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1  |  INTRODUC TION

Many aspects of an organism's biology, including osteology, soft tis-
sue and behaviour, interact to produce movement in animals. One 
method to analyse locomotion in animals is to quantify joint range 
of motion (RoM). Investigating the relationship between ex vivo and 
in vivo RoM is important; measuring joint RoM ex vivo allows re-
searchers to quantify the effects on RoM of different soft tissues or 
bony morphology, whereas in vivo RoM allows quantification of the 
poses used to facilitate a specific gait. Previous studies have shown 
that animals typically use a subset of the possible (ex vivo) joint RoM 
during different locomotor behaviours (Arnold et al., 2014; Kambic 
et al., 2017; Manafzadeh et al., 2021; Ren et al., 2008). Furthermore, 

the ex vivo joint RoM differs based on how much soft tissue is kept 
intact (Arnold et al., 2014; Hutson & Hutson, 2012, 2013).

Here, we characterise the ex vivo and in vivo joint RoM in the 
hip and knee of Fire Salamanders Salamandra salamandra Linnaeus 
1758. For the ex vivo experiments, we tested joint RoM in cadav-
ers with only the ligaments and joint capsule kept intact, and for the 
in vivo experiments, we tested the joint RoM used during walking. 
We chose to use ligament- only data because it encapsulates the 3D 
bones- only RoM in various specimens including S. salamandra (Pierce 
et al., 2012). For fossil comparison, bones- only joint RoM is commonly 
investigated because soft tissues are rarely preserved (Manafzadeh 
& Padian, 2018; Pierce et al., 2012). However, bones- only RoM often 
does not provide sufficient constraints on hip long axis rotation, 
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Abstract
Joint range of motion (RoM) analyses are fundamental to our understanding of how 
an animal moves throughout its ecosystem. Recent technological advances allow for 
more detailed quantification of this RoM (e.g. including interaction of degrees of free-
dom) both in ex vivo joints and in vivo experiments. Both types of data have been used 
to draw comparisons with fossils to reconstruct locomotion. Salamanders are often 
used as analogues for early tetrapod locomotion; testing such hypotheses requires 
an in- depth analysis of salamander joint RoM. Here, we provide a detailed dataset of 
the ex vivo ligamentous rotational joint RoM in the hindlimb of the fire salamander 
Salamandra salamandra, using a new method for collecting and visualising joint RoM. 
We also characterise in vivo joint RoM used during walking, via scientific rotoscoping 
and compare the in vivo and ex vivo data. In summary, we provide (1) a new method 
for joint RoM data experiments and (2) a detailed analysis of both in vivo and ex vivo 
data of salamander hindlimbs, which can be used for comparative studies.
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for example in Nile crocodile RoM comparisons (Pierce et al. (2012) 
Supplementary Info). Therefore, we measured ligamentous RoM in 
the salamanders. The ex vivo dataset was collected using a custom 
rig, and joint RoM was visualised using the new spherical frame pro-
jection (SFP) method, which incorporates interaction of degrees of 
freedom (the effect of the rotations about each axis on the rotational 
ranges of the other axes) and provides an accurate representation of 
the real distances between poses (see Herbst, Eberhard, et al., 2022).

The goals of this study were threefold. First, it is a case study 
using the methodology from Herbst, Eberhard, et al. (2022). Second, 
we wanted to determine how in vivo hindlimb RoM during walking 
compares to ex vivo ligamentous joint RoM. We predict that, as in var-
ious other animals such as elephants, iguanas and guineafowl (Arnold 
et al., 2014; Kambic et al., 2017; Ren et al., 2008), the in vivo RoM in 
salamanders will be a subset of the ex vivo RoM, especially because 
we removed several soft tissue structures (skin and muscles) for the ex 
vivo experiments. We also aimed to investigate whether the general in 
vivo RoM is “centred” in the ex vivo range. A recent study (Manafzadeh 
et al., 2021) demonstrated that in guineafowl and alligator hip and 
knee joints, the in vivo and ex vivo joint RoM shared certain patterns: 
the cosine- corrected in vivo flexion/extension (FE) range was centred 
within the middle 50%– 75% of the ex vivo FE range (depending on 
taxon). Additionally, the in vivo ranges fell on the adducted side of ex 
vivo hip RoM and the adducted side of in vivo knee and ankle RoM. 
Manafzadeh et al. (2021) proposed that these patterns could be used 
to reconstruct locomotion in extinct archosaurs. We therefore wanted 
to determine whether similar patterns also hold true for salamanders.

The third aim of our study was to provide a detailed reference 
dataset (including interaction of degrees of freedom) for future 
studies comparing fossil RoM to Fire Salamander RoM. Salamanders 
have often been used as possible analogues to early tetrapods, 
due to morphological similarities (Ashley- Ross, 1994; Kawano & 
Blob, 2013; Schaeffer, 1941). Osteological range of joint motion is 
valuable in gaining insight into the locomotor capacities of extinct 
animals but is most valuable when put into the context of other con-
straints on RoM. Although we do not know the extent to which soft 
tissue may have restricted joint RoM in a fossilised taxon, and we 
cannot measure behaviour, we can nonetheless test different joint 
orientations (poses) and thereby exclude locomotor behaviours that 
were not possible (based on bone disarticulation and interpenetra-
tion). To exclude non- viable locomotor behaviours in fossil recon-
structions, data from extant animals performing such behaviours 
are needed for comparison. The results of our study on salamander 
hind limb joint RoM can be used to determine what joint poses are 
used in a typical salamander- like walk. In Herbst, Manafzadeh, and 
Hutchinson (2022), we use this data to investigate the possibility of 
salamander- like hindlimb configurations in the early tetrapod Eryops.

2  |  MATERIAL S AND METHODS

This section is organised as follows: First, we give an overview of the 
SFP for visualising joint RoM. Next, we discuss the specimens. Then, 

we discuss the ex vivo experiments, anatomical coordinate systems, 
and in vivo data collection via rotoscoping.

2.1  |  Spherical frame projections to visualise joint 
range of motion

We represent the joint RoM using SFPs. SFPs are new visualisations 
to illustrate the entire rotational pose space, including interaction 
of degrees of freedom, for a joint (Herbst, Eberhard, et al., 2022). 
Essentially, the rotation of the ACS of the distal bone(s) of the joint 
is traced on a sphere, relative to the ACS of the proximal bone of 
the joint (which remained stationary in the experiments; Movie S1). 
SFPs avoid the gimbal lock difficulties of Euler angles and as visual 
representations, they are useful because the distances between 
two poses (i.e. between axis tips) in the SFP are more representa-
tive of real differences between the poses than Euler– Euler– Euler 
angle plots (Herbst, Eberhard, et al., 2022, but see Manafzadeh and 
Gatesy (2020) for a method of how to correct for this distortion in 
Euler angle plots).

2.2  |  Specimens

The Fire Salamander specimens were purchased from an animal sup-
plier (Ameyzoo) and were euthanised and frozen (−20°C) after origi-
nally being used for electromyography, force plate and X- ray video 
experiments (details in Pierce et al., 2020). Specimen numbers in this 
text are the same numbers used in Pierce et al. (2020). Two of these 
specimens (salamander 06 and salamander 08) were used in both 
studies (salamander 12 was also used in the Pierce et al. study but 
only for the forelimb).

2.3  |  Ex vivo experiments

The ex vivo RoM data were measured using a custom- built motion 
capture rig (Herbst, Eberhard, et al., 2022). We dissected individual 
joints and then secured the bones at either end of the joint to the 
rig. One end of the rig was stationary, containing a load cell and the 
other one was moveable, containing reflective markers so that we 
could track the joint movement with the motion capture system. The 
positions of the markers were then transformed to a distal anatomi-
cal coordinate system (ACS) to obtain joint rotations relative to the 
proximal ACS: flexion/extension, abduction/adduction and long axis 
rotation (from here on abbreviated as FE, ABAD and LAR). The data 
collection procedure is described in more detail below.

For the ex vivo joint RoM, we dissected five knee joints and five 
hip joints of S. salamandra, removing the skin and most muscles and 
keeping the ligaments and joint capsule intact (Figure S1). To rig 
the joint for data collection, we attached the proximal and distal 
bones to acrylic plates with glue and wire. Details on dissections 
and rigging are given in the Appendix. We then attached the plates 
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to the rig with two screws; the proximal plate was attached to the 
stationary part of the rig and the distal section was attached to a 
moveable handle with reflective motion capture markers (Figure 1; 
see Herbst, Eberhard, et al., 2022 for more details on the joint RoM 
rig).

For the knee joint, the tibia and fibula were treated as a unit, 
and glued together to a single plate. Due to the difficulty of mea-
suring independent movements of the tibia and fibula in such small 
specimens, we took care to maintain the relative positions of these 
bones such that they could be treated as a singe rigid body (see 

Figure S6b,d, showing similar relative positions of these bones be-
tween specimens). This simplification enabled us to focus on mea-
suring how the distal bone(s) at a joint moved relative to the proximal 
bone. Knee joints were rigged so that the null (zero, or “reference”) 
pose was an extended joint. In the null pose, a flexion motion at the 
knee joint (relative to the null pose) brought the distal tibia up to-
wards the ceiling (Movie S1). The hip joints were rigged so that the 
acetabulum was facing upwards away from the table in the null pose. 
The anatomical coordinate systems used for the bones are described 
in more detail below.

F I G U R E  1  Rig setup for ex vivo experiments. (a) Muscle and skin were removed; (b) joint was rigged to plates; (c) plates were screwed into 
rig. The proximal bone was attached to the load cell side of the rig (stationary), and the distal bone(s) was attached to seven motion capture 
markers and a handle to move the joint. The knee joint in (c) was from a trial with a frog but shows the same setup used for the salamander 
experiments.
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We recorded the joint RoM using a Qualisys motion capture sys-
tem with six Opus cameras (Qualisys AB) and custom rig. A live feed-
back system of covered poses and associated torques enabled us to 
ensure covering of the whole pose space and avoiding joint damage 
(Herbst, Eberhard, et al., 2022).

Other studies often quantify RoM as the maximal values 
about these three axes, but biological motion is not planar. The ro-
tation of a joint about one axis can influence the RoM about an-
other axis (Haering et al., 2014; Kambic et al., 2017; Manafzadeh 
& Padian, 2018). Therefore, we moved the joint through three- 
dimensional space, using combinations of rotations to capture in-
teraction of degrees of freedom. With three anatomical axes, there 
are six possible sequences: FAL, FLA, AFL, ALF, LFA, LAF. The se-
quence itself represents the hierarchical order in which angles were 
manipulated. For example, a sequence of FAL would first sweep the 
range around the FE axis, keeping the ABAD and LAR axes constant. 
Then, the ABAD axis would be rotated incrementally, and the FE 
motions repeated at each ABAD position. Finally, the LAR was ad-
justed incrementally, and the sweeps of FE and ABAD repeated, until 
rotation limits around LAR were reached. In the example sequence 
FAL, the FE limit was approached with the highest frequency, ABAD 
with moderate frequency and LAR the least frequently. Therefore, 
the FAL sequence was biased in primarily straining tissue struc-
tures around the FE axis. We therefore randomised the order of the 
sequences between trials to balance the bias and minimise tissue 
strain.

For each specimen, we conducted nine trials (three for planar 
movement for reference and all subsequent trials quantifying inter-
action of degrees of freedom) or until the joint dislocated, the joint 
capsule opened or ligaments visibly loosened. Usually, such damage 
occurred before trial nine, because the salamander joints were small 
and fragile and therefore the joint capsule and ligaments were under 
repetitive stress (especially because the aim was to sample all possi-
ble poses, not just check maxima of planar motion). Consistent with 
prior work, on occurrence of any of visible damage, ligament tearing 
noise, sudden decrease in resistance, sudden increase in rotational 
RoM, or noticeable increase in translation occurred at the joint, we 
stopped recording and discarded the data for that trial (Hutson & 
Hutson, 2012; Manafzadeh, 2020). Note that we did not analyse 
translational RoM and only focused on rotational RoM. Sudden in-
creases in RoM were also visible in the live feedback spheres (see 
above): if suddenly poses “jumped” outside the previous pose space 
without any gradual continuity, this indicated some sort of damage. 
The trials that included loosening or damage were not included in 
the final analysis. Sufficient trials were defined as the three trials 
about the three anatomical axes and at least two trials including in-
teraction of degrees of freedom. Some specimens did not have suf-
ficient trials and therefore got excluded. The four specimens with 
sufficient trials for the hip in this analysis were salamander 10, sala-
mander 12, salamander 13 and salamander 14. The two specimens 
used for the knee analysis were salamander 06 and salamander 08. 
All joints were from the right side except one hip, whose data were 

transformed to create a right side SFP and Euler angles matching the 
right side.

A custom Matlab script captured the orientation of the marker 
tree from Qualisys Track Manager (QTM) in rotation matrix format at 
30 Hz, and six- channel force sensor data from an ATI Nano17 6- axis 
force and torque (F/T) transducer at 1.5 kHz.

After all trials were completed, we unscrewed the acrylic plates 
(with bones) from the rig and disarticulated the joint. We used a mi-
croCT scanner (Bruker Skyscan 1172; 13.46 μm resolution with a 
source voltage of 49 kV and source current of 141 μA) at the Royal 
Veterinary College to scan the bones and plates.

2.4  |  Anatomical coordinate systems and data 
transformations

The motion capture data needed to be transformed from the marker 
positions in world space to an anatomical coordinate system (ACS). 
An ACS is a set of three axes defined relative to the morphology 
of the bone so that movement about the distal anatomical coordi-
nate system relative to the proximal one characterises the anatom-
ical motions of FE, ABAD and LAR (Gatesy et al., 2022; Grood & 
Suntay, 1983; Kambic et al., 2014). To quantify the orientation and 
position of the bones in the trials, we used Rhino (v6, Robert McNeel 
and Associates) to assign ACSs to the bones and acrylic plates.

We ensured our ACSs were compatible with the conventions 
used in previous rotoscoping studies. Maya (the programme we used 
for rotoscoping, Autodesk, San Rafael, CA, USA) calculates rota-
tions in a Z- Y- X rotation order; the Z- axis is usually defined as the 
axis in which the most motion is expected (Brainerd et al., 2010). 
Previous studies of salamander motion have found that femur re-
traction/protraction (here referred to as “flexion/extension” or “FE”) 
and knee FE had a wide range of movement over the stride cycle; 
e.g. (Karakasiliotis et al., 2013). Therefore, we created right- handed 
ACSs where Z = FE, Y = ABAD and X = LAR, consistent with sev-
eral other XROMM studies (Gatesy et al., 2022; Kambic et al., 2014, 
2017; Manafzadeh & Padian, 2018).

ACSs are usually based on geometric primitives fit to the bones 
(Bishop et al., 2021; Gatesy et al., 2022; Kambic et al., 2014, 2017; 
Manafzadeh & Padian, 2018). However, we deemed this method 
unsuitable for most of the salamander bones, because salamanders 
have large cartilage caps and the osseous ends of most bones are 
flat; geometric primitives are not good approximations for the bony 
morphology (except for the acetabulum). The specimens were not 
contrast- stained, and segmentation of the cartilage proved unfea-
sible. Therefore, we developed a new method in Matlab to define 
ACSs based on points placed on the bone in Rhino (details below). 
Our sensitivity studies of this method showed low inter- user bias 
and high agreement with other methods (see Appendix). For all 
scans, we also placed points to assign a coordinate system for the 
mounting plate, to determine the orientation of the bone relative to 
the plate for data transformations.
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2.4.1  |  Hip anatomical coordinate systems

Acetabular anatomical coordinate systems
We used geometric primitives to help place the pelvic and acetab-
ular anatomical coordinate systems (ACSs), because of the roughly 
spherical acetabula and a roughly cylindrical vertebral body of the 
sacral vertebra. Our cadaver scans of the pelvis only contained 
one side of the hip girdle, because we dissected the other side 
and sacral vertebra off for the sake of stability in mounting the 
specimens to the rig. Therefore, we used the full body scan of the 
rotoscoped individual (specimen 22, see “In Vivo Joint RoM”) to 
assign the hip ACS, and then transferred that hip ACS to the ca-
daver specimens using CloudCompare software (CloudCompare 
version 2.5.4.1, GPL software, retrieved from http://www.cloud 
compa re.org/).

To create the pelvis and hip ACSs, we first fit a cylinder to the 
vertebral body of the sacral vertebra to calculate the anteroposte-
rior axis (X- axis) for the pelvis. We wanted to use the pitch (relative 
to the pelvis) to define the pelvis X- axis. However, this vertebra had 
both pitch and yaw (due to flexibility between the sacral vertebra 
and pelvis). Disregarding the yaw, we used the pitch to define the 
pelvis X- axis to obtain an anteroposterior axis through the midline 
of the pelvis. To get a symmetric X- axis for the pelvic ACS, we used 
Rhino to calculate a line with the pitch of the sacral vertebra cylinder 
but perpendicular to the mediolateral axis.

Then, we fitted spheres to both hip acetabula and calculated the 
centroids for each (Figure 2a). The geometric shape fitting involved 
segmenting out the articular surface in Meshlab (Meshlab v1.3.3, 
Cignoni et al., 2008), and then using Matlab code (Bishop et al., 2021) 
to fit the desired shape to the mesh of the articular surface. The cen-
troid for each acetabular sphere defined the origin of the ACS for 
that hip joint, and the point midway between these centroids was 
the origin of the pelvis ACS. A line was fit through the left and right 
centroids, to act as the mediolateral axis (Y) of the pelvis. The dorso-
ventral axis (Z) of the pelvis was orthogonal to the mediolateral and 
anteroposterior axes. The pelvis ACS axes definitions and directions 
followed the pelvis ACS established by Kambic et al. (2014); also see 
Gatesy et al. (2022). For the pelvis ACS, the X- axis pointed caudally; 
positive rotation about this axis resulted in roll to the left (Figure 2a). 
The Y- axis pointed right; positive rotation about this axis was up-
ward pitch. The Z- axis pointed up; positive rotation about this axis 
was yaw to the left. The acetabular ACSs were based on the pelvis 
ACSs, but translated to the acetabular origins and rotated to capture 
the correct anatomical motions.

Proximal femur ACS
We used the programme Rhino and custom Matlab code to place 
points on the perimeter of the proximal and distal ends of the bone 
and to fit lines through these points (Figure 2b). For each bone, the 
mean of the points on the proximal and distal surfaces was calcu-
lated. The X- axis (LAR) was the line from the mean of the proximal 
points to the mean of the distal points. The temporary Z- axis was a 
line fit through the proximal points. The Y- axis was the cross product 

of the X- axis and the Z- axis. Because of the morphology of bone, one 
of the axes needed to be recalculated to produce orthogonal axes. 
We recalculated the Z- axis (FE) as the cross product of the X and 
Y axes to ensure that all of the axes were orthogonal, and to keep 
the X- axis (LAR) aligned with the anatomical long axis of the bone; 
similar to Kambic et al. (2014). Directions were adjusted using a ref-
erence point on the ventral side of the femur so that in a null pose 
with the femur extended laterally from the hip, the femoral axes' 
orientations were the same as those of the acetabulum.

2.4.2  |  Knee ACSs

Distal femur and proximal tibia/fibula ACS
A single ACS was created for the proximal tibia and fibula because, 
in the ex vivo and rotoscoping experiments, the tibia and fibula were 
treated as a unit (a single rigid body— “crus”), and their motion rela-
tive to the femur was analysed. For each bone (the femur and the 
tibia/fibula unit) the mean of the points on the proximal and distal 
surfaces was calculated. The mean of the distal points formed the 
origin of the ACS for the proximal bone at the joint (Figure 2c), and 
the mean of the proximal points formed the origin of the ACS for the 
distal bones (tibia/fibula, Figure 2d).

F I G U R E  2  (a) Pelvic and acetabular ACSs, created via fitting 
a sphere to the acetabular surfaces and a cylinder to the sacral 
vertebra. The anteroposterior axis was based on the pitch of the 
cylinder, the mediolateral axis was the line connecting the centroids 
of the acetabular spheres, and the dorsoventral axis was orthogonal 
to the mediolateral and anteroposterior axes. (b) Proximal femur 
ACS, (c) distal femur ACS, (d) proximal tibia/fibula ACS, created by 
fitting lines to points placed on the perimeters of the proximal and 
distal bone surfaces. Blue = FE, green = ABAD, red = LAR.

http://www.cloudcompare.org/
http://www.cloudcompare.org/


    |  1071HERBST et al.

For the femur, a line was fit along the points at the distal sur-
face. For the distal bones of the joint (tibia and fibula for the knee 
joint), a line was fit along the points of the proximal surface. These 
lines formed the preliminary Z (FE) axes of the ACSs of the bones. 
This point placement and line calculation worked here because in 
the salamander knee, the distal femur is roughly an ellipsoid with the 
longer dimension along the FE axis, and the proximal tibia and fibula 
together also have the longest dimension along this axis. For each 
bone, a line was also drawn from the mean of the proximal points to 
the mean of the distal points, forming the preliminary X- axis (LAR). 
The Y- axis (ABAD) was defined as the cross product of the X- axis 
and the Z- axis.

However, as in the proximal femur, the preliminary Z and X axes 
were not exactly 90° relative to each other (because they were cal-
culated based on the morphology of the bones). For the distal femur, 
we kept the Z- axis (FE) as the line fit through the distal points, so that 
this axis was aligned along the longest dimension of the distal sur-
face of the femur, reflecting the distal femur's morphology. To make 
the axes orthogonal, we recalculated the X- axis as the cross product 
of the Y and Z axes. For the tibia/fibula, we kept the X- axis (LAR) 
aligned to the morphology (i.e., from the mean of the proximal points 
to the mean of the distal points). We recalculated the Z- axis (FE) as 
the cross product of the X and Y axes because, for the proximal tibia/
fibula ACS, the X- axis (long axis) was more anatomically intuitive to 
define, and we wanted to keep this axis calculation along the ana-
tomical long axis. If instead the X- axis were recalculated, the long 
axis would be skewed towards the tibia. The final axes are shown 
in Figure 2c (distal femur) and 2D (proximal tibia/fibula). Defining 
the Z- axis of the distal femur ACS and the X- axis of the proximal 
tibia ACS based on the morphology is consistent with Kambic 
et al. (2014), which established ACS calculation conventions broadly 
used in subsequent studies (Gatesy et al., 2022; Kambic et al., 2017; 
Manafzadeh & Padian, 2018).

In a null pose position with the knee extended, the directions of 
the axes for the distal femur ACS and proximal tibia/fibula ACS were 
defined as follows. For the right knee joint, the Z- axis (FE) pointed 
cranially; positive rotation about the Z- axis was flexion of the knee. 
The Y- axis (ABAD) pointed away from the flexor surface of the knee 
joint; positive rotation about the Y- axis was abduction of the knee. 
The X- axis (LAR) pointed towards the distal end of the bone(s); posi-
tive rotation about the X- axis was external rotation.

2.4.3  |  Transforming the Qualisys data

The data from the motion capture markers needed to be trans-
formed to the ACSs. We calculated the necessary transformations 
from motion capture datapoints to the acrylic plate from the dimen-
sions of the rig, and then used CT scanning to determine the position 
and orientation of the bone relative to the acrylic plate. This enabled 
us to capture the motion of the distal bone relative to the proximal 
bone. The whole workflow from scanning to the final data is given in 
our companion paper (Herbst, Eberhard, et al., 2022).

2.5  |  In vivo joint RoM

In scientific rotoscoping, CT scanned bones of an animal are aligned 
to two biplanar X- ray videos, to investigate three- dimensional mo-
tion of the bones (Gatesy et al., 2010). Using this method, we quanti-
fied the observed in vivo hip and knee joint RoM of one individual 
(salamander 22) of S. salamandra during walking, with details as fol-
lows. ACSs were defined by the same equations and methods as for 
the ex vivo analysis.

2.5.1  |  Rigging

There are several methods to rig and rotoscope an animal mov-
ing (Gatesy et al., 2010). We developed a method that allowed us 
to measure the motion of the ACS of the tibia/fibula relative to 
the distal femur's ACS. To do this, we first set up animation joints 
(in Maya 2019 software, Autodesk) for the pelvis, right hip and 
right knee. These formed a hierarchy, with the more distal joints 
parented to the more proximal joints. We used constraints to posi-
tion these animation joints based on the ACSs. For animals with 
congruency between the bones at the joint (i.e., with less cartilage 
than salamanders), at the null pose, the ACSs of the proximal and 
distal bones are aligned (Kambic et al., 2014). Because of substan-
tial amounts of cartilage at the joints of salamanders, we added 
some translations between the bones, based on the spacing from 
the full body CT scan of salamander 22. We did not use the rota-
tions of these animation joints for analysis; instead, we measured 
the relative motions of the ACSs. However, making the animation 
joints as anatomically accurate as possible is important because it 
reduces the amount of translations required during the rotoscop-
ing. We positioned the hip animation joint at the acetabular ACS, 
and oriented it to the proximal femur ACS. For the knee, we posi-
tioned the animation joint half- way between the distal femur and 
proximal tibia/fibula ACS, because both the proximal and distal 
articular surfaces at the joint had a roughly similar amount of carti-
lage, so we expected the centre of rotation to be halfway between 
these ACSs. Bones were parented to the joints, and the ACSs point 
and orient constrained to the bones, so that both bones and ACSs 
followed along when the joints were rotated. We used the oRel 
command (XROMM_MayaTools, https://bitbu cket.org/xromm/ 
xromm_mayat ools/wiki/Home) to measure the relative motion of 
the distal ACS relative to the proximal ACS of the joint so that we 
could compare the results to our ex vivo experiments, and generate 
a SFP to visualise the results of the rotoscoping analysis.

2.5.2  |  Rotoscoping

We rotoscoped one stride cycle (401 frames) of the right hindlimb of 
S. salamandra specimen 22 (Figure 3). The biplanar X- ray videos were 
taken in 2014 in Jena, Germany by Jeffery Rankin, Stephanie Pierce 
and John Hutchinson for kinematic and force plate experiments 

https://bitbucket.org/xromm/xromm_mayatools/wiki/Home
https://bitbucket.org/xromm/xromm_mayatools/wiki/Home
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(Pierce et al., 2020 and unpublished study). The salamander was mov-
ing over level ground at room temperature. Experiments were ap-
proved by the Royal Veterinary College's Animal Welfare and Ethics 
Review Board (AWERB- A- 2013- 5064). See Pierce et al. (2020) for 
further information on animal care. The X- ray videos were recorded 
at 500 Hz and 130 mA, the dorsoventral X- ray was 40 kV and the 
mediolateral X- ray was 50 kV. We converted the X- ray video to TIFF 
images, enhanced contrast in ImageJ and used the XMALab proce-
dure for undistortion and calibration (Knorlein et al., 2016, https://
bitbu cket.org/xromm/ xmala b/wiki/Home). Where necessary, we 
added translations of the bones to align the bones to the X- ray vid-
eos. However, we did not analyse these translations, as we are only 
investigating rotational RoM for this study (and did not exhaustively 
sample translations in the ex vivo dataset).

2.6  |  Data analysis

For the ex vivo data, we created the SFPs using the methods de-
scribed in Herbst, Eberhard, et al. (2022). For the in vivo data, we 
first converted the Euler angles for each video frame from rotoscop-
ing in Maya to a rotation matrix to visualise the rotoscoping output 
as an SFP.

To quantitatively analyse our SFPs, we also converted our ex vivo 
data to Euler angles, using Z- Y- X rotation order (FE calculated first). 
All data were rounded to the nearest degree. To include interaction 
of degrees of freedom in these results, we report the minimum and 
maximum values for each rotational axis, and the corresponding an-
gles about the other two axes at that pose (Tables 1 and 2). Movie S1 
shows an animation of a hypothetical knee ex vivo experiment, with 
the SFP generated as the joint is moved.

3  |  RESULTS

3.1  |  Hip

Figure 4 shows the SFPs of pooled data from the ex vivo individu-
als (shown as shaded polygons) as well as the in vivo data (shown as 
points on the polygons). The datapoints for the individual ex vivo 
specimens are shown in Figure S3. Visually, the SFPs can be used to 
determine the maximum excursions of FE, ABAD and LAR. Movie S2 
shows the SFP from all angles. We included all rotational data in 
these figures, including positions that were translated relative to the 
null pose, but we did not quantify salamander joint translations in 
this study. Specific RoM range values and the rotations about the 
other two axes at which these are achieved are shown in Table 1.

None of the specimens reached the null (reference) pose, in 
which the proximal femoral ACS was aligned with the acetabular 
ACS (Table 1). Instead, all possible poses occurred with some degree 
of internal rotation from the null pose. Anatomically, this internal ro-
tation of the femur enables the morphology of the acetabulum and 
proximal femur to match so that they both have the longest dimen-
sion in the anteroposterior direction (Figure 4a,b, Figure S5).

In ex vivo hip joints, the FE, ABAD and LAR axes all had large 
ranges of excursion, whereas in the in vivo individual, the ABAD ex-
cursion was much smaller than the excursions about the other axes. 
In vivo ranges fell within the ex vivo ranges, with the in vivo FE range 
most closely corresponding to the ex vivo ranges (within the varia-
tion of ex vivo individuals). However, the in vivo individual achieved 
greater flexion than the ex vivo individuals. In other words, the in 
vivo FE range was shifted relative to the ex vivo FE range, exhibiting 
slightly more extension than flexion, whereas in the ex vivo individ-
uals there was more flexion than extension (Table 1 and Figure 4c).

F I G U R E  3  Rotoscoping setup. Null pose for salamander 22 in (a) anterior and (b) dorsal views. (c, d) Virtual cameras in Maya showing  
X- ray videos in lateral (c) and ventral (d) views.

https://bitbucket.org/xromm/xmalab/wiki/Home
https://bitbucket.org/xromm/xmalab/wiki/Home
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The in vivo LAR range was a bit less than the ex vivo LAR range, 
and the in vivo ABAD was about a third of ex vivo ABAD (Figure 4 
and Table 1).

In vivo (walking) hip LAR was much more variable across the 
stride cycle for the hip than it was for the knee (below). In both the 
ex vivo and in vivo datasets, interaction of degrees of freedom mat-
tered and maxima about one axis were not achieved at 0° rotation 
about the other two axes.

3.2  |  Knee

Figure 5 shows the SFPs of pooled data from the ex vivo individu-
als (shown as shaded polygons) as well as the in vivo data (shown as 
points on the polygons). The datapoints for the individual ex vivo 
specimens are shown in Figure S4. Movie S3 shows the SFP from all 
angles. Table 2 shows the in vivo and ex vivo rotational RoM con-
verted to Euler angles. Results for minimum and maximum angles 
are given for each axis along with the corresponding rotations about 
the other two axes.

As expected, the greatest RoM of the knee joint in both in vivo 
and ex vivo individuals occurred about the FE (blue) axis (Figure 5 
and Table 2). The amount of excursion about the FE axis is shown by 
the long dimensions of the red and green polygons in Figure 5. The 
red polygon shows the interaction of FE and ABAD, and the green 
polygon shows the interaction of FE and LAR.

The in vivo FE range, maximum flexion, and maximum exten-
sion were similar to the ex vivo values. In the in vivo salamander, 

maximum flexion and extension were achieved with greater internal 
rotation— in other words, the FE range, while showing similar max-
ima and minima and range magnitude, was shifted relative to the ex 
vivo individuals (Table 2, Figure 5c and Movie S3). This meant that 
some in vivo poses could not be achieved ex vivo (dark green in vivo 
points in Figure 5c and Movie S3 falling slightly outside of ex vivo 
polygons).

However, the ex vivo individuals also showed variation be-
tween the rotations associated with their greatest FE range. With 
the ABAD and LAR rotations at or near 0 degrees (like the null 
pose configuration), the amount of possible FE in salamander 08 
was minimal, whereas in salamander 06, a larger FE excursion was 
possible (Figure S4f). In figures such as these, imagine rotating 
about the blue (FE) axis only. The excursion of the red axis here 
is small (short “width” of red polygon in Figure S4f), showing a 
small FE range when the knee had 0 degrees ABAD and 0 degrees 
LAR from the null pose. However, if the ABAD and LAR axes are 
rotated, a much larger FE can be achieved (longest dimension red 
polygon in Figure S4e,f).

Almost all minima and maxima about the axes were reached 
when the other two axes were not at the null pose. The patterns of 
interaction of degrees of freedom were not always consistent be-
tween the two individuals; sources of variation between individuals 
are discussed in the sections below.

The SFP showed that during walking in the representative indi-
vidual, the most motion of the knee joint occurred about the FE axis. 
However, motion about the ABAD and LAR axes also contributed 
to the knee movement that facilitated the sprawling salamander's 

TA B L E  1  Ex vivo and in vivo hip RoM. Euler angles for max and min values are listed in a Z, Y, X format, corresponding to FE, ABAD, LAR

Max FE Min FE
Range 
FE Max ABAD Min ABAD

Range 
ABAD Max LAR Min LAR

Range 
LAR

Sal10 ex vivo 29, 6, −73 −85, 24, −97 114 −26, 57, −52 −4, −70, −36 128 −42, −55, −13 −60, 36, −147 134

Sal12 ex vivo −3, −57, −42 −95, 0, −62 92 −56, 49, −115 −26, −58, −30 108 −42, −46, −12 −58, 11, −121 110

Sal13 ex vivo 43, −4, −80 −88, 22, −111 131 −15, 71, −49 −48, −39, −70 110 3, 52, −12 −9, 33, −143 131

Sal14 ex vivo 43, 35, −45 −72, 6, −67 115 2, 63, −98 8, −43, −72 106 −13, 46, −20 5, 5, −140 120

Sal22 in vivo 64, 22, −73 −53, 10, −56 117 55, 31, −64 −11, −9, −39 40 −10, 3, −36 31, −7, −133 96

Note: In bold is the angle about the axis about which max/min is measured. The other angles show interaction of degrees of freedom, i.e. the 
rotations about the other two axes at the maxima and minima of the axis of interest. Positive rotation about Z is extension (retraction), positive 
rotation about Y is abduction, positive rotation about X is external rotation. Angle values are relative to a null pose in which the proximal femoral ACS 
is aligned with the acetabular ACS (limb is extended laterally).

TA B L E  2  Ex vivo and in vivo knee RoM. Euler angles for max and min values are listed in a Z, Y, X format, corresponding to FE, ABAD, LAR

Max FE Min FE
Range  
FE Max ABAD Min ABAD

Range 
ABAD Max LAR Min LAR

Range 
LAR

Sal06 ex vivo 133, 24, 5 5, −3, 7 128 133, 26, 5 18, −27, 0 53 85, −6, 30 8, −7, −35 65

Sal08 ex vivo 115, −34, 13 16, −23, 18 99 49, 16, −15 95, −38, 14 53 54, −6, 33 26, −5, −21 54

Sal22 in vivo 124, 17, −17 10, −2, −7 115 105, 22, −18 31, −15, 7 37 48, −6, 9 109, 22, −22 32

Note: In bold is the angle about the axis about which max/min is measured. The other angles show interaction of degrees of freedom, i.e. the 
rotations about the other two axes at the maxima and minima of the axis of interest. Positive rotation about Z is flexion, positive rotation about Y is 
abduction, positive rotation about X is external rotation. Angle values are relative to a null pose in which the proximal tibial/fibular ACS is aligned 
with the distal femoral ACS (limb is extended laterally).
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walking gait, with various combinations of rotations about the FE, 
ABAD and LAR axes across the stride cycle (Figure 5 and Table 2).

ABAD ranges had similar magnitudes to LAR ranges in both the ex 
vivo and in vivo individuals. All FE data were positive; hence all of these 
data points were flexion relative to the null pose, with no extension. 
0° of flexion was not a viable pose. This is not surprising because the 
null pose was a completely straightened limb, so extension (− values 
for FE) would be a biologically unrealistic hyper- extension of the knee. 
Both abduction and adduction relative to the null pose were reached.

4  |  DISCUSSION

4.1  |  New method for joint range of motion 
experiments

Here, we applied a new experimental rig to investigate joint RoM 
in salamander hindlimbs. The SFP visualisation method is especially 
useful because it avoids Gimbal lock problems. In other words, the 
visual distances on the sphere correspond to differences in joint 
poses and are not skewed in certain areas as in the Euler angle plots. 
More details about the applications and benefits of the rig, as well as 
the new SFP method, can be found in the companion methods paper 
(Herbst, Eberhard, et al., 2022). Future experiments on salamanders 

could include the ex vivo load cell data to give insight into passive 
moments associated with specific movements at the joints. It would 
be interesting to map out different moment ranges to different pos-
tures, and compare these different poses to the poses used in vivo 
during different points in the stride cycle (and, ideally, in vivo joint 
moments). Furthermore, lifestyle in salamanders is correlated with 
the amount of articular cartilage; studies could test the effect of var-
ying amounts of cartilage in different salamander species on loads at 
the joint (Molnar, 2021).

The Rhino and Matlab software- based method of assigning 
ACSs provided a repeatable alternative to other methods of assign-
ing ACSs and can be adopted using other software. Our sensitivity 
studies are given in Appendix. The point- fitting method is advan-
tageous for animals like salamanders that have extensive articular 
cartilage, and our ACS code can easily be altered to adapt the ACS to 
the joint's morphology.

4.2  |  In vivo and ex vivo joint RoM

We hypothesised that the in vivo RoM would be a subset of ex vivo 
RoM, operating about the “centre” of the ex vivo RoM rather than 
near the bounds. Generally, the in vivo RoM fell within the ex vivo 
RoM, although there were some exceptions in certain poses.

F I G U R E  4  Comparing in vivo and ex vivo hip data using SFPs. SFPs show the excursion of the proximal ACS of the femur, relative to the 
acetabular ACS. (a) Right hip in anterolateral and (b) posterolateral view; (c, d) SFPs in (c) anterolateral and (d) posterolateral views. Pooled 
ligamentous RoM data from 3 ex vivo right hips and 1 ex vivo left hip (transformed to right) are shown as shaded polygons, in vivo RoM data 
during walking are shown as points. Units on axes refer to length of unit vectors of the acetabular ACS axes.
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4.2.1  |  Hip joint

For the hip, there was no consistent trend in relative magnitudes of 
excursion ranges (e.g., which axis had the most possible motion). In 
the ex vivo individuals, the greatest range was about the LAR axis, 
whereas in the in vivo individual the greatest range was about the 
FE axis. The FE range in the in vivo specimen was contained within 
the range of the ex vivo specimens (e.g., some ex vivo specimens had 
lower RoM, some higher), but the in vivo ABAD and LAR were less 
than in the ex vivo specimens.

When taking into account interaction of degrees of freedom, the 
variation within ex vivo specimens and between ex vivo and in vivo 
specimens became even more pronounced. The rotations about the 
other two axes corresponding to a maximum or minimum at the axis 
of interest differed between specimens (Table 1). In the cadaveric 
specimens, the maximum flexion was coupled with more internal ro-
tation than the internal rotation at maximum extension, but in the 
in vivo data the opposite was true. Therefore, these interactions of 
the cadaver specimens could not be used to predict the combination 
of postures used by the salamander in vivo. Note that some of the 

variation between individuals in the combination of rotations used to 
achieve maxima/minima about the third axis may be due to sampling 
differences; some regions of the pose space in certain individuals 
were sampled less densely (e.g. red polygon Figure S3g). Therefore, 
the results in Tables 1 and 2 must be taken with some caution, and 
the overall SFP shapes (especially from the individuals with more 
homogenous sampling), and the pooled SFPS, can be used to more 
confidently assess trends in interaction of degrees of freedom.

In the salamander hip joint, the in vivo ABAD range was much 
less than the cadaver experiments, at about one third of the mag-
nitude of the ex vivo experiments (Table 1). This drastic difference 
might be caused by the absence of muscles and skin around the hip 
joints of the cadavers. During the dissections, we observed that re-
moval of skin and muscle at the hip joint greatly increased RoM at 
the joint. Future studies could test hip RoM with muscle and skin 
on; we predict that inclusion of these tissues would give a closer 
correspondence between in vivo and ex vivo data (e.g., Arnold 
et al., 2014). It is also worth noting here that Arnold et al. (2014) 
found inter- individual differences in in vivo RoM, probably related to 
differing speeds. It would be interesting to rotoscope both another 

F I G U R E  5  Comparing in vivo and ex vivo knee data using SFPs. SFPs show the excursion of the proximal ACS of the tibia/fibula, relative 
to the distal ACS of the femur. (a) Right knee, anteroventral view, showing distal femur and proximal tibia/fibula ACSs. (b) Right knee, ventral 
view, with positive ABAD (Y) axis pointing out of page. (c, d) SFPs in (c) anteroventral and (d) ventral views. Pooled ligamentous RoM from 
two ex vivo individuals are shown as shaded polygons, in vivo RoM during walking is shown as points on the sphere. Units on axes refer to 
length of unit vectors of the distal femur ACS axes.
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(e.g., faster) stride of this same individual as well as of a different sal-
amander(s) to check the variation amongst in vivo analyses for sala-
manders. Furthermore, our in vivo dataset only investigated walking 
on level ground -  other behaviours such as swimming and walking 
over different substrates may utilise different poses, and should be 
investigated.

In FE, the in vivo RoM was similar to the ex vivo range in sala-
mander 10 (which had a similar size and degree of ossification as the 
in vivo individual) and salamander 14. Salamander 12 had a much 
smaller range of FE, and salamander 12 had a greater range (Table 1). 
The FE range of the in vivo individual was also shifted towards more 
extension (i.e. retraction), as indicated by the more positive FE val-
ues. The in vivo individual achieved the greatest degree of extension 
relative to the null pose compared to all of the ex vivo individuals 
(Table 1). This is also shown in the SFPs (Figure 4d and Movie S2), 
where the red dots (in vivo data) exceed the red polygon (ex vivo 
data) (recall that rotation about the blue FE axis causes movement of 
the red and green axis endpoints).

Analysing the SFPs (Figure 4 and Movie S2) gives more insight 
into the overall hip RoM including interactions of degrees of free-
dom. Although the maximal internal rotation (maximum negative 
LAR) of the in vivo individual fell within the range of the ex vivo in-
dividuals, some poses used during walking fell outside of the ex vivo 
datapoints. This is shown in Figure 4d, where blue points tracing the 
in vivo excursion in Figure 4d exceed the blue ex vivo patches on 
the top left side of the sphere (recall that blue axis excursion can be 
caused by rotation around the green (ABAD) and red (LAR) axes). 
These poses were achieved when the femur was maximally inter-
nally rotated and extended (retracted) during walking, during the 
end of stance phase just before toe- off. The regions where in vivo 
poses fell outside of the ex vivo pose space could be due to individ-
ual morphological variations between specimens. Figure S5 shows 
the osteological variation, although it is important to note that dif-
ferences in joint morphology could also have been present at the 
cartilage level, which was not segmented in our scans. Furthermore, 
it could be possible that the ex vivo joint RoM space was slightly 
undersampled at the margins of the pose space; due to the finite 
number of specimens we had, we chose to be conservative with the 
torque threshold used in sampling. Larger thresholds could be tested 
with a larger dataset.

The ex vivo specimens also varied in their joint RoM. This could 
also be due to experimental variation in the specimens. We reduced 
sampling biases by using the method's live feedback to check there 
were no gaps in poses covered, but it is nonetheless possible that 
due to an error we did not cover all possible poses, for example for 
salamander 12, which shows a lower FE and LAR range than the 
other specimens (Table 1). Another source of the variation could 
be variation in dissection. For the hips, we tried to cut all muscle 
bellies to prevent muscles from restricting RoM. However, due to 
the fragility of the hip joint (compared to the knee), we had to keep 
some sections of muscle origins and insertions intact to prevent the 
joint capsule from rupturing. Perhaps salamander 12 had more mus-
cle left on it that restricted movement. Such dissection or sampling 

biases could be reduced when working on larger, less fragile individ-
uals, where joint damage is not as much of a risk.

The variation in mobility between the ex vivo specimens could 
also be attributable to differences in pelvis or femoral morphol-
ogy. When examining the microCT scans, we noticed a pathological 
bump on the distal femur of salamander 13 (similar in appearance 
to the growths described in early tetrapods in Herbst et al. 2019) 
(Figure S5F). The pelvis was also the most ossified of all individuals. 
Salamanders can vary in degree of ossification of the pubo- ischium 
(Francis, 1934). We included the highly ossified, pathological individ-
ual in the hip analyses because the pathological growths were on the 
distal femur (Figure S5). The hip RoM of the highly ossified individual 
was not restricted relative to other salamanders (Table 1), which is to 
be expected since the extra bone did not appear to constrict the hip 
joint. The SFP for salamander 13 (pathological specimen) was more 
similar to that of salamander 10 than either was to salamander 12 
(Figure S3). Using the null pose as a reference, salamander 12's RoM 
was shifted compared to the other two salamanders. Salamander 10 
and salamander 13 could achieve poses with 0° FE and 0° ABAD (in 
other words, the endpoint of the red axis was inside the polygon). 
For salamander 12, the combination of 0° FE and 0° ABAD could not 
be reached. Additionally, the RoM of FE was lower than in the other 
two ex vivo specimens. Variation in hip joint RoM cannot be attrib-
utable to general differences in size or variation in pelvis ossification, 
because salamanders 10 and 22 were the smallest and least ossified 
individual (no bony ossification between ilium and ischium), and the 
SFP of salamander 10 most resembled salamander 13, the most ossi-
fied specimen. Out of the ex vivo specimens, salamander 10 had the 
largest ABAD and LAR ranges, perhaps because the bones were less 
restrictive in these motions. However, the FE range was largest in 
salamander 13. Future studies could investigate the effects of more 
subtle morphological differences, as well as variation in soft tissue 
anatomy, on joint RoM.

4.2.2  |  Knee joint

At the knee joint, for both in vivo and ex vivo experiments, the most 
motion occurred about the FE axis in both ex vivo and in vivo indi-
viduals. LAR and ABAD ranges were much less than FE, and were 
of roughly similar magnitudes within individuals. These general 
patterns were consistent across ex vivo and in vivo experiments, 
therefore studies could be used to qualitatively predict which axis of 
rotation has the largest excursions in vivo. This knowledge is useful 
for rotoscoping setups, where the Z- axis should be assigned to the 
axis with the most motion (given a Z- Y- X rotation order), to reduce 
difficulties due to gimbal lock.

The FE range in the in vivo specimen was within the range of 
variation in FE ranges observed for ex vivo specimens, and the 
ABAD and LAR ranges were lower than in both ex vivo individu-
als, corresponding to our prediction based on previous studies (e.g., 
Arnold et al., 2014) that the in vivo range of RoM would be a subset 
of ex vivo RoM.
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Comparison of the SFPs (Figure 5) reported in the above sec-
tions shows that overall, a wider range of knee poses was achieved 
in cadaver experiments than the range of poses covered during 
walking. However, when only looking at ranges about the three axes 
(Table 2), in vivo RoM is not necessarily a subsection of ex vivo RoM; 
the in vivo FE range (salamander 22) was less than that in ex vivo sal-
amander 6 but greater than in ex vivo salamander 8. Contrastingly, 
for both ABAD and LAR ranges, the ranges were lower during walk-
ing (salamander 22, in vivo) than in both ex vivo specimens. The SFP 
(Figure 5) shows that the in vivo ROM is not centred within the ex 
vivo dataset, but more studies with a larger sample size and examin-
ing the variation between strides in a single individual are needed to 
test for reliable trends between in vivo and ex vivo joint RoM (as was 
done in Manafzadeh et al., 2021).

During maximum flexion of the knee (around mid- stance), 
as well as maximum extension, the in vivo individual had more 
negative LAR (internal rotation) than in the ex vivo individuals, 
in which maximum flexion was associated with external rotation 
(Table 2). Figure 5d and Video S3 also show that in the regions 
of high flexion, there were some poses in the in vivo individual 
that fell outside of the ex vivo pose space (see red and green 
dots; in vivo walking data were outside of the ex vivo polygons, 
specifically at areas of high flexion, i.e. positive rotation about 
blue axis). As for the hip, this variation could be due to individ-
ual morphological variation (see Figure S6 for skeletal compari-
sons of the specimen), including cartilage. Future studies could 
investigate links between joint articular (i.e. cartilage) structure 
and joint mobility variation. Another reason for the differences 
in poses of the knee specifically could be that in the in vivo ex-
periments the tibia and fibula could move relative to each other 
whereas in the ex vivo experiments their relative positions were 
fixed (a necessity for data collection due to the small size of these 
specimens).

Variation between the ex vivo specimens could also be due to 
variations in sampling. Joint range of motion variation due to dis-
section differences are unlikely at the knee because for this joint it 
was straightforward to remove all of the muscles (relative to the hip 
joint), and damage at the joint was also more easily detected at the 
knee. Therefore, we suspect the differences between salamander 6 
and salamander 8 probably were not due to variation in dissections.

4.3  |  Comparisons with other studies

Using video data, Pierce et al. (2020) found that a in vivo hip protrac-
tion/retraction (FE) RoM of 100° and a knee FE RoM of 60°, whereas 
we found an in vivo hip FE RoM of 117° and a knee FE RoM of 115° 
(Tables 1 and 2). Note that for the knee, individuals salamander 06 
and salamander 08 were used in both studies. The large difference 
between the knee FE RoM is likely due to the difficulties of measur-
ing joint angle excursions from light videos— especially for the knee, 
poses with high knee flexion might be difficult to detect from lateral 
and dorsal light videos in sprawling hindlimbs.

Our in vivo data are in general in qualitative and quantitative 
agreement with other analyses of limb joint RoM in salamanders. 
Edwards (1989) recognised the importance of both LAR and FE of the 
hip to facilitating the sprawling gait of salamanders, which is corrob-
orated by our in vivo rotoscoping analysis of the hip joint. The ranges 
of hip ABAD and LAR from our in vivo S. salamandra experiments fall 
within one standard deviation as reported for femur ABAD and LAR 
values in the newt Pleurodeles waltl (Karakasiliotis et al., 2013); but 
our hip FE values are slightly larger than those that they reported, 
perhaps due to variation between species or individuals.

As in Pleurodeles waltl, we found that knee FE shows a wide 
excursion over the stride cycle (Karakasiliotis et al., 2013). The 
in vivo data for the newt Pleurodeles reported in Nyakatura et al. 
(2019) cannot be directly compared to our data, because only val-
ues during stance phase were reported in that study. Furthermore, 
for hip FE, only femoral retraction (from a laterally extended) null 
pose was reported. This accounts for the lower hip FE and LAR val-
ues in their rotoscoped salamander data relative to our rotoscop-
ing data (which included the swing phase and femoral protraction, 
which occurs relative to the null pose). Additionally, the study 
reported an inverse relationship between femoral LAR and FE, 
with more sprawling taxa using relatively more LAR, and femoral 
LAR in salamanders exceeding femoral FE during the stance phase 
(ground contact) of locomotion. However, when the whole stride 
is taken into account, and both femoral protraction and retraction 
are measured, our data showed that FE was larger than LAR in 
the sprawling salamander, and this was also the case for the study 
by Karakasiliotis et al. (2013). Excluding protraction data could 
bias the comparison between different animals, because the null 
pose could occur at different regions of the overall motion space 
in different animals, based on their gait and joint morphology. 
Therefore, it would be interesting to see the same comparisons of 
LAR and FE in different taxa shown in Nyakatura et al. (2019), but 
including protraction and swing- phase data, to see if the relative 
trends between taxa (inverse relationship between magnitudes of 
FE and LAR) still hold outside of stance phase.

4.4  |  Implications for future studies

Studies often use gaits of extant taxa as a hypothesis, model or ana-
logue/homologue for the gait used in extinct taxa. Such locomotor 
hypotheses can be tested by comparing fossil joint RoM to in vivo or 
ex vivo RoM in the extant taxon, to determine if the fossil could have 
achieved the joint poses required to achieve the gait. Our goal was 
to examine the differences between the joint RoM obtained from 
ligament- only cadaver experiments and the joint RoM employed by 
Fire Salamanders during walking. Additionally, our motivation for 
testing the ligament- only salamander joint RoM (rather than includ-
ing muscles and skin in the cadaver analysis) was to more closely 
mimic the situation in fossils, where we usually only have osteologi-
cal features preserved. However, our experiments showed that the 
best dataset to use for comparison with fossil joint RoM is the in vivo 
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dataset of the extant animal, if it exists. This might seem counter- 
intuitive, but fossil osteological RoM studies are usually based on 
excluding certain poses. Therefore, the possible poses should be 
checked against the poses required for the actual gait we are inter-
ested in (i.e., the in vivo range of the animal), rather than compar-
ing the fossil osteological joint RoM to the osteological joint RoM in 
extant animals. Arnold et al. (2014) also observed large differences 
in ex vivo and in vivo joint RoM in the iguana, and also came to the 
conclusion that in vivo locomotor analysis of extant taxa (rather than 
just using osteological RoM data) is important for inferring gait in 
extinct taxa.

Using only the ex vivo salamander dataset as comparative data 
to determine if a fossil moved with a salamander- like walk could lead 
to the wrong conclusions. For example, assume a scenario in which 
the in vivo joint RoM during a certain behaviour in an extant animal 
is a subset of the poses reached in the ex vivo individuals. The hip 
ABAD is an instructive example from our experiments. During walk-
ing, the salamander had a much lower range (almost a third of the 
range) of ABAD than was possible in the cadaver ligament- only ex-
periments. Now imagine an analysis of the osteological hip joint RoM 
of an early tetrapod finding that the possible ABAD was half of that 
in the salamander ex vivo experiments. One might conclude that the 
fossil had different in vivo joint RoM than a salamander for a certain 
behaviour. However, the salamander's in vivo RoM for normal loco-
motion might fall within the fossil's osteological joint RoM, which 
would mean a salamander- like sprawling gait could have been possi-
ble. Comparing fossil osteological RoM with salamander osteological 
or other ex vivo (e.g. ligamentous) RoM may lead to overestimates 
of the amount of joint RoM required to move like a salamander; 
more studies are required to test the relationships of osteological, 
ligamentous and in vivo RoM. With advances in scanning technol-
ogy and scientific rotoscoping, using in vivo experiments of extant 
animals for comparisons with extinct animals could also reduce the 
number of animals sacrificed during ex vivo experiments.

However, ex vivo RoM data can still be useful; other studies have 
shown similar patterns between in vivo and ex vivo RoM in archo-
saur hindlimbs (Manafzadeh et al., 2021). Our dataset also shows 
that some general trends are shared between in vivo and ex vivo sal-
amander RoM, for example the maximum rotation occurring around 
the FE axis of the knee. Further studies with larger sample sizes 
are needed to investigate whether similar relationships between in 
vivo and ex vivo RoM found in archosaurs hold true in salamanders. 
Consistent trends between ex vivo and in vivo patterns across tet-
rapods could have important implications for addressing questions 
of early tetrapod evolution, such as whether certain early tetrapods 
were more forelimb-  or hindlimb-  driven. Furthermore, it would be 
interesting to test if ontogenetic changes in locomotion are reflected 
in ex vivo RoM of specimens at different ontogenetic stages.

The ex vivo and in vivo datasets for the salamander hip and 
knee joints demonstrate the importance of considering interaction 
between degrees of freedom. The maximum and minimum values 
about one axis depend on the rotations about the other two axes. 
Disregarding this interaction by only characterising maxima and 

minima can lead to both over-  and underestimates of the RoM. 
Overestimates occur by assuming all three maxima about the rota-
tional axes are achievable in the same pose (Kambic et al., 2014, 2017; 
Manafzadeh & Padian, 2018). Underestimates occur if the null pose 
rotations about two axes limit the maximal excursions of the axis of 
interest. Quantifying the possible combinations of poses is important 
when comparing fossil joint RoM to an extant animal's joint RoM to 
infer gait. For example, determining whether a gait and foot position 
was possible depends not only on attaining a specific degree of FE at 
the knee and hip but also whether the joint can attain the necessary 
rotations about the other two axes when in that specific degree of FE.

Gait inferences in fossils are inherently difficult due to all  
of the soft tissue and behavioural data we are missing. However, 
the field has seen many advancements that enable us to best use 
the lines of evidence we have. Fossil joint biomechanics have pro-
gressed from qualitative descriptions based on the joint anatomy 
(Shubin et al., 2006) to exclusion- based, digital osteological RoM 
studies (Pierce et al., 2012) to rigorous, automated testing of in-
teraction of degrees of freedom in osteological RoM (Manafzadeh 
& Padian, 2018), and combining trackways, robotics, full body 
simulations and comparative in vivo data to infer gait (Nyakatura 
et al., 2019). All of these new methods are bringing us closer to con-
ducting the most comprehensive analyses of locomotion in extinct 
and extant animals. Our study's contributions to the field's wide 
efforts are novel experimental and analytical methods to quantify 
salamander RoM, and a detailed dataset of in vivo and ex vivo joint 
RoM of Fire Salamander hip and knee joints. Our dataset reveals how 
interaction of rotations about anatomical axes facilitate a sprawling 
walk in salamanders, and can act as comparative data for testing the 
possibility of this gait in early tetrapods.

5  |  CONCLUSION

Here, we summarise the main findings of our study, and how they 
relate to our initial aims. 

• Aim 1: We successfully implemented our joint RoM rig and SFP 
method (Herbst, Eberhard, et al., 2022), capturing a detailed data-
set of the hindlimb joint range of motion in S. salamandra including 
interaction of degrees of freedom.

• Aim 2: The SFP approach enabled intuitive comparisons between 
in vivo (during walking) and ex vivo (ligamentous) ROM data.
• In the hip, ex vivo FE, LAR and ABAD had similar ranges, 

whereas in the in vivo salamander, the ABAD range had the 
lowest excursion (much lower than ex vivo ABAD), followed 
by LAR (a bit lower range than ex vivo), and a similar FE range 
to ex vivo.

• The in vivo hip FE range was slightly biased towards extension 
rather than flexion, whereas for the ex vivo individuals there 
was much greater flexion than extension.

• In the salamander knee, there was a strong correspondence 
between in vivo and ex vivo FE range, maxima and minima, 
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suggesting that cadaver studies of ROM may give reasonable 
predictions of the in vivo FE range for this joint.

• However, the in vivo FE range was shifted (more internal rota-
tion) relative to the ex vivo ranges. Further studies are needed 
to determine whether this is a consistent trend, or due to 
inter- individual variation.

• Knee in vivo ABAD and LAR were a subset of ex vivo poses, 
meaning that in these rotational axes, the joints operate well 
within their limits during walking.

• In the knee, some similar patterns were observed in vivo and 
ex vivo: in all specimens, FE was the greatest range, and within 
an individual, ABAD and LAR ranges were similar.

• Interactions of degrees of freedom are important; maximum 
and minimum joint rotations were rarely reached close to the 
null pose.

• Aim 3: The pose space of S. salamandra knee and hip joints re-
ported here can be used in future studies as a reference dataset 
comparing fossil RoM to joint RoM in S. salamandra. This dataset 
was used (Herbst, Manafzadeh, & Hutchinson, 2022) to investi-
gate whether salamander- like hindlimb kinematics were possible 
in the early tetrapod Eryops.
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APPENDIX A

A .1 | DISSEC TIONS AND RIGG ING
Prior to dissection, each frozen specimen was placed in warm water 
for a few hours to thaw. Then, we skinned the specimen and re-
moved the limb of interest. Only one knee or hip joint could be used 
per limb, because the other joint was destroyed in the rigging pro-
cedure (see below; rigging is the process of securing the elements to 
the rig). We filled a small dish with Ringer's solution and performed 
part of the dissection with the limb pinned to this dish under a dis-
secting microscope. For the more difficult cuts close to the fragile 
hip joint capsule, we removed the specimen from the dish and micro-
scope, to better manipulate the specimen to precisely determine the 
depth of the incisions. To keep the tissue hydrated, we submerged 
the specimen in Ringer's solution every few minutes during dissec-
tions (Manafzadeh, 2020).

We glued the proximal and distal bones to acrylic plates with 
methacrylate glue (Devcon Devweld 530) and wire (Figure S2). We 
then waited 20 min for the glue to dry, occasionally spraying the 
tissue during this period to keep it hydrated. The acrylic plates were 
created using a laser cutter; all plates were created from the same 
cutting template and therefore had the same dimensions (~30 mm), 
to facilitate data transformations. We secured the bone to the plate 
using wire and glue, ensuring that no glue or wire came in contact 
with the joint. For the hips (which were more difficult to rig), we 
sometimes attached a small piece of aluminium foil to shield the joint 
area from the glue.
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A . 2 | AC SS COMPARED TO OTHER S TUDIE S
Our acetabular ACSs did not follow the conventions proposed by 
Kambic et al. (2014), because our null pose and axes directions were 
defined to enable SFP visualisation (see “Data Visualisation” section). 
For the SFP null pose, the femur was extended laterally (to enable a 
more intuitive visualisation of the experiments). Furthermore, sala-
manders are sprawling animals, so the directions of motion at the hip 
(FE, ABAD and LAR) relative to the body orientations (dorsoventral, 
mediolateral and anteroposterior directions) are different from par-
asagittal locomotors, such as the guineafowl investigated by Kambic 
et al. (2014). For example, the hip's FE axis in guineafowl is oriented 
roughly mediolaterally (Kambic et al., 2014, figure 11a), whereas 
for salamanders, the hip's FE axis should be oriented roughly dors-
oventrally (Figure 2a). The axes of the acetabular ACS were defined 
as follows for the right acetabulum and are illustrated in Figure 2.  

The Z- axis (FE) pointed ventrally; positive rotation about the Z- axis 
was extension (retraction) at the hip. The Y- axis (ABAD) pointed cau-
dally; positive rotation about the Y- axis was abduction at the hip. The  
X- axis (LAR) pointed laterally; positive rotation about the X- axis was 
external rotation.

A . 3 | AC S SENSITIVIT Y ANALYSE S

A.3.1. | Point placement versus geometric primitives
We conducted a sensitivity analysis to test how the origin of a sphere 
fitted to the cartilaginous surface of the proximal femur compared 
to our point placement method. We segmented the femoral head of 
the specimen with the clearest cartilage, and fit a sphere to the car-
tilage using geometric shape- fitting code (Bishop et al., 2021). We 
then used CloudCompare software to fit this geometric primitive to 

F I G U R E  A 1  (a, b) Sensitivity analyses comparing different approaches to calculating the ACS of the proximal femur in (a) anterior view; 
(b) view of proximal bone surface. The purple dot marks the origin calculated by fitting a geometric primitive to the segmented cartilage 
of another individual, and transferring this origin to this individual using CloudCompare. The turquoise dot is the origin calculated by using 
the mean of the points (in blue) placed around the perimeter of the proximal bone. The axes can be calculated based on either the proximal 
bone morphology (1, in turquoise, used in this paper) or the distal bone morphology (2, in black). The X- axis (LAR) remains the same in 
these methods, but the Y and Z axes differed very slightly. (c) Axes recalculations to produce ACS with orthogonal axes. To make the axes 
orthogonal, either the X- axis can be recalculated (blue) or the Z- axis can be recalculated (orange). We recalculated the Z- axis for our analysis 
(Z1), so that the LAR axis is kept in a more anatomically intuitive position (X1).
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another specimen (specimen 22). For that specimen, we then also 
calculated the ACS origin based on our point-  fitting method. The 
origins obtained from two methods were only 0.24 mm apart (within 
8.4%, given the radius of the fitted sphere was 2.87 mm) (Figure A1). 
We also tested inter- user bias by having two users independently 
place points on the same salamander femur. The proximal origins 
differed only by 0.029 mm versus a maximum tibia length of about 
6 mm (inter- observer variation of 0.4% of maximum tibia length).

A.3.2. | Femoral ACS calculation
The proximal femoral ACS could be calculated based either on the 
proximal or distal bone morphology. Other studies have used the 
distal femur morphology to calculate the proximal femoral ACS, by 
using the distal femur morphology to define a distal Z (FE) axis. The 
proximal Y- axis and the proximal Z- axis were calculated from this dis-
tal Z- axis (Gatesy et al., 2022; Kambic et al., 2014, 2017; Manafzadeh 
& Padian, 2018). As a sensitivity analysis, we compared both meth-
ods. We found that for salamanders, calculating the Z (FE) axis based 
on the proximal femur morphology or distal femur morphology 

produced similar axes (Figure A1). Our method of using the proximal 
morphology is more intuitive, because the proximal morphology of 
the femur is more relevant to hip joint RoM than the distal morphol-
ogy is.

A.3.3. | Point- based long axis versus axis of least inertia
Kambic et al. (2014) used the axis of least inertia to calculate the 
LAR axis for the proximal ACS of the guineafowl tibiotarsus. Similar 
to salamander bones, fitting geometric primitives to the proximal 
surface of the guineafowl tibiotarsus was not practical due to flat 
morphology. To test how our point- based calculation compared to 
the axis of least inertia, we calculated the axis of least inertia for one 
individual's tibia and fibula (salamander 06) with Meshlab software 
v1.3.3 (Cignoni et al., 2008). Using the point placement method to 
calculate the long axis of the tibia and fibula is comparable to the 
long axis defined as the axis of least inertia; the difference between 
the two methods was only 0.393°. The point- based method is pref-
erable for this study because it is based on the anatomy of the bone 
surfaces and therefore more intuitive to understand.
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