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Abstract. Inspired by nature’s effective use of tactile feedback for rapid maneuvering, we designed a passive, highly compliant tactile sensor for Sprawlette, a
hexapedal running robot. To bridge the gap between biology and design, we took
initial steps toward understanding how the cockroach, Periplaneta americana, uses
antenna feedback to control its orientation during a rapid wall following behavior. First, we developed a simple template model for antenna-based wall following.
Second, we collected initial cockroach data that supports the idea that the rate
of convergence to the wall or “tactile flow” is being used, in part, for controlling
body orientation. Based on these steps, we designed and calibrated a prototype
tactile sensor to measure Sprawlette’s angle and distance relative to a straight wall,
and employed a simple bio-inspired control law that can stabilize the template dynamics. Finally, we integrated the sensor and controller on Sprawlette and showed
empirically that stabilizing Sprawlette during wall following does indeed require
tactile flow, as predicted.
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Introduction

Animals execute split-second maneuvers to avoid obstacles, catch prey and
evade predators amidst a myriad of information from thousands of sensors
such as vision and touch. This paper tackles the challenge of closing sensory
feedback loops in robotics by deriving inspiration from one of nature’s most
adept locomotors, the cockroach Periplaneta americana. In particular, we
present a new passive tactile sensor, similar in structure and function to
a cockroach antenna, and describe its application to the control of rapid
maneuvering of a hexapedal robot, Sprawlette [6].
For mobile robots, tactile sensing provides a compelling alternative to
traditional sensing methods, such as sonar, capacitive or inductive proximity
sensors, that are highly dependent on the sensed object’s surface roughness,
reflectivity and material properties. Vision-based methods, though very flexible, are computationally expensive and can fail under low light conditions
or high air-particle content.
Often active in low light levels, insects commonly rely on non-visual senses
for self-orientation and navigation. Specialized mechanoreceptors for detecting contact and strain on filamentous support structures such as animal vibrissae or arthropod antennae (see Fig. 1) provide tactile cues from the physical
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Fig. 1. Left. The antennae of the cockroach Periplaneta americana is actuated by its
first two proximal segments, called the Scape (S) and Pedicel (P). The Flagellum
(F) possesses 150-170 passive segments. Right. Sprawlette, a hexapedal robot, is
shown with our prototype artificial antenna.

environment to augment poor or non-existent visual guidance. When moving
slowly, cockroaches actively probe their surroundings by sweeping their antennae through the environment [12]. During rapid locomotion, however, the
base is held more-or-less fixed, while the long, passive (unactuated) flagellum
bends in response to objects in its environment [4]. Specialized mechanoreceptors measure contact and strain, which the cockroach uses to control rapid
maneuvers, achieving up to 25 turns/second in response to environmental
stimuli [4].
Touch probes for mobile robots often take the form of active, actuated
cantilever beams that are swept back and forth through the environment.
When the free end of such a beam is loaded due to contact with an external
object a bending moment is sensed at the base [10,13,18]. Passive sensing has
also been effective [2,14,17], although these methods require slowly moving
platforms to serve the sensor. Recently, Barnes et al. [1] have built and analyzed a large-deflection, passive biomimetic lobster antenna containing three
binary bending sensors that can distinguish obstacles from water flow. Other
tactile sensors for mobile robots include proximity sensors used for obstacle avoidance [3,8,11]. Additionally, whisker sensor arrays have been used to
control ground contact in legged locomotion [15].
Sprawlette (see Fig.1) runs several body lengths-per-second, rendering
slow, active tactile feedback methodologies infeasible. Thus, we seek a highly
compliant, robust and passive sensor that provides just enough information
for stable, rapid maneuvering.

2

Horizontal-Plane Template Dynamics

Animal and machine locomotion results from complex, high-dimensional nonlinear, dynamically coupled interactions between an organism or mechanism
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Fig. 2. Left: Schematic of a cockroach running along a wall. The antenna contacts
the wall a distance α along the cockroach centerline. From that point, the wall
is a distance d from the cockroach centerline. Right: Schematic of the template
model; α is assumed constant. Counterclockwise rotations are positive, thus the
body orientation, θ, is negative as shown.

and its environment. Nevertheless, Full and Koditschek hypothesize the dynamics of locomotion may often be captured by a simple, low-dimensional
model, called a template [7]. As they describe, a single template model often
describes the mechanics of a behavior across a wide variety of animals and
machines, with varying skeletal type, leg number, posture and size.
We present a simple template model that takes a first step toward explaining antenna-based maneuvering. We build on the template idea by incorporating sensor mechanics directly in the model. The model serves two
purposes. First, it enables us to generate simple, refutable hypotheses about
biological neuro-control. Second, it helps us map out the design space for
our bio-inspired artificial antenna and controller, enabling us to implement a
successful wall following behavior with Sprawlette.
Prior work has considered hybrid template models that operate from
“stride-to-stride,” such as the Spring Loaded Inverted Pendulum (SLIP) [5]
or Lateral Leg Spring (LLS) [16]. We further simplify the turning dynamics by considering a continuous model that neglects the details of individual
foot-fall patterns, in an effort to understand the multi-stride phenomena of
wall following. Although cockroaches can move sideways, Jindrich and Full
[9] showed that rapid turns are often generated by a set of forces and moments that keep the heading – the velocity of the center of mass (COM) –
in line with the body orientation. Similarly, despite external perturbations,
Sprawlette also robustly maintains forward running. Thus, we approximate
the dynamics with a second order system incapable of “side-slip.”
Consider a planar body with 3 degrees of freedom (DOF), and attach a
reference frame to the COM, with the X-axis pointing toward the front of the
body as shown in Fig. 2. Suppose there is a straight wall in the workspace and
attach a world frame as shown. Denote the body orientation θ and position

(x, y), relative to (Xw , Yw ). Let ω denote the rotational velocity of the body.
Assuming no side-slip, the body velocity vector can be expressed with respect
to the body-fixed reference frame as V = [v, 0]T , where v is the forward speed
of the body. Thus, we have
θ̇ = ω,

ẋ = v cos θ,

ẏ = v sin θ .

Roughly speaking, Camhi and Johnson [4] hypothesize that while running
along a wall, a cockroach uses antenna strain and/or contact information to
estimate its “head-to-wall” distance. Specifically, we assume that the antenna
measures ahead of the COM a distance α, and measures the distance from
the body centerline to the wall, d. Under these assumptions, we have
d = α sin θ + y =⇒ d˙ = ω α cos θ + v sin θ .

(1)

We assume that a net moment u acts as a control input to the template
model. The polar moment of inertia m and damping coefficient1 b parameterize the dynamics, i.e. mθ̈ + bθ̇ = u. The forward speed, v, is considered
fixed. From (1), for small θ, d˙ ≈ αθ̇ + vθ. Combining, we obtain
sensing
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where U and D are the Laplace transforms of u and d, respectively, and G
is the resulting transfer function.
The system above has eight parameters, including the dimensionless angle, θ, and six dimensional quantities: complex frequency, s; head-to-wall
distance, d; input moment, u; polar moment of inertia, m; damping, b; lookahead distance, α; and forward velocity, v. Defining dimensionless complex
mv
α2
frequency se, these reduce to four dimensionless groups: u
e = u mv
2 , τ = bα ,
de = d τ1α , θ; with se = s αv . From (2) the dimensionless transfer function relate s) = 2(es+1) .
ing u
e and de can be written G(e
s
e (τ s
e+1)
The dimensionless parameter τ describes the behavior of the open-loop
transfer function. If the cockroach uses negative feedback from the antennabased distance measurement d, then τ puts constraints on what control
structures can stabilize the system. The simplest possible feedback strategy
might be proportional feedback (P-control) of the form u = −KP (d − d∗ ).
An important question is whether such a naive strategy can stabilize the
model. Under proportional feedback the closed-loop dynamics are given by
GCL = KP G/(1 + KP G). Root locus analysis on the gain KP leads to three
qualitatively distinct cases:
1. τ > 1. The system cannot be stabilized with P-control.
1

Damping is used to model stride-to-stride frictional and impact losses.

ll
Wa
x
Wall #1

-x

#2

f

0

Fig. 3. Multiple exposures of a cockroach running along wall #1 until it reaches an
angle change and then begins running along wall #2. The distance traveled along
the wall is x, and x = 0 corresponds to where wall #2 intersects wall #1. The angle
of wall #1 relative to wall #1 is given by φ.

2. τcrit < τ ≤ 1, where τcrit ≈ 0.1. For all choices of the gain KP , the system
will be under damped and oscillatory.
3. τ ≤ τcrit . The system can be stabilized with P-control, and for an appropriate choice of KP , the system can be under, over or critically damped.

3

Biological Hypothesis: Feedback from Tactile Flow

Accurately characterizing the parameters for a cockroach represents work
in progress. Estimating bounds for b is challenging as it requires estimating
energy dissipation during turns, which may not be feasible. Nevertheless, the
system can easily be stabilized for all τ with proportional-derivative feedback
˙ where (KP , KD ) are the
(PD-control) of the form u = −KP (d − d∗ ) − KD d,
feedback gains. It may also be possible to feedback the angle, in addition to
distance, u = −KP (d − d∗ ) − Kθ θ, with gains (KP , Kθ ), respectively. Note
that, intuitively, d˙ and θ are closely related, and give a measure of the rate of
convergence to the wall. However, one can achieve infinite gain margin with
PD-control, but not necessarily with Pθ-control. In addition to the PD and
Pθ hypotheses, there are many other alternatives, such as nonlinear feedback.
Although we do not have an accurate estimate of τ for a cockroach, the
above model suggests that simple proportional error feedback may be insufficient. Motivated by this observation, we made preliminary tests of the
hypothesis that P-control, based on the cockroach-to-wall distance d, is not
enough, and that the cockroach neuro-controller for wall following also has a
rate or angle component. We refer to the rate d˙ as tactile-flow.
As a preliminary test of the tactile flow hypothesis, we recorded two cockroaches at 500Hz as they encountered a change in wall angle, as depicted in
Fig. 3, and digitized the video to extract positions and orientations. The trials consisted of 12 runs with a φ = 30o change in wall angle and 6 with a
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Fig. 4. Preliminary data of cockroaches encountering a wall angle change with their
antenna. The error bars represent 95% confidence intervals for the mean of the data.

φ = 45o change. In very few of the trials did the cockroach body hit the wall.
Since each animal ran at a slightly different speed in each trial we normalized
the data relative to the distance traveled along the wall, i.e. the x component
of the position. The point x = 0 corresponds to the instant when the base of
the antenna becomes closer to wall #2 than wall #1 (see Fig. 3). For x < 0
we measure x along the first part of the wall, and for x > 0, we measure x
along the ramp.
As seen in Fig. 4, the distance traveled before the cockroach is parallel
with the ramp is shorter for the larger angle, φ. We believe that this is a result
of tactile-flow feedback or, possibly, that the antenna can measure the angle
relative to the wall (as we do for our artificial sensor in Sect. 4). Therefore,
preliminary data suggest that distance feedback alone is insufficient to explain
this behavior.

4

Biological Inspiration: A Compliant Antenna

For our prototype artificial antenna, we employed a slightly modified, highly
compliant and lightweight flex sensor from Spectra Symbol2 that changes
electrical resistance in proportion to strain, for very large deflections.
The dynamical analysis from Sect. 2, and the biological observations from
Sect. 3, suggest that an estimate of distance d and angle θ of Sprawlette
relative to a contact surface is desirable. Assuming that the local curvature
(and thus local resistance) along the sensor is some function of distance and
angle, we used a simple least-squares approach to calibrate the antenna to
measure distance and angle.
As shown in Fig. 5, the antenna emanates from the base at 45◦ relative
to the body. We electrically divided the sensor into n = 5 segments, and
2
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Fig. 5. The artificial antenna is divided into several resistance segments, Ri , i =
1 . . . N , enabling measurement of curvature, at several points along the antenna.
From the resistances, we estimate the distance d and angle θ.

measured the resistance, a correlate of local strain, at each point along its
length, R1 , R2 , . . . , Rn . Then, we fit the following affine model:
y = Ax,

where


T
y = d, θ ,

x = [R1 , R2 , . . . , Rn , 1]T ,

(3)

and A ∈ R2×(n+1) are the model parameters. To calibrate the antenna, we
placed Sprawlette in several positions and orientations relative to a surface,
and measured the resulting resistance values on the n segments. Each trial
resulted in a pair x(i) , y (i) , i = 1, . . . , N . We collected trials for 11 angles
ranging from −20◦ to 30◦ and 7 wall distances ranging from 60 to 120 mm.
The results of a least-squares fit are shown in Fig. 6. The resulting meansquared errors are 4.5 mm (7.5%) and 7.2◦ (15%). It appears that a nonlinear
model would provide a better fit for angle. As a simple test, we restricted
the data to a distance range of 60 to 80 mm, which reduced the angular
mean-squared error to 4.9◦ (10%).

5

Antenna-based Wall Following for Sprawlette

Sprawlette is a highly compliant robot with six legs, and two actuators per
leg: a low-power shape actuator that changes the orientation of that leg’s
pneumatic power actuator. For straight-ahead running, Sprawlette can operate “open loop”, by fixing the pneumatic valve timings to generate an
alternating tripod gait, and holding the six shape variables to a constant
posture [6]. Although cockroaches turn by generating active lateral forces,
Sprawlette’s kinematics prevent this. Sprawlette can, however, through small
changes in shape and duty cycle generate relatively large turning moments.
Such changes generate a net angular moment that acts to rotate the body
in the horizontal plane. Fortunately, the resulting misalignment of the COM

Fig. 6. Least-squares errors for estimates of distance d and angle θ, shown in Fig. 5,
using the artificial antenna. Error bars represent the min and max error at each
actual distance or angle.

velocity and the body orientation self-corrects via passive horizontal forces
[6], and thus the template model described in this paper seems plausible.
For our control input, we change the “shape” of Sprawlette as a function
of a single parameter, γ. This results in a graded turning moment. Presently,
we neglect the dynamics of the servomotors, pneumatic pistons and valves
and leg compliance the characterization of which represents work in progress.
Therefore, we assume that for sufficiently small shape changes, we have u =
Kγ for some (unknown) gain K, and θ and d evolve as in Sect. 2.
We implemented an analog PD-controller based only on total resistance
(i.e. n = 1 in Sect. 4). A half-bridge sets the point of nominal distance from
the wall. Potentiometers tune KP , KD and the nominal head-to-wall distance.
Since K is unknown, the effective scales of KP and KD are unknown as well.
We recorded Sprawlette on a treadmill along a wall, as shown in Figure 7, at
several different choices of KP and KD , and digitized the video to compute d
and θ at each video frame. Table 1 summarizes the experiments. As expected,
we are unable to stabilize the robot without adding damping. With carefully
hand-tuned gains, the robot reaches a desired distance from the wall within
1 to 2 seconds.

Batch# N
1
3
2
2
3
5
4
3
5
2
6
3

KP KD
6.0 0.0
6.0 0.8
10.5 1.4
13.2 1.8
17.5 0.0
17.5 1.4

Rise Time % Overshoot 15% Settling Time
2.0 ± 1.0
1.2 ± 0.1
did not converge
2.7 ± 0.1
2.6 ± 0.8
did not converge
0.7 ± 0.1
30% ± 10%
1.9 ± 1.1
1.0 ± 0.6
28% ± 34%
1.2 ± 0.4
unstable
unstable
unstable
unstable
unstable
unstable

Table 1. Results for different choices of the feedback gains KP and KD .

Fig. 7. Multiple exposures of Sprawlette on a treadmill. Initially, Sprawlette was
held a few centimeters away from a Plexiglas wall. When released, the robot turns
according to a simple PD controller. When the controller is properly tuned, the
robot converges to the desired antenna length within 1 or 2 seconds.

6

Conclusions and Future Work

Our mathematical model of antenna-based maneuvering in cockroaches lead
to a novel and effective robotic sensor. As our simple model illustrates, tactile flow may represent a critical ingredient for high-speed wall-following and
similar maneuvers. Initially, our implementation was based on analog differentiation of the electrical signal corresponding to distance. However, there
are many alternatives to explore. For example, feeding back angle, rather
than tactile flow, may also lead to high-performance, stable controllers.
Future work will focus on antenna feedback for high-performance locomotion, both in biology and robotics. In addition to “reverse engineering” the
cockroach control structure, we wish to explore the mechanics of the antenna,
to understand advantages and disadvantages of changing antenna size, shape
and stiffness; this will require a comparative study among animals. Understanding these principles will lead us to better future antenna designs.
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