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Summary

Limb postures of terrestrial tetrapods span a continuum
from sprawling to fully wupright; however, most
experimental investigations of locomotor mechanics have
focused on mammals and ground-dwelling birds that
employ parasagittal limb kinematics, leaving much of the
diversity of tetrapod locomotor mechanics unexplored.
This study reports measurements of in vivo locomotor
strain from the limb bones of lizard (Iguana iguana) and
crocodilian (Alligator mississippiensis) species, animals
from previously unsampled phylogenetic lineageswith non-
parasagittal limb posture and kinematics. Principal strain
orientations and shear strain magnitudes indicate that the
limb bones of these species experience consider able torsion
during locomotion. This contrasts with patterns commonly
observed in mammals, but matches predictions from
kinematic observations of axial rotation in lizard and
crocodilian limbs. Comparisons of locomotor load
magnitudes with the mechanical properties of limb bones
in Alligator and lguana indicate that limb bone safety
factorsin bending for these species range from 5.5 to 10.8,

as much as twice as high as safety factors previously
calculated for mammals and birds. Limb bone safety
factorsin shear (3.9-5.4) for Alligator and Iguana are also
moder ately higher than safety factors to yield in bending
for birdsand mammals. Finally, correlations between limb
posture and strain magnitudes in Alligator show that at
some recording locations limb bone strains can increase
during upright locomation, in contrast to expectations
based on size-correlated changes in posture among
mammals that limb bone strains should decrease with the
use of an upright posture. These data suggest that, in some
lineages, strain magnitudes may not have been maintained
at constant levels through the evolution of a non-sprawling
postur e unless the postural change was accompanied by a
shift to parasagittal kinematics or by an evolutionary
decrease in body size.

Key words: locomotion, biomechanics, bone strain, safety factor,
posture, evolution, Sauria, Crocodylia, Lepidosauria, lizard,
Alligator mississippiensis, lguana iguana.

Introduction

Terrestrial tetrapods have evolved a diverse range of limb
postures spanning a continuum from sprawling, in which the
limbs are held lateral to the body, to fully upright, in which the
limbs are held beneath the body (Jenkins, 1971a; Gatesy,
1991a). Differences in limb posture among species have been
correlated with differences in many aspects of locomotor
function, ranging from limb bone morphology (Bertram and
Biewener, 1990; Gatesy, 1991b) to limb kinematics (Jenkins,
1971a; Gatesy, 1991a; Reilly and DelLancey, 1997ab; Reilly
and Elias, 1998). Yet studies of limb bone loading during
locomotion have generally examined only mammalian or avian
species in which limb motion is restricted to a parasagittal or
nearly parasagittal plane: the consegquences of non-parasagittal
limb posture and kinematics for limb bone loading have not
been investigated. Because upright, parasagittal posture is a

derived condition among mammals (Jenkins, 1971ab) and
amniotes in general (Brinkman, 1980ab, 1981; Gatesy,
1991a), broad extrapolations of skeletal loading patterns from
mammalsthat use parasagittal limb motion to other speciesthat
use different limb postures and kinematics are suspect. Such
extrapolations potentially oversimplify the functional diversity
of loading patternsin tetrapod limbs and mask insightsinto the
evolutionary history of tetrapod locomotor mechanics. To
examine the evolution of locomotor mechanics across
transitions from sprawling to non-sprawling posture,
comparative biomechanical data from non-mammalian species
with non-parasagittal kinematics are required.

One approach used to examine limb bone |oading mechanics
during terrestrial locomotion is in vivo measurement of limb
bone strains (e.g. Lanyon and Smith, 1970; Rubin and Lanyon,
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1982; Biewener et al., 1983, 1988; Biewener and Taylor,
1986). Results from studies of mammalian and avian bone
strains have led to two general conclusions. First, tetrapod limb
bones supporting the body during terrestrial locomotion are
usually loaded in bending or axial compression (Biewener et
al., 1983, 1988; Biewener, 1991); torsion is a less common
loading regime (Keller and Spengler, 1989; Carrano, 1998).
Second, tetrapod limb bones generally have safety factors
between 2 and 4 (i.e. are able to withstand 2—4 times the strain
they usualy incur: Alexander, 1981; Biewener, 1993).
However, because available strain data come from arestricted
functional and phylogenetic range of animals (mammals and
birds with parasagittal or nearly parasagittal limb kinematics),
the generality of these conclusions among all amniotes is
uncertain. The broader diversity of locomotor strain patterns
and their implications for the evolution of skeletal design
remain largely unexplored.

This study reports the results of in vivo locomotor strain
recordings from the femur and tibia of the American alligator
(Alligator mississippiensis) and the green iguana (lguana
iguana), species from the non-parasagittal end of the kinematic
continuum and from previously unsampled phylogenetic
lineages (Crocodylia and Lepidosauria respectively, sensu
Brochu, 1997; Gauthier et a., 1988). These data are used to
address two fundamental questions. (1) What are the
consequences of non-parasagittal locomotion for the
mechanics of limb bone loading? (2) What might the
mechanics of non-parasagittal locomotion in modern species
imply about possible factors in the evolution of non-sprawling
posture? To approach these broad questions, we test three more
specific hypotheses. First, we test the hypothesis that torsion is
amore important mode of limb bone loading during terrestrial
locomotion among non-avian saurians (taxonomy sensu
Gauthier et a., 1988) than among previously examined birds
or mammals. Long-axis rotation of the femur and tibia during
locomotion in lizards and crocodilians (Brinkman, 1980b,
1981; Gatesy, 1991a) suggests that torsion may predominate
in the limb bones of these taxa, in contrast to the dominance
of bending and axial compression typical in the limb bones of
species with parasagittal limb kinematics (e.g. Biewener,
19833, Biewener et al., 1983, 1988). Second, we test the
hypothesisthat the limb bone safety factors of crocodilians and
lizards are similar to those observed in birds and mammals.
Such similarity might suggest a potential optimal safety factor
acrossall amniotes, regardless of differencesin their locomotor
function. Finally, we test the hypothesis that limb bone strains
will decrease with the use of more upright limb posture by
individual animals with the ability to use a range of limb
postures. Evolutionary shifts from crouched to upright posture
in mammals have been shown to mitigate expected increases
in limb bone stress due to size-related increases in limb bone
loading (Biewener, 1983a, 1989, 1990). Therefore, lower bone
strains might be expected during more upright locomation by
an individual animal that is not incurring increased limb bone
loads due to increasesin body mass. Because of the wide range
of femoral postures employed by Alligator (Gatesy, 1991a;

Reilly and Elias, 1998), an examination of strain and kinematic
data from this species provides an opportunity to test directly
the relationship between load magnitude and limb posture
within individual animals. By comparing strain data from
Alligator and Iguana with data from previous studies of
locomotor strains in birds and mammals, this study seeks to
gain insight into mechanical factors potentialy influencing the
evolution of non-sprawling limb posture.

Materials and methods
Experimental animals and anatomical definitions

Three juvenile Alligator mississippiensis (body mass
1.73-2.27kg, total length 0.98-1.04m) were provided for
strain experiments by the Rockefeller Wildlife Refuge (Grand
Chenier, Louisiana, USA). Animals were housed together in a
Plexiglasswalled enclosure (245cmx100cmx60cm). Two
large plastic cement mixing tubs filled with water were
provided as a swimming area for the animals: the water was
changed every second day. Temperature was maintained
between 29 and 32°C. Animals were fed a diet of chicken
hearts, gizzards and livers mixed with a vitamin/minera
supplement. A 13h:11h light:dark cycle and full-spectrum
light were provided. The diet supplement and full-spectrum
light were supplied to help maintain natural limb bone massin
spite of captivity (Frye, 1995).

Four subadult Iguana iguana (body mass 320-516(,
snout—vent length 229260 mm) were purchased from Glades
Herps (Fort Myers, Florida, USA). The animals were housed
in an enclosure similar to that used for the alligators, except
that the large water tubs were removed and replaced with
objects to climb on and hide in (promoting activity and
exercise). The same light and temperature conditions were also
maintained. |guanas were supplied with shallow trays of water
and fed a diet of assorted vegetables mixed with a
vitamin/minera supplement (Frye, 1995).

Definitions of anatomical orientations of limb element
surfaces for both alligators and iguanas are those of Romer
(1956). With the femur oriented such that both distal condyles
are parallel to the ground, the ventral surface faces down
(towards the ground), the dorsal surface faces up (away from
the ground), and anterior and posterior are in the directions of
protraction and retraction, respectively. In the crus, the tibiais
medial to the fibula. The extensor surface of thetibiais defined
as anterior, the flexor surface as posterior, the lateral surface
as facing towards the fibula, and the medial surface as facing
away from the fibula. During locomotion, the femur rotates
during limb support such that the anatomical ‘dorsal’ surface
shifts anteriorly in an absolute frame of reference and the
anatomical ‘anterior’ surface shifts ventraly (Brinkman,
1980b, 1981; Rewcastle, 1980, 1983; Gatesy, 19914).

Surgical procedures
Strain gauges were attached surgically to the left (alligator)
or right (iguana) femur and tibia of each animal, using aseptic
technique and following the protocol of Biewener (1992). All



surgical procedures were approved by the Institutional Animal
Care and Use Committee of the University of Chicago
(protocols 61341 and 61371). Alligators were initially sedated
with intramuscular injections of 50mgkg ketamine and
0.5mgkg1 xylazine, with volumes evenly divided among the
three non-surgical limbs. After sedation, the animals were
intubated, and surgical anesthesia was induced and maintained
by administering Metofane (methoxyfluorane) through a
closed-system anesthesia machine with relative control of
inhalant  concentration  (Pitman-Moore, model  970).
Anesthesia was induced in iguanas with initial injections of
100mgkg1 ketamine and 1 mgkg™ xylazine into the muscles
at the base of the tail; supplemental doses were administered
as required. These doses were larger than typically
recommended for lizards (Bennett, 1991; Boyer, 1992), but
initially lower doses administered during the first surgery were
insufficient to induce a surgical plane of anesthesia. The
animals recovered uneventfully from the dosages used.

To expose gauge attachment sites, media incisions were
made through the skin of the leg and thigh at midshaft. The
muscles surrounding the bones were separated along fascial
planes and retracted to gain access to the bone surfaces. For
femora sites, it was necessary to penetrate a portion of the
extensive attachment of the femorotibialis muscleto exposethe
bone surface and to attach the gauges slightly distal to midshaft
to avoid excessive interference with the origin of this muscle.
At each site, a‘window’ of periosteum was removed to expose
the bone cortex. Bone surfaces were lightly scraped with a
periosteal elevator, cleaned with ether, and alowed to dry.
Gauges were then attached using a sef-catalyzing
cyanoacrylate adhesive. In the dligators, single-element
gauges (type FLG-1-11; Tokyo Sokki Kenkyujo) were
attached to the anterior femur and the media and posterior

Fig. 1. Radiographs of aligator
(Alligator mississippiensis) (A)
and iguana (lguana iguana)
(B) hindlimbs after surgical
attachment of strain gauges to the
femur and tibia. Gauge locations
are indicated by white arrows.
Scale bars, 9mm.
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tibia; rosette gauges (type FRA-1-11) were attached to the
dorsal and ventral femur and the anterior tibia (Fig. 1A). Inthe
iguanas, single-element gauges were attached to the anterior,
medial and posterior aspects of the tibia and to the dorsal
surface of the femur; a rosette gauge was attached to the
anterior aspect of the femur (Fig. 1B). Single-element gauges
and the central elements of rosette gauges were aligned with
the long axis of the bone to which they were attached. Angular
deviations from the long axis were measured during post-
experimental dissections and accounted for in calculations
where required (mean deviation <5°). Once al gaugeswerein
place, lead wires from the gauges (336 FTE, etched Teflon;
Measurements Group) were passed subcutaneoudly through a
small incision posterodorsal to the acetabulum. All incisions
were sutured closed, and the lead wires were soldered into a
microconnector and secured to the animals by a self-adhesive
bandage wrap. These solder connections then were reinforced
with epoxy adhesive.

Strain data collection and analysis

After 24 days of recovery, strain recordings were made
over thefollowing 2—3 days. A shielded cable was plugged into
the microconnector to carry strain signals to Vishay
conditioning bridge amplifiers (model 2120; Measurements
Group). Raw strain signals were sampled through an A/D
converter at 100Hz (alligators) or 250 Hz (iguanas), calibrated,
and stored on a computer for analysis. Owing to the length of
the lead wires, strain signals were also corrected for lead wire
desensitization (+5% increase in strain magnitude) as
recommended by Biewener (1992). For the aligators, strain
data were collected predominantly during treadmill exercise,
although some locomotion on a5m walled trackway was also
recorded. Training consisted of six 90s periods of exercise
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(with periods of rest between), 5 days per week for 3 months.
Multiple treadmill trials approximately 40s in duration were
conducted at 0.17ms™ and 0.37ms1 for each aligator. The
lower speed represented a slow walk for animals of this size
(Brinkman, 1980b; Gatesy, 19914a), whereas the faster speed
required considerable exertion and was close to the top speed
that the animals could sustain. Because the number of data
channels from which recordings could be made at the same
time was limited, femoral and tibial data were collected during
separate trials. For the iguanas, strain data were generated by
placing the animals at one end of the 5m trackway, then
startling them by thumping the floor or track walls behind
them, causing them to run or walk towards the other end of the
track. Multiple trials (with periods of rest between), each
recording strains for multiple steps, were conducted for each
iguana. Datawere collected simultaneously from the femur and
tibia. S'VHS (60Hz) video recordings (Panasonic AG-450)
were made of all trials for both species to document locomotor
behavior. In the treadmill trials for the alligators, video
recordings were obtained from a standard lateral perspective
so that kinematic variables and duty factors (the portion of the
stride during which the foot contacts the ground) could be
calculated. For the iguanas running in the trackway, duty
factors were calculated from the strain recordings as the length
of time over which a strain peak was present, divided by the
length of time from the start of one peak to the start of the
following peak. Upon completion of the recordings, the
animals were killed (Nembuta sodium pentobarbital,
200mgkg intraperitonea injection) and stored for later
dissection.

Conventions for analysis and interpretation of strain data
were as follows. Tensile strains are recorded as positive and
compressive strains are negative. The magnitudes of peak
longitudinal strain (strain aligned with the axis of the bone)
were digitized from each gauge location for each step. The
distribution of tensile and compressive strains on the cortex of
abone provides information about the loading regime to which
the bone is subjected. For instance, compressive strains at al
sites would suggest loading in axial compression, whereas
equal magnitudes of tensile and compressive strains on
opposite cortices would indicate pure bending; unegqual
magnitudes of tension and compression on opposite cortices
would suggest a combination of axial and bending loads.
Magnitudes and orientations of principal strains (maximum
and minimum strains at a site, potentially not aligned with the
long axis of the bone) were calculated from the rosette gauge
data(Dally and Riley, 1978). Shear strains al so were cal culated
following the methods of Carter (1978) and Biewener and Dial
(1995). In conjunction with calculations of principal strain
orientations, calculations of shear strains allowed evaluation of
the importance of torsional loading. Defining the long axis of
the bone as 0°, pure torsiona loads would show principal
strain orientations (deviations from the bonelong axis) of +45°
or —45°, depending on whether the bone was twisted in a
clockwise or counterclockwise direction. Orientations of
principa tensile strain (q) differing by 180° are equivalent,

and orientations of principal tensile and compressive strainsare
orthogonal.

Following muscular dissections of the hindlimbs of the
animals, the instrumented leg bones were excised and
embedded in epoxy resin. The bones then were sectioned
transversely at the gauge sites using a diamond annular saw
(Microdlice Il; Cambridge Instruments Ltd), and the sections
were mounted on glass dides. Using a digitizing tablet,
coordinate data were generated from outlines traced from the
cross sections, and the locations of the gauges on the bone
perimeter were digitized. Following the methods of Carter et
a. (1981) and Biewener and Dia (1995), the digitized
coordinates of the bone outline and gauge locations, together
with strain data from the three separate recording sites for the
alligator femur, aligator tibia and iguana tibia were used to
calculate the location of the neutral axis of bending (where
strain is zero) and the planar distribution of longitudinal strains
through cross sections of those elements.

Mechanical property tests

Upon removal of the instrumented leg bones, the intact
remains of the iguana and alligator specimens were frozen.
Specimens were later thawed, and the femora and tibiae
contralateral to the instrumented limbs were excised for
measurements of yield and failure strain in bending tests. Care
was taken to avoid scratching or damaging bone surfaces
during extraction. Soft tissue was cleared from the bone
diaphyses by firmly rubbing the surface using a saline-soaked
cotton-tipped applicator, although residual ligamentous tissue
was alowed to remain on the articular surfaces. Hydration of
the bones was maintai ned with saline solution after the removal
of soft tissue. Upon cleaning the bones, exposed surfaces were
lightly sanded with 600 grit paper to ensure remova of any
surface flaws. Three single-element strain gauges (type FLK-
2-11) were then bonded to the bone cortex around the midshaft
circumference of each element. For tibiae, anterior, medial and
posterior sites were selected; for femora, a dorsal site was
selected, as well as two ventral sites, one anterior and one
posterior to the ventral muscle scar of the femorotibialis.
Attachment sites were cleaned with methyl-ethyl-ketone only,
using no additional scraping, and gauges again were bonded
with cyanoacrylate adhesive. No gauge orientation deviated by
more than 5° from the long axis of a bone.

Whole bone specimens were tested in three-point bending
using a Type K (Monsanto) tensometer fitted with a 600N
steel force beam to which a strain gauge had been bonded. The
gauge length of the three-point bending jig was 30mm,
yielding a 15 mm bending moment arm (bone lengths ranged
from 40 to 57 mm). Bones were positioned in the jig so that
the strain gauges bonded to them were at the level of the
central point of load. In addition, bones were oriented so that
during testing tensile strains would develop on the surfaces on
which they developed during the locomotor trials, on the basis
of the in vivo strain recordings. Thus, femora were positioned
to place the ventral surface in tension, whereas tibiae were
positioned to place the anterior surface in tension. These



positions placed a least one gauge on each bone
(ventroposterior for femora, anterior for tibiag) on a surface
where maximum tensile strains would be expected to develop
during the tests. Bones were |oaded at a constant displacement
rate (0.08mms71) until failure. The voltage outputs from the
force beam and the gauges bonded to the test bones were
collected through bridge amplifiers and an A/D converter and
stored on a computer for analysis. For each tria, applied
bending moment (applied force multiplied by the bending
moment arm) was plotted versus maximum tensile strain.
Yield strains were then calculated following the protocol of
Currey (1990): the slope of the initia, linear portion of the
curve was calculated, and the point at which strain magnitude
deviated by 200microstrain  (hereafter  abbreviated
pe=strainx1076) from the magnitude expected on the basis of
this slope was considered to be the point of yield.

Safety factors for the hindlimb bones of Iguana and
Alligator were calculated as the ratio of yield strain (following
the recommendation of Biewener, 1991) to peak functional
strain for each bone in each species (evaluated in the planar
strain analyses):

Safety factor = (yield strain/peak functional strain) . (1)

‘Mean’ safety factors were calculated from the mean values of
peak strains and mechanical properties. In addition, when error
ranges were available for yield strains or peak functional
strains, ‘worst-case’ (i.e. lowest possible) safety factors were
calculated, on the basis of (mean yield strain minus 2 s.n.) and
(mean peak functional strain plus 2 s.0.).

Correlations between strain magnitude and limb posture

To test the correlation between limb posture and strain
magnitudein alligators, the angle of midstep femoral adduction
was calculated for each femoral strain peak. Strain recordings
were synchronized to the kinematic video recordings using a
pulse generator that simultaneously flashed a light pulse in the
field of view of the video and sent a voltage pulse to the A/D
converter. For each footfall during femoral recordings, markers
on the knee and hip joints were used to digitize the length of
the femur in lateral view when it was perpendicular to the
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treadmill (Measurement TV; Updegraff, 1990). Midstep
femoral adduction angle (y) then was calculated for each step
as.

y =90 — [cos™1 (observed length/true length)] . )

True femur lengths were measured directly from the animals,
and higher values of y reflect greater femoral adduction (i.e. a
more upright posture). Reduced major axis (RMA) regressions
of strain magnitude on y were calculated for each recording
location to evaluate correlations between these variables (for
similar treatment of angular kinematic data, see Reilly and
Delancey, 1997b). RMA is the most appropriate method of
regression for the evaluation of structural relationships
between variables when both are subject to error (LaBarbera,
1989; Sokal and Rohlf, 1995).

Results
Locomotor strain patterns and magnitudes

Representative principal, shear and longitudinal strain traces
from the aligator and iguana limb bones are illustrated in
Figs2-5; mean pesk strain magnitudes at the different
recording locations are summarized in Tables 1-4. Except for
traces from the tibia and anterior femur of Iguana (Fig. 4), al
graphs are drawn to the same scale to facilitate direct
comparisons. Detailed results for the femur and tibia of each
species are described below. Generalizations about limb bone
strains during fast and slow locomotion for each species are
made on the basis of the most common strain patterns observed
for each recording site, interpreting these patterns as standard
behavior. Some repeated, but non-standard, patterns are
described in a separate section after these genera
characterizations.

Fast locomotion in Alligator: femur

Representative strain traces from an alligator femur during
fast locomotion are illustrated in Fig. 2; mean peak strain
magnitudes for each femoral recording site during fast steps
are reported in Table 1. Peak strain magnitudes are quite
variable (coefficients of variation between 0.39 and 0.80), but

Table 1. Peak longitudinal (gaxial), principal tensile (&), principal compressive (&) and shear strains recorded from the alligator
femur and tibia during fast (0.37 ms™) locomotion

Bone Gauge site Eaxia (HE) &t (He) €c (Me) @ (degrees)* Shear (ue)

Femur Dorsal -400+319 (161,2)  +232+122(214,3) -468+254(214,3)  +47+13(214,3)  619+306 (214, 3)
Ventral +434+190 (76, 1) +708+£273(76,1)  -537+221(76,1)  +29+13(76,1)  1027+591 (76, 1)
Anterior +377+162 (176, 3)

Tibia Anterior +231+90 (218, 3) +391+164 (218,3) -361+215(218,3) -35+11(218,3)  677+388 (218, 3)
Medial +415+197 (230, 2)
Posterior -880+327 (234, 2)

Values are means + s.0. (Ue = 1078 x gtrain).

Angles of principal tensile strains to the long axis of the bone (@) are also reported.
Following strain magnitudes in parentheses are the number of steps analyzed and the number of individuals tested, respectively.
*Rotational directions for @: dorsal femur, + = proximoanterior; ventral femur, + = proximoposterior; anterior tibia, — = proximolateral.
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Fig. 2. Representative strain traces recorded simultaneously from the three gauge locations on the alligator femur during fast locomotion
(0.37ms™). Four consecutive steps are illustrated. (A) Ventral principal, shear and longitudina strain. (B) Dorsal principal, shear and
longitudinal strain. (C) Anterior longitudinal strain. Shading highlights the same single step at all gauge locations. €t and ¢ denote the tensile
and compressive principa strain traces, respectively; compressive principal strain is shown as a dashed line. ¢x indicates the angular deviation
of principal tensile strains from the long axis of the bone.



loading patterns (i.e. patterns of tensile and compressive strain
at each recording site) are consistent among steps. Peak strains
at al locations are approximately synchronous and typically
occur sightly before midstep. Longitudinal strain traces often
exhibit two peaks per step, reflecting the initial deceleration of
the animal upon contact of the foot with the ground, followed
by the reacceleration of the animal when the foot pushes off
from the ground (Alexander, 1977d). However, ventral and
dorsal principal strain traces often show only single peaks,
consistent with the pattern seen during faster locomotion in
previous studies of mammalian limb bone strains (e.g. Lanyon
and Bourn, 1979; Rubin and Lanyon, 1982; Biewener and
Taylor, 1986; Biewener et a., 1988).

The distributions and relative magnitudes of tensile and
compressive strains indicate that the alligator femur is subject
to a combination of bending, axial compression and torsion.
Anterior and ventral aspects of the alligator femur experience
tension: longitudinal strains are positive on both surfaces, and
ventral principal tensile strains are larger than ventral principal
compressive strains (Table 1; Fig. 2A,C). Mean peak strains
recorded from these sites were +708 e (ventral, principal) and
+377 e (anterior, longitudinal). In contrast, the dorsal surface
of the femur experiences compression: longitudinal strains are
compressive, and compressive principal strains are greater than
tensile principal strains (mean peak principa strain —468 €;
Fig. 2B; Table 1). The presence of tensile and compressive
strains on opposite bone surfaces suggests that the alligator
femur is loaded in bending. In addition, because dorsal
compressive longitudinal strains are greater in absolute
magnitude than ventral tensile longitudinal strains during
single steps in which recordings were taken from both
locations (Fig. 2A,B), bending loads appear to be
superimposed on axial compression induced by supporting the
weight of the body. However, mean peak principa tensile
strain orientations (¢) on the dorsal (+47°, proximoanterior)
and ventral (+29°, proximoposterior) femoral surfaces deviate
strongly from the long axis of the bone, suggesting that the
alligator femur also experiences torsion (Table 1; Fig. 2). The
direction of torsion (clockwise for the left femur viewed from
its proximal or distal end) is consistent with the direction of
stance phase femoral rotation observed in cineradiographic
studies of crocodilian locomotion (Brinkman, 1980b; Gatesy,
1991a): anterior femoral rotation is produced by the
caudofemoralis muscle, which inserts proximally on the femur
(Gatesy, 1997), but femoral rotation is resisted distally by the
ligaments of the knee joint. Shear strain magnitudes further
suggest that the alligator femur experiences substantial torsion:
mean peak dorsal (619 p€) and ventral (1027 pe) femoral shear
strains exceed mean peak femoral principal strain
measurements from these sites by 32% and 45 % respectively
(Table 1; Fig. 2A,B).

Fast locomotion in Alligator: tibia

Representative strain traces from an alligator tibia during
fast locomotion are illustrated for four sequential steps in
Fig. 3A, and mean peak strain magnitudes for each tibial
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recording site during fast steps are reported in Table 1.
Loading patterns are consistent among steps, athough load
magnitudes are variable (coefficients of variation between 0.39
and 0.57). All longitudinal traces and most principal strain
traces exhibit two peaks, one before and one after midstep.

The aligator tibia, like the alligator femur, is loaded in a
combination of bending, axial compression and torsion.
Longitudinal recordings show that, through the first half of
stance, the anterior and medial aspects of the tibia are loaded
in tension, whereas the posterior surface is loaded in
compression (Fig. 3A). After midstep, loading patterns are
unchanged for the anterior and posterior surfaces, but medial
longitudinal strains shift from tensile to compressive.
Nonetheless, the presence of both tensile and compressive
surface strains and the greater magnitude of posterior
compression (mean —880g) compared with anterior (mean
+231pe) or mediad (mean +415pe) tension suggest that
bending is superimposed on axial compression in thetibia. The
deviation of peak principal tensile strains from the long axis of
the tibia on its anterior surface (mean ¢x —35°, proximolateral;
Table 1) suggests that the aligator tibia is aso loaded in
torsion. This torsion is counterclockwise for the left tibia
(viewed from its proximal or distal end), consistent with
cineradiographic observations of outward crura rotation
during locomotion in Caiman sclerops (Brinkman, 1980b)
resisted by the foot (planted on the ground) and the ligaments
of the ankle. Shear strain calculations reflect the likely
importance of torsion in the tibiaz mean peak anterior shear
strain (677 ) exceeds mean peak anterior principal tensile
strain (+391p€) by 73% (Table 1; Fig. 3A).

Sow locomotion in Alligator: femur and tibia

Except for ventral longitudinal strains, al longitudinal,
principal and shear strains in the femur decrease significantly
in magnitude during slow locomotion compared with fast
locomotion (Tables 1, 2; compare dorsal, ventral and anterior
recording locations: Mann-Whitney U-tests, P<0.01 for all
comparisons). However, at some locations, these differences
are fairly minor (e.g. <50ue for dorsal principal tensile
strains). Mean peak strain magnitudes for the femur are till
variable during slower locomotion (coefficients of variation
between 0.26 and 0.60), but the distribution of tensile and
compressive strainsis essentially the same during fast and slow
steps.

Inthetibia, anterior principal tensile and compressive strains
are both significantly lower in slow steps, as are anterior and
posterior longitudinal strains (compare Table 1 with Table 2;
Mann-Whitney U-tests, P<0.05 for anterior principal
compressive strain, P<0.002 for other comparisons). However,
mean peak strains at the medial recording site increase
significantly during slower locomotion (Mann—Whitney U-
test, P<0.001; Table 1); in addition, media strains remain
tensile throughout the stance phase at slow speed and no longer
exhibit the compressive peak seen at the end of the support
phasein fast steps (Fig. 3B). Torsion remains important during
slow steps. Deviations of principal tensile strains from thelong
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Fig. 3. Representative principal, shear and longitudinal strain traces recorded simultaneously from the three gauge locations on the alligator
tibia. (A) Fast locomotion (0.37ms™1) showing four consecutive steps. (B) Slow locomotion (0.17ms™) showing two consecutive steps.
Symbols and format asin Fig. 2.
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Table 2. Peak longitudinal, principal and shear strains recorded from the alligator femur and tibia during slow (0.17 ms™)

locomation
Bone Gauge site Eaxial (HE) &t (He) €c (He) @ (degrees)* Shear (ue)
Femur Dorsal -197+119 (67, 2) +187+57 (99, 3) -349+89 (99, 3) +42+12 (99, 3) 493+139 (99, 3)
Ventral +235+85 (23, 1) +340+£123(23,1)  —257+99 (23, 1) +28+10 (23, 1) AT4+243 (23, 1)
Anterior +259+138 (111, 3)
Tibia Anterior +198+91 (131, 3) +342+151 (131,3)  —323+173(131,3) -36+11(131,3)  617+333(131, 3)
Medial +512+134 (111, 2)
Posterior -465+153 (129, 3)

Vauesare means+ s.D.
Format and abbreviationsare asin Table 1.
*Rotational directions for @ are the same asthose used in Table 1.

axis of the tibia are virtualy identical in slow and fast steps
(mean @x —36° and —35° for slow and fast steps, respectively;
Tables 1, 2), and mean peak anterior shear strain (617 pe) still
exceeds mean peak anterior principal tensile strain (+342 p€)
by 80% during slow locomotion (Table 2; Fig. 3B).

Fast locomotion in Iguana: femur

Running steps (mean velocity 2.0ms™1) were elicited from
two of the four experimental iguanas (iguanas B and D).
Representative principal and axia strain traces for iguana B
are illustrated in Fig. 4A, and representative principal and
shear traces for iguana D areillustrated in Fig. 5A; mean peak
strain magnitudes for both animals are listed in Table 3. The
iguana femur, like the alligator femur, appears to be loaded in
bending with the anterior cortex in tension and the dorsal
cortex in compression (Fig. 4A; Table 3). However, patterns
of femoral torsion differed among the individual iguanas. In
iguana B (N=45 steps), anterior principa tensile strains were
aligned very closely with the long axis of the femur (mean @
-3°, proximoventral), and femora shear strains were
negligible (Fig. 4A; Table 3). In contrast, in iguana D (N=7
steps), @ deviated considerably from the long axis of the femur
at peak strain (mean —49°, proximoventral; Fig. 5A), resulting
in anterior shear strains 78% greater than anterior principal
tensile strains (mean peak shear 1121 e, mean peak anterior
principa strain +629 ug; Table 3). Thus, torsion appears to be

unimportant for the femur of iguana B, but large shear and off-
axis principal strains suggest considerable torsion in the femur
of iguana D. The counterclockwise torsion measured on the
right femur of iguana D is consistent with the clockwise torsion
measured on the left femur of alligators, as patterns of torsion
in contralateral limbs would be expected to mirror each other.
Furthermore, the direction of torsion in iguana D is consistent
with the direction of stance phase femoral rotation observed in
previous cineradiography of iguana locomotion (Brinkman,
1981): anterior femoral rotation is produced by the
caudofemoralis, which inserts proximaly on the femur
(Snyder, 1962), but rotation isresisted distally by the ligaments
of the knee.

Fast locomotion in Iguana: tibia

Strain patterns for the tibia were similar among the
individual iguanas (Fig. 4B). Longitudinal strain traces show
single peaks with synchronous maxima at approximately
midstep. Like the aligator tibia, the iguana tibia is subject to
bending: the anterior and media tibia surfaces experience
tensile strains (mean peaks +1650pe and +982 e,
respectively), whereas the posterior surface experiences
compressive strains (mean peak —-840pg). The greater
magnitude of anterior tensile strains relative to posterior
compressive strains suggests that the iguana tibia is loaded in
net tension. This result is unexpected for a limb element

Table 3. Peak longitudinal, principal and shear strains recorded from the iguana femur and tibia during running steps

Bone Gaugesite  Individual(s) Eaxial (LE) £t (HE) €c (He) @ (degrees)* Shear (ue)
Femur Anterior Iguana B +288+130 (45, 1) +291+128 (45,1) —-308+122 (45, 1) -3+5 (45, 1) 59+73 (45, 1)
Anterior Iguana D -235+78 (7, 1) +620+94 (7, 1) -510+85 (7, 1) -49+4(7,1)  1121+151(7,1)
Dorsal Iguana B —-159+42 (45, 1)
Tibia Anterior Both +1650+608 (49, 2)
Media Both +982+328 (52, 2)
Posterior Both —-840+416 (52, 2)

Values are means £ s.D.

Abbreviationsare asin Table 1.

Separate femoral data are reported for the two individuals that exhibited
*Rotational direction for @: — = proximoventral.

different patterns of femoral shear (see text).
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supporting the weight of the body and is explored further
through cross-sectional analyses of planar strain distributions
(see below). Torsion could not be assessed for the iguanatibia
because the cortical surfaces were too narrow to attach rosette
gauges.

Sow locomotion in Iguana: femur and tibia

Loading patterns for the iguana femur during slow
locomotion show some differences from those during fast
locomotion. Anterior principal strain traces typically showed
double peaks during stance in walking steps, contrasting with
the single anterior principal peaks typical of running steps
(compare Fig. 5A and 5B). Steps were nearly evenly divided
between those in which the first peak (N=118) or the second
peak (N=119) was greater in magnitude (Table 4), as might
be expected for normal variation in relative components of
deceleration versus reacceleration produced by the limb
during stance. Principal tensile strain orientations also

02 04 06 08

10 12

showed different patterns between walking and running steps.
For running steps by iguana D, ¢ ranged almost exclusively
between 0° and —90 °; however, for walking step