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Studies of soft tissue effects on joint mobility in extant animals can help to
constrain hypotheses about joint mobility in extinct animals. However,
joint mobility must be considered in three dimensions simultaneously, and
applications of mobility data to extinct taxa require both a phylogenetically
informed reconstruction of articular morphology and justifications for
why specific structures” effects on mobility are inferred to be similar. We
manipulated cadaveric hip joints of common quail and recorded biplanar
fluoroscopic videos to measure a ‘ligamentous’ range of motion (ROM),
which was then compared to an ‘osteological’ ROM on a ROM map. Nearly
95% of the joint poses predicted to be possible at the hip based on osteological
manipulation were rendered impossible by ligamentous constraints. Because
the hip joint capsule reliably includes a ventral ligamentous thickening
in extant diapsids, the hip abduction of extinct ornithodirans with an offset
femoral head and thin articular cartilage was probably similarly constrained
by ligaments as that of birds. Consequently, in the absence of extraordinary
evidence to the contrary, our analysis casts doubt on the ‘batlike” hip pose tra-
ditionally inferred for pterosaurs and basal maniraptorans, and underscores
that reconstructions of joint mobility based on manipulations of bones alone
can be misleading.

1. Introduction

Reconstructions of joint mobility for extinct taxa have traditionally relied solely
on information from the physical or digital manipulation of fossil bones (e.g.
[1-5]). By studying interactions between fossilized pairs of ‘articular’ surfaces
(see [6—8]), palaeontologists have estimated ranges of motion (ROM) limited
by only two criteria: bone-on-bone stops and disarticulation.

However, the appendicular joints of vertebrates are well-integrated systems
that—in addition to bone—also comprise soft tissues such as cartilage, liga-
ments, muscles, tendons, connective tissues, and the nerves and vessels that
supply them [9]. This presents a problem for palaeontologists because articular
soft tissues, which are typically not preserved in the fossil record, substantially
affect joint mobility. Functional morphologists have recently begun to quantify
these effects (e.g. [10], electronic supplementary material; [11-20]), often with
the intent of applying the data to palaeobiological reconstructions. Although
such analyses have considerable potential to help to constrain hypotheses
about joint mobility in extinct animals, we suggest that they would benefit
from certain philosophical and methodological improvements.

Philosophically, justifications beyond the use of a simple extant phylo-
genetic bracket (EPB) [21] are necessary to apply mobility data from a joint in
an extant animal to the reconstruction of a particular joint in an extinct
animal. The morphology, and thus the effect on mobility, of articular structures
varies both among joints and among animals (and even in the same individual
developmentally). For example, substantial differences are evident in the knees
of birds and crocodiles, which form the EPB for all extinct archosaurs. In birds,
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Figure 1. The anatomical coordinate systems for the (a) pelvis (dorsal view) and (b) femora (dorsal view), and (c) the resulting hip joint coordinate systems shown
in the reference pose (all rotations equal zero; anterolateral view). Red spheres in (a,b) represent radiopaque marker implantation sites. Plus signs in (c) indicate
conventions for positive rotations in each degree of freedom, where rotation about blue is FE, green is ABAD, and red is LAR.

the distal condyles of the femur are more strongly defined,
there are more intra-articular structures, and the epiphyses
of the long bones retain far less cartilage than in crocodiles
[7,8,22,23]. Knowledge of soft tissue effects on mobility in
one joint does not necessarily allow strong prediction of
those in others, even in closely related taxa (e.g. [14]).

In practice, methods used to measure and report ROM must
be pose-based in order to capture the 3D complexity of joint
mobility adequately. Joint motions have historically been
decomposed into discrete degrees of freedom (DoF), such as
flexion—extension (FE), abduction—adduction (ABAD) and
long-axis rotation (LAR), and ranges of excursion in each of
these DoF have been considered independently. However,
recent functional studies of joints have demonstrated that the
range of excursions possible in one DoF strongly depends on
simultaneous excursions in the others [24]. In disregarding
these interactions, studies that measure and report separate
ranges of excursion for each DoF incorrectly suggest the viability
of combinations of rotations (i.e. joint poses) that are never
achieved. Separate bar graphs for each DoF are an inadequate
visualization, and percentage differences for each DoF are an
inadequate calculation, for reporting biologically meaningful
ROM data (see [24] for a more extensive discussion).

Here we develop an approach that we call 'ROM mapping’
to visualize and compare joint mobilities. We analyse as an
example the hip joint mobility of the common quail, as (i) pre-
dicted from dry bones alone, using new automated methods
of generating bone-bone configurations and checking for
mesh model interpenetration, and (ii) experimentally measured
from cadaveric quail with intact hip joint capsules, using bipla-
nar fluoroscopy. We then infer quail hip ligament functions
using a new method of dynamic ligament simulation, and dis-
cuss the implications of our results for reconstructing hip joint
mobility in extinct ornithodirans (bird-line archosaurs).

2. Material and methods
(a) Dissection

The common quail was selected for study because it is a terrest-
rially proficient basal Neornithine [25]. Three fresh frozen adult
common quail (Coturnix coturnix; QROM01-QROMO3), obtained
from RodentPro.com, LLC (Evansville, IN, USA), were dissected
to isolate the vertebral column, pelvis and femora. All muscles
were removed under a Wild Heerbrugg (Wild of Canada Ltd.,
Ottawa, Canada) or Nikon SMZ800 (Nikon Corporation, Tokyo,

Japan) stereomicroscope at 10—60x magnification to ensure integ-
rity of the hip joint capsule. A fourth individual, used only for
anatomical study, was dissected further to allow examination of
structures within the hip joint capsule.

(b) ‘Ligamentous’ hip ROM measurement

To measure a ‘ligamentous’ ROM (i.e. the range of motion of the hip
with the joint capsule intact), we used biplanar fluoroscopy. Radio-
paque markers (0.8 mm diameter zirconium oxide ball bearings;
Ortech, Inc., Sacramento, CA, USA) were press-fitted into hand-
drilled holes in the ilia and femora (three per bone; see
figure 1a,b) of individuals QROMO01-QROMO03, and affixed with
cyanoacrylate adhesive. Each specimen was mounted in the
centre of the X-ray volume created by two X-ray image systems
(Imaging Systems and Service, Painesville, OH, USA) comprising
two Varian model G-1086 X-ray tubes (75-85 kV, 200 mA, magni-
fication level 3, 2ms pulse width) and two Dunlee model
TH9447QXH590 image intensifiers (96—-124 cm SID) in the
W. M. Keck Foundation XROMM Facility at Brown University. A
3.175 mm x 0.914 m wooden dowel was fastened to each femur
using three 5 mm x 10 cm cable ties to allow the researcher to
manipulate the hip joint from a safe distance outside the X-ray
volume. A total of 38 biplanar fluoroscopic videos of the hip
joints taken through extremes of rotation was recorded (10 fps, 1/
1000 s shutter speed, 1760 x 1760 resolution) using Phantom v.10
high-speed cameras (Vision Research, Wayne, NJ, USA). Extremes
of rotation were determined based on researcher sensation of a hard
stop caused by ligamentous constraints, as described by Kambic
et al. [24]. Still X-ray images of a standard grid and an object of
known geometry were also captured to allow undistortion and
3D calibration of the cameras [26,27].

Following video data collection, specimens were disarticulated
and computed-tomography scans (90 kV, 0.1 mA, 0.173 mm slice
thickness, 480 x 480 resolution; FIDEX CT, Animage, Pleasanton,
CA, USA) were taken of the pelves and femora. All calibration
images, X-ray videos, and CT files were uploaded to the X-ray
Motion Analysis Research Portal, a web environment for the sto-
rage, management, and sharing of XROMM data (xmaportal.org),
and are publicly available. Mesh models of skeletal elements and
radiopaque markers were reconstructed using AMIRA V. 6.0.1 (Mer-
cury Systems, MA, USA) and cleaned using Geomagic Studio 2013
(8D Systems, Morrisville, NC, USA), where geometric primitives
were fit to the acetabulum, femoral head, and distal femoral con-
dyles. Models and primitives were imported into Mava 2016
(Autodesk, San Rafael, CA, USA), and coordinate systems and refer-
ence poses were generated following Kambic et al. [28] (figure 1).

X-ray videos were calibrated and digitized using XMALAB
v. 1.5.0 [27]; the precision of tracking was 0.0386 mm (mean s.d.
of intermarker distance for 228 co-osseous marker pairs over 38
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trials; see [26]). Rigid body transformations were computed and
used to animate bone models in Maya, where six DoF kinematics
were calculated from joint coordinate systems [29] using the
‘Output Relative Motion” script in the XROMM_MayaTools pack-
age (available at xromm.org). This process yielded 20627
measured hip poses: 4195 from individual QROMO1 (2123 left
and 2072 right); 6206 from QROMO02 (2803 left and 3403 right);
and 10226 from QROMO03 (4826 left and 5400 right).

(c) ‘Osteological’ hip ROM measurement
To simulate palaeobiological reconstruction of hip mobility and
measure an ‘osteological’ ROM (i.e. the range of motion of the
hip predicted from dry bones only), we created an automated
system for generating millions of bone—bone configurations and
checking them for mesh model interpenetration. This method
eliminates the risk of inter-observer differences in ROM estimation
(see [12]) by standardizing the search process. A forward kinematic
model was created in Maya 2016 (Autodesk, San Rafael, CA, USA)
by constraining the femur mesh model of individual QROMO1 to a
character animation joint created based on the same joint coordi-
nate system used for ‘ligamentous’” ROM measurement. This
joint was centred inside the individual’s right acetabulum and
then translated up to 2 mm laterally, 1 mm dorsally and 1 mm ven-
trally in increments of 0.5 mm, resulting in 25 combinations of hip
joint translations. These values were selected because lateral trans-
lation beyond 2 mm would have situated the femoral head entirely
outside the acetabulum, dorsoventral translation beyond 1 mm
always resulted in interpenetration of the femur and pelvis, and
anteroposterior translation of 0.5 mm often resulted in interpene-
tration and never yielded any viable poses beyond those
captured using the 25 translation combinations detailed above.
At each hip joint translation, the femur was animated to
sample all potential combinations of hip joint rotations (—180° to
180° FE, —90° to 90° ABAD, —180° to 180° LAR) at a resolution
of five degrees (186624 poses). Certain regions of joint pose
space were further sampled at one-degree resolution to ensure
complete coverage, resulting in an additional 54 000 poses tested
(see Results). Thus, 240624 poses were generated at each of 25
translations, yielding a total of 6015600 femur-pelvis confi-
gurations tested. Polygonal Boolean operations were applied to
pelvis and femur mesh models at each configuration, and the
surface areas of the resulting intersection meshes were queried to
search for poses that did not result in bone-on-bone interpenetra-
tion. Using this method, 42131 viable ‘osteological’ poses were
found. A simple random sample of 1000 poses was manually
checked to ensure viability; no sampled pose was inaccurate.
The MEL code used in this study, and generalized instructions
for sampling joint poses and creating an automated system to
check for mesh model interpenetration in Maya, are provided as
electronic supplementary material, methods S1 and S2.

(d) ROM mapping

We developed an approach that we call ROM mapping, building
on the methods created by Kambic ef al. [24], to allow visualiza-
tions and measurements of joint mobility that capture its 3D
complexity. Making a ‘ROM map” involves (i) plotting 3D points
representing each joint pose in a space representing all possible
poses, and then (ii) wrapping the resulting point cloud as tightly
as possible to create a polygonal ROM envelope representing a
joint’s mobility (see electronic supplementary material, movie S1
for a visual guide to understanding ROM mapping). If several
mobilities are measured using the same joint coordinate
system—for example, our ‘ligamentous’ and ‘osteological” mobili-
ties—they can be placed on the same ROM map, and the relative
extent and overlap of their ROM envelopes can be visualized
and computed. This process can be thought of as analogous to
charting the areas of various countries and continents on a political

map. A political map allows a cartographer to calculate how much
of Africa is taken up by Botswana, compare the sizes of Denmark
and China, or measure the distance separating Mexico from
Argentina. In the same way, a ROM map is a visualization that
makes it possible to compare several nested mobilities from the
same animal, or even mobilities measured from different ones.

In the present study, we created our ROM map by importing
the FE, ABAD and LAR angle values measured from the joint coor-
dinate system for each ‘ligamentous” and ‘osteological” hip pose
into MarLaB R_2017a (Mathworks, Natick, MA, USA) and
plotting them as points in an Euler angle-angle-angle space with
a total volume of 23328 000 degrees’. An alpha shape—a three-
dimensional polygonal envelope that captures the external shape
of a point cloud—was computed for the sets of ‘ligamentous’
and ‘osteological’ poses. Because there is no reason to presume
convexity of joint pose point clouds (pace [24]), alpha radii were
set to produce the tightest fitting alpha shapes that enclosed
all points without allowing internal holes. The volumes of the
resulting ‘ligamentous’ and ‘osteological’ ROM envelopes were
computed using native MaTLAB functions and compared. The
MaTtLAB code used in this study, and generalized instructions for
creating a ROM map in MatLaB, are provided as electronic
supplementary material, method S3.

(e) Dynamic ligament fibre simulation

Because in vivo measurement of ligament length remains challen-
ging, we developed a new method of dynamic ligament fibre
simulation to explore hip ligament function in the common quail.
Pubofemoral and ventral and caudal ischiofemoral ligament
fibres were modelled as polygonal meshes and constrained to
their attachment sites (as determined in our dissections; see elec-
tronic supplementary material, figure S3) on the femur and
pelvis mesh models of individual QROMO3 in Mava 2016 (Auto-
desk, San Rafael, CA, USA). Bone penetration was avoided (i.e.
ligament fibres were forced to wrap around the pelvis and
femur) using an nCloth dynamic simulation. Fibre lengths were
computed at all hip poses measured from QROMO03, and also in
a roughly ‘batlike’ hip pose, defined here as (FE°, ABAD",
LAR®) = (90, 70, 0). Because true ligament resting length could
not be measured, ligament fibre recruitment—length at a given
pose as a percentage of maximum length reached—was calculated
for all poses (see [30]). Correlations between recruitment and hip
rotational degrees of freedom for each modelled fibre were then cal-
culated to determine which motions the fibres were most involved
in limiting. The nCloth properties and MEL code used in this study,
and generalized instructions for creating a dynamic ligament fibre
simulation in Maya, are provided as electronic supplementary
material, method S4.

3. Results
(a) Anatomical description of the hip joint capsule

The avian hip joint capsule has traditionally been described
as comprising three ligamentous thickenings: the iliofemoral,
ischiofemoral and pubofemoral ligaments [31]. In this study,
the pubofemoral ligament was found to be the only capsular
ligament whose caudal and rostral borders are consistently
demarcated. In the quail, this ligament is a distinct, fibrous,
band-like thickening of the hip joint capsule originating at
the pubic peduncle of the ilium and inserting on the rostrolat-
eral femoral metaphysis. The ischiofemoral ligament is a less
distinct thickening of the capsule originating at the ventro-
caudal acetabular rim and inserting on the medial and
caudal femoral metaphysis. Baumel & Raikow [31] suggested
that the iliofemoral ligament originates on the dorsal
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d)

Figure 2. Images of the hip joint capsule and its ligamentous thickenings in the right hip of a common quail: (a) anterior, (b) ventral, (c) posterior and (d) dorsal
views. Thumbnails in each view display the approximate hip pose at which each image was taken. Black dashed lines indicate the borders of the pubofemoral
ligament; white dashed lines indicate the approximate borders of the ischiofemoral ligament. (Online version in colour.)

acetabular rim and inserts onto the trochanteric extent of the
femoral articular surface. However, the current study, our
previous dissection of Gallus [20], and dissections of other
galliforms and Buteo, Cathartes and Corvus by Tsai &
Holliday [32] did not find the iliofemoral ligament to be a
reliably present thickening of the capsule. Although the
descriptive literature spans over half a century, images of
an intact avian hip joint capsule and its ligaments do not
exist, so we provide them here (figure 2).

Our observations of the quail are largely consistent with
previous studies of other adult birds [20,31-35]. The joint
capsule was found to be relatively thin and transparent
dorsally, but reinforced by ligamentous thickenings both
rostrally and ventrally. Within the capsule, a single ligamen-
tum capitis femoris originates from the inner acetabular rim
and inserts on the fovea capitis of the femoral head. The
articular cartilage of the femur and acetabulum is very thin.

(b) ‘Ligamentous’ hip ROM description

The possible locations of the quail distal femur with the hip
joint capsule intact, based on pooled measurements from all
six hips to ensure complete sampling, are represented as
small spheres in figure 3. Inter-individual differences among
the hips studied were minimal and are displayed in electronic
supplementary material, figure S1 (see [24] for a discussion of
potential sources of variation; differences in the present study
are mostly attributed to the differing number of poses sampled
per hip.). The position of each sphere in figure 3 captures the FE
and ABAD of the hip, and hip LAR is represented by sphere
colour, where a darker colour indicates a more externally
rotated hip pose (high LAR) and a lighter colour indicates a
more internally rotated hip pose (low LAR).

(c) ROM map comparison of ‘ligamentous” and

‘osteological’ hip mobilities
A ROM map including ‘ligamentous” and ‘osteological’ hip
mobilities of the common quail is displayed in figure 4.
The volume of the outer ‘osteological’ ROM envelope (grey)
is 5408 052.67 degreesB, whereas the volume of the enclosed
‘ligamentous” ROM envelope (teal) is only 285 563.63 degrees3.
In other words, 94.72% of the hip joint poses that are contained
within the ‘osteological” envelope fall outside the ‘ligamentous’
envelope. Although these poses appear possible from the
manipulation of bones alone, they are rendered impossible
when the hip joint capsule is intact. We recognize that many
of the poses in the ‘osteological” envelope would never be con-
sidered by any morphologist attempting to reconstruct hip
mobility in an extinct animal (e.g. Figure 4a). However, because
in palaeobiological reconstructions there are no consistent
methodological constraints on hypothesized mobility except
bone-on-bone stops and disarticulation, this first approxima-
tion is not as much of a straw man as it may seem. Even if all
poses with FE less than 0° (i.e. with the distal femur raised
above the vertebral column) are eliminated, 89.30% of the
remaining ‘osteological” poses still lie outside the ‘ligamentous’
ROM envelope.

At certain locations in the ROM map, the ‘osteological’
ROM envelope does not extend beyond the ‘ligamentous’
envelope. In our simulation, this region was sampled at one-
degree resolution to ensure more complete coverage of the
‘osteological’ envelope. The poses represented by these
locations involve femur-on-antitrochanter interactions. How-
ever, for the most part, the striking disparity between the
‘ligamentous’ and ‘osteological” envelopes indicates that liga-
ments play a large role in constraining avian hip mobility,
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Figure 3. Possible locations of the distal femur with the hip joint capsule intact, represented by spheres relative to a right hip joint. Data pooled from all six hip
joints studied and coloured by hip long-axis rotation at each point, where darker is more externally rotated and lighter is more internally rotated. (a) Lateral, (b)

dorsal and (c) anterolateral views. (Online version in colour.)
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Figure 4. Four right hip poses of the common quail corresponding to the following (FE°, ABAD®, LAR®) triplets: (a) viable but biologically unreasonable (— 100, 50,
100); (b) viable and possible with joint capsule intact (30, 30, 20); (c) bat-like (90, 70, 0); and (d) inviable (0, 10, —130). The 3D points representing these poses
are plotted on a ROM map containing ‘osteological’ (grey) and ‘ligamentous’ (teal) quail hip ROM envelopes. A visual guide to interpreting this figure is provided as
electronic supplementary material, movie S1. The map is viewed from an (azimuth®, elevation®) viewpoint of (210, 15); electronic supplementary material, figure S2

and movie S2 include other views. (Online version in colour.)

confirming the preliminary observations of Stolpe [33] and
predictions of Rankin et al. [36].

(d) Ligament fibre recruitment

Ligaments restrict mobility in all three dimensions simul-
taneously, and their recruitment depends on excursions in all
three degrees of freedom. Bearing this in mind, correlations
between recruitment of simulated fibres and specific degrees
of freedom can still indicate which excursions are most strongly
limited by a given ligament. The pubofemoral ligament pri-
marily limits external rotation at the hip joint (r = 0.70; see
electronic supplementary material, figure S4c). The caudal
(r=0.56; see electronic supplementary material, figure S4e)
and ventral (r = 0.52; see electronic supplementary material,
figure S4h) fibres of the ischiofemoral ligament primarily

limit abduction. These results support intuitive hypotheses of
inferred function based on fibre orientation. To place the
quail hip in a batlike pose of (FE°, ABAD®, LAR®) = (90, 70,
0), which lies outside the ‘ligamentous’ ROM envelope, the
ventral fibres of the ischiofemoral ligament would need to
stretch nearly 63% beyond their maximum experimental
length (i.e. reach 162.8% recruitment).

4. Discussion

(a) Ligamentous constraints on avian hip mobility

Our analyses show that ligaments significantly constrain
avian hip mobility. Because adult avian articular cartilage is
very thin, the dramatic differences between the ‘ligamentous’
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and ‘osteological’ ROM envelopes found in our ROM map
comparison can be attributed to the ligaments themselves.
Consequently, when palaeobiological reconstructions of
animals with similarly thin articular cartilage neglect liga-
mentous constraints, they probably overestimate joint
mobility by a significant margin (for a consideration of the
effects of thick articular cartilage, see [12]). The severity of
this overestimation is obscured when comparisons of joint
mobility are reduced to measurement of excursions in individ-
ual degrees of freedom. Dry bones alone gave an estimate of
LAR of —180° to 180°, ABAD of —70° to 90° and FE of —180°
to 180°, whereas with the hip joint capsule intact, only a LAR
of —33.81° to 52.79°, an ABAD of —11.76° to 60.50° and a FE
of —15.77° to 141.89° were possible. This translates to losses
of only 75.95%, 54.84% and 56.21% respectively in each DoF,
as compared to the 94.72% loss of joint poses determined
through our ROM map comparison. The disparity between
these metrics reinforces the importance of a pose-based analy-
sis that considers joint mobility in three dimensions
simultaneously, and underscores the utility of ROM mapping.

(b) Applying mobility data to extinct animals
Functional reconstructions of extinct animals rely on the premise
that their joints could assume certain poses. However, even after
a decade of great progress in investigating the effects of soft tis-
sues on joint mobility (e.g. [10,12—19]), palaeobiologists still lack
an explicit philosophical methodology for applying these data
to extinct animals.

Of course, some extinct animals have limbs so different
from those of their closest living relatives (e.g. the paddles of
plesiosaurs, the wings of pterosaurs) that recourse to analogy
is inevitable when discussing their joints. That said, there is
general agreement that, whenever possible, homology is a
better guide than analogy for reconstruction. This principle
has led some workers (e.g. [21,37]) to lay out formal methods
for reconstructing soft anatomical traits, and phylogeneti-
cally rigorous applications of these methods have allowed
reconstructions of unpreserved articular morphology (e.g.
[8,32,38]). Regrettably, the full complexity of joint anatomy
has not typically played a role in reconstructions of joint mobi-
lity, which have instead relied on a dilution of Witmer’s [21]
EPB approach and used simple triangulation between mobility
data from a bracket of two extant relatives, or even wholesale
application of mobility data from a single extant relative.

Because the morphology of articular structures varies sub-
stantially, even among closely related taxa, the effects on
mobility of those articular structures is also likely to vary sub-
stantially. Thus, it is insufficient to examine, for example, the
effects of ‘layers’ (e.g. all integument, all muscles and tendons,
all joint capsules and ligaments) of soft tissues on joint mobility
in a bird and/or crocodile and use those data to make state-
ments about joint mobility in any given extinct archosaur.
Instead, further explanations are necessary for why the effects
on mobility of the specific articular structures studied are
inferred to be similar between an extant animal and its particu-
lar extinct relative. We suggest that in general, stronger
reconstructions of mobility will involve an integration of data
from (i) a detailed, structure-by-structure phylogenetic analysis
of joint soft tissues, founded on the osteological correlates of
articular morphology, and (ii) a functional analysis of how
these specific soft tissue structures affect joint mobility. An

application of this approach, using the data acquired in this
study, follows below.

(c) Implications of quail ROM mapping for
reconstructing ornithodiran hip mobility

Several extinct ornithodirans have been reconstructed with a
‘batlike” hip pose in which the hip joints are severely abducted
to include the hindlimbs in an aerofoil. This pose is nearly ubi-
quitous in reconstructions of pterosaurs (e.g. [39-42]; but see
[3] for an opposing view), for whom its origin can be traced
to Von Soemmering’s [43] erroneous reconstruction of a juven-
ile Pterodactylus as a reptilian bat (figure 5a; see [46]). A similar
hip pose has also been proposed for Microraptor and other basal
maniraptorans (e.g. [45,47,48]), and is often associated with
hypotheses about ‘four-winged’ gliding.

In our ROM map comparison of ‘osteological” and ‘liga-
mentous’ mobilities in the common quail, a batlike pose of
roughly (FE°, ABAD?, LAR®) = (90, 70, 0) fell within our ‘osteo-
logical’ ROM envelope, but outside our ‘ligamentous’
envelope (see figure 4c; electronic supplementary material,
movie S1). In other words, although bony morphology alone
permitted a batlike hip pose in the quail, the ligaments of the
hip joint limited abduction enough to prevent it. Recall that
our ligament fibre simulations demonstrated that to achieve
this pose, the ventral fibres of the ischiofemoral ligament
would have had to stretch nearly 63% beyond their maximum
experimental length. The nearest neighbour of the batlike pose
that fell within our ‘ligamentous’ envelope was (86.84, 57.00,
5.82), which lies a Euclidean (but see [49]) distance of 14.59°
away. Although the hip joint was, in some poses, able to be
further abducted (to a maximum of ABAD® = 60.50), the sim-
ultaneous FE and LAR excursions at these poses made them
more different from (90, 70, 0), and the level of abduction
reached was still insufficient to be classically batlike.

The hip joints of birds, pterosaurs and basal maniraptorans
are osteologically similar in several respects. Notably, these
taxa share medially oriented femoral heads (in contrast to
bats; figure 5b; see [3,50,51] for an explanation of how bats
adopt their hip pose) with thin articular cartilage. The femoral
head was deflected medially over the course of theropod
evolution [52,53]; pterosaurs independently underwent a com-
parable deflection [54]. In these extinct ornithodirans, just as in
the common quail, the pelvis and femur can be manipulated to
place the hip in a batlike pose. But the disparity between ‘osteo-
logical” and ‘ligamentous’ hip mobilities in the common quail
raises the question of whether manipulations of fossil bones
have been misleading, and whether ligamentous constraints
would, in life, also prevent this seemingly possible pose in pter-
osaurs and basal maniraptorans. To address this question, the
effects on mobility of the hip capsular ligaments in these taxa
must be considered.

Ligaments are passive structures that constrain joint mobi-
lity based on a combination of (i) their placement, which
determines in what directions they restrict motion, and
(ii) their resting length and material properties, which deter-
mine to what degree they do so [55]. Because hip capsular
ligaments do not reliably leave direct scars on fossils, the place-
ment of ligamentous thickenings in the hip joint capsules of
extinct animals must be inferred based on data from dissections
of their extant relatives. A detailed phylogenetic analysis of
osteological correlates of hip soft tissues in dinosauromorphs
by Tsai et al. [38] (see also [56]) concluded that extinct
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Figure 5. (a) Von Soemmering’s [43] reconstruction of a juvenile Pterodactylus as a reptilian bat. (b) Right femora of Eptesicus fuscus (bat), Coturnix coturnix (quail),
Dimorphodon macronyx (pterosaur; YPM 9182; after [44]) and Microraptor hangingi (basal maniraptoran; IVPP V 12622; after [45]). Note the similarities in proximal
femoral morphology among the ornithodirans, and the different orientation of the femoral head in the bat. Scale bar, 1 cm. (c) The phylogenetic framework used for
inferences about hip capsular morphology in pterosaurs and basal maniraptorans. Blue ticks indicate knowledge of a ventral ligamentous thickening in the hip joint

capsule based on existing dissections of extant diapsids. (Online version in colour.)

maniraptorans (including Microraptor) had the same ligamen-
tous configuration as extant birds. No such analysis has yet
been conducted for other extinct diapsids, but dissections by
Tsai & Holliday [32] indicate that, despite differences in their
pelvic morphology, Sphenodon, Iguana, Alligator and various
birds all have ventral ligamentous thickenings of their hip
joint capsules that originate from the ventral portion of the acet-
abulum (figure 5c). Thus, based on their phylogenetic position
and proximal femoral morphology, it is most reasonable to
infer that (whether or not this ligament is truly homologous
to the avian ischiofemoral ligament) pterosaurs also had a
ventral thickening in the joint capsule that originated from
the ventral acetabulum and inserted, at least in part, on the
medial femoral metaphysis. The fibres of this ligament
would, as a result of their orientation, be primarily involved
in limiting hip abduction.

It could be argued that even if an extinct ornithodiran also
had a ligament placed in this way;, its resting length or material
properties could have been different from those of the common
quail ischiofemoral ligament, such that it allowed larger
excursions in ABAD than those measured in our study. There
are no data available from the fossil record to test this
statement. Our ability to determine the likelihood of such vari-
ation based on studies of ligaments in extant animals is limited,
because their taxonomic sampling is generally biomedically
driven, and they often focus on structural strain at failure
(e.g.[57,58]; but see [59] for a discussion of physiological strain).
If future studies find that the resting lengths or physiological

strain values of hip capsular ligaments vary substantially
among extant diapsids, particularly archosaurs, it would be
plausible that they could have differed from the common
quail in pterosaurs and basal maniraptorans, as well. However,
considering the outcome of our dynamic ligament fibre simu-
lation, these differences would have to be dramatic to facilitate
a batlike level of hip joint abduction.

Even hypothetically allowing for variation in these par-
ameters that would result in increased ‘ligamentous’ hip
mobility in extinct ornithodirans (potentially at the cost of
joint stability; see [55]), it must be borne in mind that liga-
ments are by no means the only structures that constrain
joint mobility. Functional studies of extant taxa have demon-
strated that muscles, tendons and integument further
constrain joint mobility beyond what is possible with only
joint capsules and ligaments intact (e.g. [12,33,35]). The
poses used in a wide variety of in vivo behaviours form a
still smaller subset of even that ROM (e.g. [19,24]). Therefore,
future reconstructions of a batlike hip pose in pterosaurs or
basal maniraptorans will not only require explanations for
how the hip ligaments of these animals allowed increased
abduction, but also for how their other soft tissues did not pre-
vent this pose, as well as for how this pose was reached in life.
Based on all available evidence and in the absence of extra-
ordinary evidence to the contrary, we conclude that
although the batlike hip pose proposed for extinct ornitho-
dirans appears possible based on osteological manipulation,
it was, in all probability, inviable.
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(d) Potential applications of this methodology
We encourage interested workers to co-opt our methodology
for their own purposes. To facilitate adjustment and use of
our experimental methods, we have provided our Mava and
MaTLAB scripts for systematically sampling joint poses,
automatically checking for mesh model interpenetration, creat-
ing a ROM map, and dynamically simulating ligament fibres,
as well as plain-English instructions for implementing them,
as electronic supplementary material, methods S1-54.

Although modifications will be necessary in order to apply
our workflow for estimation of ‘osteological’ ROM to joints
that are more prone to disarticulation than interpenetration
(e.g. bicondylar joints), the instructions provided here offer a
foundation. We suggest that studies using digital models to esti-
mate joint mobility for extinct taxa (e.g. [10,60,61]) can now be
automated to avoid inter-observer error, and their search par-
ameters can be standardized and reported. Ligament fibre
simulation in Mava (Autodesk, San Rafael, CA, USA) obviates
the complex optimization algorithms (e.g. [62]) typically con-
sidered necessary to create ligament models that wrap around
bones in a life-like manner, making this source of data accessible
to a broader community of functional morphologists.

ROM maps can be used to address a variety of questions
about joint mobility. These visualizations can be simply cre-
ated for any joint, using 3D mobility data collected from

digital manipulation of dry or cartilage-capped bone mesh
models, or experiments involving cadaveric or living animals.
By enabling a pose-based rather than an excursion-based
analysis of joint motion, ROM mapping effectively captures
the 3D complexity of joint mobility and allows more accurate
comparisons of mobility data within and among taxa.
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