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Abstract A comparative study of the hip joint in hominids
has important implications for physical anthropology, as
new insights could provide additional information for docu-
menting changes associated with the acquisition of habitual
bipedalism in the human lineage. In the literature, changes in
the shape of both the proximal femur and the acetabular
region in hominids have been investigated; however, few
analyses have studied joint congruence and even fewer
have attempted to quantify the degree of correspondence
between the three-dimensional orientations of the two joint
components. In humans, the hip joint has a lower degree of
correspondence in a bipedal posture than would be expected
for such a key joint. Because natural selection is dependent
on inherited structure and trade-offs between several func-
tions, it has been suggested in a previous study that the lower
degree of correspondence might be partly due to the phylo-
genetic history of our species. In order to test this hypothesis,
an extend sample of hominids was analysed. Our results
show that joint architecture changes substantially according
to the locomotor behaviour of the taxon considered. In oran-
gutans, the considerable mobility of the lower limbs is
ensured in part by a shallow acetabulum and a wide femoral

neck-shaft angle. In contrast, the hip joint of gorillas has to
support heavy loads and thus needs stability: a deep acetab-
ulum and a narrow femoral neck-shaft angle were observed.
Finally, our results provided evidence that the highest con-
gruence between the three-dimensional orientations of the
two joint components in all the studied genera, i.e. Homo,
Pan, Gorilla and Pongo, was obtained in a quadrupedal pos-
ture, further suggesting that the shape of the human hip joint
is constrained by its quadrupedal ancestry.

Keywords Hip joint · Bipedal gait and posture ·
Acetabulum · Femoral neck · Hominids

Résumé L’étude comparative de l’articulation de la hanche
sur un échantillon d’hominidés trouve des applications
importantes en anthropologie biologique puisqu’une meil-
leure connaissance de cette articulation peut enrichir notre
compréhension des changements morphologiques associés
à l’acquisition de la bipédie permanente dans la lignée
humaine. Dans la littérature, des changements morphologi-
ques de l’extrémité proximale du fémur et de la région acét-
abulaire ont été décrits, mais peu d’analyses se sont intéres-
sées au paramètre de congruence articulaire et encore moins
au niveau de concordance des axes tridimensionnels des
deux composantes articulaires. Chez l’Homme, la hanche
montre un plus faible niveau de concordance en posture
bipède que ce qui aurait pu être attendu pour une articulation
aussi centrale. L’action de la sélection naturelle étant néces-
sairement tributaire de la nature de la structure héritée d’un
ancêtre commun et des compromis qui s’établissent entre les
différentes fonctions exercées par cette structure, nous
avions suggéré dans un précédent travail que cette plus faible
concordance soit imputée à l’histoire phylogénétique de

N. Bonneau (*)
UFR STAPS, Université Paris Sud XI, Bât. 335,
91405 Orsay cedex
e-mail : nbonneau@mnhn.fr

N. Bonneau · C. Tardieu
UMR 7179, Muséum national d’Histoire naturelle/CNRS,
CP 55 Pavillon d’Anatomie Comparée,
57, rue Cuvier 75231 Paris cedex 5

C. Simonis
Ministère de l’Education Nationale, DEPP, 75015 Paris

BMSAP (2015) 27:1-15
DOI 10.1007/s13219-014-0118-x

C
et

 a
rt

ic
le

 d
es

 E
di

tio
ns

 L
av

oi
si

er
 e

st
 d

is
po

ni
bl

e 
en

 a
cc

es
 li

br
e 

et
 g

ra
tu

it 
su

r 
ar

ch
iv

es
-b

m
sa

p.
re

vu
es

on
lin

e.
co

m



notre espèce. Afin de tester cette hypothèse, une étude sur un
échantillon d’hominidés a été menée. Nos résultats montrent
que l’architecture articulaire diffère selon le répertoire loco-
moteur du taxon considéré. Chez les orangs-outans, la
grande mobilité du membre inférieur est assurée en partie
par une cavité acétabulaire peu profonde et un angle
cervico-diaphysaire important. Au contraire, la hanche des
gorilles doit supporter de fortes charges et nécessite plus de
stabilité : une cavité acétabulaire profonde et un angle
cervico-diaphysaire faible sont observés. Enfin, nos résultats
mettent en évidence que le plus grand niveau de concor-
dance des axes tridimensionnels des deux composantes
articulaires de la hanche pour l’ensemble des genres consid-
érés, c’est-à-dire Homo, Pan, Gorilla et Pongo, est observée
dans une posture quadrupède. Ce résultat appuie l’hypothèse
d’une influence du passé quadrupède de nos ancêtres sur les
orientations de l’articulation de la hanche actuelle.

Mots clés Articulation de la hanche · Locomotion et
posture bipèdes · Acétabulum · Col fémoral · Hominidés

Introduction

Humans are characterized by a habitual and permanent
bipedal gait and posture that places the centre of gravity of
the whole body above the pelvis. During locomotion, the
body mass is balanced first above one lower limb and then
above the other, so that the one-legged stance represents a
significant part of the human walking cycle [1]. Conse-
quently, body weight is mainly supported by just one limb
during locomotion in humans. In contrast, quadrupeds fre-
quently support their weight on at least two legs, most often
three, implying more even distribution of their body weight
across the limbs [2-5]. The hip joint is a key element of the
human locomotor system, as it plays an important role in
supporting the body and transmitting forces between the
erect trunk and lower limbs, especially during the one-
legged stance. A comparative study of the hip joint among
hominids therefore has important implications for physical
anthropology, as new insights could provide additional
information for documenting changes associated with the
acquisition of habitual bipedalism in the human lineage.
Also of interest is the contribution of new material to the
debate on the locomotor patterns of our most recent non-
bipedal ancestors and additional knowledge to support a
more accurate reconstruction of the locomotor behaviour of
extinct species known only from fossils [6-15].

In nature, any joint has two main functions : it ensures
transmission of the mechanical load, but also the ability or
inability to perform particular movements [16]. The type of
joint, and more specifically its exact structure, reflects the

need to ensure stability and mobility. A spheroid joint such
as the hip joint provides three degrees of freedom of move-
ment, resulting in high mobility while also ensuring stability.
However, in such joints the degree of interlocking of the ball
in the socket is an important parameter that determines the
predominance of stability over mobility or vice versa. Con-
sequently, the degree of joint congruence is of prime impor-
tance in a functional approach to studies of the hip joint. In
this study, a comparative analysis was made of the degree of
congruence at the hip joint in a hominid sample comprising
Homo, Pan, Gorilla and Pongo. The relationships between
the degree of congruence and the preferred postures of each
taxon during their habitual locomotor behaviour in their nat-
ural habitat were explored. The study of extant taxa is impor-
tant to draw inferences on both the phylogenetic signal and
the adaptive nature of the morphology of the hip in homi-
nids. The different hominids studied here use a wide range of
environments, terrestrial as well as arboreal, and have devel-
oped a wide range of locomotor behaviour in response to
these different environments [5,17]. In accordance with
each type of behaviour, different mechanical demands are
made on the hip joint, of which the anatomical configuration
is expected to adapt through selection for efficient locomo-
tion and the range of motion required. Despite the different
postural and locomotor behaviour patterns displayed by
these taxa, hominids are phylogenetically close, so that com-
parisons are less likely to be dependent on phylogenetic
effects.

In addition to the degree of congruence, the orientations
of the two neighbouring components of a joint, and more
specifically the relationships between these two orientations
during motion, is of prime importance to the way the joint
functions. The orientations of the joint components reflect
the direction of the forces acting upon it and thus have impli-
cations for load transmission. Joint correspondence is used
to assess the relationships between the orientations of the
neighbouring components of a joint in a given posture.
With full correspondence, the two orientations are aligned.
In humans, hip joint conrrespondence is lower in the bipedal
posture than would be expected for such a key joint [18-20]:
both the acetabulum and the femoral neck present a normal
anteversed orientation in a transverse plane, so that the ante-
rior part of the femoral head is not fully covered by the ace-
tabulum in the bipedal stance [18-21]. It has been suggested
in the literature that the lack of full correspondence between
the axes of the acetabulum and the femoral neck may result
in premature wear on the joint and the appearance of osteo-
arthritis [18,22]. Because full correspondence of the axes of
the two neighbouring components of the human hip joint is
observed in a quadrupedal posture on an inclined substrate
[20,23] we proposed in a previous study that the lower
degree of correspondence might be partly due to the phylo-
genetic history of our species [19,20]. The hip joint of
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modern humans evolved from an ancestral joint which was
adapted to the specific locomotor demands of the last ances-
tor and the need to provide a wide enough passage during
birth. Consequently, the evolution of the human hip joint is
constrained by the properties of this pre-existing structure.
Moreover, the location of the hip joint in the pelvic girdle
also implies that constraints related to the obstetrical role of
the female pelvis have driven the evolution of its shape in
response to an increase in head size and brain volume [24-
34]. Other functions known to influence pelvic shape are
those related to the support of body viscera [25] and thermo-
regulatory constraints [35]. To summarise, although natural
selection has probably optimized the performance of the
human hip joint for locomotor functions, its adaptation is
also dependent, firstly, on the properties of the inherited
structure and, secondly, on trade-offs with other functions.
Therefore, in order to test our previous hypothesis, the orien-
tations of both the acetabulum and the femoral neck were
analysed with special attention given to the degree of con-
gruence between the two orientations in particular postures
habitually used by the different taxa included in the study.
Differences in the shape of both the proximal femur and the
acetabular region among hominids have been investigated in
the literature [16,32,36-43]. However, few analyses have
studied changes in the orientations of these two structures
over the course of evolution [44] and even fewer have
attempted to quantify their three-dimensional orientations.
The development of methods allowing quantification of the
orientations of both the acetabulum and the femoral neck in
three dimensions, and independent of anatomical reference
planes [20,45], provides accurate tools for the present com-
parative analysis of the hip joint among hominids.

To summarise, this comparative analysis aims to quantify
both hip joint correspondence and the degree of congruence
between the three-dimensional orientations of both the ace-
tabulum and the femoral neck during locomotion in the taxa
Pan, Gorilla and Pongo compared with Homo sapiens. The
joint parameters were studied in relation to the preferred pos-

tures of the different taxa during their habitual locomotor
behaviour in their natural habitat.

Materials and Methods

Materials

The study covered 66 specimens of modern Homo sapiens
(Table 1) from the SIMON collection (housed at the Univer-
sity of Geneva, Switzerland) and the collections of the
National Museum of Natural History (Paris, France). The
SIMON collection is composed of 20th century skeletons
collected from cemeteries in the Vaud canton [46]. The
bones housed in the collections of the Paris Museum are
21st century specimens from France.

An extended sample of non-human hominids was also
analysed, including 48 specimens of Pan (troglodytes and
paniscus), 36 of Gorilla (gorilla and beringei) and 22 of
Pongo pygmaeus (Table 1). The bones of these specimens
were housed in the National Museum of Natural History
(Paris, France), the Anthropological Institute and Museum
(University of Zurich, Switzerland), the Belgian Royal Insti-
tute of Natural Sciences (Brussels, Belgium) and the Royal
Museum of Central Africa (Tervuren, Belgium).

Data acquisition

The bones were immobilised in a clamp and their three-
dimensional coordinates (x, y, z) were recorded in a milli-
metric orthonormal reference system using Microscribe® G2
(Immersion, France), which is accurate to ± 0.38 mm accord-
ing to the manufacturer.

The three-dimensional coordinates (x, y, z) of six homol-
ogous landmarks on the hip bones (Table 2, Fig. 1) were
digitized. In addition, acquisitions were also performed on
the acetabular rim using Microscribe programmed to take
coordinates one millimetre apart. First, successive points

Table 1 Summary of the material used in the comparative study of the hip joint in hominids / Bilan du matériel utilisé pour l’étude

comparative de l’articulation de la hanche chez les hominidés.

Taxon N°specimens Femora Hip bones Museum*

Total Right Left Total Right Left

Homo sapiens 66 91 43 48 99 52 47 UG, MNHN

Pan spp. 48 72 36 36 91 45 46 MNHN, AIM, IRSNB, RMCA

Gorilla spp. 36 48 23 25 60 30 30 MNHN, AIM, IRSNB, RMCA

Pongo pygmaeus 22 28 15 13 37 18 19 MNHN, AIM, IRSNB

* UG = University of Geneva (Switzerland), MNHN = Muséum national d’Histoire naturelle et Musée de l’Homme (Paris, France),

AIM = Anthropological Institute and Museum (Zürich, Switzerland), IRSNB = Institut Royal des Sciences Naturelles de Belgique

(Brussels, Belgium), RMCA = Royal Museum for Central Africa (Tervuren, Belgium).
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were recorded along the entire acetabular rim, i.e. from the
anterior horn tip to the posterior horn tip [47]. Next, the
anterior and posterior parts of the acetabular rim were digi-
tized according to the anatomical description proposed by
Bonneau and collaborators [47]. These two parts were
delimited by the two notches identified in the rim: one on
its upper part, at the intersection of the anterior edge of the
ilium with the acetabular rim, and the second on its posterior
part, where the main axis of elongation of the ischium meets
the osseous acetabular rim (Fig. 1 in [19]). Finally, succes-
sive points were acquired along the edges of the facies
lunata, the characteristically horseshoe-shaped articular sur-
face of the acetabulum.

For the femora, the three-dimensional coordinates of
eight homologous landmarks (Table 2, Fig. 1) were digi-
tized. In addition, using the stylus of the Microscribe,
which was programmed to take three-dimensional coordi-
nates one millimetre apart, the outer surface of the femoral
neck between the edge of the articular surface of the femoral
head and the intertrochanteric lines was traced, with 800 to
1600 points recorded depending on the genus. Using the

same method, three-dimensional coordinates were recorded
on the surface of the femoral shaft between the two
metaphyses.

The landmarks acquired on both hip bones and femora
were chosen for their minimal observer-induced measure-
ment error [20,45,48] and their maxima and homogeneous
dispersion relative to the overall bone volume.

Level of congruence at the hip joint

All analyses were performed using the R graphics and statis-
tics package v.2.11.0 [49]. In order to assess the degree of
congruence at the hip joint in hominids, the percentage of a
sphere enclosed by the acetabular socket was computed for
each genus. The three-dimensional coordinates acquired
along the edges of the facies lunata were used to compute
the geometrical centre and radius of the articular surface of
each acetabulum based on a spherical regression. The three-
dimensional coordinates of the acetabular centre were pro-
jected onto a regression plane computed from the points
acquired along the entire acetabular rim. The distance
between the acetabular centre and its projection was
recorded (d in Fig. 2) and this value was subtracted or
added to the value of the radius of the acetabulum, depend-
ing on whether the acetabulum forms less or more than a
hemisphere. This estimation of acetabular depth was used
to calculate the percentage of a sphere formed by the acetab-
ular socket. The depth was multiplied by 100 and divided by
the radius of the acetabulum. In parallel, the angle formed
between the anterior and the posterior parts of the acetabular
rim was calculated, because the morphology of the osseous
acetabular rim, which is known to be irregular [47,50-54],
influences the nature of joint congruence since a wider angle
between the anterior and the posterior parts of the rim could
result in less coverage of the femoral head. A regression
plane, using the least squares method, was computed from
the points acquired on the anterior part of the osseous ace-
tabular rim on the one hand, and on the posterior part of the
rim on the other hand. The angle formed by the two direction
vectors of the two regression planes corresponding to the
orientation of the anterior and posterior parts of the acetabu-
lar rim was computed.

The femoral neck-shaft angle

The femoral neck-shaft angle was compared across the entire
sample of hominid femora. For each femur, the three-
dimensional coordinates characterizing the femoral neck sur-
face were used to determine the three-dimensional orienta-
tion of the femoral neck, based on the method described by
Bonneau and collaborators [45]. This innovative method
uses successive cross-sectional ellipses to model the femoral
neck surface, allowing accurate determination of its three-

Table 2 List of homologous landmarks used in the study / Liste

des points homologues utilisés dans l’étude.

No Definition

HIP BONE

1 Upper point of the pubic symphysis

2 Upper anterior iliac spine

3 Spinea limitans: tubercle formed by the lower posterior

border of the insertion of the quadratum lumborum

muscle, at the lateral border of the iliac crest

4 Lower posterior iliac spine

5 Uppermost posterior point of the ischial tuberosity, i.e.

upper border of the insertion of the semimembranosus

muscle

6 Scalenion: tangent point of the line between

the acetabular centre and the ventral border

of the sacroiliac joint [77]

FEMUR

1 Pretrochanteric tubercle, at the iliofemoral ligament

attachment

2 Lower anterior point of insertion of the gluteus minimus

3 Uppermost point of the piriformis muscle attachment

4 Upper posterior point of the posterior intertrochanteric

crest

5 Posterior base of the medial condyle

6 Posterior base of the lateral condyle

7 Maximum curvature of the central part of the trochlea

(frontal view)

8 Maximum curvature of the distal articular surface

between the two condyles

4 BMSAP (2015) 27:1-15
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dimensional orientation based on the successive centres of
the different ellipses. The use of successive ellipses gives
great flexibility to the model, which can match circular or
elliptical cylinders as well as circular or elliptical cones,
thus justifying its application for all the different hominoids
analysed. In addition, the three-dimensional coordinates

characterizing the femoral shaft surface were used to deter-
mine the three-dimensional orientation of the main axis of
the shaft based on a circular cylindrical regression. The angle
between the femoral shaft axis and the femoral neck axis was
computed to obtain the femoral neck-shaft angle (FNA in
Fig. 2).

Fig. 1 Homologous landmarks used in the study and further described in Table 2. The scans of the bones were performed using a Stereo-

scan Breukmann® surface scanner. A – lateral view of the right hip bone; B – medial view of the right hip bone; C – frontal view

of the proximal part of the right femur; D – posterior view of the distal part of the right femur; E – proximal view of the right femur;

F – distal view of the right femur / Points homologues utilisés dans l’étude et détaillés dans le Tableau 2. Les scanners des os ont été

réalisés grâce à un Scanner surfacique Breaukmann®. A – vue latérale de l’os coxal droit ; B – vue médiale de l’os coxal droit ;

C – vue frontale de l’extrémité proximale du fémur droit ; D – vue postérieure de l’extrémité distale du fémur droit ; E – vue proximale

du fémur droit ; F – vue distale du fémur droit.
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Fig. 2 The comparative analysis of the hip joint was based on two parameters: the femoral neck-shaft angle and the percentage

of a sphere formed by the acetabular socket. The femoral neck-shaft angle (FNA) corresponds to the angle between the three-

dimensional axis of the femoral neck and the three-dimensional axis of the femoral shaft. Relative to the acetabulum, the three-

dimensional coordinates of the acetabular centre (O) were projected onto the regression plane (P) computed from the points acquired

on the total acetabular rim. The distance between the acetabular centre and its projection was recorded (d) and this value was subtracted

or added to the value of the radius of the acetabulum, depending on whether the acetabulum forms less or more than a hemisphere. In

the picture, the acetabulum forms less than a hemisphere, so that the value of d was subtracted from the value of R. This estimation

of acetabular depth was used to calculate the percentage of a sphere formed by the acetabular socket. The depth was multiplied

by 100 and divided by the radius of the acetabulum / Deux paramètres ont été utilisés dans cette étude comparative de la hanche :

l’angle cervico-diaphysaire du fémur et le pourcentage de sphère formé par la cavité acétabulaire. L’angle cervico-diaphysaire du fémur

(FNA) correspond à l’angle formé entre l’axe tridimensionnel du col fémoral et l’axe tridimensionnel de la diaphyse fémorale. Concer-

nant l’acétabulum, les coordonnées tridimensionnelles du centre acétabulaire (O) ont été projetées sur le plan de régression (P) calculé

à partir des points numérisés sur le pourtour total du sourcil acétabulaire. La distance entre le centre acétabulaire et la projection

de ce centre sur P a été calculé (d) et cette valeur a été soustraite ou additionnée à la valeur du rayon de la sphère acétabulaire,

selon que l’acétabulum faisait plus ou moins une demi-sphère. Dans cette illustration, l’acetabulum représenté forme moins d’une

demi-sphère, donc la valeur de d a été soustraite à celle de R. Cette estimation de la profondeur acétabulaire a été ensuite utilisée

pour calculer le pourcentage de sphère formé par la cavité acétabulaire. La profondeur à été multipliée par 100 et divisée par le rayon

de l’acétabulum.

6 BMSAP (2015) 27:1-15

C
et

 a
rt

ic
le

 d
es

 E
di

tio
ns

 L
av

oi
si

er
 e

st
 d

is
po

ni
bl

e 
en

 a
cc

es
 li

br
e 

et
 g

ra
tu

it 
su

r 
ar

ch
iv

es
-b

m
sa

p.
re

vu
es

on
lin

e.
co

m



Degree of correspondence between the axes
of the two hip joint components in different postures

The differences in the three-dimensional orientations of the
acetabulum and the femoral neck in the hominid specimens
were explored in the context of the habitual postures adopted
by each taxon during their locomotor behaviour in their nat-
ural habitat. The three-dimensional orientations of both the
femur and the hip bone in these habitual postures were used
to establish the reference area for comparison between the
different hominids, rather than a mathematical superimposi-
tion of bones based on homologous landmarks. While super-
imposition of the bones of various taxa is used to analyse
inter-specific differences in shape, there is no point in
using a functional approach, for two reasons. First, given
that the relative position and orientation of both the femora
and the hip bones depends on the specific locomotor behav-
iour of the hominid considered, the functional frontal and
transverse planes of the two bones may not correspond
across taxa. Moreover, these planes do not necessarily corre-
spond to the anatomical planes of reference used to describe
these bones in comparative anatomy. For example, Lewin-
neck’s plane calculated from the two upper anterior iliac
spines and the upper point of the pubic symphysis is
known to be vertical in the bipedal posture of humans. How-
ever, this plane makes no sense in chimpanzees as the pelvic
girdle is more horizontal, being associated with their quadru-
pedal walking. Thus, the vertical forces acting on the acetab-
ulum in these two taxa do not have the same three-
dimensional orientation in the pelvic cavity. Secondly, as
superimposition is based on homologous landmarks, it is
necessarily dependent on the total conformation of the
bones. However, profoundly different orientations of the
three parts of the hip bone are known to exist between homi-
nids. A different orientation of the pubic ramus, for example,
influences superimposition as the variation in the location of
the upper point of the pubic symphysis will be distributed
between the eight homologous landmarks of the hip bone
because of the mean squared approach. The orientation of
the acetabulum is thus strongly influenced by the total
shape of the bone, as important differences between taxa
are identified. For these reasons, we decided to analyse the
three-dimensional orientation of the acetabulum and the
femoral neck, and their relationships, in postures that are
specific to each taxon.

Based on data available in the literature [5,17,55-61], the
most habitual postures adopted by the different taxa during
locomotion in their natural habitat were determined. The
bipedal posture was used to illustrate the locomotor behav-
iour of Homo sapiens. As maximum congruence of the
human hip joint has been described in a quadrupedal posture
on an inclined substrate [20,23], this posture was also con-
sidered. As gorillas (Gorilla) are among the most terrestrial

of all primates, they were studied in their quadrupedal
knuckle-walking posture [5]. Chimpanzees and bonobos
(Pan) are known to use more arboreal locomotion than gor-
illas. Consequently, both the quadrupedal knuckle-walking
posture used to travel on the ground and the suspensory pos-
ture used to move among trees were used to illustrate loco-
motor behaviour in Pan. Orangutans (Pongo) are known for
their suspensory behaviour. Two postures were chosen to
represent the slow quadrumanous climbing that they habitu-
ally use during arboreal locomotion. As adult males fre-
quently travel to the ground [5], the terrestrial quadrupedal
posture was also studied.

For each taxon, two separate partial superimpositions of
the hip bones and femora were performed using a custom-
designed function of the Rmorph library for R [20,45,48,62].
The left-side bones were made symmetrical using left-right
matching symmetry to obtain right and left bones in a com-
parable space. The superimposition process, based on a Gen-
eralized Procrustes Analysis [63,64], involved a scaling step
followed by translations and rigid three-dimensional rota-
tions of the bones using the homologous landmarks. The
three-dimensional coordinates acquired on the osseous ace-
tabular rims and femoral neck surfaces passively followed
the translations and rotations calculated from, respectively,
the six homologous landmarks acquired on the hip bones
and the eight homologous landmarks acquired on the fem-
ora. To summarise, this alignment removes the effect of var-
iation in position and orientation from the three-dimensional
coordinates acquired on both the acetabular rims and the
femoral neck surfaces.

Mean shapes for each taxon were computed separately
from the homologous landmarks acquired on the hip bones
and the femora. The mean shapes obtained of the femora and
the hip bones were reoriented to the standard positions they
have in the habitual posture(s) chosen to describe the loco-
motor behaviour of the taxa considered. More specifically,
the coordinates of the mean shapes of both hip bones and
femora for each taxon were transformed mathematically in
order to rearticulate the two components of the hip as they
appear in the posture analysed. This mathematical transfor-
mation of the mean shapes was performed once only for each
taxon and each position to avoid the intra- and inter-
variability that would be introduced if the reorientation is
performed for each individual before the superimposition
process. Using this protocol, a general posture representing
a locomotor behaviour pattern was thus analysed. After
reorientation, the three-dimensional coordinates characteriz-
ing the femoral neck surfaces were used to determine the
three-dimensional orientation of each femoral neck [45].
The successive points characterizing the acetabular rims
were used to determine the three-dimensional orientation
of each acetabulum [47]. Mean vectors were computed for
the three-dimensional orientations of both the acetabulum
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and the femoral neck. The ranges of variation of the two
orientations are illustrated. Joint correspondence is used to
estimate the relationships between the orientations of the
neighbouring components of the joint in each posture, i.e.
in a given posture, the orientation of one component of the
joint was observed in relation to the orientation of the other
component. Full correspondence occurs when the two orien-
tations are in alignment.

Results

Our results are summarized in Table 3 and figures 3 to 5.
Joint congruence was assessed based on two parameters,
the percentage of a sphere formed by the acetabular cavity
and the angle between the anterior and the posterior parts of
the osseous acetabular rim. Our results provide evidence that
the percentage of a sphere formed by the acetabulum in oran-
gutans is smaller than in the other genera studied (33.77% on
average, Table 3), with a wide angle between the anterior
and posterior parts of the acetabular rim (41.75° on average).
In contrast, a percentage of a sphere equal to 42.84% on
average was obtained for gorillas, also with a wide angle
between the anterior and posterior parts of the rim (42.62°
on average). In chimpanzees and bonobos, the mean percent-
age of a sphere is 40.15% and the mean angle between the
anterior and posterior parts of the rim is 40.93°. Finally, in
humans, the percentage of a sphere is close to the value
obtained for chimpanzees and bonobos (40.99% on average)
while the angle formed by the anterior and the posterior parts
of the osseous rim was narrower than in other hominids
(21.75° on average).

Concerning the femoral neck shaft angle, from which the
orientation of the femoral neck is estimated, the maximum
value was calculated in orangutans (136.5° on average)
while the narrowest angle was calculated for gorillas (120.0°

on average). This angle is equal on average to 128.9° in
humans and 126.5° in chimpanzees and bonobos.

Joint correspondence is used to estimate the relationships
between the orientations of the neighbouring components of
the joint in a given posture i.e., a posture in which the orien-
tation of one component of the joint is observed in relation to
the orientation of the other component. Full correspondence
occurs when the two orientations are aligned, i.e. when the
angle formed between the two axes is equal to 180°. In the
habitual bipedal posture, the correspondence between the
two axes of the acetabulum and the femoral neck in the artic-
ulated hip process was lower than expected for a strong joint
such as the hip joint. Regarding the mean orientations of
both the acetabulum and the femoral neck in the bipedal
posture, correspondence between the two axes was high in
the frontal view (170°; Fig. 3) but quite low in the transverse
plane (144°; Fig. 3), where the orientation of both the ace-
tabulum and the femoral neck was anteversed, resulting in
lower correspondence between the orientations of the two
neighbouring components. Our results show that the highest
correspondence between the two hip joint components for all
the genera studied, i.e. Homo, Pan, Gorilla and Pongo, was
obtained in quadrupedal postures (Fig. 4). Since this was
predicted by Kapandji [23] and confirmed in this study, the
maximum correspondence between the axes of the two joint
components in humans was observed in a quadrupedal pos-
ture on an inclined substrate, when the angle formed by the
two axes in the transverse plane reached 176° (Fig. 4C). In
gorillas, 174° and 159° of correspondence between the axes
of the two joint components were measured in the frontal
and transverse planes respectively, implying a high degree
of correspondence in the quadrupedal knuckle-walking pos-
ture (Fig. 4A). In chimpanzees and bonobos (Pan), angles
equal to 169° and 170° in the frontal and transverse planes
were measured in the quadrupedal knuckle-walking posture
(Fig. 4B), while these same angles were equal to 175° and

Table 3 Results of the comparative analysis of femoral and acetabular parameters between the different hominid genera / Résultats

de l’étude comparative des paramètres fémoraux et acétabulaires obtenus sur un échantillon d’hominidés.

ACETABULUM

Homo sapiens Pan spp. Gorilla spp. Pongo pygm.

Percentage of sphere formed

by the acetabular socket (%)

40.99 ± 3.46

(33.24-53.21)

40.15 ± 4.08

(31.96-52.28)

42.84 ± 5.51

(34.47-52.20)

33.77 ± 5.75

(23.09-42.53)

Angle between the anterior and posterior

parts of the acetabular rim

21.75 ± 8.92

(10.15-41.00)

40.93 ± 7.41

(31.84-56.38)

42.62 ± 8.02

(33.15-58.76)

41.75 ± 7.66

(33.09-50.31)

FEMUR

Homo sapiens Pan spp. Gorilla spp. Pongo pygm.

Femoral neck-shaft angle (°) 128.9 ± 5.90

(118.5-140.7)

126.5 ± 6.45

(116.8-138.3)

120.0 ± 6.07

(109.8-130.1)

136.5 ± 9.03

(121.2-151.3)
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Fig. 3 The coordinates of the mean configurations of both the hip bones and the femora were transformed mathematically in order

to rearticulate the two components of the hip as they appear in a standard bipedal posture. The mean axes of the acetabulum and the fem-

oral neck (red lines), computed from the human sample, were illustrated in a frontal view and a transverse view. The dotted lines show

the range of variation of the three-dimensional orientations of the acetabulum and the femoral neck. In a bipedal posture, the upper ante-

rior part of the femoral head is uncovered. Mainly in the transverse plane, both the acetabulum and the femoral neck have an anteversed

orientation resulting in lower congruence than would be expected for a key joint such as the hip joint / Les coordonnées des conforma-

tions moyennes des os coxaux et des fémurs ont été mathématiquement réorientées afin de réarticuler les deux composantes de la hanche

telles qu’elles sont orientées dans une posture bipède standard. Les axes moyens de l’acétabulum et du col fémoral (lignes continues

rouges), calculés à partir de l’échantillon humain, sont représentés dans une vue frontale et une vue transverse. Des lignes pointillées

illustrent la variation inter-individuelle des orientations tridimensionnelles de l’acétabulum et du col fémoral dans notre échantillon.

Dans une posture bipède, la partie antéro-supérieure de la tête fémorale est découverte. Dans le plan transverse, l’acétabulum et le col

fémoral ont des orientations antéversées responsables de la plus faible concordance des axes que ce qui pourrait être attendu pour une

articulation centrale telle que la hanche.

BMSAP (2015) 27:1-15 9

C
et

 a
rt

ic
le

 d
es

 E
di

tio
ns

 L
av

oi
si

er
 e

st
 d

is
po

ni
bl

e 
en

 a
cc

es
 li

br
e 

et
 g

ra
tu

it 
su

r 
ar

ch
iv

es
-b

m
sa

p.
re

vu
es

on
lin

e.
co

m



Fig. 4 Quadrupedal postures of the four genera studied, i.e. Gorilla (A), Pan (B), Homo (C) and Pongo (D). The drawings illustrate

the general posture. Personal scans made by Laurent Puymerail or scans provided by the Digital Morphology Museum (Kupri) are used

to illustrate the orientations of the right hip bone and femur. The mean axes of the acetabulum and the femoral neck (full lines) are illus-

trated in both frontal and transverse views using the respective samples of the taxa analysed. The dotted lines illustrate the range of varia-

tion of the three-dimensional orientations of the acetabulum and the femoral neck for each taxon. A – Gorillas (Gorilla) are among

the most terrestrial of all primates and are illustrated in their quadrupedal knuckle-walking posture. B – Chimpanzees and bonobos (Pan)

are known to travel on the ground using a quadrupedal knuckle-walking posture. C – As the maximum correspondence between

the two components of the human hip joint was described in a quadrupedal posture on an inclined substrate [20,23], this posture was ana-

lysed. D – Although orangutans (Pongo) are known for their suspensory behaviour, adult males frequently travel on the ground. The ter-

restrial quadrupedal posture is illustrated here / Des postures quadrupèdes utilisées par les quatre genres étudiés, c’est-à-dire Gorilla (A),

Pan (B), Homo (C) et Pongo (D), ont été représentées. Le croquis illustre la posture générale de l’animal. Soit des scanners personnels

de Laurent Puymerail soit des scanners provenant du Digital Morphology Museum (Kupri) ont été utilisés pour illustrer les orientations

de l’os coxal et du fémur droit. Les axes moyens de l’acétabulum et du col fémoral sont représentés (lignes continues) dans le plan fron-

tal et le plan transverse à partir des données acquises respectivement sur chaque taxon. Des lignes pointillées illustrent la variation

inter-individuelle des orientations tridimensionnelles de l’acétabulum et du col fémoral de chaque taxon. A – Les gorilles (Gorilla) repré-

sentent un des genres les plus terrestres parmi les primates. Ils ont donc été représentés dans leur posture quadrupède en knuckle-

walking. B – Les chimpanzés et les bonobos (Pan) voyagent au sol en utilisant la posture quadrupède knuckle-walking. C – Dans

la mesure où le maximum de concordance des axes des deux composantes de la hanche humaine a été décrit en posture quadru-

pède sur un plan incliné [20,23], cette posture a été analysée. D – Bien que les orangs-outangs (Pongo) passent une grande partie

de leur temps dans les arbres, les mâles adultes voyagent fréquemment au sol. A ce titre la posture quadrupède au sol a également été

représentée.
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152° in the arboreal posture observed in this study (Fig. 5A).
In orangutans, correspondence between the axes of the two
hip joint components reached 163° and 161° in the frontal
and transverse planes of the quadrupedal posture (Fig. 4D),
while the same angles were equal to 176° and 137° during
slow quadrumanous climbing (Fig. 5B), and 161° and 134°
in the posture requiring a high degree of abduction of the
lower limbs (Fig. 5C).

Discussion

Our results provide new quantitative data on hip joint con-
gruence and on the degree of correspondence between the
three-dimensional orientations of both the acetabulum and
the femoral neck during locomotion in hominids. The mor-
phology of the hip joint is a compromise between the need
for mobility and for stability, and the former or the latter are

Fig. 5 Arboreal postures used by chimpanzees and bonobos (Pan) and orangutans (Pongo) in their natural habitat. The drawings illus-

trate the general posture. Personal scans made by Laurent Puymerail or scans provided by the Digital Morphology Museum (Kupri) are

used to illustrate the orientation of the right hip bone and femur. The mean axes of the acetabulum and the femoral neck (full lines) are

illustrated in both frontal and transverse views using the respective samples of the taxa analysed. The dotted lines illustrate the range

of variation of the three-dimensional orientations of the acetabulum and the femoral neck for each taxon. A – Chimpanzees and bonobos

(Pan) are known to use arboreal locomotion more frequently than gorillas (Gorilla). The suspensory posture used to move around

in the trees is therefore illustrated here. B – Orangutans (Pongo) are known for their suspensory behaviour. This posture was therefore

chosen to represent the slow quadrumanous climbing that they habitually use during arboreal locomotion. C – Orangutans are known

for their extreme specialization for arboreal suspensory locomotion, associated with very high mobility of the hind limbs, and in particular

for their ability to abduct the femur to a considerable degree / Les postures arboricoles utilisées par les chimpanzés et les bonobos (Pan)

et les orangs-outangs (Pongo) dans leur habitat naturel sont représentées. Le croquis illustre la posture générale de l’animal. Soit

des scanners personnels de Laurent Puymerail soit des scanners provenant du Digital Morphology Museum (Kupri) ont été utilisés

pour illustrer les orientations de l’os coxal et du fémur droit. Les axes moyens de l’acétabulum et du col fémoral sont représentés (lignes

continues) dans le plan frontal et le plan transverse à partir des données acquises respectivement sur chaque taxon. Des lignes pointil-

lées illustrent la variation inter-individuelle des orientations tridimensionnelles de l’acétabulum et du col fémoral pour les différents

taxa. A – Les chimpanzés et bonobos (Pan) utilisent plus fréquemment la locomotion arboricole que les gorilles. De ce fait, une position

en posture suspendue a été illustrée. B – Les orangs-outangs (Pongo) utilisent très fréquemment la brachiation. La posture choisie

dans cette illustration représente une position arboricole dans laquelle l’animal utilise les quatre membres. C – Les orangs-outangs sont

connus pour leur extrême spécialisation en locomotion arboricole, associée à une grande mobilité des membres inférieurs ; en particulier

leur capacité à l’abduction dans de forts niveaux d’amplitudes.
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favoured according to the locomotor behaviour of the ani-
mal. Orangutans are known for their extreme specialization
for arboreal suspensory locomotion, associated with very
high mobility of the hindlimbs [5,58-61]. Several features
demonstrate the very high mobility of the orangutan hip
joint. It is known that orangutans, given their femoral pro-
portions, have small diaphyseal and femoral neck dimen-
sions compared to other hominids, a characterististic associ-
ated with reduced loading of the lower limbs due to their
arboreal suspensory locomotion [39,65]. However, these
smaller dimensions are not reflected in the size of the femo-
ral head, since the isometric relationship described between
femoral head size and body mass in non-human hominids
remains [16,39]. This results in a larger femoral head size
relatively to the femoral neck size, a configuration that
favours a greater range of motion [39]. Moreover, the liga-
mentum teres is absent and the articular surface of the femo-
ral head forms a larger proportion of a sphere than in the
other taxa (77% for orangutans vs. 71% for chimpanzees
and gorillas [39-40]), both increasing the joint excursion.
Our results concur with the data available in the literature.
First, the high value of the mean femoral neck-shaft angle
obtained in our sample of orangutans is in accordance with
their ability to abduct the femur to a considerable degree, as
illustrated in Figure 5C. Without this femoral neck orienta-
tion, such a posture would not be possible, as the femoral
neck axis moves beyond the acetabular rim and the femoral
neck surface would thus rapidly abut against the acetabular
rim. Joint mobility is also facilitated by the small percentage
of a sphere formed by the acetabular socket (34% on aver-
age), i.e. the low degree of joint congruence, which is in
accordance with the small value of acetabular depth in oran-
gutans already observed in the literature [39,66]. Despite the
small amount of coverage provided by the acetabular socket
for the femoral head, orangutans have no problem with hip
stability as they load their hindlimbs less than the other taxa,
as confirmed by the homogeneous organisation of the tra-
beculae observed in their lumbar vertebral bodies [67].

In contrast, in gorillas, which are among the most terrestrial
of all primates [5,55], the hip joint is very much involved in
supporting their body mass. Moreover, adult males especially
may reach a large body mass, thus increasing the load on the
hip joint. Consequently, a stable hip joint is required. This
need for stability may explain the high percentage of a sphere
formed by the acetabular socket (43% on average) allowing
substantial coverage of the femoral head by the acetabular
socket. This deeper acetabulum, also noted in the literature
[39-40,66], is accompanied by a large femoral head in accor-
dance with the large body mass of the species. The isometric
relationship described between the femoral head size and the
body mass in non-human hominids reflects the increase in
the weight-bearing surface, resulting in a smaller unit load
[39,68] in species with a large body mass. The high corre-

spondence of the three-dimensional orientations of both the
acetabulum and the femoral neck in the quadrupedal knuckle-
walking posture in gorillas is also an indication of hip joint
stability in this posture (Fig. 4A). The narrow mean femoral
neck-shaft angle in our sample of gorillas suggests limited hip
abduction, which is again in accordance with their terrestrial
life-style.

The results obtained for the genus Pan suggest an inter-
mediate morphology between the stable hip joint of gorillas
and the very mobile joint of orangutans. This intermediate
morphology is in accordance with the locomotor behaviour
of species in this genus. Both chimpanzees and bonobos are
known to divide their time between the ground (Fig. 4B) and
trees (Fig. 5A), which implies a need for joint mobility dur-
ing arboreal locomotion and joint stability during terrestrial
locomotion. However, their hip joint morphology does not
allow as much mobility as observed for the orangutan, and
less hip stability is required in comparison to gorillas due to
their smaller body mass.

Hip joint morphology in modern humans is specific in
several respects pertaining to their bipedal gait and posture.
First, while an isometric relationship has been described
between femoral head size and body mass in non-human
hominids [16,39], humans have a larger femoral head size
for their body mass [39,43,69]. This is probably due to the
fact that during the one-legged stance the body mass is sup-
ported by only one limb [70]. In contrast with orangutans,
this large femoral head is associated with a deep acetabulum,
since the human acetabulum has a mean percentage of a
sphere equal to 41%. Rather than an adaptation for joint
excursion as proposed for orangutans, the human configura-
tion is more likely to reflect an adaptation for joint stability
due to the increased load on the hip joint resulting from
bipedal locomotion. Concerning the specific orientation of
the femoral head, this can be explained by the considerable
demands made on the abductor apparatus to prevent pelvic
drop during bipedal locomotion [71-73]. Thus, while the ter-
restrial behaviour of humans, associated with high load bear-
ing, and the reduced need for abduction, could lead us to
predict a small femoral neck-shaft angle, the angle is equal
to 129° on average, which is wider than that observed in both
chimpanzees and bonobos. This orientation provides the
abductors with the greater leverage required to stabilize
the hip during walking and to increase the effectiveness of
lateral balance control. Finally, a specific human feature
observed in our data is the smaller angle between the planes
formed by the anterior and the posterior parts of the acetab-
ulum. We had previously provided evidence that the acetab-
ular rim is better represented by two planes than by a single
plane [47]. This irregularity in the orientation of the different
parts of the osseous acetabular rim was interpreted on the
basis of our observations of hip development in humans,
where each flange of the triradiate cartilage is subject to
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different forces, resulting in a different orientation for each
part of the acetabular rim [47]. We therefore suggested that
the orientation of the total acetabular rim depends on the
intrinsic morphology of the pelvic girdle, which is in accor-
dance with the forces transmitted from the upper body to the
lower limbs through the pelvic girdle. The wider angle
formed by the anterior and the posterior part of the acetabu-
lar rim calculated for the three other great apes, Gorilla, Pan
and Pongo, may be related to the different morphology of
the pelvis in non-human great apes and humans, since adap-
tation of the pelvis to a bipedal gait and posture has resulted
in a profound change in the relative orientation of the ilium,
the pubis and the ischium. We suggest here that these
changes may explain the different relative orientations of
the different parts of the osseous acetabular rim between
the taxa studied. Because this angle is a good estimator of
the overall morphology of the pelvis and the acetabular
region is generally well preserved, this feature can be a use-
ful parameter to help reconstruct the locomotor behaviour of
fossil species. However, as noted by Ruff and Runestad [16],
the hip joint has to be considered as a complex of characters,
and an interpretation based on one feature only could lead to
errors.

This study of the relationships between the three-dimen-
sional orientation of the acetabulum and the three-dimen-
sional orientation of the femoral neck provides evidence that
the highest correspondence between the three-dimensional
axes of the two components of the hip joint in the four homi-
nid taxa occurs in the quadrupedal posture (Fig. 4A-D).
Although this result was predicted for the genera Gorilla
and Pan, which spend a significant proportion of their time
in this posture, this result was somewhat surprising for oran-
gutans, which are more arboreal. Most surprising is the result
for humans, which never practice quadrupedal locomotion as
adults yet show the highest correspondence between the axes
of the two components in the quadrupedal posture (Fig. 4C).
These observations suggest that the shape of the human hip
joint partly reflects the phylogenetic history of the human
species, further supporting our initial hypothesis. The fact
that some morphological traits may have been retained from
common ancestors in descendant taxa is a consequence of
the nature of biological evolution [74]. Although many evo-
lutionary traits in human hip joint morphology are known to
be functionally involved in habitual bipedal locomotion
[16,32,36-43], our results provide evidence that the quadrupe-
dal origin of our species might be recorded in the three-
dimensional orientations of the two neighbouring components
of the human hip joint. This record of ancestral locomotor
patterns in the three-dimensional orientations of the two com-
ponents of the human hip joint is understood regarding the
evolutionary processes. As suggested in the introduction,
although natural selection optimizes the performance of the
human hip joint according to locomotion, its adaptation is

also dependent on, first, the physical constraints of the inher-
ited structure and, secondly, trade-offs with other functions.
As the quadrupedal posture is the one in which the highest
correspondence between the three-dimensional orientations
of the two components of the hip joint was observed in the
four taxa studied, even though none of these taxa is exclu-
sively quadrupedal, it can be assumed that it has been retained
from a quadrupedal common ancestor that diverged prior to
the orangutan/African ape clade, i.e. before the divergence of
Hominidae. Although our data point to a quadrupedal com-
mon ancestor, it is difficult to distinguish between the differ-
ent kinds of quadrupedal locomotion and, therefore to
enlighten the ongoing discussion on whether the locomotor
system of our last common ancestor was adapted for either
orthograde arboreal locomotion or pronograde terrestrial
quadrupedalism [6-15]. It would be interesting to analyse
additional postures, including postures adopted by the Hylo-
batidae. The locomotion ofHylobates is known to be versatile
[74], as they use brachiating as well as leaping and bipedal
behaviour [76]. An extended study would provide more infor-
mation on the entire Hominoïdea superfamily, and would be
of particular value for comparisons with other primates
including humans.
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