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ABSTRACT
The ability for an organism to right itself (correcting the orientation of its
body when overturned) in its environment is crucial to survival. Righting behavior
can vary widely among taxa, and is largely based on body morphology. Tarantula
righting behavior is not only needed in critical situations (falling and landing
upside down), but is necessary after molting, when the tarantula must
intentionally turn itself upside down in order to shed the old cuticle. In order to
describe and analyze the mechanics of this behavior, 33 external markers were
painted on leg joints and abdomen. Two species of tarantula, Grammostola
rosea and Aphonopelma sp., were filmed with four spatially calibrated, and timesynchronized, high speed video cameras. Righting behavior was digitized in
Matlab to create a 3D model for visualization and analysis. We observed a
stereotypical sequence of behaviors within each species used to rotate the body
into the prone position. In all species, the third and fourth pair of legs are initially
used to lever the cephalothorax off of the substrate. Aphonopelma rotates the
prosoma primarily with the tarsus of the right second and third legs, while G.
rosea uses the patella of the right third leg to rotate the prosoma. The efficiency
with which tarantulas conduct this stereotypical behavior displays how such
morphologically complex organisms can have an extraordinary amount of control
when moving their bodies

INTRODUCTION
Righting Behavior in Animals
The ability for an organism to right itself in its environment is essential for
survival. Being overturned and unable to move leaves an individual vulnerable.
Softer body parts may be exposed to predators, the individual may not be able to
move around to hunt for prey, or escape a predator. Righting success and
performance has been regarded as a measure of individual fitness. Individuals
able to perform well, both as a measure of success/failure and relative time of
completion, will have a higher chance for survival than those that are
unsuccessful (Pellis, 1991; Domokos, 2007; Delmas, 2007).
Righting behavior is a reflexive response that is carried out when an
animal is out of its normal upright position. In most vertebrates, this reflex is
initiated due to sensory feedback from the vestibular system, aided by other
sensory modalities, such as somatosensory input, and visual feedback. In many
terrestrial invertebrates, righting behavior is initiated primarily by mechanical
stimulation of sensory hairs. The righting reflex in cockroaches is initiated
through a lack of contact with the ground. Special sensory hairs on the tarsal
segment of the limbs detect substrate contact, and righting behavior is initiated,
regardless of its orientation with gravity (Camhi, 1977).
There is not much need for high performance righting regarding most
vertebrates. The vertebrate torso is generally cylindrical in shape, with more
articulating joints along the body axis, in the vertebral column. The high number
of joints in the torso make any position an animal lies down in relatively unstable,
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and easy to disrupt. This instability means that most vertebrates can simply bend
the vertebral column and roll until the limbs are underneath their center of mass,
and can lift the body off of the substrate. Because the center of mass isn’t lifted
very much during the righting process, little energy is expended. In mammals,
righting is so energetically inexpensive that sleeping while lying on one side, or in
the supine position, is fairly common.
Many arthropods, as well as turtles, have a broad, flat, dorsal surface.
This, along with fewer articulating body parts and a low center of mass, creates a
highly stable overturned position. These animals can’t simply roll their torso until
their limbs are able to carry them. Instead, the appendages need to gain enough
leverage to push the whole body over in order to right itself. This is more
energetically costly, as the center of mass must be lifted up and over the side of
the body (Figure 1) (Faisal, 2001; Domokos, 2007).

Stable

Unstable

Stable

Figure 1. (Top) Sequence of righting behavior in turtles. The neck is extended
laterally and rotates dorsally, pushing the body over its side. (Bottom) Shell
position throughout righting behavior. Both supine and prone positions of the shell
have high stability, with increasing instability at any intermediate position. Black
dots represent the center of mass (COM) of the body, dashed line represents the
pathway the COM takes as the shell is rotated. Adapted from Domokos (2007).
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Given this seemingly awkward shape, lack of flexibility, and less range of
motion, righting behavior presents a greater challenge. The importance of
righting behavior has inspired multiple studies of this behavior across a variety of
taxa. Cockroaches are able to destabilize their overturned position by arching the
abdomen dorsally, and causing them to roll over to one side (Sherman, 1977;
Full, 1995). The horseshoe crab (Xiphosura) has a broad, thick carapace that
surrounds the body, including the limbs. It is able to right itself by rotating its tail
spine, the only appendage that is not covered by the carapace. The tail is
deflected dorsally until it makes contact with the substrate. The tail spine is then
repeatedly rotated until the body pivots enough to roll over onto its ventrum
(Silvey, 1973). Beetles (Coleoptera) are able to flip themselves over in the event
that they are turned onto their dorsum. Frantsevich (2004) conducted a study on
general righting behaviors across 116 species of beetle. The behavior is
described as consisting of a searching phase, where the legs are extended
dorsally to make contact with the substrate, and a righting/overturning phase in
which the individual turns itself over. This overturning phase varies with the body
shape of each species.
Righting behavior in spiders has never been described before, despite the
apparent interest in studies on octopedal locomotion. As a tarantula undergoes
ecdysis it must do so while lying ventral side up. Unlike the taxa previously
mentioned, tarantulas purposefully flip themselves onto their dorsum to begin
molting. This leaves the tarantula much more vulnerable to predation, as it is
unable to escape a predator or effectively defend itself from an attack. Whether a
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tarantula flips itself over to undergo ecdysis, or it is flipped over accidentally, it
needs a quick and efficient way of using its four pairs of limbs to flip itself back
over. The method of how a tarantula would do this is unintuitive, due to its
generally flat, disc-like shape.
Deliberate Righting in Tarantulas: Ecdysis
Arachnids of the family Theraphosidae, the tarantulas, undergo multiple
molts through their lifecycle. Molts tend to occur less frequently as an individual
ages, from 3-4 molts in years 1-3, to a single molt every one or two years past
year 6 (Baerg 1938, 1963). While molting events have not been shown to occur
at a particular time during the day (Minch, 1977), the onset of a molt does seem
to occur seasonally, mainly during April and September (Minch, 1977: Stewart &
Martin 1982).
During a molt, which is considered the entire period where the animal’s
physiology and behavior is altered due to shedding the exoskeleton, an individual
must prepare to undergo ecdysis, which is the term for the actual act of removing
the old cuticle. The first step in preparing for ecdysis is the creation of a silk bed
to lie on. Using a wall or some other structure, it flips upside down (it is not
currently known how the spider does this) onto the bed in preparation. This
orientation greatly increases the likelihood of a successful molt, as it allows the
cuticle to be pushed off the body, rather than pushing the soft body up and out of
the old cuticle. While molting events have been observed with the individual in
the upright position, these are considered to be exceptions to the norm (Minch,
1977).

5
The old exoskeleton, much of which has been resorbed by the body in the
weeks leading up to ecdysis, is initially broken around the anterior and lateral
sides of the carapace, where it meets the flexible pleura above the legs. This is
caused by an increase in hemolymph pressure, due to muscular contractions in
both the prosoma and opisthosoma. Contractions in the opisthosoma can result
in up to a 25% reduction in volume, increasing the pressure and volume within
the prosoma. Once the carapace has been broken, only remaining attached to
the opisthosomal cuticle, the tarantula will flex and extend its legs in unison,
eventually freeing the proximal limb segments. As the old cuticle comes off the
limbs, the abdominal cuticle tears (Minch 1977, Stewart & Martin 1982).
Once the old cuticle is shed, the new cuticle must harden. During this
time, the tarantula flexes its limbs multiple times to ensure limb joints remain
supple until the next molt. This is critical, as the joint membranes may harden
and restrict movement during the sclerotization of the new cuticle (Minch 1977,
Stewart & Martin 1982). Remaining ventral side up allows a greater range of
motion for each limb, and each limb can flex and extend freely until the cuticle
hardens.
Hydraulic pressure regulation in spiders
One of the most notable aspects of spider locomotion and behavior, from
a biomechanical viewpoint, is that they rely on internal changes in hydraulic
pressure. Walking, prey capture, molting, silk excretion, and leg autotomy are all
at least partially controlled by hydraulic pressure regulation. The ability to take
advantage of these pressure changes is largely due to its open circulatory
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system, where hemolymph is pumped from the heart, through arteries, and out
into the lacunae between internal tissues. While the circulatory system generates
baseline pressures in each of the body segments (prosoma, opisthosoma, and
legs), more localized and short term pressure changes are induced by
musculature that compresses the cuticle of the prosoma, resulting in a decrease
in volume, and therefore an increase in pressure
Hemolymph pressure varies among different areas of the body.
Hemolymph pressure tends to be lowest in the opisthosoma, slightly higher in the
prosoma, and pressure in the prosoma is slightly lower than the legs. The
differences in pressure are probably due to the relative strength of the
musculature responsible for maintaining pressure, as well as the extensibility of
the cuticle in each segment (Wilson, 1970). The overall hemolymph pressure in
the tarantula Dugesiella hentzi has been observed to be around 50 mm Hg at
rest. During normal locomotion, pressures typically increase to about 100 mm
Hg, and during maximal activity can reach pressures around 480 mm Hg
(Stewart and Martin 1974). Similar pressure values at rest and during locomotion
have been recorded in a variety of other species of spiders (Parry and Brown
1959a, 1959b; Paul 1989). Volume changes in the opisthosoma also regulate
and maintain the pressures in the prosoma necessary for movement. During high
levels of activity, prosomal hemolymph is pushed back into the opisthosoma
through the pedicel (Paul 1989). This backflow is countered by muscular
contractions in the opisthosoma, preventing prosomal pressure loss, as well as
overdistension. It had long been proposed that the pedicel also contains a
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mechanism to prevent hemolymph backflow into the opisthosoma, such as a
muscular valve, although such a mechanism has not been identified (Wilson
1965). It has been proposed, however, that the pedicel does help slow the rate of
hemolymph flow into the opisthosoma by acting as a low pass filter (Paul 1989).
Contracting the opisthosomal musculature is also necessary for maintaining
hemolymph pressure in the event of substantial fluid loss, due to injury,
dehydration, etc (Anderson and Prestwich 1975), as well as other functions such
as silk excretion (Wilson 1962).
The four pairs of walking legs of a tarantula consist of seven segments;
the coxa, trochanter, femur, patella, tibia, metatarsus, and tarsus (Figure 2A).
Each of these segments is generally cylindrical in shape, with the exception of
the trochanter (Foelix, 2011). The musculature in the limbs is quite extensive,
and seems to vary little across species. In both an orb weaver (Zygiella) (Frank,
1957) and a tarantula (Dugesiella) (Dillon, 1952; Ruhland, 1976), the legs have
been found to contain 33 and 30 muscles, respectively. While the complexity of
musculature is fairly similar, how developed the muscles are is largely dependant
on the style of prey capture. Web spiders have relatively underdeveloped limb
muscles, as they rely on wrapping their prey up with silk, as opposed to more
cursorial spiders, which need to hold down struggling prey (Foelix, 2011). Limb
movement is also dictated by the type of joint between each segment. Many of
the joints are dicondylous, meaning they only have one axis of rotation. The
coxa-trochanter and tibio-patellar joints have multiple axes of movement, and are
more similar to a saddle joint. These two joints provide most of the lateral
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movement necessary for locomotion
and other more precise limb
movements/placements. Much of the
muscle mass in the limbs is
concentrated proximally, leaving the
distal limb segments with little to no
musculature. Muscular control of the
tarsal claws is carried out by a pair of
antagonistic muscles that originate in
the metatarsus, and attach to the tarsal
claws via a long tendon that runs from
the distal end of the metatarsus to the tip
of the tarsi. Since no muscles have been
identified that insert on the tarsus itself,
the hinge joint between the tarsus and

Figure 2. (A) Sketch of a spider leg
showing all segments. Joints without
extensor muscles are marked in blue.
Joints with multiple axes of rotation are
marked in green. (B) Sketch of a tibiametatarsus joint showing muscle
attachment across joint. Note all
pathways (white arrows) run across the
joint ventral to the hinge, resulting in joint
flexion during muscle contractions.

metatarsus has been described as a
passive joint (Foelix, 2011).
Two primary dicondylous joints involved in leg flexion and extension are
the femur-patella and tibia-metatarsus joints (Figure 2A). Both of these joints
have the greatest range of motion about a single axis. In all spiders, these joints
also lack extensor muscles. The condyles about which these joints rotate are
located at the dorsal surface of the joint. Therefore, there is no way for
contracting muscles to cause extension of the distal limb segment (Figure 2B).
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The reason for the lack of extensor muscles in these joints is poorly understood.
However, the most widely accepted theory for this is to maximize force
production during limb flexion. All spiders largely use their front two pairs of limbs
to grasp prey, and pull it towards the mouth. By eliminating the need for extensor
muscles in these joints, more muscle mass can be used for limb flexion, where
more power is needed during feeding (Foelix, 2011).
Few studies have tested the amount of force produced from hydraulic leg
extension. In jumping spiders (Salticidae), it has been shown that force
generation due to hydraulic pressure in the rear legs is high enough to be the
primary source of propulsive torques produced during a jump (Parry and Brown,
1959b). Hydraulic force generation does not scale enough with body size to
produce such substantial jumps in larger spiders, however. Regarding typical
locomotion, it has been shown that in the much larger spider A. concolor
(Ctenidae), ground reaction-force vectors indicate that hydraulic leg extension in
the hind limbs is not the primary contributor to forward locomotion. Instead, hind
limb force production comes from muscular movements in other joints during
locomotion (Weihmann, 2012).
The mechanisms by which changes in internal pressure are generated
among spiders as a whole are largely unstudied, let alone any differences in
these mechanisms that may be present between taxa. The most widely accepted
theory is that the musculi laterales muscles are the primary drivers of prosomal
pressure change (Wilson, 1970). The musculi laterales are a series of muscles in
the prosoma that originate along the lateral edges of the carapace, and insert
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Figure 3. Diagram of the hydraulic mechanism for limb extension. The musculi laterales (ml)
contract and pull the pleural membrane (pl) medially (green arrows), causing hemolymph to
flow into the limbs and abdomen (blue arrows). Adapted from Nentwig (2013).

onto small sclerites found on the flexible pleural membrane, just dorsal to the
coxae. As the musculi laterales contract, the pleural membrane is pulled medially
into the prosoma. The resulting decrease in total prosomal volume increases
hemolymph pressure, sending hemolymph into the legs and causing the femurpatella and tibia-metatarsus joints to extend in a manner analogous to blowing up
a cylindrical balloon (Figure 3). Although this process is thought to be the
mechanism in all spiders, it has only been observed directly in a few species
(Wilson 1970, Stewart and Martin 1974, Anderson and Prestwich 1975). Due to
the vast morphological and ecological diversity of spiders, differences in the
mechanism of hydraulic pressure generation should be considered plausible.
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The armored spiders (Tetrablemmidae) have a much thicker cuticle than
most other spider families. The pleura that are flexible in most spider species
have sclerotized in tetrablemmid spiders, turning the prosoma into an inflexible
capsule. Due to the extra sclerotization in the prosoma, the musculi laterales can
not generate hydraulic pressure. The alternative method for pressure generation
in these animals is via contractions in the opisthosoma. The opisthosoma has
developed a dorsal and ventral scutum, as well as multiple sclerites that allow for
increased muscle attachment. Strong and well developed musculature runs
dorsoventrally between both scutae, which apply the pressure needed to extend
the legs (Nentwig 2013, unpublished data).
Other arachnids, such as the giant whipscorpion Mastigoproctus
giganteus, do show another alternative mechanism for hydraulic pressure
regulation. M giganteus changes prosomal pressure via musculature that
attaches to the endosternite, which is a tough, fibrous plate found within the
prosoma of most arachnids that serves as the attachment point for many
muscles. Musculature originating on both the carapace and the sternum attach to
the endosternite. When these muscles contract, the prosoma is compressed
dorsoventrally, causing a decrease in prosomal volume. Unlike the whipscorpion,
spiders lack musculature that attaches perpendicularly to the sternum, only
having muscles that attach the endosternite to the carapace and coxa (Shultz,
1991).
Objective
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The objective of this study is to describe the kinematics of righting
behavior in two species of tarantula; Grammostola rosea, and Aphonopelma sp.
Tarantulas have a relatively broad, flat body shape that should not be ideal for
conducting righting behavior. Despite this, tarantulas lie in the supine position
intentionally, in order to shed the old exoskeleton during ecdysis. This complex
behavior has never been described before in any spider taxa (Araneae). Using
three-dimensional digitizing and modeling software, the 3D position of the
spider’s appendages can be tracked and analyzed. Collecting these data allows
for an in depth description and analysis, via changes in joint angles of all limbs
involved in righting. An accurate description of this behavior is valuable by
providing insight into how tarantulas coordinate complex behaviors, given their
hydraulic mechanism for limb movement. Determining how the kinematics of
each leg are coordinated, and determining which legs are primarily used, could
aid in developing righting programs for multi-legged robots.

13
METHOD
Two species of tarantula were used in recording; The Chilean rose hair
(Grammostola rosea) and the Flagstaff orange (Aphonopelma sp.). Two
individuals of each species were filmed two to three times, for a total of eleven
videos. A white ring was painted around the distal end of each limb segment,
except for the tarsus, coxa and trochanter
(Due to the small size of these segments),
so each joint could be identified regardless
of orientation relative to the cameras. To
track the orientation of the prosoma, a
white dot was painted on the ventral
surface of each coxa segment.
In order to successfully record the flip,
the spiders were cooled in the
refrigerator in a 40 oz plastic container
for several minutes to slow their
reaction to being flipped over until
recording began. They were then
placed onto their backs by overturning
the container above the filming area,
causing the tarantula to land on its
dorsum. Four Phantom P65 video
cameras filmed each righting event

Figure 4. Top; Sketch of a tarantula, with
white markings on the distal end of joints.
Colored dots indicate points of interest.
Red = Coxa, Blue = Fem-Pat joint,
Yellow = Tib-Met joint, Green = Tarsus,
Purple = Distal end of abdomen.
Bottom; Diagram of experimental
setup. Four spatially calibrated cameras
(green, blue, purple, orange)
synchronously film the center of the
stage.
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synchronously. Recordings were made within a space measuring
92.4x138.6x46.2 mm. This space was calibrated using an object with 24 markers
evenly spaced 46.2 mm apart in a 3x4x2 arrangement. Videos were recorded at
250 frames*S-1.
Limb movement was reduced to include the movement of three joints. The
tibia-metatarsus joint, the femur-patella joint, and the coxa-femur joints were all
determined to be the most useful in conducting the righting behavior, and the
angles of each of these joints would most accurately represent the movements
required to successfully complete the behavior. Joint angle orientation for both
the tibia-metatarsus and femur-patella joints, with only one axis of rotation, were
set such that full extension of the joint would be considered 180°, and full flexion
would be zero degrees. Coxa joint angles have been recorded using 2 axes of
rotation: elevation, and. The position of the tarantula limbs at rest imply an angle

Figure 5. (A) Frontal view of spider showing elevation angle plane. (B) Top down view of
spider showing sweep angle plane.

15
of zero degrees for all three coxa angles. Elevation angle is defined as the coxa
angle created from dorsoventral movement of the joint, where an increasing
elevation implies dorsal movement of the femur and decreasing elevation implies
ventral movement of the femur. Sweep angle is defined as the coxa angle
created from anteroposterior movement of the joint, where increasing sweep
implies protraction of the femur, and decreasing sweep implies retraction of the
femur (Figure 5). Tracking the orientation of the prosoma relative to the
horizontal surface required the calculation of a horizontal angle, where the
tarantula in the supine position is considered 180°, and is decreased to zero
degrees once at rest in the prone position.
The movement of all joints of interest were tracked using DLT software in
Matlab (Hedrick, 2008). Coordinates were recorded on every fifth frame as the
original video frame rate was deemed higher than necessary to capture the
movement accurately. Joint angles were calculated using a custom program
created in Matlab (Ver. 2017b). The same program was also used to build a
three-dimensional visual model, which aided in an accurate description and
analysis of the behavior.
The start of a successful righting event was defined as the moment the
setae of R2 make contact with the substrate. All movement before this point was
considered preparatory movements, or failed attempts to initiate a successful flip.
The end of the flip was defined as the moment the prosoma horizontal angle
reached 90°, as the individual no longer needs to exert any more effort in order to
fall into the prone position.
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RESULTS
Video Observations and Description Overview
Limbs are referenced with respect to their associated limb pair, and the
side of the body it is located on. Each limb pair is numbered 1-4, from anterior to
posterior position. Left and right limbs are labeled with an L or R, respectively.
The neutral position of the limbs is defined as the position relative to the body as
it would be while the tarantula is at rest in the prone position, pointing radially
outward from the center of the prosoma. The tarantula turned over its right side
during 10 out of 11 recorded events. The one recorded observation of the
tarantula flipping over the left side mirrored the same general behavior.
Joint angles were calculated for the tibia-metatarsus (Tib-Met) joint, femurpatella (Fem-Pat) joint, and coxa joint. The Tib-Met and Fem-Pat joints both have
one axis of rotation. These joint angles are defined such that 180° represents
extension of the limb where both limb segments are parallel with each other.
Coxa movement is represented by 2 joint angles; elevation and sweep. Elevation
angle represents dorsoventral movement of the limb, where 0° represents the
femur aligned with the horizontal plane of the prosoma. Sweep angle represents
anteroposterior protraction and retraction of the femur, where 0° represents the
femur aligned with the transverse plane of the prosoma. Both dorsal elevation
and anterior protraction of the femur result in increasing positive angle values.
Within each species, righting behavior patterns remained relatively
constant. Righting strategies differed between Aphonopelma and Grammostola
in the basic movements of legs R2 and R3 once the righting behavior began. The
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entire behavior can be split up into two distinct phases; the initial preparatory
phase, and the righting phase. The preparatory movements varied between
trials, therefore a single consistent pattern of movements cannot be described.
This phase of the behavior seems to be a series of disjointed movements in
order to properly position the body before the righting behavior pattern starts.
Preparatory movements include dorsal elevation of the femur in all eight legs, in
order to lift the prosoma off the ground. Leg pairs 1 and 2 are then waved around
without making contact with the ground, most likely looking for irregularities in the
substrate to grab onto. Leg pairs 3 and 4 continue to prop up the prosoma, until
the righting phase begins.
The righting phase of the behavior begins at the first dorsal elevation of
the coxa of R2, such that the scopular hairs on the tarsus make purchase with
the ground. After this point, behavior patterns are relatively consistent, and can
be compared between trials as well as individuals. The behavior pattern ends
when the horizontal plane of the prosoma is rotated 90° relative to the ground.
After this point, the tarantula does little work to continue righting itself as it falls
into the prone position.

Grammostola rosea
Leg R2 does not seem to have much of an effective role in the first half of
the righting phase. The tarsus is lifted from the substrate by protracting the femur
(Note the increase in sweep angle from the 10%-15% time points), and briefly
makes contact with the ground from about 20% to 35% of the way through the
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righting phase (Figure 6). However, R2 is not able to reach dorsally enough to
get leverage for rotating the prosoma. The subsequent depression of the femur
therefore causes the body to slide to the left, rather than rotate. R2 is elevated
again close to 65% of the way into the righting phase, while both Fem-Pat and
Tib-Met joints extend (Figure 7). The extended tarsus of R2 makes contact with
the ground before the sharp decrease in prosoma angle at 80% of the way
through the righting phase. However, the relatively constant elevation and sweep
angle of the coxa (~100 degrees) after this point, as well as the increase in FemPat and Tib-Met joints from 70% to 90% of the flip cycle, shows that R2 stays
lifted as the prosoma rotates, and does not depress in order to push the prosoma
over (Figures 6-7). The motion of R2 seems to aid in helping the prosoma roll

Figure 6. G. rosea R2 elevation (green) and sweep (dark green) angles through the
duration of the flip cycle. Dotted line represents prosoma angle relative to the ground,
where 180° is parallel to the ground, in the supine position. Dark grey region represents
ground contact times for Fem-Pat joint, Tib-Met joint (“Tibia”, in yellow), and tarsus (in
green).
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Figure 7. G. rosea R2 Fem-Pat joint (green) and Tib-Met joint (dark green) angles through
the duration of the flip cycle. Dark grey region represents ground contact times for FemPat joint, Tib-Met joint (“Tibia”, in yellow), and tarsus (in green).

naturally into the prone position. By extending the joints and elevating the limb,
R2 is no longer in the way as the prosoma rotates.
Leg R3 moves in an elliptical pattern in order to work itself dorsally enough
to be underneath the prosoma center of mass. The femur of R3 simultaneously
elevates and retracts, then pushes against the ground by depressing and
protracting. As the prosoma rotates, the amplitude of each elevation decreases
by an average of 21.75° ± 2.9°, showing that with each sequential depression of
the femur the leg needs to be elevated less to reach the opposite side of the
center of mass (Figures 8-9).
The movements of the femur of R3 are characterized by rapid elevation
followed by slower depression, suggesting that the leg is pushing against the
ground as it is depressed, and applying minimal force with the ground as it is
elevated (Figure 8). The slight protraction and retraction seen appear to facilitate
both of these movements. By protracting the leg, it is more easily able to make
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contact with the ground (note sequential contact of tarsus, followed by tibia and
finally patella as R3 depresses, indicating dorsoposterior movement of the
prosoma as the Fem-Pat and Tib-Met joints extend) (Figure 9), allowing it to push
as it depresses. By retracting the limb, it is able to move dorsally through the
space between the prosoma and the ground, without applying force.
Leg R4 does not influence rotation of the prosoma to the degree that R3
does. This leg is primarily used to prop up the prosoma as R3 moves
dorsoventrally. The leg is elevated and depressed slightly, with a maximum
change in amplitude of 24° (Figure 10), however there is little evidence of this leg
causing the prosoma to rotate. The depression of R4 does seem to aid in
allowing R3 to be elevated dorsally. While R4 is depressed, the prosoma is
raised farther from the ground. This allows enough space between the prosoma
and the ground for R3 to be elevated such that little force is applied to the ground
(Figures 10-11).

Figure 8. G. rosea R3 elevation (purple) and sweep (dark blue) angles through the duration of
the flip cycle. Dotted line represents prosoma angle relative to the ground, where 180° is
parallel to the ground, in the supine position. Dark grey region represents ground contact times
for Fem-Pat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and tarsus (in green).
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Figure 9. G. rosea R3 Fem-Pat joint (purple) and Tib-Met joint (dark blue) angles through
the duration of the flip cycle. Dark grey region represents ground contact times for FemPat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and tarsus (in green).

Figure 10. G. rosea R4 elevation (blue) and sweep (dark blue) angles through the duration of
the flip cycle. Dotted line represents prosoma angle relative to the ground, where 180° is
parallel to the ground, in the supine position. Dark grey region represents ground contact times
for Fem-Pat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and tarsus (in green).
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Figure 11. G. rosea R4 Fem-Pat joint (blue) and Tib-Met joint (dark blue) angles through
the duration of the flip cycle. Dark grey region represents ground contact times for FemPat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and tarsus (in green).

Aphonopelma sp.
Unlike Grammostola, the tarsus of leg R2 maintains contact with the
ground, and is used to hold up the weight of the prosoma for much of the
duration of the righting phase. At the start of the righting phase, elevation angle
varies little. However, there is typically a decrease in sweep angle close to 50%
through the righting phase, while R2 is in contact with the ground, raising the
prosoma (Figure 12). This retraction of R2 allows more space for R3 to be
elevated enough to also support the weight of the prosoma. As R3 is able to
elevate dorsally to hold up the prosoma, R2 is typically elevated again, in order to
gain more leverage in rotating the body. This allows the femur of both R2 and R3
to be depressed, rotating the prosoma into the prone position. The depression of
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R2 halfway through the righting phase occurs simultaneously with slight
extension of both Tib-Met and Fem-Pat angles (Figures 12-13).
Leg R4 does not show an active role in rotating the prosoma. At the start
of the righting phase, R4 rests fully extended along the side of the abdomen. As
the prosoma rotates, elevation angle sharply increases at varying time intervals
during the righting phase, with little to no subsequent decrease in elevation.
Once the prosoma is supported by legs R2 and R3, R4 is simply elevated
dorsally as the prosoma rotates so it is not in the way of the body as it falls into
the prone position (Figure 14). As the femur is elevated sufficiently, the Fem-Pat
joint extends, moving the distal limb segments dorsally as well. As the tibia is
moved dorsally, the metatarsus is pressed against the ground, resulting in a
concurrent, and most likely passive, flexion of the Tib-Met joint.
Consistencies in all Videos
The overall strategy employed by each tarantula is to elevate the right legs
dorsally enough such that the weight of the prosoma is supported by a
combination of legs R2, R3, and R4. The ability to roll, without the use of force
from the left limbs, all relies on the position of the right limbs relative to the center
of mass. One or more right limbs must be elevated enough such that they reach
to the contralateral side of the center of mass. This not only prevents the right
legs from hindering the rotation of the prosoma, but it also brings the legs in
position to push off the ground (as the femur are depressed), forcing the
prosoma to roll.

24

Figure 12. Movement of R2 in three righting events of Aphonopelma. Each row of graphs
represents the same event. Left column; Elevation (green) and sweep (dark green) angles of
the proximal joint complex throughout the righting phase, standardized as a percent through
to completion. Dotted line represents prosoma angle relative to the ground. Right column;
Fem-Pat (blue) and Tib-Met (yellow) joint angles. Dark grey region shows times of contact
with the ground for Fem-Pat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and
tarsus (in green).
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Figure 13. Movement of R3 in three righting events of Aphonopelma. Each row of graphs
represents the same event. Left column; Elevation (purple) and sweep (dark blue) angles of
the proximal joint complex throughout the righting phase, standardized as a percent through
to completion. Dotted line represents prosoma angle relative to the ground. Right column;
Fem-Pat (blue) and Tib-Met (yellow) joint angles. Dark grey region shows times of contact
with the ground for Fem-Pat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and
tarsus (in green).
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Figure 14. Movement of R4 in three righting events of Aphonopelma. Each row of graphs
represents the same event. Left column; Elevation (blue) and sweep (dark blue) angles of
the proximal joint complex throughout the righting phase, standardized as a percent through
to completion. Dotted line represents prosoma angle relative to the ground. Right column;
Fem-Pat (blue) and Tib-Met (yellow) joint angles. Dark grey region shows times of contact
with the ground for Fem-Pat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and
tarsus (in green).
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Leg R1 typically makes little to no contact with the ground. When contact
is made, it is during the preparatory phase of the behavior, in order to aid in
propping up the body so that leg pair 3 can elevate dorsally enough to hold up
the weight of the prosoma. Typical behavior of R1 during the righting phase
consist of consistent dorsoventral movements of the coxa, with similarly timed
Fem-Pat flexion/extension. Tib-Met flexion/extension did not follow any particular
pattern. Average change in elevation angle of R1 was 108.6° ± 16.2° for events
where R1 made no contact with the ground while righting. Average change in
Fem-Pat angle was 62.8° ± 13.8° (Figure 15). This leg seems to be searching for
nearby irregularities in the substrate to make contact with, which could aid in
completing the righting behavior.
The left legs do not seem to have an active role during the righting phase
of the behavior (Figure 16). Legs L1 and L2 do not appear to aid in the righting
behavior at all. In all trials, there is little change worth noting in any joint angle
during the righting phase. Legs L3 and L4 are used initially to raise the prosoma
while resting on the Fem-Pat joint. As the prosoma rotates over the right side,
legs L3 and L4 extend both Fem-Pat and Tib-Met joints, keeping both legs in
contact with the ground, or close to it. Both legs act as a support for the prosoma
in the early stages of the righting phase, and seem to prevent the tarantula from
falling backwards as legs R2-R4 work their way underneath the center of mass of
the prosoma. In Grammostola, both L3 and L4 also seem to act as a brace to
prevent the spider from sliding to its left, which results from the motion of R3 and
R4.
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Figure 15. Representation of R1 elevation (red) and sweep (dark red) angles through the
duration of the flip cycle, for both species. Dotted line represents prosoma angle relative to the
ground, where 180° is parallel to the ground, in the supine position.

Figure 16. Representation of L3 (top row) and L4 (bottom row) elevation and sweep angles
through the duration of the flip cycle, for both species. Dotted line represents prosoma angle
relative to the ground, where 180° is parallel to the ground, in the supine position. Right column;
Fem-Pat (blue) and Tib-Met (yellow) joint angles. Dark grey region shows times of contact with the
ground for Fem-Pat joint (“Patella”, in blue), Tib-Met joint (“Tibia”, in yellow), and tarsus (in green).
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DISCUSSION

In order for a tarantula to right itself successfully, the weight of the
prosoma must be supported, at least transiently, solely by the limbs on one side
of the body. In all but one of the righting sequences captured, the tarantulas
flipped over the right side of the prosoma. In order to achieve this, the right limbs
must be maneuvered dorsally, such that they are able to make contact with the
ground on the contralateral side of the prosoma’s center of mass (Figure 17). As
the right limbs are fully supporting the prosoma’s weight, the left limbs can be
lifted off the ground, allowing the body to rotate into the prone position.

A

B

Figure 17. (A) Head on view of righting sequence in Grammostola. (B) Head on
view of righting sequence in Aphonopelma. Dotted red line represents verticle
plane beneath the center of mass. The right limbs must reach to the contralateral
side of the red line to successfully complete the righting behavior.

Successful righting behavior is divided into two distinct phases: a
preparatory phase and a righting phase. The initial preparatory phase involves a
series of limb movements which reposition the body by elevating the prosoma in
order to begin the righting phase proper. Elevation of the prosoma involves
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dorsiflexion of the femur in leg pairs 3 and 4, such that the prosoma is supported
by the Fem-Pat joints of these legs, and no longer makes direct contact with the
ground. This allows greater range of motion for other legs to move dorsally. It
was also seen in some videos that the tarantula would wave the front pair of
limbs dorsoventrally, as well as anteroposteriorly, likely as a strategy of
searching for irregularities in the substrate, or nearby objects to gain purchase
with before righting. During this phase, neither the timing or movement of the
legs is consistent enough between trials in order to establish a regular movement
pattern.
The righting phase, initiated by first contact of the scopulae of R2 with the
ground, was consistent enough among trials to describe behavior patterns in
detail. Interestingly, the two species examined displayed slightly different
strategies for righting themselves. Within each species, the righting pattern is
relatively consistent across individuals and trials. In Aphonopelma, legs R2 and
R3 are sequentially elevated dorsally until one or both of these legs can support
the prosoma on their own, allowing the body to rotate into the prone position. In
Grammostola, R3 is moved in an elliptical pattern in order to work itself
underneath the prosoma’s center of mass (Figure 8), while R2 and R4 are simply
elevated dorsally enough to not inhibit rotation of the prosoma.
In all videos from both species, leg R1 is consistently waved dorsoventrally, most
likely as a continuous effort to make purchase with nearby objects that can be
used to pull itself over, while legs L1 and L2 remain still, and do not show any
evidence of being used during this phase of the behavior. Legs L3 and L4 are
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used initially during the righting phase as a support to prevent the prosoma from
rotating back into the supine position. These legs also act as a brace to prevent
the body from sliding to the left, as the right legs move dorsally to support the
prosoma.
Leg Usage
Regardless of the righting strategy used, each trial showed that legs R2 and R3
are the primary legs used in actively rotating the prosoma. This may be due to
the position of these two limbs relative to the prosoma center of mass. The coxa
of both R2 and R3 attach closest to where the prosoma center of mass is located
along the midsagittal line of the body. As the prosoma rotates, the coxa of R2
and R3 are the most directly underneath the center of mass, making these limbs
the most optimal for supporting the weight of the prosoma.
The orientation of limb pairs 2 and 3 relative to the long axis of the body could
also make legs R2 and R3 the most optimal for rotating the prosoma. The
orientation of the coxa of each leg is such that the leg extends radially from the
geometric center of the prosoma. While the coxa of leg pairs 1 and 4 extend to
the anterior and posterior, respectively, leg pairs 2 and 3 extend more laterally,
close to perpendicular with the long axis of the body (about which the tarantula
rotates). Applying force perpendicular to the rotational axis of an object results in
more torque applied to that object. As the femur of either leg is depressed while
supporting the weight of the prosoma, that leg is applying torque to the prosoma
more efficiently than R1 or R4 would, as they are more likely to be applying force
at an angle less than 90° relative to the long axis of the body.
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Concurrent dorsiflexion of the left limbs and ventroflexion of the right limbs would
be a more intuitive mechanism for righting, as the rotational work needed to be
done on the prosoma would be distributed among a greater number of legs.
While it is evident that legs L3 and L4 are supporting some of the weight in the
early stages of the righting phase, neither leg seems to be pushing off of the
ground enough to rotate the body. It may be the case that the increased
hemolymph pressure in the limbs that results in the extension of the patella and
metatarsus does not provide the force necessary to effectively move the weight
of the body. Internal body pressures in spiders range from 50 mmHg at rest, to
about 100 mmHg during locomotion, and reaching values up to 480 mmHg
during maximum levels of activity (Parry and Brown 1959a, Stewart and Martin,
1974; 1959b; Paul 1989). While pressure changes of this magnitude are powerful
enough to propel the much smaller jumping spider (Salticidae), even the largest
pressure increases are likely not powerful enough to move a larger spider, such
as a tarantula (Theraphosidae) (Weihmann 2011).
Extension of the limbs at these joints are also not used to propel the body
forward during forward locomotion. The first two pairs of limbs are directed
anteriorly, flexion of the limbs pulls the spider’s body forward. The more
posteriorly extending leg pair 3 exhibits little flexion/extension of the femur-patella
and tibia-metatarsus joints, mainly relying on posterior retraction of the limb at
the proximal coxa-trochanter-femur joint complex for propulsion (Weihmann,
2011).
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Even limb pair 4, which exhibits less protraction/retraction of the leg during
locomotion, uses these proximal limb joints for propulsion, rather than using
hydraulic leg extension (Weihmann, 2011). Jumping in the fishing spider,
Ancyclomedes concolor, was analyzed by calculating ground reaction force
vectors on the fourth pair of legs as a jump is initiated. Weihmann (2011) found
that hydraulic extension of the fourth limb pair does not drive the body forward
during locomotion. This is done by depressing the femur of the fourth
appendages ventrally, inherently extending the limb as it is pressed against the
ground.
Low force production could be advantageous, if not necessary, for spiders to
coordinate movements during locomotion, or any other more complex behavior.
Hemolymph pressure increases are consistent throughout the body, as well as
the legs. This can be observed in erection of leg spines as a spider begins to
move from a resting position (Rovner, 1978; Weihmann, 2011). While it has yet
to be experimentally investigated, a likely mechanism for extending some legs,
while still being able to flex others, is simply using flexor muscles as antagonists
to the increase in hemolymph pressure. As the tibia-metatarsus joints flex during
locomotion, the flexor muscles have to be able to overcome the force of the
pressure extending the limb. A higher pressure increase would in turn increase
the effort required of the flexor muscles, making higher pressure increases less
energy efficient for the spider. This may explain why hemolymph pressure varies
little with body size, and why it may be more advantageous to avoid limb
extension as a mode of external force production in the limbs.
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Scopular hairs
An additional factor that seems to play a role in tarantula righting behavior is the
use of the scopular hairs at the distal end of the tarsus of each leg. This dense
patch of small hairs allows spiders to walk on smooth vertical surfaces. The
wandering spider Cupiennius salei can even hold multiple times their own body
weight while resting on vertical pane of glass (Seyfarth, 1985). Scopular hairs
allow for an increased number of contact points, as the ventral surface of each
scopula hair splits into anywhere between 500-1000 cuticular extensions (Foelix
and Chu-Wang, 1975). The hairs work using van der Waals forces, a weak force
of attraction between molecules that are close enough in proximity to each other.
The cuticular extensions at the end of each of the scopulae are small enough to
make close enough physical contact with the ground that these forces can exist
between scopula and substrate. Having a multitude of these close contact points
sums together the van der Waals forces between each scopula and the
substrate, and allows the tarsi to adhere.
The dry adhesion of the tarsi to the substrate seems to aid the tarantula
throughout the righting sequence, particularly during the placement of R2 and R3
(Figure 17 B). Multiple videos show clear evidence of the tarsi of leg R2 adhering
to the ground. Before the righting phase begins, the tarantula may elevate R2
dorsally multiple times, attempting to adhere the leg to the ground. R2 is swept
along the ground until the scopulae successfully adhere, initiating the righting
phase of the behavior. Without the ability to adhere, the limbs may not create
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enough friction with a smooth substrate, potentially making it much more difficult
to rotate the prosoma.
Righting Comparison
The righting behavior exhibited by Theraphosid spiders involves a more
complex set of limb movements than that seen in other arthropods. This is largely
a product of the tarantula’s morphology, as well as its body size. The axis about
which the tarantula rotates runs through the point of contact the opisthosoma
makes with the ground, and near the proximal joints of either legs R2 and R3,
away from the body’s center of mass. Increasing the distance between the point
of rotation and an object’s center of mass requires greater torque, as more work
is being done to move the center of mass about the rotational axis. The flat disclike shape of the prosoma, as well as the lateral attachment of the limbs,
increases this distance between axis of rotation and center of mass, requiring
greater effort to right itself than an animal with a more rounded body shape.
Many insects exhibit body plans that may be more ideal for righting. The coxatrochanter-femur joint complex of many insects lies much more medially along
the sternum, making the axis of rotation much closer to the center of mass.
Relatively large arthropods like a tarantula are also at a disadvantage
when righting themselves compared to smaller arthropods due to the scaling
relationship between muscle contractile force and body mass. Force production
of any group of muscle fibers scales linearly with the total cross-sectional area of
those muscle fibers, a two-dimensional quantity. The weight of an object,
assuming constant density, scales linearly with the volume of that object, a three-
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dimensional quantity. Because muscle force scales with the square of length,
while weight scales with the cube of length, muscles in larger animals are
proportionally weaker. This is the reason small insects can lift many times their
own body weight, while larger animals cannot.
Small arthropods, because their muscles are more powerful relative to
their body weight, have relatively simple righting behaviors compared to the more
complex strategies seen in tarantulas. Beetles, for example, have an
unfortunately shaped body concerning righting. A broad and rigid carapace, with
medially attaching limbs gives limited flexibility. However, because of the
relatively small size of beetles each limb is strong enough to pull the body into
the prone position rotating about almost any body axis. Beetles of a wide variety
of species have been observed to flip over the head, over the tip of the abdomen,
directly over its side, as well as diagonally over a slanted axis across the body
(Frantsevich, 2004). Wherever a beetle can make purchase with the ground it is
able to pull the body over with one to two legs, due to the relative strength of the
limbs. This behavior is much less complex than the limb movements seen in
tarantulas.
Robotics Applications
The righting mechanics seen in tarantulas are a useful model for righting
methods in multi-legged robots. Typical design for a robot that locomotes via leg
movement, as opposed to the use of wheels, are similar to that of larger
arthropods, such as a tarantula. Robot bodies are usually rigid with little to no
points of flexion, relying solely on the legs to locomote and right itself. Leg
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actuators are typically located laterally along the sides of the robot body, similar
to that of a spider, resulting in a sprawling posture.
Robots with anatomical similarity to that of spiders have some different
problems to overcome, however. While the limbs of a spider-like robot may have
multiple joints, actuation of each joint is, in most cases, capable of flexion and
extension independently, rather than having an indirect method of limb extension
as seen in spiders. Being able to apply an equal amount of force during flexion
and extension may result in differences in efficiency for righting than that seen in
spiders, which could impact the effectiveness of the righting behavior model
described here.
However, one major problem seen in designing robots is power
consumption. In the case of a theoretical spider-like robot, the high number of
joints needed for movement would require a significant amount of power.
Modeling a system of movement that utilizes more passive extension of the
limbs, similar to the hydraulic pressure increase within the spider body could
reduce power output, and increase operation time. Designing the limbs with a
mechanism such that they are extended while at rest, through the use of springs
for example, could be more efficient as far as power consumption. By only
needing to apply power in one direction, flexion of the robot limb, valuable energy
could be saved, increasing the operating time of the robot. A robot with such a
mechanism would then benefit by modeling a method for righting itself after
tarantulas.
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Conclusions
This study has been the first to quantify righting behavior in theraphosid
spiders, and describe the mechanics involved in rotating the spider body into the
prone position. It has provided insight into how much these spiders need to be
able to coordinate limb movements given limitations in flexibility and force
generation when extending the limb joints. The difference seen in righting
strategies of Grammostola and Aphonopelma would need further investigation in
order to determine the reason for such a distinction between species, but not
between individuals of the same species. To better understand this, observing
righting behavior in a wider variety of species originally found in varying habitats
would be the most beneficial.
To extend this work further, studies observing this righting behavior under
more natural conditions should be done to collect more accurate data. Lowering
the tarantula’s body temperature greatly slowed reaction times, as well as the
time required to complete the righting behavior. The mechanics of righting
behavior under normal temperatures could be vastly different, as faster limb
movements would potentially allow the tarantula to utilize momentum of the limbs
to aid in righting itself. The stress of artificially being placed in the supine position
would inherently affect internal body pressure, further altering the tarantula’s
ability to move. Observing tarantula righting naturally, which would occur shortly
after undergoing ecdysis, would lead to more accurate representation of how this
behavior pattern is conducted. Natural observations of righting may provide
further insight into more effective righting methods in tarantulas.

39
Additionally, more long-term studies could be conducted to understand
ontogenetic changes in righting behavior in an individual. It is reasonable to think
righting behavior changes after successive molts, due to the large increases in
body size during the first several molts of an individual’s life cycle. Furthermore, it
is not known whether this behavior is learned with experience, or is an inherent
reflexive pattern. Such a study would also provide a better understanding of the
nature of how this behavior develops over time.
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