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Study of Squirrel–Rattlesnake Interaction

in Laboratory and Natural Settings

I
n this article, we employ robotic/mechatronic squirrel
models for the study of ground squirrel/rattlesnake inter-
action, both in the laboratory and rugged natural envi-
ronments. These robotic models
are unique because they must in-

teract with live, potentially hostile
animals. Our robots are now being
used for long-term studies on rat-
tlesnake behavior after squirrel en-
counters. Many of these studies would be difficult, if not
impossible, to perform without the robotics technology.

Collaboration between scientists from robotics and biol-
ogy has created a number of important new directions in
research for both the fields. Specific biological constructs are

being used to develop many novel
robotic designs and control archi-
tectures (commonly referred to as
biorobotics [1], [2]). In another ap-
plication of biorobotics, robotic and
mechatronic tools and models are

being used to understand the basic science of animal behav-
ior [1], [3]. These robotic/mechatronic animal models are
not necessarily designed to look and move like a real animal
in all aspects; rather they are carefully engineered to explore
a particular biological hypothesis about animal behavior [1],
[3]–[6]. The robotic tools are not meant to replace other
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forms of biological and animal behavior study techniques
(e.g., observation, dissection, and computer modeling) but
are meant to contribute one more tool that biologists can
use to understand their subjects. However, the robotic tools
offer animal behaviorists with new possibilities for empirical
research. These new tools become especially powerful when
live animals can be induced to interact with robots. For
example, individual components of signaling behavior can
be isolated and tested, thus providing definitive empirical
tests of how a specific signal component elicits a specific
response. Robotic/mechatronic animal models have been
interactively used with live animals primarily to study three
different areas of animal behavior: animal communication
(e.g., [7]–[9]), mate selection (e.g., [10]–[12]), and predator–
prey interactions (current study). In our research program,
we have formed a joint team—composed of roboticists and
animal behavior researchers—that has designed, fabricated,
and performed experiments in which robotic/mechatronic
squirrels interact with live rattlesnakes, both in the labora-
tory and natural settings (Figure 1).

Here, we present not only engineering details from our
research but also biological results to illustrate how the bio-
logical context of our experiments has framed our engi-
neering efforts. In our studies, the biologists contribute to
robot design and building, and engineers contribute to
behavioral data collection in the field and laboratory. In
this way, both specialties gain a deeper understanding of
the possibilities and constraints of each other’s discipline,
which ultimately leads to new research results.

Rattlesnake–Squirrel Interaction
and Effect of Tail Heating
The predator–prey relationship between ground squirrels
and snakes is ancient [13], extending to the ancestors of
the modern species approximately 10 million years ago
[14], [15]. Rattlesnakes (Crotalus spp.) can consume up
to 34% of all California ground squirrel (Spermophilus

beecheyi) newborn pups [16], [17], which can comprise
up to 69% of rattlesnake diet. However, adult California
ground squirrels have evolved the ability to neutralize rat-
tlesnake venom [18], [19]. Consequently, a rattlesnake
bite can injure but not kill adult squirrels. Because they
are resistant to rattlesnake venom, adult ground squirrels
have the option of behaving assertively while dealing with
rattlesnakes [20]–[23]. This is an option squirrels are
especially likely to exercise if they are maternal females
defending vulnerable pups [24]. During such confronta-
tions, adult ground squirrels exercise impressive skills,
such as tail flagging (wagging the tail from side to side)
and blasting loose dirt, while effectively evading the
snakes’ defensive strikes [25] and vocalizing to their pups
[24], [26]. Adult ground squirrels do at times attack and
even kill snakes, occasionally including rattlesnakes [16],
[21], [27], [28]. Such behavior by adult squirrels protects
pups by redirecting rattlesnake behavior from hunting to
self-defense [29] and preempting pup confrontation of
the snake [30]. On the other hand, rattlesnakes have
evolved a specialized infrared-sensitive pit organ that can
exquisitely sense heat, which has significantly enhanced
their effectiveness as predators on small mammals [31]–
[33]. Also, snakes rely extensively on their specialized
chemosensory abilities to locate and identify prey [34],
[35] but are less sensitive to airborne sounds and fine
visual details [36], [37].

In an intriguing laboratory observation, California
ground squirrels were observed to increase their tail tem-
perature when confronting rattlesnakes with tail flagging,
but tail flagging without added tail heat when confronting
gopher snakes (Pituophis melanoleucus), a species that
hunts California ground squirrels but has no infrared
sensory system [29]. This suggested that tail heating was
important in discouraging rattlesnake engagement, but
controlled trials were needed to compare the effects of tail
flagging with and without tail heating. Unfortunately, these
kinds of controlled studies would be impossible with live
squirrels as there was no easy way to prevent them from
heating their tail in the presence of rattlesnakes (to com-
pare the effects of presence/absence of this modality).
Therefore, we set out to create a believable squirrel model
(to the rattlesnake) that could be used for controlled testing
of tail flagging and heating, both separately and simultane-
ously. The robot squirrel model needed to 1) flag its tail
from side to side at various rates (in open loop and/or in
closed loop contingent upon the distance between the
snake and squirrel), 2) heat and tightly maintain its core
body temperature to mimic conditions seen in the field, 3)
heat and tightly maintain its tail temperature to precise lev-
els (independent of core body temperature), and 4) gener-
ally look and smell like a believable squirrel. The general
experimental setup is shown in Figure 2. The robot squirrel
model displays various signals to a live rattlesnake. Behav-
ior and relative position of the two animals (one real and
one robot) is observed either by a human or by an external

Figure 1. Field-ready squirrel robot waits at Camp Ohlone
in the Sunol Regional Park, Sunol, California. (Photo courtesy of
R. Johnson.)
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video camera. The external observer then dictates the
movement of the robot, either in automatic closed loop for
the laboratory experiments or via teleoperation from
remote control in the field. The field versions of the robot
contain built-in video cameras to monitor the snake from
the robot and data logging of internal robot control signals
via a secure digital (SD) card.

Laboratory Robosquirrel Test Bed and Results

Robot Design and Features
The laboratory robot was created using a taxidermically
mounted adult female California ground squirrel (Spermo-
philus beecheyi) [29]. The interior of the squirrel’s body
was filled with coiled Nichrome 80 resistance wire, and its
tail contained a cartridge heater. Both the Nichrome wire
and the cartridge heater were connected to thermostats
wired with thermocouples placed inside the body and tail
allowing for precise and independent control of both tail
and body temperature (Figure 3). The thermostats used a
proportional-integral differential (PID) control loop to
regulate the duty cycle of the relays that provided power
to the two heaters. The tail was mounted on a servo,
allowing the robot to tail flag at commanded intervals.
Control of the tail-flagging behavior was accomplished

using MATLAB software via a mini synchronous serial
channel microcontroller.

Closed-Loop Experimental Test Bed
An overhead camera monitored the arena in which the
robot was mounted. A small removable red light-emitting
diode (LED), powered by a 3-V coin cell battery, was
placed on each rattlesnake subject prior to its experimental
trial. As snakes entered the arena, snake and arena images
were analyzed via MATLAB to determine the distance
between the squirrel and the LED and the subsequent rate
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Figure 2. Experimental interaction between the robot, live
rattlesnake, and external observer. The robot conducts playback
displays to the snake. The external observer then records the
snake behavior and initiates further robot behavior (either
through closed-loop automatic control or human teleoperation).
The figure shows the five main functions of the robot, including
onboard video recording and internal control signal data logging
in the field version of the robot.

Heated Tail

Heated Body

Figure 3. Infrared image of a robotic ground squirrel model
(front facing) with body and tail both heated. The infrared
signature of the model closely approximates that of a
rattlesnake-engaged California ground squirrel. (Photo courtesy
of A. Rundus.)
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Figure 4. Image of a rattlesnake next to the simulated
squirrel burrow oriented toward the ground squirrel model
during a test trial. Note the LED on the rattlesnake, enabling
automated tracking and subsequent closed-loop adjustment
of the rate of tail flagging by the model. (Photo courtesy of
A. Rundus.)
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of tail flagging (Figure 4). Our code first identified the LED
pixels within the image and then converted the pixel coor-
dinates to physical coordinates using an arena preregistra-
tion. As the distance between the squirrel and rattlesnake

decreased, the squirrel increased the number of cycles of
tail flagging per bout (the number of times the tail com-
pletes 180� of side-to-side motion). Regardless of the
number of cycles per bout, the squirrel models tail flagged
at random intervals with an average of 5 bouts/min. Rates
of tail flagging were based on previous field observations
of ground squirrel and rattlesnake encounters [38]. The
entire robot was mounted on a wooden stage beneath
which the heater relays and thermostats were mounted. All
electronics for the original robotic model were designed to
run off 60-Hz, 110-V power. Squirrel models were stored in
sealed plastic containers with used squirrel bedding before
and between experimental trials to impregnate them with
ground squirrel odor. The robotic model was controlled en-
tirely by a computer during testing.

Experimental Protocols, Testing, and Results
Fourteen adult northern Pacific rattlesnakes (Crotalus ore-
ganus) were collected in 2004 from several locations on the
western edge of the central valley of California. All experi-
mental trials were conducted in an enclosed two-chamber
apparatus consisting of a 0.51 m 3 0.63 m 3 0.79 m starting
chamber connected by a runway to a 1.17 m 3 1.22 m 3

0.79 m testing chamber containing a simulated squirrel
burrow (Figure 4). All snake subjects were conditioned to
feed on euthanized rat pups placed inside the squirrel bur-
row for a period of 14 weeks prior to experimental trials.
The testing chamber was maintained at an illumination of
70 lx and a temperature of 22 �C. These reflect the sum-
mertime conditions in Winters, California, at dusk, one of
our snake-collection sites.

Rattlesnakes responded to the robot in the same way
as they would to a natural squirrel encounter [20],
[24],[31], [38], suggesting that the robot was an appro-
priate surrogate to a live squirrel. Rattlesnakes engaged
with the squirrel models behaved more cautiously,
spending less time moving and less time in an elongated
posture compared with baseline trials (no squirrel model
present). Furthermore, trials with the robotic squirrels
evoked rattling by the snakes and defensive postures
such as coiling and cocking-to-strike that were not seen
in the baseline trials [29]. However,this shift from
predatory to defensive behavior was much more pro-
nounced in the trials in which the squirrel’s tail was
heated with tail flagging (infrared test condition). Laten-
cies to enter the simulated squirrel burrow were greatest
for rattlesnakes in the infrared test condition compared
with baseline trials, and the snakes tended to enter with
larger latencies compared with control trials [tail flag-
ging but no tail heating, Figure 5(a)]. During infrared
trials, rattlesnakes spent more time oriented toward the
model [Figure 5(b)] and more time in a cocked-to-strike
posture [Figure 5(c)]. Additionally, rattlesnakes adopted
defensive coiled postures and exhibited rattling behavior
only in the trials in which the squirrel model’s tail was
heated [29].
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Figure 5. Behavioral responses of rattlesnakes to the squirrel
models. (a) Latency in minutes for the snake to enter the
simulated burrow. Proportion of time intervals spent by the
snakes (b) oriented toward the squirrel model and (c) in a
cocked-to-strike posture. Bars show means 6 standard error of
the mean and * indicates P < 0.05. Baseline condition
represents no squirrel model in arena. Control condition
represents squirrel model present with tail flagging but no tail
heating. Infrared condition represents squirrel model present
with both tail flagging and tail heating. Redrawn from [29].
(Photo courtesy of A. Rundus.)
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Field Robosquirrel Test Bed and Results
Our success with the laboratory squirrel model encouraged
us to use a similar model to study squirrel–rattlesnake
interaction in natural settings. Several open questions
remain in this interaction that could be answered using a
field-ready model. Initial analyses of natural squirrel dis-
plays toward free-ranging rattlesnakes indicate that there
is a strong correlation between the number of tail flag dis-
plays given to a snake and the probability that the snake
abandons its attempt to ambush squirrels from a particular
site (unpublished data). However, it is difficult to establish
a causative link between these behaviors without being able
to conduct empirical trials. Although such trials would be
impossible with live squirrels, we can use a squirrel robot
to conduct experimental playbacks with variable numbers
of tail-flag displays and then track the rattlesnakes for long
periods in the wild.

Prototype Robot Design and Features
Our strategy to transition from the laboratory to the field
was first to quickly modify our laboratory robot to perform
initial field tests and then use the experience gained in the
field tests to inform a complete outdoor robot redesign. The
previous laboratory heating control system, consisting of the
thermostats and relays, was repackaged to be housed in a
toolbox to provide a secure mounting location, safely enclose
the 110-V electronics, and provide convenient transporta-
tion (see red toolbox in Figure 6). The 110-V power for the
heaters and thermostats was provided by a Duracell Power-
pack inverter (see orange power pack in Figure 6).

To remove the requirement for a desktop computer to
process data and cue the tail flagging, an 8-b radio control-
ler was built from encoder/decoder ICs. This allowed a
remote control to be used from a distance (successfully
tested at >50 m) to trigger tail flagging. Four buttons were
available on the remote controller that triggered one–four
tail flags in quick succession. The receiver circuit was
located in a metal enclosure and fed the states of the tail
flag switches on a remote control to a BASIC Stamp
mounted on an evaluation board. The receiver circuit
included LEDs to aid in debugging any possible radio com-
munication issues that might arise. The BASIC Stamp
drove the tail servo depending on the states of the switches
on the remote control. Power for both the microcontroller
and the receiver circuit came from a 9-V battery tied into
the evaluation board.

Prototype Field Testing and Lessons Learned
Fielding a robot in a natural rattlesnake setting is a compli-
cated undertaking, both in terms of the terrain itself and
the staging requirements of each trial (Figures 6–8). Initial
field testing was done at the Santa Margarita Ecological
Reserve (SMER) outside the town of Fallbrook, California,
operated by San Diego State University. SMER contains
avocado orchards and orange orchards, as well as large quan-
tities of rough terrain covered in dense brush (Figure 7).

At SMER, six red diamond rattlesnakes (Crotalus ruber) were
previously radio tagged for extended study. The tagging in-
volved surgically implanting a sealed radio transmitter and
antenna into the body cavity of the snake. Each transmitter
broadcast at a specific frequency that allowed each individual
to be located and tracked by radio antenna over an area of
several square kilometers (see Figure 7).

Testing was started in early September 2008 and contin-
ued intermittently through late October 2008. Red dia-
mond rattlesnakes have been observed to be actively
foraging and preying on California ground squirrels dur-
ing those months. The snakes were located via radio telem-
etry prior to testing. If the snakes were located above
ground in an accessible position, they were presented with
one of two treatments: the enclosure and squirrel with
body and tail heating or just the metal enclosure without
the robot (control). During the trials, one observer would
position the robot from behind the blind and control the

Figure 6. Prototype field-ready robotic squirrel sits on hillside in
SMER outside the town of Fallbrook, California. Red toolbox
contains thermal controllers and orange box contains power
inverter. (Photo courtesy of S. Joshi.)

Figure 7. Researcher uses radio antenna to search for previously
radio-tagged red diamond rattlesnakes. Finding the snakes
sometimes involves hiking from a few meters to several hundred
meters with robot in tow. SMER. (Photo courtesy of S. Joshi.)
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tail flagging if present, while a second observer would
monitor the behavior of the snake in response to the pre-
sentation (Figure 8). A trial consisted of three 120-s pre-
sentations, each separated from the others by 120-s
periods during which the stimulus was withdrawn. After
completion of a successful trial (a full 12-min cycle of pre-
sentations without the snake withdrawing), video record-
ers were left in position to monitor the snake’s behavior for
up to 24 h afterward. Such extended posttrial monitoring
of the snake’s behavior is crucial for evaluating the impact
of the robot encounter on the target snake. Rattlesnakes

wait in ambush for long
periods of time to suc-
cessfully forage for prey
(six to seven days in the
case of some individuals);
so observation of the long-
term effects of the robot on
a snake is critical to fully
understand its impact.

Since the number of
trials with the original field
robot was small, statistical
data concerning the im-
pact of the robot on the
rattlesnakes are unavail-
able. When presented with

the robot, the target snakes responded in ways similar to their
reactions to natural squirrel encounters, through tongue flick-
ing and very slight head reorientation. In contrast, target
snakes showed no response to the control presentation of the
metal enclosure alone. This suggested that the robot was
doing a suitable job of impersonating a real ground squirrel
(although more trials would have to be completed for statisti-
cal conclusions).

More importantly, the field testing provided experience
with deploying the robot in the field and indicated ways to
improve the robot in future iterations. Our most important

discovery was that the prototype outdoor robot was heavy
and cumbersome to transport and present to snakes (both
the robot itself and the requisite power pack and heating
controls toolbox, Figure 6). Transportation was a real issue
as the robot had to be carried by researchers in very rough
terrain that included wading through thick brush, hiking
up cliffs, and scaling large rocks. In addition, the research-
ers had to be vigilant to avoid the myriad of other venom-
ous snakes, tarantulas, and mountain lions common to the
area. Two to three people were required to carry the equip-
ment from one snake site to another.

Presentation of the robot to the snakes was another
critical issue. The snakes chose a variety of ambush sites at
SMER, including the underside of large rocks, brush, the
edge of cliffs, and on tree branches. Each site presented
unique challenges in simulating a squirrel approach (with
the humans hiding) and recording the snake’s behavior
(Figure 8). It became clear that extended field experimen-
tation would require that we redesign the robot to reduce
the complexity of connecting all the component boxes
every time the robot was to be used (power pack, heating
toolbox, and actual squirrel), reduce the number of com-
ponents to be carried around (as well as the size and weight
of the robot), provide additional means to record snake
behavior through advanced video capability, make the
robot as durable and simple to use as possible, and simplify
the task of repairing the robot and associated electronics.

Outdoor Robot Redesign and Features
Once we confirmed the feasibility of field deployment of a
robotic squirrel, a completely new version was designed.
This required that we abandon all the 110-V electronics,
create custom electronics, and reduce the overall bulk and
weight to be transported. All previous features were re-
tained (albeit with new designs), such as the body and tail
heaters, tail flagging, and remote user control. In addition,
new features were added, including onboard cameras and
data logging to a removable SD card. Most dramatically, all
power sources, heaters, control processors, and onboard
cameras were fitted into a small mounting box underneath
the squirrel itself (Figure 1). This made deployment and
operation of the robot substantially easier in rough terrain
and met all the requirements identified by the initial field
testing described previously. Figure 9 shows a block dia-
gram of the entire electronic hardware layout of the robot.

The new robot design was based around an ATmega128
microprocessor, with 4 kB of data memory and 128 kB of
program memory. The microcontroller was mounted on
a custom two-layer printed circuit board (PCB) that
included a DB9 serial port for RS232 communication, an
SD card slot for data storage, a Joint Test Action Group
port for programming/debugging, radio control hard-
ware, and all the requisite discrete electronics (Figure 10).
The main program of the microcontroller functioned
fairly simply: it ran in a permanent while loop that con-
stantly checked for user input from the remote control.

Figure 8. Presentation of robotic squirrel involves positioning
squirrel in front of the snake and then remotely operating the
robot. Separate researcher videotapes snake movements. SMER.
(Photo courtesy of S. Joshi.)
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Every second, however, an internal timer interrupt trig-
gered the microcontroller to sample the temperature of
the squirrel body and tail, run a proportional-integral
(PI) heating control loop for each, and log the current
time and temperature to the SD card. After the interrupt
was finished, the controller resumed checking for user
input until the next timer interrupt was triggered 1 s later.
This continued indefinitely until the power was removed
or a hard reset was triggered.

Unlike the previous version of the robot, which had
separate heating controllers in addition to a microcon-
troller responsible for the tail flagging, the new version
integrated the heating controls into the microcontroller.
Temperatures were sampled by 100-kX thermistors
located in the body and tail. Data for the PI control loops
were stored in two data structures that were updated each
time the hardware interrupt was triggered. Control of the
Nichrome heating elements was accomplished through
pulsewidth modulation (PWM) control of transistors.
The duty cycle of the PWM was varied according to how
much heating power was required to reach the desired
temperature. Depending on ambient conditions, the
robot took approximately 5–10 min to reach the steady
state temperature.

Control of the tail flagging was handled through a 16-
b counter in fast-PWM compare-match mode hooked up
to the same Hitec servo from the initial version of the
robot. The servo required a PWM signal with a 20-ms
period and a duty cycle between 2.5% and 7.5%. The duty
cycle varied the angular position of the servo and tail
position. When user input was detected, the compare-
match value was varied in the timer registers to alter the
duty cycle and change the position of the tail. The duty
cycle was varied multiple times, with several delays in
between to give the appearance of the tail flagging back
and forth. Unlike the previous version of the robot that
had the tail servo mounted inside the metal enclosure, the
new version had the servo mounted inside the robot itself
(within the squirrel body), which allowed for a more real-
istic tail-flagging motion (Figure 1). Power was provided
by a single 12-V, 1.4-Ah sealed lead acid battery. The
heating elements were driven directly at 12 V, while all
the other electronics were regulated at a lower voltage
level. Radio control was accomplished using a premade
receiver–transmitter kit. This kit consisted of two periph-
eral interface controller microcontrollers programmed to
work as 8-b radios.

A camera provided a live color video feed to the opera-
tors of the robot to help aid in positioning the squirrel
appropriately relative to the snake and then to monitor
the snake itself. The camera provided 640 3 480 resolu-
tion in full color, outputted through an RCA receptacle
on the rear of the robot enclosure. This allowed a long
video cable to tether the robot to a handheld video moni-
tor in the blind and allowed the manipulator of the robot
to determine the robot position with respect to the target

snake more accurately. Once in the field, handheld porta-
ble digital video recorders were available that could cap-
ture and record the video feed.

Experimental Testing and Results
Field testing of the new redesigned robot was done at Camp
Ohlone in the Sunol Regional Park in Sunol, California. We
performed field tests at that site from the months of April
2009 to July 2009. The field site was selected because of the
large populations of both California ground squirrels and
northern Pacific rattlesnakes. Camp Ohlone features a large
walnut orchard with a sizable squirrel colony as well as
several other large colonies located nearby. The terrain at
Camp Ohlone is generally less severe and has a lower
density of vegetation than SMER, making it an attractive site
for field work. Our goal was to carry out a preliminary test
of the pursuit-deterrence hypothesis. This hypothesis pre-
dicts that rattlesnakes should abandon their ambush sites if
a squirrel tail-flagging visit verifies that they have lost the
advantage of surprise [32].

Figure 10. Custom-designed robotic squirrel control board
measuring 8.6 cm 3 7.6 cm (slightly larger than the face of a
deck of cards). (Photo courtesy of R. Johnson.)
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Figure 9. Block diagram of the robot electronic hardware.
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Robot trials were initially scheduled for mid-May to
coincide with the newly born squirrel pups coming above
ground for the first time, as the new pups are the primary
prey target for the rattlesnakes during this time. In the days
leading up to pup emergence, 17 snakes were captured and
radio tagged (in the same method as the red diamond
snakes at the Santa Margarita field site) so that they could
easily be tracked and located. Snakes were selected for robot
trials based upon their location and accessibility. Only

snakes that were actively
foraging in or on the out-
skirts of an active squirrel
colony were selected to
receive presentations of
the robot. Additionally,
the snakes had to be in an
accessible position where
the robot could be easily
presented to them. Snakes
that were hiding deep
within burrows were not

accessible for effective presentations and did not receive tri-
als unless they emerged from their ambush location. The
goal is to present each snake with a full suite of three trials.
These included the robot with heating and tail flagging, the
robot with just heating, and a control trial of just the enclo-
sure. Video footage from both the robot and an external
handheld camera was taken to monitor the response of the
snake to the stimulation. In addition, video cameras were
left at the snake site afterward to observe the long-term
effects of the interaction with the robot, such as abandoning
its location.

The robot was operated by a researcher hidden from view
behind a large field blind. Trials lasted 5 min and involved
five presentations of the robot. Each minute began with a
10-s robot or control presentation and ended with a 50-s
period during which the robot was withdrawn from the
snake’s view. Eleven such presentations were conducted in

all: five with a full defensive display, two with just body and
tail heating, and four with just the control box. These 11 pre-
sentations were spread among seven unique rattlesnakes,
which were all in ambush hunting positions in a ground
squirrel colony. Both immediate (during trial) and delayed
(after trial) responses were quantified.

Our small sample size and nonindependent data points
did not permit a rigorous statistical analysis, but our results
were consistent with the pursuit-deterrence hypothesis. Rat-
tlesnakes appeared to abandon ambush sites sooner after
receiving the tail-flagging robot trial than after both the non-
tail-flagging robot and box trials (Figure 11). The results from
the control trials also suggest that the enclosure on which the
robot is mounted has little effect on how the snake perceives
the robot. Although the relatively lengthy delay between tail-
flagging trials and abandonment (mean = 2.3 h) seems long,
there are other variables that have strong effects on snake
movement, such as how recently the snake has eaten, and the
snake’s body temperature [32]. In general, snake behaviors
transpire over a longer temporal scale than humans are used
to and what may seem like a long delay to a human observer
may not be so for a foraging snake (see [31]).

Unfortunately, statistically significant data about how
snakes respond to the robot will take multiple seasons to
amass. The probability of a successful robot presentation
depends heavily on the location and orientation of the
snake. The robot requires a clear approach to the snake
that is free of excessive vegetation and substrate. In addi-
tion, the target snakes are often found in ambush positions
inside squirrel burrows, which are too small for presenta-
tion of the robot. Consequently, the rate of accumulation
of successful trial data is quite low; acquisition of sufficient
data for rigorous statistical analyses will require either
multiple field seasons (years) or larger sample sizes of
radio-implanted snakes. However, we now have the tools
to conduct such a study.

Discussion and Conclusions
Results from our laboratory study suggest that our infrared
playback technique was tapping into an infrared-based
communicative system between ground squirrels and rat-
tlesnakes, as we reported in [29]. The addition of an infra-
red component clearly shifted rattlesnakes from hunting to
defensive behavior. Such an impact would not only protect
pups but might also be expected to encourage rattlesnakes
to leave the area, an effect that similar tail-flagging con-
frontation by chipmunks and gray squirrels appears to
have [32]. Future versions of the robotic squirrel models
designed to accompany infrared-reinforced tail flagging
with substrate throwing and looming (as done by squirrels
in natural environments) could provide a more complete
understanding of the dynamics of interactions involving
infrared signaling.

Experiments with our robot could also allow us to assess
the responses of other squirrels to tail-flagging displays.
Antipredator displays have been hypothesized to deter
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Figure 11. Time to abandonment of snake ambush site versus
presentation method (means 6 standard deviation).
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predators not only by signaling to the predator that it has
been detected but also by advertising the presence of the
predator to others [33]. In the current version of the robot,
tail flagging is done with fairly noisy servos. Initial tests of
the robot with live squirrels tended to startle the live squir-
rels (unpublished data), possibly because of the servo
noise, or some other facet of the squirrel that indicated it
was not a real squirrel.

We learned several more general lessons with robosquir-
rels in the laboratory and field, which may extend to other
robotic models as well. First, close collaboration between
roboticists and biologists is very important during robot
design. Engineers need a clear understanding of both the
robot features important to biologists and the conditions in
which the biologists are conducting their experiments. As
mentioned earlier, in our studies, the biologists contributed
to robot design and building, and engineers contributed to
behavioral data collection in the field and laboratory. How-
ever, ultimately it was the goal to have the biologists use the
robots without the need for constant support from the engi-
neers. Even the most advanced robotics tools are useless
unless they can be used easily and effectively.

Second, the robot designers need to consider not only
the features that the robot must possess to interact with the
live animals but also the entire experiment cycle, from
transport to calibration and setup, to deployment, to actual
interaction, and cleanup. Major difficulties in any of these
facets could lead to rejection of the robot as a research tool.
Third, durability and robustness of the robot systems are
very important. If a robot fails midway through an interac-
tion experiment, not only are those particular interaction
data invalid, but the live subject with which the failed robot
interacted could be called into question for future interac-
tion trials. This can seriously compromise the study, as live
subjects are difficult to obtain and expensive to maintain.
In the field, if the robot breaks, it must be replaceable or
repairable quickly and effectively. If the robot fails in the
field, then that entire field season could be wasted, includ-
ing the human researchers’ time, travel costs, and housing
costs. Therefore, the most complex robot is not necessarily
the best robot. It may be best to limit the number of mov-
ing parts or limit the number of components that are left
exposed to the weather.

The field of biorobotics/biomechatronics is in its infancy,
and there are a number of fundamental issues that must be
studied including: what makes a robot believable to another
animal, what are the kinds of studies in which a robot is the
best choice as a research tool, and what kind of training is
needed for the next generation of researchers to effectively
design and incorporate these new research tools. The answers
to all these questions will guide the field in the future.

Dedication
This article is dedicated to our friend, colleague, and men-
tor, Prof. Donald Owings (1943–2011). He will be missed
by many.
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