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SUMMARY: The biomechanical performance of limb bones is useful to reflect an animal’s adaptation to external loads and
behaviors. In this study, we used the finite element method to simulate the load acting on the intact femur of the Jafsmanese qua
(Coturnix coturnixaponica) in the context of terrestrial locomotion and take-off for flight, in order to explore the functional significance
of the femoral form and limb postures. It is shown that the distribution of stress was similar in all cases, furtherowes, 2ffdf the
dorsal and ventral region of the femur suffered higher stress, and the junction between the distal diaphysis and thedpedialscon
the most vulnerable area. The stress reaches its highest value under the condition of about 90-100 degrees of loadiag thigle; wh
angle is larger than 110 degrees, the femur will be relatively safe. These findings suggested that quail femur is moodesugabial
locomotion than take-off. This kind of work will contribute to revealing the locomotor behavior of fossil taxa.
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INTRODUCTION

The form-function relationships of the skeletons are The biomechanical performance of long bones is
of great interest to zoological and paleontological studiégfluenced by element size, element shape, loading
(Ross, 2005; Benton, 2010). Bone is a dynamic structugenditions, and material properties (Beaupré & Carter, 1992;
capable of modifying its size, shape, and biology in responEgicksonet al, 2002). The small size of the femur in many
to external mechanical requirements (Rayfield, 2007bird species makes it difficult to investigate its mechanical
Differences in habitat or life habits cause animals tproperties using traditional mechanical tests. Due to the
experience various external loads. As a result, analysisdiyerse and complex forms of bones, itis hard to reveal their
the mechanical performance of an animal’s bones can stgtess conditions by engineering formulae. Furthermore,
light on its adaptation to its environment. some parts of bones are hard to reach to implant strain gauges.

The finite element (FE) method effectively solves these

Birds are the most taxonomically diverse of alproblems due to its abilities to handle complex stress analyses
tetrapod vertebrates and display a great diversity in life hab(f80ss). It allows individual parameters to be varied while
and global distribution (Abourachid & Héfling, 2012). Theothers are kept constant which is difficult to achieve with
functional diversity of their hind limbs has helped birdexperimental methods.
colonize every environment on the planet (Abourachid &

Hofling). Birds rely on their hind limbs to support their In this study, we used FE method to simulate the loads
bodies, for momentum during terrestrial locomotion, and t@cting on the femur of the Japanese quaigyrnix coturnix
provide most of the initial velocity required to becomgaponicg during both terrestrial locomotion and take-off to
airborne during take-off. To perform these functiongxplore the functional significance of the femoral shapes
effectively, the hind limbs must have sufficient strength an@nd postures. The Japanese quail is a typical ground-dwelling
stiffness. Several studies showed that there are larggd that prefers to run rather than fly from danger
variations in long bone morphology among bird specie§Johnsgard, 1988). Its hindlimb proportion is similar to non-
indicating possible adaptations that reflect differengvian theropods whose hindlimb is primary designed for
behaviors (Gatesy & Middleton, 1997; Zeftdral, 2003). terrestrial bipedalism (Gatesy & Middleton). By analyzing
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the stress conditions of the femurs, we determined thead evenly, we chose a reference point on the femoral head
mechanical performance and identified certain features afd coupled it with the target surface. Load was then applied
the femurs that are likely to be suitable to the quail®n the reference point. The angle of the force applied to the
environment and behavior. This type of analysis has grdamur was defined as the angle between the long axis of the
potential for investigating the locomotor behavior of fossilemur and the direction of loading applied to the femoral
taxa in paleontological studies (Rayfield). head (Fig. 1A).

When quails take off for flight, the angle of loading
MATERIAL AND METHOD that applied to the femur is, on average, between 80 and 130
degrees (Earls, 2000). However, during terrestrial
locomotion, the movement of the femur is much more
Three healthy mature Japanese quails (mean weigtestricted and the femur moves less than 10 degrees at the
155.2 g, range 151.83-159.30 g) were collected fromhap in the stance phase (Gatesy & Biewener). Take the
commercial quail farm in Beijing. Three right femurs wer@rientation of ground reaction force in to account, the loading
dissected after the birds were sacrificed. The project wangles are approximately between 120 to 150 degrees during
approved by the Animal Care and Ethics Committee of C#ie single support phase period of terrestrial locomotion
pital Normal University. After that, samples were frozen byClark & Alexander, 1975; Abourachéat al). With respect
wrapping them in gauze and placing them in saline solutida both take-off and walking, loads have been applied to
in a freezer at -20C. femurs from eight angles which are 80, 90, 100, 110, 120,
130, 140, and 150 degrees (Fig. 1A).
Femurs were scanned at a resolution of 20 mm with
a Skyscan model 1076 micro CT scanner. A three-dimen- Qualil legs experience a force of about 3.9 times their
sional reconstruction was performed using Mimics 16.0 softody weight on landing when they jump over a 15-cm-high
ware, and then the 3D models were converted into NURBBarrier (Clark & Alexander). Likewise, during take-off, a
based solid models using the reverse engineering softwaueail must exert sufficient pressure on the ground to
Geomagic Studio. The NURBS-based solid models weoyercome gravity, which can reach a maximum of about 8
imported into ABAQUS 6.14 for subsequent analysis. Wemes its body weight (Earls). Therefore, the load acting on
primarily concerned with the distribution of stress and pattemsingle hindlimb is either twice or four times the animals’
of variation in stress magnitude of femur under thbody weight. Here we used a load of four times the body
physiologic loads. Both structural and material propertieseight, which is an average loading value of 6 N (gravity
have effects on bone stress conditions (Ericled@h). The plus acceleration = 9.8 ni)s
size and shape of a bone are shown to be the primary varia-
bles in determining bone strength, and functional demands A 10-noded tetrahedral finite element mesh with
on vertebrate long bone can be satisfied predominantBBD10 elements was automatically generated using an
through changes in bone geometry while material propertiadvancing-front algorithm. There are about146000 elements,
generally keep constant (Biewener, 1982; Selker & Carté&#43000 nodes in each model (Fig. 1B). Calculations were
1989; Ericksoret al). Therefore, we ignored potential conducted on a dual CPU Hewlett-Packard 2820 graphics
differences in material properties, treated the femur aswerkstation, which could compute the results of a single
homogenous isotropic material in the experiment. Young&xperiment in an average time of 2 minutes.
modulus for the quail femur models was defined as 22 80 %0 100
GPa which is the average of long bones of birds ar
mammals (Ericksoat al). The Poisson’s ratio we used here
is 0.3 which derived from the literature (Kupcetilal, 2007).

110

The load arms of bending moments that femurs mu £
resist are in proportion to the femoral length, whereas tl '\~
bending load is in proportion to body mass (Selker & Carte
Habib & Ruff, 2008). In addition, the quail femur moves
almost exclusively in the sagittal plane during locomotio ¢
(Gatesy & Biewener, 1991; Gatesy, 1999; Abouraehal,
2011). Therefore, in finite element analysis, we applied loagy; 1. schematic illustration of the loads applied to the femur
on the femoral head, and constrained the surface of the digakted line: femoral axis, arrows: action line of force) (A); Mesh
epiphysis. In order to apply the load on the surface of femorabdel (B).
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RESULTS

The Spatia| arrangements of the stress are generéﬂ@ region will be at distal diaphyseal end. When the Ioading
similar in all analyses (Fig. 2). The stress is mostly distributé@gle ranges from 80 to 110 degrees, the greatest stresses of
in the lower 2/3 of the dorsal and ventral regions. By queryifgPth dorsal and ventral regions will be at the junction
stress value, we found that the stress value increagi@ween distal diaphysis and medial condyle. Stresses in
gradually from the proximal regions to the distal parts bugedial and lateral regions are relatively low (Fig. 2).
increases nonlinearly in the magnitude (Fig. 3). The stress
increases in from about 1/3 proximal diaphysis to 1/4 distal ~ Regarding to the magnitude of the stress, we found
ones of each femur, and then decreases until it reachestﬂ'@ the mean value Inltla”y increases and then decreases at
diaphyseal end. At the junction between diaphysis and media¢ middle and distal diaphysis, with the increase of loading
condyle, the stress increases sharply and then decreases ange (Fig. 2). The greatest stress occurs at an angle of about
regions with the highest concentration of stress, which beloR§-100 degrees. When external force was loaded at the 110
to both dorsal and ventral regions of femurs 1 and 2, are #1120 degrees, stresses on the dorsal and ventral regions
at the junction between distal diaphysis and medial condylere nearly identical. At angles below this range, the dorsal
But for femur 3, when the load angle ranges from 120 {@glon experienced hlgher stress than the ventral region, but
150 degrees, the maximum stress of dorsal region will bedtangles above this range, stress on the ventral region
the 1/4 distal diaphysis, whereas the maximum stress of vé¥ceeded that on the dorsal region (Fig. 4).
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Fig. 2. Stress distribution under different loading angles.
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Line graph of stress value

(A) Femur 1-90-D

(B) Femur 1-90-V

Quering stress value along this line

(C) Femur 2-90-D

(D) Femur 2-90-V

(E) Femur 3-90-D (F) Femur 3-90-V

Fig. 3. Stress value along the central line of high stress region of the dorsal (D) and ventral (V) region, under theotar@fititegrees
loading angle.

DISCUSSION

This study aims to reveal the distribution

—a— mid-dorsal region and magnitude of stress of quail femur in the

—@— mid-ventral region context of terrestrial locomotion and take-off for

e ke el region flight. The results indicated similar stress
B A//t —==_ —v—distal ventral region distribution during different locomotor activity.

The junction between distal diaphysis and medial
condyle was suggested to be the most vulnera-
ble area, because of the highest concentration of
stress (Fig. 3). If a quail femur breaks, the failure
will be likely observed at this region first. These
results are consistent with the findings of Clark
& Alexander, who found that most fractures in
the quail femur occurred at the distal part of the
bone. Based on the fact that the distribution of
stress was not uniform along the femoral shatft,
% ' 120 ' 150 and concentrated in several regions of the distal
Angle of external force (°) diaphysis (Fig. 3), we propose that caution should
be warranted in using the engineering formulae
to estimate the stress distribution of long bones;

100

Stress (MPa)

50

Fig. 4. Change of mean value of stress with loading angles.
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simultaneously, the selection of regions where strain gauggg|, x.; DONG, Y. & ZHANG, Z. Andlisis por elementos fini-
are implanted will probably have some effect on the resuliss del fémur de codorniz japone€ofurnix coturnixjaponica).
of in vivostrain research. Int. J. Morphol., 37(2541-646, 2019.

The pattern of stress distribution on the dorsal and ~ RESUMEN: El rendimiento biomecanico de los huesos
ventral areas indicated that the femur experiences bendffg!0S miembros es Util para reflejar la adaptacion de un animal a
deformation in response to external load. Bending caudds cargas y comportamientos externos. En este estudio, utiliza-

. . ' moF el método de elementos finitos para simular la carga que ac-
tgnsﬂe stresses and C(_)mpresswe_ stresses on the two OPPY# €obre el fémur intacto de las codornices japoné&saarfix
sides of bone respectively (Nordin & Frankel, 2001). Whegyymix japonica) en el contexto de la locomocién terrestre y el
a bo_ne IS b(_ant ventrally, the d_orsal region can be und@spegue para el vuelo, con el objetivo de explorar la importancia
tension, while the ventral region becomes compresseaghcional de la forma femoral y posicion de los miembros. En el
(Lanyon & Baggott, 1976). Bone is more resistant testudio, la distribucién del estrés fue similar en todos los casos;
compression than to tension (Nordin & Frankel; Curreygdemas, los 2/3 inferiores de la region dorsal y ventral del fémur
2002). Consequently, a decrease in tensile stress will cagyéieron un mayor estrés, y la unién entre la diafisis distal y el
an increase in safety factor (Brassyal, 2013). When condilo medial fue el &rea més vulnerable. La tension alcanza su
external force was applied beyond and larger than 110 deg@é‘yc’r valor bajo la condicion de, aproximadamente, 90-100 gra-

0s de angulo de carga; cuando este angulo es mayor a 110 grados,

the value and decline magnitude of stress on the dorsal et mur esta relativamente seguro. Estos hallazgos sugieren que

was lower and more obvious, respectively, in comparisQlitsmur de codorniz es mas adecuado para la locomocion terrestre
with application of force under 110 degree (Fig. 4). Thesgie para el despegue. Este tipo de trabajo contribuira a revelar el
results suggested that a greater loading angle correspogél@portamiento locomotor de los taxones fdsiles.

to a higher safety factor, for the quail femur. During terrestrial

locomotion, the loading angle acting on the femur falls within PALABRAS CLAVE: Codorniz; Fémur; Analisis de ele-

the range of 120 to 150 degrees, is greater than thosemghtos finitos; Estrés.
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muscle effective mechanical advantage (Biewener, 1989,

2005). These features together make the quail femur more

suitable to terrestrial locomotion than to take-off Abourachid, A. & Hofling, E. The legs: a key to bird evolutionary success.
' J. Ornithol., 153(Suppl. 1)93-8, 2012.

Abourachid, A.; Hackert, R.; Herbin, M.; Libourel, P.; Lambert, F.; Gioanni,
Finite element analysis is a useful method to H.; provini, P.; Blazevic, P. & Hugel, V. Bird terrestrial locomotion as
investigate the mechanical performance of anatomical revealed by 3D kinematicZoology (Jena), 114(6360-8, 2011.
structures in living animals (Ross). Among extant birds, tHeenton, M. J. Studying function and behavior in the fossil redodS

) . o Biol., 8(3)e1000321, 2010.
flight modes and locomotor behaviors are quite diverse aggwener, A. A. Biomechanical consequences of scallngxp. Biol.,

are closely related to the morphological characteristics of 20g(pt. 9)1665-76, 2005.
limb bones. It will be interesting to do more comparativ&iewener, A. A. Bone strength in small mammals and bipedal birds: do

works of different birds with distinct locomotor modes. The _Safety factors change with body sizeExp. Biol., 9889-301, 1982.
Biewener, A. A. Scaling body support in mammals: limb posture and muscle

distribution of stress on bone is alsq affected by musclgs. mechanicsScience, 245(4913)5-8, 1989.
The compressive forces generated in muscles contractigssey, C. A.; Kitchener, A. C.; Withers, P. J.; Manning, P. L. & Sellers,
canin part, or Completely, offset the effects of tensile stress W. I. The role of cross-sectional geometry, curvature, and limb posture

on the femur (Nordin & Frankel). Information of muscles in maintaining equal safety factors: a computed tomography stodi.
hould be int id ti to build licat Rec. (Hoboken), 296(395-413, 2013.
shou € Into consideration 10 bulld a more complica eaark, J. & Alexander, R. M. Mechanics of running by quabturnix. J.

model to explore the form-function relationship in the future. zool., 176(1)87-113, 1975.

Currey, J. DBones: Structure and Mechani&@xford, Princeton University
Press, 2002.

Earls, K. D. Kinematics and mechanics of ground take-off in the starling
Sturnis vulgaris and the qu&bturnix coturnixJ. Exp. Biol., 203(Pt.
4):725-39, 2000.

Erickson, G. M.; Catanese, J. 3rd & Keaveny, T. M. Evolution of the

We are grateful to Beijing Institute of Technology biomechanical material properties of the fenAmat. Rec., 268(2)15-

. 24, 2002.
for tec_hmcal _support and to YR Ren for her hglp on da@atesy, S. M. & Biewener, A. A. Bipedal locomotion: effects of speed, size
collection. This work was supported by the National Natu- and limb posture in birds and humadszool., 224(1)127-47, 1991.

ral Science Foundation of China (No. 31471951). Th@atesy, S. M. & Middleton, K. M. Bipedalism, flight, and the evolution of
authors declare no conflict of interest. theropod locomotor diversity. Vertebr. Paleontol., 17(308-29, 1997.

645

ACKNOWLEDGEMENTS



WEI, X.; DONG, Y. & ZHANG, Z. Finite element analysis of the femur of Japanese dDaili(nix coturnixjaponicg. Int. J. Morphol., 37(241-646, 2019.

Gatesy, S. M. Guineafowl hind limb function. I: Cineradiographic analysi€orresponding author:
and speed effectd. Morphol., 240(2)L15-25, 1999. Zihui Zhang
Habib, M. B. & Ruff, C. B. The effects of locomotion on the Strucmrabrofessor

characteristics of avian limb bon&sol. J. Linn. Soc., 153(801-24, College of Life Sciences

2008 Capital Normal Universit
Johnsgard, P. AThe Quails, Partridges, and Francolins of the World aP,' al Normal University
Oxford, Oxford University Press, 1988. Beijing 100048

Kupczik, K.; Dobson, C. A.; Fagan, M. J.; Crompton, R. H.; Oxnard, C. ECHINA

& O’Higgins, P. Assessing mechanical function of the zygomatic region

in macaques: validation and sensitivity testing of finite element models.

J.Anat., 210(1$1-53, 2007. Email: zihuizhang@cnu.edu.cn
Lanyon, L. E. & Baggott, D. G. Mechanical function as an influence on the

structure and form of bond. Bone Joint Surg. Br., 58-B(4B6-43,

1976. .
Nordin, M. & Frankel, V. HBasic Biomechanics of the MusculoskeletaIRecelved: 28-11-2018
SystemBaltimore, Lippincott Williams and Wilkins, 2001. Accepted: 28-01-2019

Rayfield, E. J. Finite element analysis and understanding the biomechanics
and evolution of living and fossil organisndginu. Rev. Earth Planet.
Sci., 35541-76, 2007.

Ross, C. F. Finite element analysis in vertebrate biomech&mas.Rec.
A Discov. Mol. Cell. Evol. Biol., 283(263-8, 2005.

Selker, F. & Carter, D. R. Scaling of long bone fracture strength with ani-
mal massJ. Biomech., 22(11-12)175-83, 1989.

Zeffer, A.; Johansson, L. C. & Marmebro, A. Functional correlation between
habitat use and leg morphology in birds (Avégipl. J. Linn. Soc.,

79(3)461-84, 2003.

646



