. DOI: 10.1109/TRO.2020.3045644







3

furry tails ranging from 75% to nearly twice body length,

shown in Fig. 1 [22,26,27]. Quartic length scaling underscores

the importance of drag near the tail tip rather than the base,

which is particularly notable in the jerboa’s tuft of fur at the

tip of its relatively thin tail. This equation also highlights

favorable quadratic scaling with tail angular velocity, and

linear scaling with width and drag coefficient. Mass and inertia

are notably absent in this equation, suggesting that effective

tails should be long yet lightweight and employed at high

speeds. These factors are again consistent with many agile

animals, particularly the cheetah [7].

III. COMPARISON OF INERTIAL AND AERODYNAMIC

EFFECTIVENESS

Equation (2) highlights the important characteristics of

aerodynamic drag tails, but does not immediately prescribe

the magnitude of the control authority these tails provide. For

purely inertial tails, this control authority has been quantified

via tail effectiveness ξ, which is defined as the ratio of body

rotation to tail rotation under the assumption of constant total

angular momentum [15]. For inertial tails, effectiveness is a

straightforward function of the tail and body inertias. However,

the nonlinearities of the aerodynamics in (2) necessitate nu-

merical methods to quantify effectiveness for an aerodynamic

drag tail. We investigate this by constructing the equations of

motion of the system in Fig. 2,
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where Ib and It are the body and tail inertias respectively

and both defined with respect to the rotational joint, τ is the

torque provided by the motor, and G is the gear ratio. We

neglect the rotor reflected inertia since optimal gearing for the

systems considered here result in reflected inertias much less

than that of the tail. Numerically integrating these equations

with initial conditions at rest yields the time evolution of the

body and tail angles. Together, these quantities define the same

tail effectiveness metric as in [15] – the ratio of the body angle

achieved to the tail angle swept – but here based on a particular

behavior and control input.

We define a baseline task of aerial reorientation similar to

that studied in [15] which provides a particular measure of

effectiveness. The task is to maximize body rotation in the

time it would take for the system to fall one body length,

motivated by recovering in mid-air from a fall off a ledge or

a leap onto a surface. In addition to the task, aerodynamic

tail effectiveness is a function of the gear ratio, actuator,

and the tail geometry, as well as the body and tail inertias.

To explore these relationships we select a body scale of a

common quadrupedal robot, the Ghost Robotics Minitaur [21],

and highlight 1x, 1.5x, and 2x body length tails. All tails are

modeled as half cylinders with closed ends to maximize the

drag coefficient [28], with width w equal to half of the robot

body width. The parameters used for this simulation are shown

in Table I.

The equations of motion in (4) are integrated from rest with

ode45 in MATLAB R2018b to calculate the effectiveness

metric. The tail is allowed to rotate freely for the specified

duration or until θt = 180◦ at which point the simulation is

paused and a plastic impact is applied between the tail and

the robot such that the tail is brought to rest and angular

momentum is instantaneously conserved. The system is then

resumed until the end of the duration.

For each tail length, the optimal gear ratio is found by

performing an integer line search, simulating the behavior

with each gear ratio from one to 50 then choosing that which

produced the highest resulting effectiveness. The torque τ is

calculated at each instant with the following motor model:

i =
V − ktGθ̇t

R
(5)

τ = f(i) (6)

f−1(τ) = 0.539τ3 + 8.93τ (7)

where i is the current through the motor armature, V is the

battery voltage, kt is the motor torque constant, R is the

resistance of the motor, and f(i) is a function that maps current

to torque. The values of these parameters are shown in Table I.

The inverse of f shown in (7) is obtained by fitting a cubic

polynomial to the empirical torque-current relationship given

in [19] for the motor (T-motor U8 KV100). This nonlinearity

is included to approximate the significant magnetic saturation

these motors experience at high currents. This motor model

reflects the chosen platform but also captures the general

torque-speed relationship of a DC motor.

Specifying the body inertia, tail geometry, and actuation

model along with the optimal gear ratio allows for exploration

of the relative effect of tail inertia and aerodynamics on

effectiveness. We normalize the tail inertia It by the total

inertia Ib + It and sweep across a range of inertias to find

the resulting body angle displacements. For each inertia, the

effectiveness is calculated both with and without aerodynamic

drag to obtain the pure inertial effectiveness and the combined

effectiveness, such that the difference between the two defines

the aerodynamic contribution. Fig. 3 shows these results.

At low tail inertia, most of the effectiveness of the tail

comes from aerodynamic drag. As the inertia increases, the

the impact caused by the finite range of motion of the tail in-

creases enough to decrease overall effectiveness – this is quite

different from inertial tails that always benefit from increasing

inertia. As the inertia increases further, the tail acceleration

and velocity decrease which allows for larger torques to be

applied for a longer duration. This effect eventually outweighs

the reduced aerodynamic component and the induced impact

cost, causing the total effectiveness to increase again but only

for significantly higher inertias. A purely inertial tail would

require almost twice the inertia of the body itself to match the

effectiveness of the longest massless aerodynamic drag tail.

The importance of tail length in aerodynamic effectiveness

is highlighted in Fig. 3. The short tail maintains a notable

improvement in effectiveness for relatively low inertias, but

the long tail maintains a significant margin of improvement

for a wide range of inertias, yielding a 50% or greater
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Fig. 3. Aerodynamic effectiveness for various tail lengths and inertias. Aerodynamic drag yields highly effective tails for low inertia. When aerodynamics
are not considered, effectiveness (dash-dotted line

) is a function of only normalized tail inertia and independent of tail geometry. When enabled, effectiveness of the tail

increases significantly (solid line). The aerodynamic component (dotted line) is equal to the total effectiveness minus the

inertial effectiveness. Each plot indicates the tail length used to calculate effectiveness.

improvement in effectiveness up to a tail normalized inertia

of 0.37, or roughly half the body inertia. The long tail is

almost four times as effective as the short tail in the massless

case. This underscores the importance of length over mass in

aerodynamic tail design. Both lighter and longer tails allow for

increased tail tip velocities and improved effectiveness. This

is a favorable trend for both biology and robotics, as lighter

appendages allow for more agile behaviors and increase the

allowable payload of the system.

Other properties of the tail such as width w, tail shaft

length L0, and the tail geometry (i.e. the corresponding drag

coefficient) all affect aerodynamic effectiveness in addition

to tail length. Equation (2) also exposes the effects of these

additional properties. Aerodynamic torque scales linearly with

width and drag coefficient, so these quantities should be

maximized subject to relevant design constraints. Tail shaft

length is optimal at L0 = 0 m, but due to its quartic scaling

the aerodynamic torque is only significantly reduced for values

of L0 close to L, as shown in Fig. 4. Other design factors

such as the weight of the tail material or the tail rigidity may

encourage larger values of L0, so a designer must strike a

balance between these design choices and optimality.

IV. HARDWARE IMPLEMENTATION

Verifying the model results above in hardware requires a

highly effective tail to maximize drag. As previously dis-

cussed, aerodynamic effectiveness is dependent on tail ge-

ometry and in particular the drag coefficient, Cd. The drag

coefficient is a dimensionless measure of resistance of a body

to transverse fluid flow. In biological tails, fur increases this

resistance substantially without adding significant mass to the

tail [22]. Engineered tails have more flexibility in their design,

and can employ other geometries and materials to maximize

drag and minimize mass.

Fig. 4. The effect of tail shaft length on the aerodynamic drag torque for a
constant overall tail length L. The applied torque decreases with increasing
tail shaft length L0, but the quartic scaling results in a significant reduction
only for values of L0 close to L. The x-axis here shows the ratio of the tail
shaft L0 to the total length L, and is equivalent to the fraction of the tail that
produces no aerodynamic drag. The y-axis describes the ratio of the torque
τL0

produced by a tail of length L with shaft length L0 to the torque τL
produced by a tail of length L with L0 = 0.

The tail constructed for the aerial self-righting and forward

acceleration tasks presented here features a 1 m long (2x body

length), 1 cm diameter carbon fiber shaft (2159T85 McMaster-

Carr) fitted with a 18 cm wide UHMW polyethylene film

(85655K13 McMaster-Carr) half cylinder scoop at the end.

These materials were selected for their high strength-to-weight

ratios. The ends of the scoop were sealed to prevent air from

escaping radially. The whole tail weighs 110 g with an inertia

of 0.058 kg·m2, which when normalized for the tested hard-

ware platform yields a normalized tail inertia of 0.204. The

tail is rigidly mounted to the output of a planetary geartrain

driven by a U8 motor, which in turn is fixed to the robot

chassis. The optimality of the gear ratio was determined by

the process outlined in Section III. These and other hardware

parameters are listed in Table I, and the tail can be seen in

Figs. 1 and 2.
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TABLE I
ROBOT, TAIL, AND ACTUATOR PARAMETERS

Parameter Symbol Value Units

Body mass – 7.3 kg

Body length – 0.50 m

Body inertia Ib 0.23 kg·m2

Tail framing mass – 0.706 kg

Tail mass – 0.110 kg

Tail length L 1.0 m

Tail shaft length L0 0.60 m

Tail width w 0.18 m

Tail inertia It 0.058 kg·m2

Tail normalized inertia It

It+Ib
0.204 -

Tail gear ratio G 4:1 -

Tail drag coefficient CD 2.0 -

Motor torque constant kt 0.0954 N·m
A

Motor winding resistance R 0.186 Ω

Motor voltage V 16 V

It should be reiterated that these values for L, L0, and w

are not optimal for aerodynamic effectiveness, as optimality

would be achieved with L = ∞, L0 = 0, and w = ∞. These

parameters are bounded by other design constraints which a

roboticist may select for a particular application. In this case

we prioritize a reasonable motion envelope and tail rigidity,

and therefore restrict the tail length as inspired by the animals

in Fig. 1, and the tail width and shaft length to maintain

rigidity in the UHMW film.

To calculate the drag coefficient of this tail, a smaller tail

with the same shape was fixed to the motor used in the above

experiments, and spun freely with different voltages to produce

steady state angular velocities. The resulting aerodynamic

torque was then calculated by measuring the current and

voltage supplied to the motor and equating the electrical power

input to the sum of the resistive losses in the motor and the

mechanical power output to yield the aerodynamic torque. This

resulted in a torque-angular velocity curve which was fit to a

quadratic as shown in Fig. 5, with R2 = 0.977 indicating good

quadratic fit. Matching this curve to that in (2) and accounting

for the tail dimensions yields a drag coefficient of 2.0, slightly

less than the theoretical value of 2.3 [28].

V. EXPERIMENTAL RESULTS

To verify these model results and highlight practical applica-

tions for aerodynamic reorientation, we demonstrate two tail-

assisted tasks: aerial self-righting and forward acceleration.

The aerial self-righting task corresponds to the model analysis

and shows the utility of expanded control authority, whereas

the forward acceleration task tests the ability of the tail to

apply this control authority to a dynamic task that requires

both linear and rotational motion.

A. Aerial Self-Righting

To verify these model results and highlight practical ap-

plications for aerodynamic reorientation, we first demonstrate

the use of an aerodynamic drag tail in an aerial self-righting

task. This task corresponds directly to the model analysis and

Fig. 5. Experimental validation of drag coefficient and quadratic torque
to velocity relationship. Aerodynamic torque produced by a half cylinder
aerodynamic drag tail was measured while rotating the tail at various angular
velocities. The red dots represent experimental data, and the black line is a

quadratic fit given by τD = 0.00514 θ̇2
t

, with an R2 = 0.977 indicating
good fit.

shows both the utility and the magnitude of expanded control

authority such a tail offers.

The aerial self-righting task was executed by dropping the

system from a height and providing a step input to the actuator

of a 2x body length tail so that the system rotates 90 degrees

and lands on its feet. This task was previously tested for robots

with inertial tails in [1,15], which were able to successfully

land on their feet but required a tail with more inertia than the

body to do so. This experiment directly tests the ability of a

system to aggressively reorient, as failure to reorient quickly

can result in severe damage to the system if it cannot land on

its feet.

To perform this experiment, a Ghost Robotics Minitaur was

equipped with the previously described aerodynamic drag tail,

oriented vertically and dropped from a height of one body

length (0.5 m). The drop height was defined as the vertical

displacement of the center of mass from the beginning of the

drop to the final resting position. The robot was held aloft by a

quick release clip activated by pulling a pin that holds the clip

in place. This pin was pulled at the same time that the robot

was commanded to begin the reorientation behavior. High

speed camera footage confirmed that the robot consistently

began the reorientation a few milliseconds after the clip was

released. Body pitch data was recorded with an Optitrack

motion capture system. The resulting pitch trajectory is shown

in Fig. 6, and a time sequence of the behavior is shown in

Fig. 7. The simulation data in Fig. 6 was synchronized with

the experimental data at the last instant before the motion

capture data showed a body pitch displacement. This instant

occurs a few milliseconds after the step input is provided at

t = 0 due to backlash in the geartrain and tail deflection.

This experiment consisted of four trials to reduce any noise

in the data, although Fig. 6 shows that the standard deviation

between these trials was very small (σ = 1.5◦ on average over

the course of the fall).

The robot tracks the model-predicted trajectory well, ro-
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t = 0 ms t = 75 ms t = 150 ms t = 225 ms t = 300 ms

Fig. 7. Aerial self-righting time sequence. The robot rotates from vertical to horizontal in one body length of travel. The first frame shows the moment the
robot was released, and the last frame shows the feet of the robot just above the ground. The second frame shows the deflection visible in the tail shaft –
despite the deviations from the model induced by this deflection, the robot is still able to rotate a full 90 degrees in one body length of free fall.

t = 0 ms t = 50 ms t = 100 ms

t = 150 ms t = 196 ms t = 250 ms

Fig. 8. Forward acceleration behavior time sequence. The time sequence of the acceleration behavior shows the tail swinging backwards, shifting the robot
forwards into a position to extend its legs. The behavior ends as the robot’s feet lift of the ground at 196 ms. The final frame shows the forward motion after
liftoff, although this is not considered in calculating average acceleration.

rotational, it still indicates that aerodynamic effects can bolster

the effectiveness of tails in locomotion.

VI. DISCUSSION

The results presented above show that the utility of aerody-

namic tails matches and in some cases exceeds that of inertial

tails, and in doing so can provide a meaningful contribution

to overall system agility. Aerodynamic tails also overcome

several shortcomings that often plague inertial tails. Based on

the quantitative results shown above and from our experience

working with aerodynamic tails, we highlight a few of these

key properties.

A. Mass and Inertia

The most evident advantage of aerodynamic tails is their

low mass. Since producing aerodynamic drag is independent

of mass (unlike inertial reorientation), aerodynamic tails can

be extremely lightweight. This increases the available payload

of a system, and enables leg forces to produce higher acceler-

ations. Lower tail inertia also reduces the impulse required

to arrest tail motion. Inertial tails are capable of rejecting

disturbances rapidly by transmitting energy into the tail, but

shortly thereafter this energy must be removed, either by

applying a counter-torque to slow the tail or from an impact

between the tail and the body. This presents a challenging

planning problem to precisely regulate the flow of energy from

the tail to the body over time. Aerodynamic tails mitigate

this issue by providing large amounts of control authority for

significantly less tail momentum. Lower mass also reduces the

gravitational moment on the tail, requiring less torque to hold

the tail in a static position when active control is not required.








