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ABSTRACT

The biomechanics of the equine hoof are not well understood. Therefore biomechanical models of the hoof were developed, using finite
element analysis and finite deformation elasticity, to provide a means of
analysing the mechanisms underlying hoof function and dysfunction.
One goal of the research was to investigate the biomechanical effects
of different hoof shapes. A parametric geometry model that could be
configured to represent commonly observed variations in hoof shape
was developed for this purpose. Tissue behaviour models, accounting
for aspects of the nonlinearity, inhomogeneity due to a moisture gradient and anisotropy of the tissues, were developed and configured using
data from the literature. A method for applying joint moment loads
was incorporated into the model to allow the direct use of published
hoof load data. These aspects of the model were improvements over
previously published hoof models.
Both hoof capsule deflections and stored elastic energy were predicted
to be increased by increased moisture content and by caudal movement
of the centre of pressure of the ground reaction force. These results
confirm that hoof deflections may play an important role in attenuating
potentially damaging load impulse energy and support the geometry
hypothesis to explain the mechanism by which the hoof expands under
load.
Further analyses provided insights into aspects of hoof mechanics
that challenge conventional beliefs. The model predicts that load in
the dorsal lamellar tissue is increased, rather than decreased, when
hoof angle is increased. Simulations of different ground surface shapes
indicate that hoof deformability and not ground deformability, may be
responsible for the concave quarter relief observed in naturally worn
hooves. A hypothesis is proposed for the mechanism by which heel
contraction occurs and implicates heel unloading due to bending of the
caudal hoof capsule and contraction under load bearing of the caudal
coronet as probable causes.
Biomechanical analyses of this kind enable improved understanding of
hoof function, and a rational, objective basis for comparing the efficacy
of different therapeutic strategies designed to address hoof dysfunction.
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Biomechanics is the study of the structure and function of biological systems
by means of the methods of mechanics
— Herbert Hatze (1974)
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INTRODUCTION

The biomechanical function of the horse’s hoof is poorly understood.
Evidence supporting this view includes: the high incidence of locomotor
organ injury; the recognition of hoofcare as an art rather than a science;
the common usage of iron horseshoes; the inefficacy of many lameness
treatments; and the evolving definition of the normal hoof form.
Injury to the locomotor organs, commonly known as lameness, is a
major cause of loss of use in horses and has a large economic cost

Locomotor organ
injury

(Seitzinger and USDA 2000). The extent of the problem is exemplified by
a study of 510 horses presented for prepurchase veterinary examinations
over a period of 10 years where almost 53% were found to be lame (van
Hoogmoed et al. 2003). In another study where the objective was to
identify the normal radiographic appearance of the foot of thoroughbred
racehorses, 27/103 horses were rejected from the initial sample due to
lameness (Linford et al. 1993).
The hooves of the horse grow continuously and it is reasonable to

Hoofcare practice

assume that in its evolutionary habitat the activity of the horse provides
sufficient wear to balance the growth. In domesticated horses the rate
of wear and the rate growth of the hooves are usually not equal and
this usually results in excessive overgrowth, which has the potential to
cause injury to the foot and the limb. Regular trimming of the hoof is
therefore required to simulate wear. Trimming of the hooves results in
adjustments to the hoof geometry and potentially to the geometrical
relationship of the hoof with the skeleton and consequently also to the
internal forces in the foot which could be either beneficial or detrimental
to the health of the foot and limb. While guidelines for the trimming of
the hoof are well documented (Snow and Birdsall 1990; Balch et al. 1991;
Turner 1992; Stashak et al. 2002; O’Grady and Poupard 2003) it is still
accepted that trimming the horse’s hoof is an art that relies upon the
skill and experience of the hoofcare practitioner and that this reflects
insufficient understanding of how the hoof functions (Davies 2002).
For the last millennium, or so (Fleming 1869), it has been a common
practice to apply iron bands to the hooves of domesticated horses and
fasten them by driving nails through the hoof horn. This practice is
known as horseshoeing. It has long been recognised that applying

1

Iron horseshoes

2

introduction

horseshoes is detrimental to the health of the horse’s hoof (Russell
1879; Lungwitz 1891) but the traditionally held belief is that they are
necessary to allow the horse to cope with the unnatural demands of
domestication, such as travelling long distances carrying a rider on
rough or abrasive terrain (Lungwitz and Adams 1884; Balch et al. 2003).
This belief is reflected in the traditional saying “shoeing, a necessary evil”.
There is current (Dean 2005; Butler 2005; Campbell 2005; Teskey 2005)
and historical (Strasser 2000) evidence that horses without shoes are
just as capable of high levels of performance without the protection of
the horseshoe and it has even been suggested that the horseshoe allows
the horse to exceed its biological capacity leading to a shortening of its
working life (Strasser 1998). The fact that many members the veterinary
community are unwilling to accept these observations (Cook 2001, 2003,
2004; Balch et al. 2003; Hicks 2004; Jochle 2004; Teskey 2005) supports
the view that the way that the hoof functions and bears the weight of
the horse is not well understood.
Inefficacy of some
lameness treatments

Domestic horses are commonly affected by a number of hoof related
diseases. One such disease that is thought to have mechanical contributing factors is founder (Hood 1999; Stashak et al. 2002). It is characterised
by either partial or total failure of the attachment between the distal
phalanx and the hoof wall. Current accepted practice for the treatment
of founder involves one or more of; removing part of the hoof wall,
cutting the deep flexor tendon to relieve the tension on the toe laminae
or raising the hoof angle by applying a horseshoe and a wedge to align
the phalanges (Parks and O’Grady 2003; Morrison 2004). O’Grady (2003)
reports that none of a group of 20 horses treated with this regime were
returned to full soundness. In contrast Strasser (2001b) claims that the
majority of horses with this condition can be returned to full soundness
provided previous treatments or lack of previous treatments have not
resulted in too much bone destruction, although no data is presented
to support this claim. The treatment used involves aligning the palmar
surface of the distal phalanx with the ground instead of the conventional approach of aligning the dorsal surface of the hoof with the
proximal phalanx axis, which clearly has different biomechanical consequences. Interestingly the biomechanics of this situation were described
by Coffman et al. (1970) and the same treatment recommended, but this
approach appears to have lost favour in recent times. The difference in
the success rates of the two treatment regimes indicate a difference in
the understanding of the biomechanics upon which the treatments are
based.

2

1.1 thesis overview and summary of original contributions

3

The hoof responds rapidly to environmental factors such as the abra-

Normal hoof form

siveness and hardness of the terrain and the amount of movement that
the horse gets. Because of this there is a very wide variation in hoof
conformation among individuals and many different ideas about what
constitutes a physiologically normal hoof (Balch et al. 1991; Strasser
2001b; Bowker 2003). It is known that differences in the shape of the
hoof capsule cause changes in the magnitude and direction of the hoof
capsule deflections under normal physiological loading (Lungwitz 1891;
Thomason 1998; Roepstorff et al. 2001; Rogers and Back 2003). It is
also thought that unphysiological deflections in the hoof capsule have
a detrimental effect on the underlying connective and skeletal tissue
(Redden 2003b). However the mechanical effects of different hoof shapes
have only been investigated by measuring external strains (Dejardin
et al. 1998; Thomason et al. 1992; Thomason 1998; Thomason et al. 2001,
2002; McClinchey et al. 2003) and these measurements do not provide
sufficient insight of the internal stresses. Investigating the effect of different hoof shapes on the stresses in the hoof tissues may provide some
insight to the correct definition of a normal hoof.
There is clearly a need to improve the understanding of the functional

Rationale for a model

morphology of the hoof, particularly with respect to its biomechanics
and for this purpose it would be beneficial to be able to measure
the strains, stresses and pressures internal to the hoof. However, this
is currently beyond the capability of technology, but in its place a
mathematical model has the potential to provide the required insight.

The aims of this research were firstly to create a biomechanical mathematical model of the equine hoof, secondly to explore the behaviour of
this model with respect to different input parameters, and finally to use
the model to investigate aspects of the biomechanical function of the
hoof.

1.1

thesis overview and summary of original contributions

Chapter 1: Introduction discusses the motivation for this research.
Chapter 2: Background introduces both the anatomy of the hoof,
relevant to its biomechanics, and the finite element method. Previously
published finite element models of the hoof are reviewed.
Chapter 3: A hoof geometry model details the development and
implementation of a parametric geometry model and the design of a
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finite element mesh of the hoof. An original geometry creation pipeline
was developed to allow semi-automatic conversion of the geometry,
generated from the parametric model, into a finite element mesh.
Chapter 4: The influence of horn hydration on hoof capsule mechanics covers the selection and development of hyperelastic material
models for the hoof tissues. A novel parametric model for the moisture
dependence of the hoof horn was developed and used to study the
effect of horn hydration on capsule mechanics.
Chapter 5: The influence of loading conditions on hoof mechanics
describes how measured hoof loading conditions were simulated by
including the joint moment. This is the first hoof model where the joint
moment can be explicitly applied as a load input and variation of this
load led to original insights into the effect of loading changes on hoof
mechanics.
Chapter 6: The effect of hoof angle variations on dorsal lamellar
load explores the effect of palmar angle variations on dorsal lamellar
load and provides new insight into the practice of raising the heels,
conventionally thought to reduce this load.
Chapter 7: Modelled hoof load distribution predicts hoof contraction and wear patterns presents results from a study where the
solar shape of the hoof was varied. These results show further new
insights into the role of loading and hoof deflections in the development
of hoof contraction and of the naturally worn hoof shape.
Chapter 8: Conclusion summarises the main results and provides
some suggestions for future work.

1.2

publications

The following publications have arisen from work described in the
related chapters:
Chapter 3 — Data collected for potential geometry analysis was published in: Hampson, B. A., G. Ramsey, A. M. H. Macintosh, P. C. Mills,
M. A. de Laat, and C. C. Pollitt (2010). Morphometry and abnormalities of the feet of Kaimanawa feral horses in New Zealand. Australian
Veterinary Journal 88(4), 124–-131.
Chapter 4: Ramsey, G. D., P. J. Hunter, and M. P. Nash (2012). The influence of tissue hydration on equine hoof capsule deformation and energy
storage assessed using finite element methods. Biosystems Engineering
111(2), 175-185.
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Chapter 6: Ramsey, G. D., P. J. Hunter, and M. P. Nash (2011). The effect
of hoof angle variations on dorsal lamellar load in the equine hoof.
Equine Veterinary Journal 43(5), 536-542.
Publications, related to work that is described in the following chapters,
are in preparation:
Chapter 5: Ramsey, G. D., P. J. Hunter, and M. P. Nash (2011). The
influence of loading conditions on hoof mechanics. To be submitted.
Chapter 7: Ramsey, G. D., P. J. Hunter, and M. P. Nash (2011). Modelled
hoof load distribution predicts hoof contraction. To be submitted.
Chapter 7: Ramsey, G. D., P. J. Hunter, and M. P. Nash (2011). Modelled
hoof capsule deflections predict wear patterns. To be submitted.

1.3

conference presentations

Aspects of this research have been presented at the following conferences:
G. D. Ramsey (2003). An animated hoof model., (oral), International
Conference for Strasser Hoofcare, Tuebingen, Germany, November 4–8
G. D. Ramsey (2006). Towards a biomechanically accurate mathematical
model of the hoof., (oral), World Conference for Natural Hoofcare and
Holistic Horse Treatment, Tuebingen, Germany, November 13–15.
G. D. Ramsey, P. J. Hunter, and M. P. Nash (2010). The effect of hoof
angle on dorsal lamellar load in the equine hoof., (oral), 6th World
congress of Biomechanics, Singapore, August 1–6.
G. D. Ramsey, P. J. Hunter, and M. P. Nash (2010). Why are contracted
hooves common in domestic horses?, (poster), 6th World Congress of
Biomechanics, Singapore, August 1–6.
G. D. Ramsey, P. J. Hunter, and M. P. Nash (2010). A study of hoof
biomechanics using a finite element model., (oral), IV World Conference
for Natural Hoofcare and Holistic Horse Treatment, Gdansk, Poland,
September 30–October 2.

5

5

2

BACKGROUND

This chapter introduces the anatomy of the hoof relevant to a biomechanical model. This is followed by an introduction to the gaits of the
horse and their relevance to loading of the hoof, and an introduction
to some hoof biomechanics concepts. Finally a brief introduction to the
finite element method and a review of published hoof models is given.

2.1

anatomy

The horse (Equus caballus, figure 1) is a quadrupedal animal belonging
to a group of mammals having hooves, called ungulates. Its limbs and
hooves are specially adapted for fast running (Dyce et al. 1987). The hoof
of the horse is a highly optimised biomechanical structure and provides
the functions of structural load-bearing, traction, protection from the
environment, circulatory assistance, thermo-regulation assistance and
proprioception (Strasser 1998).
The basic anatomy of the equine distal limb and hoof is well known
(Stump 1967; Kainer 1989; Pollitt 1992; Stashak 2002a) and is included in
most textbooks of the anatomy of domestic animals such as that by Dyce
et al. (1987), and textbooks about hoofcare such as that by Lungwitz
and Adams (1884). A brief description taken from these sources, unless
noted otherwise, will be given here.

2.1.1 Anatomical directions
In veterinary anatomy standard anatomical directional terms are used,
except for the terms anterior or posterior. Instead, the terms cranial
(toward the head) and caudal (toward the tail) are used. Figure 2 shows
the relationship of the anatomical directions to the horse’s foot. The
terms palmar and plantar refer to the fore and hind limb, respectively.
The descriptions in this chapter usually refer to a fore hoof and therefore
use the term palmar. The term plantar is implied where the description
could also apply to a hind hoof. In the literature about the equine digit,
there is some departure from the strict usage of the terminology. The
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Figure 1: A horse.

terms cranial and caudal are strictly only applicable above the carpus or
tarsus joint, but the equine literature commonly uses the term caudal to
refer to the posterior part of the hoof and the term palmar (or plantar),
as indicated by Kainer (2002, fig 1.1), where the term ventral might
be more appropriate. In this thesis the usage is consistent with the
common usage in the equine literature.
caudal

cranial

proximal
dorsal
ventral

palmar / plantar

distal

Figure 2: Anatomical directional terms relative to the hoof (image adapted
from Dollar (1898)).
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2.1.2 The distal limb
The distal limb of the horse (Figure 3) is that part below the carpus or
tarsus joint. The hoof, upon which the horse stands, is located at the
distal extremity of each limb and is formed by keratinised epidermal
tissue. The parts of the limb proximal to the hoof are commonly known
as the pastern, the fetlock joint and the shin or cannon.

Figure 3: External appearance of the distal fore limb.

2.1.3 Skeleton of the distal limb
The main bones of the distal limb are the third metacarpal bone in
the fore limb, or the third metatarsal bone in the hind limb, and three
phalanges. These bones are commonly known as the cannon bone,
the long pastern bone, the short pastern bone and the pedal or coffin
bone and are depicted for the fore limb in figure 4. The metatarsophalangeal (MTP) and metacarpo-phalangeal (MCP) joints are commonly
known as the fetlock joints. Two proximal sesamoid bones are located on
the caudal aspect of both the MCP and MTP joints and a distal sesamoid
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bones in the distal
limb
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bone, also known as the navicular bone (figure 5), is located on the
caudal aspect of the distal interphalangeal joint.

third metacarpal bone
(cannon bone)

metacarpophalangeal joint
(fetlock)

proximal phalanx
(long pastern bone)

proximal interphalangeal joint
distal interphalangeal joint

middle phalanx
(short pastern bone)
distal phalanx
(pedal bone)

Figure 4: Bones and joints of the fore limb of the horse (adapted from Dollar
(1898)).

2.1.4 The foot
The hoof capsule
surrounds the distal
phalanx

The horse’s foot consists of the hoof capsule, which is a keratinised
epidermis, or horn, covering the distal phalanx and a complex arrange-

distal phalanx

hoof capsule
distal sesamoid bone
(navicular bone)

Figure 5: Internal view of the hoof capsule reconstructed from CT data, showing the position of the distal phalanx inside the hoof capsule and
the location of the navicular bone (CT data courtesy of B Hampson,
University of Queensland).
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ment of connective tissue, ligaments and cartilage. This usage of the
term “foot” is different to the anatomical foot, which begins at the
carpus or tarsus joint. The hoof capsule is composed of regions having
differing horn structure and these are the wall, sole, frog (homologous
to the foot pad in other ungulates) and periople (figures 7 and 9). The
horn grows continuously from cells located at the dermo-epidermal
junction. The dermis, commonly known as the corium, is separated from
the epidermis by a basement membrane (Pollitt 1992). The hoof wall is
shaped like an obliquely truncated cone and the sole is concave. The
bars are an inwardly turned continuation of the hoof wall. The attachment of the wall to the distal phalanx, often referred to as the laminar
junction, comprises a vertical interdigitation of the keratinised wall

The hoof is connected
to the underlying
bone by lamellae

tissue and the underlying dermis, known as lamellae or the lamellar
corium (figure 8). The junction between the skin and the hoof, where
the wall horn is formed, is termed the coronet (figure 7). The ungual,
or lateral, cartilages form an extension of each palmar process of the
distal phalanx (figure 10). They are approximately rhomboid shaped
and around one-half of their volume is enclosed by the capsule, while
the other half extends proximal to the coronet. The space between the
lateral cartilages is filled by the digital cushion, a fibrous soft connective
tissue.

2.1.5 Hoof wall microstructure
The hoof wall is composed of tubules of keratin embedded in a keratin

extensor process
palmar process
joint surface
palmar process

Figure 6: Distal phalanx (adapted from Dollar (1898)).
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coronet
wall lamellae

bar

periople

wall

bar lamellae

sole
white line

frog

Figure 7: Cut-away view of the hoof capsule showing the common names for
the different parts (adapted from Dollar (1898)).

distal
phalanx

hoof wall

lamellae
Figure 8: Laminar junction microstructure showing the interdigitation of the
hoof wall and laminar corium (adapted from Dollar (1898)).

matrix. The tubules are oriented proximodistally and are parallel to the
dorsal surface of the wall and to the caudal edge of the heel. The size,
structure, spatial density and stiffness of the tubules varies in relation
to the radial location of the tubules. Tubules located near the inner
part of the wall have a larger diameter, are spaced less densely (Reilly
et al. 1996) and have lower stiffness than the outer tubules (Kasapi and
Gosline 1999). The tubules are about 1.6 times stiffer, on average, than
the surrounding material (Kasapi and Gosline 1999).
Hoof horn stiffness is
affected by moisture

The stiffness of hoof horn, in common with other keratinised tissues, is
affected by the moisture content of the tissue (Bertram and Gosline 1987).
The inner parts of the hoof capsule are in contact with vascular tissue
and are fully hydrated while the outer parts, which are exposed to the
environment, are drier and their hydration level would be expected to be
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heel bulb
heel
frog
quarter

bar
sole
wall

toe

white line
fore

hind

Figure 9: Solar views of a fore (left) and a hind (right) hoof showing common
names for the different parts (adapted from Dollar (1898)).

middle phalanx

lateral cartilage

distal phalanx

Figure 10: Side view of the foot bones showing the location of the lateral
cartilage (adapted from Dollar (1898)).

influenced by environmental conditions. This hydration gradient, and
the varying structure of the tissue cause it to be highly inhomogeneous1
in the radial direction, with the inner region being less stiff than the
outer region.

2.1.6 Hoof conformation
Hoof conformation refers to differences in hoof shape.

2.1.7 Differences between fore and hind hooves
The fore and hind hooves have different shapes. When viewed from
underneath, the fore hoof is more or less round, while the hind hoof
1 In this context inhomogeneous means that the material properties are not spatially
uniform.
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is slightly pointed. Hind hooves are also slightly smaller. These shape
differences are shown in figure 9. The mean dorsopalmar angle of the
distal phalanx of a fore hoof has been measured as 45° (Dyson et al.
2010), while that of a hind hoof is commonly described as being in the
range 50–55°, but no measurements have been reported.

2.1.8 Natural variation
Just as with any organism, there is some natural variation in the size and
shape of the hoof in individuals. Some aspects of hoof conformation are
related to the size of the breed and others are related to environmental
and domestic management factors. Large draft breeds have wide feet
with sloping sides and are presumed to be adapted to soft ground while
smaller breeds have more upright sides and are presumed to be better
adapted to firmer terrain (Strasser 1998; Davies et al. 2007).

2.1.9 Distortions
Distortions are
commonly observed
in hooves

The hooves of domestic horses are often distorted (Dollar 1898; Strasser
2001b; Redden 2003a). Commonly observed distortions include: heel
contraction, where the distance between the heels is reduced; underrun heels, where the angle of the heel, when viewed from the side, is
more sloping than the angle of the dorsal wall; and a curved hairline,
where the coronet has an upwardly convex curve, instead of being
straight. It has been proposed that these distortions are caused by
unphysiological forces (Strasser 2001b; Redden 2003a), but the exact
causes remain unknown. The division between natural variations and
abnormal distortions remains uncertain (Hampson et al. 2010).

2.1.10 Biomechanically related diseases of the hoof
Navicular syndrome
and laminitis have
biomechanical
implications

Navicular syndrome (Stashak 2002c) and laminitis (Stashak 2002b) are
two diseases of the hoof with biomechanical implications. Navicular
syndrome is characterised by pain in the region of the navicular bone
and caudal hoof, and lesions on the navicular bone and its cartilage
and on the adjacent deep digital flexor tendon (DDFT). Its cause remains
unknown, but it is believed that it is caused by overloading of the
DDFT.

Laminitis is characterised by a failure or partial failure of the

connection between the basement membrane and the epidermal cells of
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the lamellae that suspend the distal phalanx within the hoof capsule . It
has a metabolic cause but has a considerable effect on the biomechanics
of the hoof due to the involvement of the main load bearing structure.

2.2

gaits

The horse, like most quadrupeds, has a number of gaits that are, in
general, associated with its locomotion velocity. In the most common
gait pattern2 the gaits are, from slowest to fastest: the walk, in which
the gait cycle has four footfalls; the trot that has two footfalls, where the
fore and hind limbs are diagonally paired; the canter, an assymetric gait
having a left and right variant, where a hind limb strikes first, followed
by the opposite diagonal pair, followed by a fore limb; and the gallop,
which is similar to the canter but the diagonal beat is separated with the
hind foot striking first. These gaits are similar to those in the domestic
dog, with the exception that dogs often have a rotatory gallop, which
has the opposite fore foot placement to the transverse gallop that is
described here.

2.3

hoof biomechanics

The biomechanical function of the hoof is poorly understood. There are
conflicting viewpoints about the mechanisms for many of its biomechanical functions, such as how the hoof transfers load from the skeleton to
the ground and how the heels expand under load.

2.3.1 Ground reaction forces
The ground reaction forces on the limbs change with the gait and have
been shown to be related to the locomotion velocity (McLaughlin et al.
1996). The approximate magnitudes of the ground reaction forces for
different gaits are shown in table 1.
The forces experienced by the hoof on initial contact with the ground,
called the impact phase of the stance, contain a high frequency component that is associated with the hoof’s collision with the ground, which
is damped within approximately the first 30 milliseconds after landing
Johnston and Back (2006). This is followed by the support phase characterised by an increase in the low frequency load as the bodyweight of
2 Other

gaits are possible, but are not described.
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Halt

Walk

Trot

Canter

Canter

(lead)

(nonlead)

Fore limb

0.3a

0.6-0.7b

1.0-1.1c

0.9d

1.24

Hind limb

0.2a

0.4e

0.8-0.9c

–

–

a (Kainer

2002, p 22)
et al. 2000)
c (McLaughlin et al. 1996)
d (McGuigan and Wilson 2003)
e (Hodson et al. 2001)
b (Hodson

Table 1: Normalised ground reaction forces (fraction of body weight) for different gaits.

the horse is transferred to and decelerated by the limb. The final part
of the stance is the breakover phase, which begins at heel lift and is
accompanied by a rapid decrease in the limb loading. A force-time plot
of the low frequency vertical ground reaction force (GRF) during the
stance phase of the stride is shaped approximately like the positive part
of a sinusoid curve. The peak vertical GRF occurs at around 50 − 55%
of stance. The horizontal GRF curve is shaped approximately like a
sinusoid curve. The sign changes as the loading changes from braking
to propulsion. The peak magnitude of the horizontal GRF is around 0.1
of the body weight force.

2.3.2 Hoof mechanism
Hoof mechanism
refers to the
deflections of the hoof
capsule

It has been demonstrated that the magnitudes of deflections in the
horse’s hoof during locomotion can be about 1–2% of its length (Lungwitz 1891). These deflections are sometimes known as the hoof mechanism
(Strasser 1998) and are depicted in figure 11. The hoof mechanism is
characterised by an abaxial expansion of the heels at both the coronary
and distal borders (Colles 1989b), and a caudoventral rotation of the
dorsal region of the hoof wall about the toe (Fischerleitner 1974). The
central region of the sole deflects ventrally (Lungwitz 1891). The magnitude of the heel expansion can be in the range of 2–4 mm (Jordan et al.
2001).
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Figure 11: Changes in the shape of the hoof under load, indicated by the
dotted lines. Solar view (left), top view (right). This is also known
as the hoof mechanism (adapted from Dollar (1898)).

2.3.3 The pressure and depression theories
The mechanism by which the hoof expands under load is unknown
(Merritt and Davies 2007, p 45) and there are two main hypotheses
known as the pressure and depression theories that speculate on this

The cause of hoof
expansion is not well
understood

mechanism. The pressure theory states that “frog pressure causes compression of the digital cushion, with resultant outward movement of the
hoof cartilages and hoof walls” (Colles 1989a). The depression theory
attributes the expansion of the heels to the depression of the digital cushion by the middle phalanx as it descends under load (Dyhre-Poulsen
et al. 1994). These theories first appear in the literature at around the
beginning of the 19th century (Dyhre-Poulsen et al. 1994). Experimental
evidence regarding the validity of the pressure theory is inconclusive
(Colles 1989a; Dyhre-Poulsen et al. 1994; Roepstorff et al. 2001) and it
appears to refute the depression theory (Taylor et al. 2005). It has been
suggested (Davies et al. 2007, p 45), based on the results of early finite
element modelling (Newlyn et al. 1998), that hoof wall shape may play

Hoof wall shape may
have an influence on
hoof expansion

a role in the expansion mechanism.

2.3.4 Load bearing
It is generally accepted that the mechanism by which the horse’s body
weight is transferred from the skeleton to the ground is primarily
through the laminar junction, which suspends the distal phalanx from
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the inward sloping internal hoof wall (Leach 1990; Kasapi and Gosline
1996; Kainer 2002; Pollitt 2010). When the load is applied via a rigid
flat surface, the load is concentrated around the wall at perimeter of
the hoof due to the concave shape of the sole and there seems to be no
alternative load path. However, when the horse stands on a deformable
surface, such as soft ground, the load is distributed over the whole of
the solar surface (Hood et al. 2001). In this loading condition Thomason
(2007, p 52) proposes that the sole is stretched like a drum skin so that
the solar load is transferred to the hoof wall through the white line. On
the other hand Hood et al. (2001) argue that the solar load is transmitted
directly to the distal phalanx through the sole corium.

2.3.5 Energy absorption
Attenuation of
impact loads is
considered to be an
important function
of the hoof

It has been shown experimentally that the hoof attenuates around 67%
of the ground impact deceleration at a trot and that shoeing increases
the amplitude of the impact vibrations compared to the unshod condition (Willemen et al. 1999). Willemen et al. (1999) propose that this
attenuation occurs mainly within the laminar junction and Thomason
(2007, p 48) and Parks (2006) concur with this opinion. However, the
experiment measured the difference in acceleration between the outside
of the hoof wall and the distal phalanx, therefore there is not sufficient
data to make this conclusion and it is equally valid to assume that
some of the energy may have been absorbed by the hoof capsule. Parks
(2006) suggests that expansion of the palmar part of the foot is related
to the absorption of energy from the vertical component of the ground
reaction force in mid-stance and that the principal function of heel
expansion is to dissipate impact energy during the landing phase of the
stance.

2.4

Hoof balance
considers the
geometry of the hoof

hoof balance metrics

In domestic horses, often the hooves must be trimmed, either because
they have a shoe applied and cannot wear or because their growth rate
exceeds their wear rate. When trimming the hoof it is possible to change
its geometric relationship with the skeleton, and so some reference
system is required to relate the shape of the capsule to the skeleton.
This reference system is known as hoof balance and a hoof is said to be
balanced when certain criteria relating to this geometric relationship are
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fulfilled. However, there are many, and often conflicting, opinions about
what constitutes correct hoof balance. This section will describe some
hoof balance metrics, with reference to biomechanics when possible.

2.4.1 Aligned hoof-pastern axis
The aligned hoof-pastern axis (HPA) metric requires that the dorsal
surface of the fetlock, when viewed from the side, is parallel to the
dorsal surface of the hoof. It is possible to manipulate both the angle
of the dorsal wall and the fetlock angle together because as the dorsal
wall angle is increased the fetlock angle decreases and vice versa (Bushe
et al. 1987). The HPA metric is the currently accepted best practice metric
for dorsopalmar hoof balance (O’Grady and Poupard 2003), but the
evidence supporting the idea that this is optimal is limited (Parks 2006).
A modification of this method requires that the longitudinal axes of the
first and second phalanges are parallel to the dorsal surface of the distal
phalanx (Stashak et al. 2002, p 1090). However Balch et al. (1995) point
out that true axial alignment of the phalanges does not occur because
the proximal interphalangeal (PIP) joint is always slightly overextended
regardless of hoof angle and this may not be possible to achieve in
practice. The HPA metric appears to have originated in the late 19th
century. Coleman (1876), for example, states: as a rule, the slope of the
foot should be a continuation of the slope of the fetlock. Lungwitz and
Adams (1884) and Dollar (1898) also advocate this metric, but neither
of these authors give any justification.
When the HPA is not aligned it is called either broken back or broken
forward. A broken back HPA occurs when the angle of the dorsal wall
is shallower than the fetlock and vice versa for a broken forward HPA.
A broken back HPA is considered to be detrimental because it causes
increased tension in the DDFT, which is associated with an increased
risk of navicular syndrome (Stashak et al. 2002).

2.4.2 Centre of articulation
The centre of articulation metric requires that a line projected distally
from the centre of rotation of the distal interphalangeal (DIP) joint, when
viewed from the side, should bisect the bearing surface approximately
at its centre point. The apparent seminal source for this metric (Colles
1983) gives no justification, but O’Grady (2009) attempts to provide a
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biomechanical justification that this allows the moments about the joint
to be equal and therefore at equilibrium when the horse is standing,
presumably causing the centre of pressure (COP) to be directly under
the joint centre of rotation. The joint moment experienced by the DIP
joint during locomotion (Clayton et al. 1998, 2000) causes the COP to
be located cranially to the joint centre of rotation. Since the loads on
the hoof are greater during locomotion than when standing, the given
justification seems weak.

2.4.3 Frog contact
The frog contact metric requires that the frog in the rear part of the hoof
be in contact with the ground. Prior to the end of the 19th century many
authors (Coleman 1798; Miles 1856; Fleming 1869) recommended that
that the hoof be trimmed so that the frog is in contact with the ground.
Often this metric conflicts with the aligned HPA metric.

2.4.4 Zero palmar angle
The zero palmar angle (ZPA) metric aims to have the distal border of the
distal phalanx aligned parallel to the ground. Naturally worn hooves
often have a low palmar angle, providing a biological justification.
A biomechanical justification for this method is that is it assumed
to cause the load on the coronet to be distributed evenly (Strasser
2001a,b). The evidence for this assumption is that when the hoof is
balanced this way the coronet is straight, whereas if the palmar angle is
greater than zero the coronet is often curved. Another goal is to cause
the phalanges to have slightly increasing joint angles distoproximally,
providing predictability of the buckling direction as hypothesised for
the eccentric loading of long bones (Bertram and Biewener 1988). The
ZPA

metric is generally not compatible with the aligned HPA metric but

is compatible with the frog contact metric.

2.4.5 Uniform sole thickness
The uniform sole thickness metric aims to maintain the sole at a uniform
thickness. This results in a nearly zero palmar angle. The proponent
of this method noticed that the distal toe of the distal phalanx was
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often remodelled in horses with long term high heels (Salvoldi and
Rosenburg 2003).

2.4.6 Quarter relief
Hooves that are naturally worn often have the quarters worn more than
the heels and toe, such that if the hoof is placed on a flat surface there
is no contact at the quarters (Ovnicek 1995; Jackson 1997; Strasser 1998).
The quarter relief metric attempts to mimic this natural wear for a horse
that is to be unshod.

2.5

elasticity

Elasticity is a branch of continuum mechanics that is concerned with
the mechanical behaviour of solids on a macroscopic scale (Spencer
1980). In this field the concepts of strain and stress are used to quantify
this behaviour.
Strain is a measure of the amount of deformation in a body and is
defined by considering the relative motion of the different points on
a deforming body. In three dimensional (3D) elasticity there are six
independent components of strain, which correspond with the three
normal and three shear directions. If the relative motion of points on
the body is very small then it is possible to simplify the strain definition
without significant loss of accuracy. When this is done the resulting
strain is called infinitesimal or small strain. However if the motion is
large then the simplification introduces errors. When the full strain
definition is used then it is called finite deformation or large strain.
Stress is a measure of the internal force acting within a body and is
defined by force per unit area of a surface within the body across
which a force is acting. In 3D elasticity there are also six independent
components of stress.
When a force is applied to a deformable body and causes strain, the
amount of stress within the body is related to the amount of strain
by a constitutive relation. In many cases, especially when modelling
engineering materials, a linear constitutive relation can be used. However, biological materials often have nonlinear stress-strain behaviour
and more complex constitutive relations are appropriate in these cases
(Fung 1967).
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Full details of the finite deformation elasticity approach used for this
study can be found in texts such as those by Malvern (1969) or Holzapfel
(2000). A brief summary of the mathematical definitions for the formulation is given in appendix A.

2.6

The finite element
method is used to
solve elasticity
problems

the finite element method

The finite element method (FEM) is a numerical analysis technique that
is used to obtain approximate solutions to a class of mathematical
problems commonly occurring in physics, known as boundary value
problems (Hutton 2003). In this method, a quantity of interest, known
as a field, is calculated at discrete points, called nodes, within a physical
region of interest known as a domain. The field value at any point
in the domain is determined by interpolation using the field values
from nearby nodes. The field may represent, for example, geometric
displacement, temperature, fluid velocity or moisture concentration.

2.6.1 Finite element modelling process
The finite element modelling process often follows these steps:
• Define the problem geometry
• Design a mesh to represent the geometry
• Assign material properties to each element
• Define boundary conditions
– Define the physical constraints (known as Dirichlet boundary
conditions)
– Define the loadings (known as Neumann boundary conditions)
• Solve
• Interpret the solution

2.6.2 Finite element mesh
A finite element
mesh represents
geometry

The scheme for determining which nearby nodes to use for interpolation
at any given point is defined by dividing the domain into contiguous,
non-overlapping regions called elements, where each element contains a
set of nodes. The interpolation of the field value for a point is determined
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using the nodes associated with its containing element. Usually an
element’s nodes are located within or on its boundary. The nodes and
elements are known collectively as a finite element mesh and provide a
representation of the geometry of interest.

2.6.3 Finite element basis functions
The interpolation functions used in finite element meshes are commonly
known as shape or basis functions. Basis functions are used to determine
the proportion of the value of each node to apply for a given location
in the mesh. The meshes described in this research use linear Lagrange

Basis functions allow
interpolation of a
field at locations
between mesh nodes

and cubic Hermite basis functions. Lagrange interpolation uses only
positions, with nodes placed at intermediate locations for higher order
interpolation. Hermite interpolation uses tangents in addition to positions for higher order interpolation and the formulation used in this
study allows the mesh to have smooth joins between curve segments
with symmetrical tangents, known as C1 continuity (details are provided
in Appendix B). The smaller number of high order elements generally
results in fewer mesh degrees of freedom while the high order basis
functions and C1 continuity can improve numerical stability (Petera and
Pittman 1994) and, in theory, maintain accuracy using fewer degrees of
freedom (Zienkiewicz and Morgan 1983, pp 167-9). The fewer degrees
of freedom should lead to reduced computational effort and therefore
reduced time to obtain a solution.
It is often convenient to use a parametric formulation, where the interpolation at a point in an element is obtained using parameters that
vary by some convenient range, such as −1 → 1 or, as in the formulation used here, 0 → 1. In this study, the element basis parameters are
labelled using the symbol ξ n where the subscript n refers to the coordinate direction. Because of this notation and the directional nature of
the basis parameters, the element basis parameters are often informally
referred to as “ξ directions”.

2.7

finite element models of the hoof

Currently the results of five different finite element models of the
equid hoof have been published. The models have varying degrees of
geometric fidelity and, apart from one recent model, all used linear
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elasticity theory, linear elastic isotropic3 material laws and a linear
mesh. They were solved using commercially available engineering finite
element analysis software.
Early models
considered only the
capsule

The model by Newlyn et al. (1998) analyses static loading of a single
donkey fore-hoof and only considered the wall of the hoof capsule
and not the other components. It used simple boundary conditions
consisting of displacement constraints on the solar surface of the model
and uniform tension on the internal nodes to simulate suspension of
the distal phalanx from the hoof wall. Hinterhofer et al. (2000, 2001)
created a model of the whole hoof capsule including the sole and frog
and used their model to attempt to predict the effect of altering the hoof
angle, using wedges, on the stresses in the hoof capsule. The model
geometry was for a symmetric idealised fore-hoof and used similar
loading condition to the model of Newlyn et al. No attempt was made
to validate either of these models.

A later model
included the distal
phalanx and variable
hoof wall properties

Thomason et al. (2002, 2005) created several geometrically customised
models, having the same topology, using measurements from a number
of real hooves for which they had experimentally obtained surface strain
data. The models included the wall, sole, distal phalanx and the surrounding soft tissue but omitted the frog because its effect was shown to
have little influence on stress at mid-stance. The customisation included
only the external shape and the internal structures were assumed to
have the same thicknesses. Their more sophisticated approach to generating appropriate boundary conditions, was a two step procedure
where they first fixed some nodes on the distal phalanx and applied
measured ground reaction forces as a uniformly distributed pressure
over the ground contact surface to determine the reaction force on the
distal phalanx. They then applied pseudo-contact boundary conditions
to the solar surface and applied the previously calculated distal phalanx
force. This resulted in the COP of the GRF being located approximately in
the centre of the hoof. Their results were validated using in vivo strain
measurements from the hoof capsule surface and were qualitatively
correct but quantitatively showed very large errors in some cases. This
group made an attempt to account for the radial variation in stiffness
of the hoof wall using a piecewise constant approach by assigning two
different material parameters to layers of elements that made up the
wall.

Recent models were
based on detailed
anatomical data

A model by Collins et al. (2009) used 3D imaging techniques to create
an anatomically accurate geometrical representation of the hoof. This
3 Isotropic

means that the properties are independent of the material direction.
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model was used to explore tendon strains and was the first to incorporate nonlinear material behaviour for some of the soft tissues, but did
not account for tissue anisotropy. This model included all of the distal
phalanx bones, the DDFT, the superficial digital flexor tendon (SDFT)
and part of the third metacarpal bone and was loaded via the third
metacarpal bone and the tendons, potentially providing a very realistic
loading situation.
Salo et al. (2010) created several anatomically accurate models using
data from magnetic resonance (MR) images. The models used similar
material properties and boundary conditions to the models of Thomason et al. (2002, 2005). These models were validated against measured
surface strain data and showed a similar error pattern to the models
of Thomason et al. (2002, 2005), where the dorsal wall strain was overestimated and the strain at lateral and medial locations was slightly
underestimated.

The next three chapters describe the three main stages of model development: geometry and mesh development, material behaviour definition,
and load and boundary conditions definitions. The next chapter: 3
A hoof geometry model details the geometry definition and mesh
creation stages of model development.
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A H O O F G E O M E T RY M O D E L

3.1

introduction

Equine hooves, like most biological entities, vary in shape between
individuals. The shape of equine hooves can also change drastically

Hoof surface model
lateral view

in a relatively short period of time. In the immediate time frame, this
can occur due to human interventions, such as trimming. Changes in
loading and the balance of growth with wear can cause shape changes
over time frames ranging from weeks to months (Glade and Salzman
1985; Stashak et al. 2002). These shape changes may be related to environmental factors, such as the firmness, abrasiveness or dampness
of the terrain (Ovnicek 1995; Rooney 1999; Hood et al. 2001), and the
distance and speed at which the horse travels, all of which change the
way that the hoof is loaded.
A goal of this research was to investigate the effect of different hoof
shapes on hoof mechanics. Hence, an important requirement for the
finite element mesh was that the method of defining geometry would
allow geometry variations of the same hoof, over time, to be simulated.
The geometry definition is a key part of a biomechanical finite element
model because variations in the geometry may have a large influence on
the mechanical response of the anatomical region of interest. Anatomically based finite element meshes are, by definition, created from
measurements obtained from anatomical specimens. An established
method of creating geometrically accurate anatomically based models
is a reverse engineering approach, where a surface model is mathematically fitted to anatomical data (Young et al. 1989; Bradley et al. 1997;
Fernandez et al. 2004). The anatomical data is typically obtained from
medical images or three dimensional (3D) scans, from cadaver or live
specimens, in the form of a point cloud. Patient or individual specific
variations may be created by either refitting the model to another data
set or by constrained morphing1 (Sederberg and Parry 1986) of the
mesh, where landmark points on a generic model are matched with
corresponding points in the data (Fernandez 2004). These methods work
1 This

technique is also called free-form deformation.
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well for representing measured geometry but are limited in their ability
to prescribe hypothetical shape variations.
Until recently, models of hooves have been created (Newlyn et al. 1998;
McClinchey 2000; Hinterhofer et al. 2000) with a forward engineering approach. In this approach representative measurements have been used to
create a geometric model from which a finite element mesh is then generated automatically. More recent, anatomically based models (Collins
et al. 2009; Salo et al. 2010) use data from computed tomography (CT)
and magnetic resonance (MR) imaging as a starting point for automated
mesh generation.
A method was
developed to allow
variations of hoof
shapes to be created

The purpose of the work described in this chapter was to provide a
geometry model that could be used to generate finite element meshes
representing hoof capsule shape variations. The method developed uses
aspects of both the forward, and the reverse engineering approaches to
mesh creation. There are two areas of consideration: the design of the
mesh topology, and the geometry definition. The mesh topology was
kept the same for all geometry variations and was designed using three
dimensional hexahedral elements with cubic Hermite basis functions
(Young et al. 1989; Nielsen et al. 1991; Bradley et al. 1997; Nash and
Hunter 2000). This mesh representation allows curved surfaces such
as those typically found in biological structures to be represented compactly, having fewer elements compared to the approach commonly
used for engineering problems, which uses many small straight-sided
elements with linear basis functions. Geometry data for common hoof
shape variations was artificially generated using a parametric computer
aided design (CAD) model and the mesh was fitted to these data as
if they were anatomical data. The process was partially automated to
allow rapid generation of new meshes. Artificial data was used because
a suitable anatomical data set was not available (see section 3.3.2), and
such a data set would only represent the anatomy at one point in time,
thus geometric variations would, nevertheless, need to be artificially
generated.
Meshes were generated to represent hypothetical shape variations in the
same hoof over time, caused by heel growth, underrun heels, contracted
heels or quarter relief. These meshes provide a reasonable approximation of the anatomical geometry when assessed visually, and fulfill the
purpose of allowing the mechanics of shape variations to be studied.
Future work should focus on validation of the generated geometry
against anatomical data and selection of anatomically accurate parameter values.
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A finite element mesh provides a specific mathematical representation of
a geometric domain for solving boundary value problems. The topology
of a finite element mesh refers to the way that the elements are arranged.
This may include their relative location and their orientation. For meshes
with Hermite basis functions the mesh topology is important since it
implicitly defines the parametric continuity of the mesh (described in
appendix B).
The properties of the mesh influence the results obtained, thus the
design of the mesh is crucial to the reliability of the modelling results.
Biomechanics models present unique challenges for mesh design because anatomical geometry is often irregular. In engineering models,
the shapes are often regular and therefore the meshes can be generated
and refined automatically by software written for this purpose. Automatic mesh generation is more difficult, but still possible, with irregular
geometry. If high order continuity is required then full automatic mesh
generation is currently not available and the mesh toplogy must be
specified manually. In this case it is possible, however, to automate other
parts of the mesh creation process (Shim 2006). Meshes may be created
by either the forward or reverse engineering approaches described in
the sequel. Anatomically based meshes use the reverse engineering
approach.
Common approaches to geometry definition in biomechanical modelling use anatomical data from medical images or 3D scanning to either
specify nodal or landmark target points, or to fit a generic model. All
of these methods are based upon point cloud data that is sampled from
the surface of interest.
The approach for geometry definition used in this study follows the
established method of fitting a generic mesh to data, but with the difference that artificially generated data was used instead of measured
anatomical data. The artificial data was generated from a parametric
model where the parameters came from a few easily obtained anatomical measurements. The parametric model was implemented using CAD
software.
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3.2.1 Forward engineering mesh creation
Mesh creation by the forward engineering approach (figure 12) begins with a geometry model, typically created using CAD or geometric
modelling software. A surface mesh of the component boundary is
then generated using the modelling software. Finally a volume mesh is
generated from the surface mesh using mesh generation software.
Hoof models by Newlyn et al. (1998), Hinterhofer et al. (2000), and
McClinchey (2000) appear to have been created using this approach.
The geometry for each of their models was defined by taking sparse
measurements from anatomical specimens.
Many other forward engineering approaches are possible. For example,
Merritt (2007) created a finite element mesh of an equine metacarpal
bone by extruding a two dimensional (2D) mesh of the bone’s cross
section. The common factor in these approaches is that the geometric
topology is implicit in the initial geometry model.

CAD
model

surface
mesh

3D FE
mesh

Figure 12: Procedure for mesh creation by forward engineering.

3.2.2 Reverse engineering mesh creation
Mesh creation by reverse engineering (figure 13) involves taking measurements of the object of interest and fitting mesh surfaces to the
measured data (Várady et al. 1997). The data is usually obtained in
the form of an unstructured and unoriented point cloud and contains
no topological information. An important part of the mesh creation
process is specifying the topology, which can be done either manually
or automatically. Once a surface mesh is available, a volume mesh may
be generated automatically, as for the forward engineering approach
described above.
Image
stack

segmentation

point
cloud

surface
mesh

3D
scan

Figure 13: Procedure for mesh creation by reverse engineering.
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3.2.3 Anatomically based mesh creation
Anatomically based meshes are created using the reverse engineering
approach utilising geometry data measured from anatomical specimens.
The geometry data is typically in the form of an unoriented point cloud.
This point cloud is a boundary representation of the anatomy and is

Anatomically based
meshes are created
using detailed
anatomical data

used to create a boundary surface mesh. A volume mesh may then be
created from the surface mesh. These meshes are usually linear and
are usually generated automatically since, due to the large number of
elements involved, it would not be practical to create them manually.
The anatomically based hoof model by Collins et al. (2009) was created
with proprietary software using this method.
Cubic Hermite mesh creation using the CMISS2 framework
The meshes in this study use cubic Hermite basis functions and the
process of creating them requires some additional steps compared to
the approaches described above. This is because, in addition to nodal
position information, element edge and surface tangent information is
also required.
Automatic mesh generation is not currently possible for cubic Hermite
meshes, therefore the mesh topology must be defined manually. This is
tedious, but practicable, since it is usually possible to define a coarse
mesh topology that will adequately represent the geometry using a minimum number of elements. If a finer mesh is required then automatic
refinement is usually possible. The mesh topology is initially defined
using only the nodal positions and therefore this mesh has straight
element edges between the nodes. Using CMISS, there are two methods
commonly used to specify nodal positions for the mesh topology (Fernandez et al. 2004). In the first method mesh nodes are defined using
data points that are part of an anatomical data point cloud, while in
the second method the mesh nodes are defined using data collected
separately, for example, by collecting individual points from a physical
model of the anatomy using a 3D digitising device. Initial tangent information is then added automatically using an approximation based
on the arc lengths of adjacent element edges (appendix B). Finally the
mesh is fitted to a point cloud. The fitting procedure adjusts the nodal
positions and tangents to minimise the distance between the point data
2 CMISS (http://www.cmiss.org) is a suite of research finite element programs
developed at The University of Auckland.
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and the adjacent mesh surface. Details of the fitting mathematics are
presented by Fernandez (2004) and are summarised in appendix B.

3.2.4 Modelling variations in geometry
An established method of modelling variations in geometry is by mesh
customisation. There are two main approaches: refitting a generic mesh
to a different data set, and host mesh fitting (Fernandez et al. 2004).
Refitting a mesh to additional data is effective but requires that a full
point cloud is available for each geometry variation and this may not be
practical if the point cloud must be obtained by manually segmenting
an image. The host mesh fitting method is used to create geometry variations of a mesh by matching target points on the mesh with landmark
points from the data. In that method the source mesh is embedded
in a host mesh, which is usually much coarser than the source mesh
and therefore has fewer geometric degrees of freedom. The purpose
of the host mesh is to distribute the deformation over the embedded
mesh, thus preventing unrealistic localised deformations. The major
advantage of this method is that relatively few target points can be
used to generate the specific geometry, avoiding the potentially large
effort of generating a full point cloud. This approach works well for
simple meshes such as long bones, but where the mesh is more complex
and there are multiple layers, it is less practical because the number of
target points is increased. This method has been used to create patient
specific meshes from a generic mesh (Fernandez et al. 2004) and to
model geometry changes resulting from joint repositioning (Cox 2007).

3.2.5 Measuring anatomical geometry
Anatomical data is often represented as an unstructured point cloud.
There are several methods of generating the point cloud, each having particular advantages and disadvantages. The main methods are
segmentation of anatomical images and 3D scanning.
Segmentation of images involves identification and marking of the
anatomy of interest in digital images. It is widely used and can be parpoint
cloud

mesh
topology

geometric
fitting

Figure 14: Mesh creation process using CMISS.
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tially automated. Suitable images include those obtained by cryosection,
MR

and CT scanning. The point cloud is obtained by either directly

specifying points on the images, which is laborious, or by automatically
sampling the boundary of a marked region in the image. In 3D scanning, a scanning device is used to directly obtain a point cloud from a
specimen. The main advantage of the image segmentation techniques
is that the images can be obtained non-invasively and that different
organs or tissues can be segmented from the same images. 3D scanning
is rapid and simple to do, but requires a specimen and can only provide
a representation of the external boundary.

3.3

mesh creation approach

The approach taken for mesh creation in this study used aspects of both
the forward and reverse engineering approaches. In common with the
forward engineering approach, geometry was defined using a parametric geometry model (section 3.4) implemented as a surface model in
CAD

Hoof geometry was
defined using a
parametric surface
model

software. The parametric model allowed variations in the geometry

to be specified using relatively few parameters. The mesh topology was
designed manually using anatomical data as a visualisation aid and
was kept the same for all geometry variations. Nodal positions and
surface data were generated using the parametric model and exported

Oriented tricubic
Hermite elements
were used for the
mesh

as individual points and point clouds, respectively. As in the reverse
engineering and CMISS anatomical approaches, initial linear meshes
were generated using the nodal positions and then fitted to the corresponding point clouds to produce a cubic Hermite mesh. Figure 15
shows the steps in this process. The process was partially automated
using software written for this purpose.

3.3.1 Rationale
Oriented hexahedral elements were selected because their formulation
Parametric
model

Nodal
points

Initial
mesh

Geometric
fitting

Point
cloud

Figure 15: Mesh creation approach.
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in CMISS allows material directions to be specified when modelling
anisotropic material behaviour (Nash and Hunter 2000). Cubic Hermite
basis functions were used because they reduce the number of elements
required, an important consideration if the mesh topology has to be
specified manually.
Mesh geometry was
generated directly
from the parametric
surface model

For generating geometry variations, each mesh was created directly
from the parametric model data instead of using a free-form deformation (host mesh) approach. This was because the geometry model was
able to generate a full point cloud data set for each new mesh and
therefore there was no need for the reduced amount of data afforded
by the host mesh approach. Had the host mesh approach been taken, a
parametric model would still have been required to generate landmark
data for the geometry variations, requiring an additional step.

The geometry
modelling pipeline
allows for future use
of anatomical data

Detailed anatomical data was not used to create the model. The reasons
for this were that suitable specimens for obtaining anatomical data
were not available, and that such data would represent the geometry
of a specific hoof at only one point in time. In that case, geometry
variations would, nevertheless, need to be artificially generated. It was
not expected that this would affect the results since the intention was to
investigate the effects of the geometry variations rather than study the
mechanics of a specific geometry. The method does not preclude use of
anatomical data and was designed so that models could be refitted to
anatomical data if desired. In that case, the parametric model would be
used to generate an initial mesh.

3.3.2 Feral hoof study
Feral hooves were
not used for
geometry definition
because they showed
much pathology

A sample of hooves was obtained, following a population control cull
of feral Kaimanawa horses, and it was intended to analyse the shape
of these hooves and use this analysis to create a statistically based
geometry model for a naturally shaped hoof. However this was not
done for two reasons. Firstly, because there is no established method
for analysis of shapes, such as the hoof wall, that do not have easily
identifiable landmarks and this is an area of ongoing research (Vaillant
and Glaunès 2005) that is outside the scope of this study. Secondly, it was
erroneously assumed that because these horses were free roaming, their
feet would show good examples of a natural hoof shape, as has been
claimed for other feral horse populations (Jackson 1997). Subsequent
analysis of this sample (Hampson et al. 2010) showed that the sample
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contained a high incidence of pathology and would therefore have been
unsuitable as a basis for defining the natural shape of a hoof.

3.4

parametric hoof geometry model

The goals of the parametric geometry model were to provide a reasonable approximation of the hoof shape suitable for investigating the
effects of shape variation on the capsule mechanics and to allow shape
variations to be easily generated. The model was designed so that a
relatively small number of basic parameters could be used to specify the
size and shape of the hoof. The models of the pedal bone load bearing
and solar surfaces were created based on measurements from a small
sample of pedal bones and dissected specimens. Correlations were estimated to relate selected landmarks of the pedal bone geometry in the
sagittal plane to the uppermost point of the dorsal laminar attachment.
The parametric surface model of the pedal bone and hoof capsule
was implemented using CAD software. Parameters for some geometry
variants are shown in table 3, and figures 19 and 20, and the resulting
geometry is shown in figure 22. By varying the model parameters it is
possible to quickly create a wide variety of hoof shapes. Node points
for the finite element mesh were generated by intersecting planes and
lines with the model’s surfaces, and for each surface a point cloud was
generated and used to fit the finite element mesh using the method
described by Fernandez et al. (2004).
The model geometry represented only half of the hoof bisected on its
sagittal plane. This simplification was chosen to reduce the computational effort that would be required to solve the model. The hoof
is generally not bilaterally symmetrical but the intended use of the
model was to explore effects of longitudinal hoof capsule shape variations rather than effects related to symmetry and it was expected to be
sufficient for this purpose.

3.4.1 Distal phalanx
Measurements from a small number of distal phalanx bones and radiographs were taken and compared to estimate approximate correlations,
or rules of thumb, that relate the height of the proximal limit of the
lamellar attachment at the dorsal surface to the palmar process length,
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the location of the semi-lunar crest and the angle of the proximal limit
of the lamellae attachment at the quarters.
Figure 16 shows the geometry in the following description. At the
dorsal surface, the proximal limit of the lamellae attachment is taken
as the point A where the extensor process begins. The perpendicular
distance of this point from the base line of the bone is the height h,
which is the single length parameter used to specify reference points in
the sagittal and parasagittal planes. The position of the distal tip of the
bone, point T, is found by intersection with the base line of a line having
the specified dorsopalmar angle θ and passing through point A. The
caudal limit of the palmar process is adjacent
to point B, which is at a
√
distance of hφ from point A, where φ =

5+1
2

is the golden ratio. Point

C is at a distance of h(φ − 1) from point B. The location of the sagittal
mid-point of the semi-lunar crest is point D, which is the intersection
¯ passing through point A. The line
of a line perpendicular with line TC
¯ is the proximal limit of the laminar attachment.
AC
The results of applying this simple model to some distal phalanx specimens are shown qualitatively in figure 17.
The other parameters used to specify reference points are the proximal
and distal widths and thicknesses of the palmar processes as shown
in figure 18. The caudal limit of the distal inner edge of the palmar
process, point E in figure 18, was assumed to be in the same transverse
plane as the sagittal midpoint of the semi-lunar crest, point D in figure
16.
hØ

B

A

h(Ø−1)
h

C

90°

h(2−Ø)

θ
D
T

Figure 16: Distal phalanx sagittal and parasagittal plane parameters (refer to
table 2 for descriptions).

36

3.4 parametric hoof geometry model

Figure 17: Parametric distal phalanx model superimposed on images of real
pedal bones. The left image is a fore bone and the right image is a
hind bone.

For some bones the estimate of the position of point D appears to be less
realistic than for other points. In particular this model does not account
for the deeper concavity of a typical hind distal phalanx compared to
a fore. An improvement to the model may be to relate the position
of point D to the dorsal angle such that its vertical position increases
with dorsal angle. There is little utility in implementing this and other
potential modifications unless analysis of a statistically relevant sample
is available to validate the model.
All of the parameters required to specify the pedal bone are given in
table 2 along with the values for some of the models used in following
chapters. As only half of the hoof was modelled, the relevant values
were halved for use in the model.
pwp

pptp

pptd

E
pwd

Figure 18: Distal phalanx palmar process parameters (refer to table 2 for descriptions).
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Description

abbrev

value

pedal bone dorsal angle

θ

45°

pedal bone height to top of laminar attachment

h

29 mm

pedal bone width at proximal outer edge

pwp

96 mm

pedal bone width at distal outer edge

pwd

100 mm

palmar process proximal thickness

pptp

6 mm

palmar process distal thickness

pptd

7 mm

Table 2: Distal phalanx parametric model parameters.

As the intended use of the model was to investigate the mechanics of the
hoof capsule the important surfaces in the distal phalanx model were
the laminar attachment and solar surfaces, the other surfaces are not as
important as they do not transit load to the capsule. The exact shape of
the laminar attachment surface is dependent upon the implementation
of the surface model, which is described in section 3.5.2.

3.4.2 Hoof capsule
The hoof capsule includes the wall, bars, sole and white line. The wall
and bars form a continuous structure. The difference between them
is that the bars are an inward projection from the heels and are only
visible from the solar view. The white line is the interface between the
wall and sole. The hoof capsule model was constructed by specifying
many of its parameters relative to the distal phalanx model.
The parameters required to specify the capsule are given in table 3 and
shown in figures 19 and 20.
Measurements from a small number of dissections were made to
determine some representative values to be used in this study. The
sole thickness at the tip of the bar is determined using the equation
st = 10 + 2 · pwd · sin( ppa). The lateral wall angle relative to the ground
at a point adjacent to the end of the palmar processes is controlled
by adjusting the distal phalanx parameters pwp and pwd. When the
palmar angle is zero, this angle is given by equation (3.1)
θ = tan

−1



(2 − φ ) h
pwd − pwp


(3.1)

When the palmar angle is changed this angle remains constant relative to the distal phalanx but changes relative to the ground. In its
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Model variant
Description

abbrev

pa0

pa10

pedal bone palmar angle

ppa

0°

10°

wall thickness

wt

12 mm

12 mm

laminar junction thickness

jt

4 mm

4 mm

distance from pedal bone tip to ground

ph

18 mm

18 mm

heel width

hw

100 mm

100 mm

heel angle

has

45°

55°

heel angle lateral

hab

75°

75°

coronet angle

ca

30°

20°

quarter relief

qr

0 mm

0 mm

thickness of wall at quarters

wt/2

6 mm

6 mm

Table 3: Capsule parametric model parameters for different geometry variations (palmar angles of 0° (pa0) and 10° (pa10)).

h
wt

jt

ca

h

ppa

ph
has
qr

Figure 19: Geometric parameters in the sagittal plane (refer to tables 2 and 3
for descriptions).

parasagittal plane, the most caudal proximal point of the angle of the
heel is a distance of h from the end of the palmar processes. The wall
thickness in the craniocaudal direction at the heel angle is the same as
the wall thickness at the toe. The craniocaudal position of the distal heel
is determined by the projection of the most caudal proximal point of
the heel in the direction determined by the heel angle.
To create variations involving the palmar angle, the pedal bone is rotated
about the distal tip of its dorsal centreline and the capsule is constructed
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hab

hw
Figure 20: Geometric parameters in the rear view (refer to table 3 for descriptions).

around it. Examples illustrating two such variations are shown in figure
22.

3.4.3 Tubule alignment
Tubule alignment
was implicitly
specified by the
model

In order to represent anisotropy of the hoof wall (chapter 4), the alignment of the hoof wall tubules with respect to the capsule must be
specified. Tubule orientation in the cranial half of the capsule was assumed to be aligned with a cone having its apex in the centre of the
fetlock joint (Strasser 2001a) and its axis projected through the most
caudal sagittal point of the joint surface of the distal phalanx. The centre
of the fetlock was assumed to be a distance of 2.81 times the length of
the dorsal wall from the toe. This distance was estimated from measurements of radiographs. Tubule orientation in the caudal part of the
hoof was aligned with the heel at the most caudal edge and gradually
changed to smoothly match with the alignment of the cranial part. A
diagram of the tubule alignment construction is shown in figure 21.
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2.81 d

axis

d

Figure 21: Location of the cone axis used to model the tubule alignment in the
hoof wall and pseudo mesh construction lines, superimposed on
the hoof wall, showing the orientation of the resulting elements.

3.5

cad surface model

The parametric geometry model was implemented as collection of
surfaces using the Varkon3 CAD software. Only those surfaces required
for the generation of data points for fitting the finite element mesh
were modelled. The surfaces that were not modelled were not used for
generating the finite element mesh and their shape in the mesh was
determined by the default arc length calculation in CMISS. This section
will briefly describe the steps taken in the construction of this surface
model.

3.5.1 Curve and surface type
For the curves used to define the edges of the surfaces, the curve type
was Varkon’s conic curve, which is defined by the intersection of a
3 http://varkon.sourceforge.net
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A (pa=0°)

B (pa=10°)
Figure 22: Varying geometry created using palmar angles of 0° (A) and 10°
(B).

cone and a plane (Larsson and Kjellander 2003, p 10). Depending upon
the intersection angle, the curve will be a segment of either a circle, an
ellipse, a hyperbola or a parabola. Parameters for the curve are specified
by defining the direction of the tangent at each end of the curve and a
P-value, which controls the straightness of the curve (Lidén 2009).
The surface type used was a bicubic patch surface created using Varkon’s
sur_curves function.

3.5.2 Distal phalanx
The distal phalanx surface model (figure 23) was constructed by first
defining points representing the extremities of the sagittal plane and
palmar process geometry described in section 3.4.1. These points were
then used to define curves for the distal and proximal perimeters of the
laminar attachment surface and the solar surface, which are the edges
of the load transmitting surfaces. A curve representing the caudal edge
of the joint surface and its continuation into the proximal inside edge
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of the palmar processes was also created. The geometry of this curve
was not important for the mechanics model as it does not communicate
with the tissues that connect the distal phalanx to the capsule. Bicubic
surfaces for the outer and solar surfaces were then created from the
edge curves.

3.5.3 Wall, bar and sole
Curves were created to represent the inner and outer ground lines and
proximal laminar junction attachment and coronet lines by specifying
points offset from the distal phalanx. The points on the inner wall surface were offset by the laminar junction thickness and points on the
outer wall surface were offset from the inner wall points by the wall
thickness. The position of the inside point of the heel angle was estimated to be a distance of h from the caudal edge of the distal phalanx,
projected along the base line of the distal phalanx in a parasagittal plane
(figure 19). Surfaces were generated using these curves as boundaries.
Curves representing the bar were created by projecting the heel points
toward the toe at the centreline. The outer sole boundary was created
by offsetting the inner wall line and the proximal sole surface was offset
from the distal surface of the distal phalanx.

3.5.4 White line, Laminar junction, Sole corium, Lateral cartilage
The laminar junction, sole corium, white line, and lateral cartilage
tissues occupy the spaces between the inner surfaces of the wall, bar

Figure 23: Distal phalanx CAD surface model. The joint surface is not modelled.
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and sole and the outer surfaces of the distal phalanx. The boundaries of
these tissues were therefore given by the surfaces already created for
the adjacent tissues.

3.5.5 Mesh node creation
Points to be used as mesh nodes were generated by manually constructing a pseudo mesh in the CAD model (figure 21) using the intersections
of appropriately located planes and the modelled surfaces. Circumferential element edges were defined by a series of planes oriented
approximately parallel to the solar surface of the distal phalanx that
were intersected with the wall surfaces. The longitudinal edges of the
elements were oriented to align with the hoof wall tubules as discussed
in sections 3.4.3 and 3.6.1. The longitudinal edges of elements in the
cranial part of the hoof were created by a series of planes arranged
radially about the hoof cone axis.
Mesh nodes were defined by the intersections of the element edge lines
and exported from the CAD software as a list of 3D points.

3.5.6 CAD model surface data
Surface data, as a point cloud, for use in fitting the finite element mesh,
was generated by defining a grid using the isoparametric lines of each
relevant surface.

3.6

The mesh topology
was designed
manually and
represented each
tissue type with
separate elements

hoof mesh topology

A mesh topology (figure 24) was developed using 3D hexahedral elements with cubic Hermite basis functions (Young et al. 1989; Nielsen
et al. 1991; Bradley et al. 1997; Nash and Hunter 2000). The distal phalanx, laminar junction, sole corium, hoof wall, bar, sole, white line and
a small part of the lateral cartilages were individually represented by
the mesh. Separate elements were required for each tissue type because
their material behaviour was modelled by different constitutive relations
and in the FE formulation only one constitutive relation could be used
per element. The mesh had 230 nodes and 141 elements (6696 geometric degrees of freedom) and was symmetrical about the sagittal plane.
Symmetry about the sagittal plane was chosen to keep the number of
degrees of freedom in the mesh, and hence the computational effort,
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to a manageable level. However, with a small amount of further work
it would possible to create a full asymmetric mesh, but this was not
necessary for this study. The frog was not included. Thomason et al.
(2005) reported that inclusion of the frog had little influence on stress at
mid-stance and it was omitted from their model. Experimental studies
of the relationship of frog pressure to heel expansion (Colles 1989b;
Dyhre-Poulsen et al. 1994; Roepstorff et al. 2001; Taylor et al. 2005) have
shown that heel expansion is possible without frog pressure. Thus, it
was considered that its omission from the present model would not
affect the results obtained.
The mesh was designed to allow for each tissue type to be represented
by separate elements and to ensure that material directions could be
represented. The material coordinate axes required to specify the strain

Features of the
hoof mesh

components must be defined relative to an element local coordinate
system and the mesh was designed so that the element coordinate axes
were aligned with the tissue directional axes, which avoided having
to specify the tissue material axes separately. This simplification was
possible because in the transversely isotropic case of the hoof wall
(chapter 4) it was only necessary to align one axis and, in the orthotropic
case of the laminar junction, the physical geometry was such that the
elements could be easily aligned in all three axes. It is possible to

– Each tissue type
was represented by
separate elements
– ξ 1 directions of the
wall and laminar
junction elements
were aligned with the
fibre direction

specify material axes that are not aligned with the elements if required
for future refinement.
A further design goal for the mesh topology was that it would allow
geometry variations to be created without requiring modification.

– Collapsed elements
were in the apex or
partial apex
configuration
– Harmonic mean
scale factors were
used

3.6.1 Topology description
The hoof mesh topology design is illustrated in figure 24. The distal
phalanx was represented by ten elements, oriented such that the ξ 1
parameter direction was proximodistal, the ξ 2 direction was circumferential and the ξ 3 direction was radial. Two regular and eight collapsed
elements (figure 24) formed the lateral cartilage as a continuation of the
distal phalanx. A layer of thin elements, extending from distal phalanx
and lateral cartilage in the radial direction, represented the laminar
junction, while a layer of thin elements distal to the distal phalanx
and lateral cartilage represented the sole corium. The white line and
part of the sole were formed by a layer of elements distal to the sole
corium and laminar junction, respectively. The remaining part of the
sole, shown shaded in figure 24, joined the sole to the bar. Points A
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and C in figure 24 were the apex nodes for their respective adjacent
collapsed elements and the element boundary between these points had
inconsistent parameter directions. The wall and bar were formed by a
layer of elements extending the laminar junction, white line and sole
in the radial direction. Point B was the apex of a group of collapsed
elements that maintained parameter continuity between the proximal
surfaces of the bar and sole. The apex at point C was required to maintain a consistent ξ 2 direction between the wall and bar. The locations
of collapsed elements were selected to ensure that only the apex and
partial apex configurations were used (section B.3.5).
Alignment of mesh with fibres
The formulation used in CMISS for anisotropic material constitutive
relations (Nash and Hunter 2000) (a brief summary is provided in
appendix A) uses an independent material coordinate system that is
defined with reference to the local element coordinate axes by specifying
distal
phalanx
lateral
cartilage

wall
laminar
junction

B

white
line

bar

(a) sole corium

sole

A

4
3

C

2
1

bar

(b)

(c)

Figure 24: Mesh topology: (a) medial view showing ξ 1 direction, element
rows are labelled 1–4, wall elements are partially transparent; (b)
lateral view showing ξ 1 direction; (c) topology of the ξ 2 –ξ 3 plane,
shaded elements are not present in element rows 2–4. Points labelled
A, B and C are apex nodes shared among the adjacent collapsed
elements.
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Euler angles relative to the element parameter axes. If the angles are all
set to zero then the material axes are aligned with the element axes.
The mesh elements were oriented so that the longitudinal, circumferential and radial tissue axes (figure 32) could be aligned with the ξ 1 , ξ 2
and ξ 3 mesh parameter directions, respectively. This ensured that the
tubule direction of the wall and bar was aligned with the ξ 1 direction
and avoided having to specify the tissue material axes separately.
Harmonic mean scale factors
Some of the adjacent element edges had greatly dissimilar arc lengths,
therefore harmonic mean scale factors (section B.2.4) were selected to
avoid possible inversion in those edges.
Collapsed elements
This mesh topology design was not immediately obvious given the
anatomy, and was arrived at after many iterations. Because of the
complexity of the shape and the requirement to represent different
tissues with separate elements, the topology required many collapsed
elements, which were used in an apex configuration. The formulation
of these collapsed elements is discussed in appendix B.
Mesh topology specification
The CMISS file formats used to specify the mesh topology and the
geometric data (nodal position and derivative values) have many extraneous characters and specific formatting requirements and it is therefore
not straightforward to edit the mesh topology. To facilitate frequent
editing of the mesh, a simpler text file format was devised for specifying the mesh topology. Software was written to convert this topology
description into the node, element, and mapping files used by CMISS.
The nodal positions are supplied as an ordered list of 3D points. An
example of the mesh topology specification is shown in figure 25.

3.7

geometric convergence analysis

Geometric convergence analysis tests whether the mesh has sufficient
spatial resolution to capture the field of interest.
The hoof model was initially developed using a simplified mesh (figure
26) with cubic Hermite basis functions in the longitudinal and circum-
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convergence analysis
showed that the mesh
had sufficient spatial
resolution
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# Format is:
# n1 n2 n3 n4 n5 n6 n7 n8 label
# use :v to specify the version to use for each node
1 2 153 156 6 7 168 171 wall
2 3 156 159 7 8 171 174 wall
...
120 122 52 54:4 130 132 62 64:4 bar
122 124 54:4 54:3 132 134 64:4 64:3 bar

Figure 25: Example mesh topology specification, showing the addition of node
versions.

ferential directions and a linear basis function in the radial direction.
The mesh is relatively coarse because its goal was to represent the
geometry with the fewest number of elements possible as this reduces
the manual effort required to reconfigure the mesh during prototyping.
The reason that this simplified mesh was used to do the convergence
analysis was that the use of collapsed elements had to be avoided since
the mesh refinement algorithm in CMISS was not capable of refining
these elements.

3.7.1 Method
Several models were created in which the initial reference mesh was
refined separately in each parameter direction by successively halving
the element size in that direction. Consideration of each direction separately was chosen, following Nash (1998), to keep the computational
effort at a manageable level (the time required to solve the 3 × refined
models was about one month). In the ξ 2 and ξ 3 directions 3 refinements
were used while in the ξ 1 direction 2 refinements were used.
Material properties as described in chapter 4 were used. A node at the
distal toe was kinematically constrained to a fixed position and nodes on
the ground surface were constrained to prevent motion perpendicular
to the ground surface, but allow it in the ground surface plane. A force
of 10 N/kg bodyweight (400 kg) and a joint moment of 0.285 Nm/kg
bodyweight were distributed over several nodes on the distal phalanx
as described in chapter 5 and illustrated in figure 46. These load values
were selected so that the resultant horizontal reaction force would be
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zero. Both the force and the moment are within the range expected for
the trot gait.
For each direction, the normal strain component in that direction was
sampled along a line through the centre of selected elements. The
elements that were sampled for each refinement direction are labelled
in figure 26. To generate the sampling points, the centres of the selected
elements from the most refined mesh were used and the same points
were sampled in the other meshes. For the ’2’ sample series, sample
points near the sagittal midline and near the caudal edge of the distal
phalanx were excluded. This was because of an error in the symmetry
boundary conditions and because the effect of the caudal edge of the
distal phalanx in the simplified mesh would be expected to be lessened
in the final mesh.

1

2
3

Figure 26: Left and right side views of the initial simplified mesh that was
used for convergence analysis, showing parameter (ξ) directions.
Numerical labels indicate the elements from which strain samples
were taken for each refinement direction. Arrows indicate increasing
sample number.
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3.7.2 Results and discussion
Strain in each sampled direction is compared for each level of mesh
refinement in figures 27 through 31. The strain peak around sample
point 24 in the laminar junction data (figure 30) is due to the edge
of the distal phalanx bone. In this simplified model this was a free
edge and would not be present in the anatomy since the bone becomes
porous and joins with cartilage near this edge. Had the simplified model
included cartilage then this peak may also have been expected to be
reduced.
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Figure 27: Normal strains in wall elements, labelled 1 in figure 26, for successively refined meshes.
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Figure 28: Normal strains in wall elements, labelled 2 in figure 26, for successively refined meshes.

3.7.3 Mesh element size selection
Based on these results, the final element size (figure 24) in the ξ 2
parameter direction was chosen to be equivalent to 1 refinement in the
cranial part and no refinement in the caudal part. In the ξ 3 parameter
direction, instead of reducing the element size, the basis function was
changed to cubic Hermite4 making it approximately equivalent to 2
4 This

is called p-refinement and refers to increasing the polynomial order of
the basis functions, rather than reducing the size of the elements, which is called
h-refinement.
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Figure 29: Normal strain in laminar junction elements, adjacent to those labelled 1 in figure 26, for successively refined meshes.

refinements of the linear elements, based on the number of geometric
degrees of freedom. In the ξ 1 parameter direction the element size was
was not changed.
The final mesh size was selected to balance the conflicting requirements
of solution accuracy and computational effort. A more refined mesh
requires a much greater computational effort and therefore a longer time
to solve; therefore it is desirable to select as coarse a mesh as possible.
Since the mesh was to be used for parametric studies using relative
comparisons the level of accuracy was considered to be sufficient for
this purpose.
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Figure 30: Strain in laminar junction elements adjacent to the sampled wall elements (labelled 2 in figure 26) in the ξ 2 (circumferential) parameter
direction, for successively refined meshes.

3.8

discussion

The parametric geometry model was intended to give a starting point to
allow generation of representative meshes for mechanics modelling and
was capable of producing models of commonly observed hoof shape
variations. However it did not capture all of the possible variations.
While the generated hoof models appear to be a reasonable approximation of actual hooves, they have not been compared to anatomical
measurements of real hooves. This limitation could be addressed by
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Figure 31: Strain in the ξ 3 (radial) parameter direction in sampled elements
(labelled 3 in figure 26), for successively refined meshes.

comparing the geometry predicted by the model to measured geometry
and refining the model where necessary. A first step toward this validation could be to generate a model using parameters measured from a
specimen and then fit the model to CT data. Further work could extend
this comparison to a population. This is potentially a large and complex
task where the methods of computational anatomy (Miller et al. 1997;
Grenander and Miller 1998) may be appropriate.
One of the ideas that led to the development of this methodology was
that a model could be created, in a clinical situation, using parameters
easily obtained from 2D radiographs and photographs of a hoof. This
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model could then be used for customised mechanics analyses to predict
the outcome of proposed hoofcare interventions. A refinement of the
parametric model for this purpose should consider not only the absolute accuracy of the geometry model with respect to the anatomy, but
also the sensitivity of the mechanics solutions to the geometric parameters. However, advancements in anatomical measuring technology may
eventually make it feasible to use the anatomical geometry directly.

This method of geometry definition now allows a finite element mesh
of the desired hoof geometry to be created. The next stage in the
development of a model is to define the tissue material behaviour
and this is described in the next chapter: 4 The influence of horn
hydration on hoof capsule mechanics.
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T H E I N F L U E N C E O F H O R N H Y D R AT I O N O N H O O F
CAPSULE MECHANICS

The research described in this chapter has been published as:
GD Ramsey, PJ Hunter, and MP Nash (2012). The influence of tissue
hydration on equine hoof capsule deformation and energy storage
assessed using finite element methods. Biosystems Engineering 111(2),
175-185.

summary

The mechanical properties of equine hoof horn are known to vary
greatly with changing moisture content and this property is sometimes
utilised for interventions that attempt to reshape the hoof capsule. However, the relationship of moisture content modulation to the mechanics
of the whole hoof is unknown. This study explores the effect of moisture
variation on hoof capsule mechanics and, in particular, deflections and
stored elastic energy variations in the hoof.
A finite element model of the hoof was used. The hoof capsule tissue
was modelled using finite elasticity with a heterogeneous transversely
isotropic material relation, in which the elastic parameters were varied
according to the moisture content of the tissue. The laminar junction
and sole corium were modelled using an exponential Fung-type constitutive relation fitted to published data. The distal phalanx bone was
modelled as a homogeneous isotropic material. Substrate interaction
was modelled by contact with a rigid plate and loads typical of a trot
were applied. Different scenarios were modelled where the moisture
content of the hoof wall was varied from 40% to 100% of the fully
hydrated case.
Results demonstrated that hoof capsule deflections and stored elastic
energy in the capsule increased monotonically with increasing moisture content. Stored elastic energy in the laminar junction and sole
corium remained constant. Hoof capsule deflections were within the
experimentally reported range.
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The mechanical behaviour of the hoof capsule is sensitive to variation
in its moisture content. Experimental validations of hoof models should
control for moisture content to improve reliability. Hoof capsule deflections may be amplified by increasing tissue hydration, and vice-versa.
These results support hoofcare practices that involve manipulating the
moisture content of the hoof.

4.1

Moisture causes hoof
horn to become
flexible

introduction

The mechanical properties of hoof horn tissue are strongly influenced
by the moisture content of the tissue (Bertram and Gosline 1987), as
is the case with many keratin based tissues (Fraser and MacRae 1980).
Regulation of the moisture content of the hoof wall to maintain or
increase its compliance is the goal of several hoof care practices. Hoof
dressings such as oils and sealers are commonly used to attempt to
seal the outer surface of the hoof to prevent moisture loss (Stashak
2002b). Soaking the hoof is recommended by Lambert (1966) because it
is believed that this creates flexibility in the hoof capsule and prevents
it pinching the corium tissues when racing at high speeds, but he warns
against excessive soaking as this makes the hoof too flexible and reduces
its load bearing capacity, potentially causing insult to the soft tissues
between the distal phalanx and the capsule. Snow and Birdsall (1990)
describe a treatment for correction of hoof capsule distortions using
wet bandages and trimming. Strasser (2001b) recommends soaking, in
conjunction with specialised trimming and ample movement, to aid in
the widening of contracted hooves.
The stiffness and fracture toughness of hoof wall horn were measured
by Bertram and Gosline (1987) who found that maximum fracture
toughness occurred at a hydration level consistent with that observed
in vivo. Kasapi and Gosline (1997) investigated the anisotropy and
moisture dependence of the hoof wall in relation to fracture control
and concluded that the structural arrangement was ideally suited to
resist crack propagation and redirect cracks away from the soft tissue.
They conditioned samples in a humidity controlled environment and
found variations in the stiffness for varying moisture levels in both the
proximodistal and and circumferential directions. In the fully hydrated
state, a variation of tissue stiffness through the wall was also found,
with the inner part of the tissue being more compliant than the outer
part. Hinterhofer et al. (1998) measured the stiffness of hoof wall and
sole tissues in the hydrated and dry states. All of these studies found
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that the stiffness of hoof horn tissue is inversely related to the moisture
content. The mechanical properties of other hoof tissues, such as the
white line and sole corium that may have an important influence on the
capsule mechanics, have not been reported.
While it seems obvious that increasing the tissue hydration and hence
reducing its stiffness would be reflected in the deflections of the capsule,
this simplistic view does not account for potential effects related to the
complex geometry of the capsule.
The tissue microstructure and moisture content make hoof horn both
heterogeneous (properties vary spatially) and anisotropic (properties
vary dependent on material direction). Heterogeneous materials are,

Hoof horn properties
vary both spatially
and with direction

in general, difficult to model unless the spatial variation of material
properties can be measured or estimated. One case where this is possible
is in estimating the properties of bone based on the mineral content
obtained from calibrated computed tomography (CT) scans (Cann and
Genant 1980). If the material structure is known then anisotropy can be
modelled by either assuming that the directional difference in material
properties can be represented by a stiffening fibre (Spencer 1984) or by
having a material constitutive relation in which each strain direction is
considered independently (Nash and Hunter 2000).
Hoof finite element models by Newlyn et al. (1998) and Collins et al.
(2009) did not account for hoof wall stiffness variation. Models by both
Hinterhofer et al. (2000, 2001) and Thomason et al. (2002) account for
variation of wall stiffness by specifying different values of Young’s modulus for the inner and outer layers of the mesh elements representing
the wall.
The purpose of this study was to determine how material property
variations, and in particular moisture content of the hoof capsule, affect
the mechanics of the whole capsule.
Finite deformation hyperelastic models of the hoof were created where
heterogeneity of the hoof horn was accounted for using spatially varying
material parameters based on both a calculated hydration gradient and
the spatial location within the wall. Anisotropy of the hoof wall was
accounted for by treating the tissue as transversely isotropic using a
stiffening fibre approach, while anisotropy in the laminar junction tissue
was accounted for using an orthotropic1 model.

1 Orthotropic means having different elastic properties in three mutually perpendicular directions.
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4.2

mesh topology

A finite element mesh topology was designed to allow for each tissue
type to be represented by separate elements while still accurately capturing the geometry. The distal phalanx, laminar junction, sole corium,
hoof wall, bar, sole, white line and a small part of the lateral cartilages
were individually represented by the mesh (figures 32 and 37). The frog
was not included. The mesh was symmetrical about the sagittal plane
and had 230 nodes and 141 elements (6696 geometric degrees of freedom). The hoof was a fore hoof and its length and width were 133 mm
and 128 mm respectively. The width of the heels was 100mm. The wall
thickness at the toe was 12 mm tapering to 6 mm at the quarters. The
thickness of the laminar junction was 4 mm. The dorso-palmar angle of
the distal phalanx was 45° and the palmar angle was 5°. The toe and
heel angles were both 50°. The lateral wall angle at the widest part of
the hoof was 80°. Sagittal symmetry was chosen to keep the number of
degrees of freedom in the mesh, and hence the computational effort, to
a manageable level.
The material coordinate axes required to specify the strain components
were defined relative to the element local coordinate system and the
mesh was designed so that the mesh elements were aligned with the
tissue directional axes, which avoided having to specify the tissue
material axes separately. This simplification was possible since, in the
case of the transversely isotropic hoof wall model, it was only necessary
to align one axis, whilst in the orthotropic case of the laminar junction
the physical geometry was such that the elements could be easily
aligned in all three axes. These assumptions were made for convenience
without loss of generality.

4.3

mechanical response of tissues

4.3.1 Hoof wall, bar and sole
The hoof wall, bar and sole form the capsule, which transmits the
body weight from the skeleton to the ground. It is composed of a
keratin matrix reinforced by proximodistally oriented tubules. The
complex structure of the hoof wall has been previously studied in
considerable detail (Bolliger 1991; Bertram and Gosline 1986, 1987;
Kasapi and Gosline 1996, 1997, 1999). The bar is a continuation of the
wall, having a similar structure. The sole also has a tubule structure
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toe
wall
radial (R)

circumferential (C)

longitudinal (L)

white line

sole
(a) latero−medial view
distal
phalanx

wall
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bar
collateral
groove

(b) cranio−caudal view

(c) sole view

heel
point of
heel

Figure 32: Gross hoof anatomy showing longitudinal (L), circumferential (C)
and radial (R) material coordinate directions and common names of
different regions or tissues. (a) Lateromedial and (b) craniocaudal
views showing the location of the distal phalanx within the hoof.
(c) Sole view (halved in the sagittal plane) .

(Bolliger 1991) in which the tubules are oriented approximately parallel
to the dorsal wall tubules.
The hoof wall is anisotropic and its stress-strain properties in the longitudinal and circumferential directions are approximately linear. It is
highly heterogeneous in the radial direction with the tissue closest to
the bone being the least stiff and the tissue nearest the exterior being the
stiffest. This effect is partly due to variations in the material structure
and partly due to the moisture content of the tissue (Kasapi and Gosline
1997).

4.3.2 Variation of hoof wall stiffness with moisture content
Kasapi and Gosline (1997) provided, based on data from Bertram and
Gosline (1987), the formula in equation (4.1)
EL = 2.84 × 1011 W −1.73

(4.1)
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relating the longitudinal hoof wall tissue stiffness EL (Pa) to the water
content fraction W (as a percentage by mass) of the tissue. They suggested that, since their data for fully hydrated samples taken from the
inner, middle and outer regions of the wall (table 4) lies close to this
curve, the water content alone may account for the variation in stiffness.
This was assumed to be the case and the data from these sources was
combined to fit to the function in equation (4.2)
E (W ) =

a(1 − bcW )
exp(W )

(4.2)

where E (GPa) is the Young’s modulus, W is the mass fraction (as a
percentage by mass) of the moisture content of the hoof wall tissue
and a, b and c are parameters determined by the curve fit. For the
circumferential direction, there are only a few data points available for
fully hydrated samples. It was assumed that the variation with moisture
content of circumferential stiffness is similar in this direction to that for
the longitudinal direction. Data values for other hydration levels were
estimated, based on the ratio to the middle region data from Kasapi and
Gosline (1997), and fitted to the same function. The fitted curves are
shown in figure 33 and the parameters are given in table 5. This function
is valid when W is in the range 5–50% and was selected because it gives
better estimates at the higher moisture content values used in this study
than equation (4.1).

4.3.3 Spatial variation of capsule tissue stiffness
The moisture content of fully hydrated tissue varies throughout the
capsule and due to the tissue microstructure there is a spatial variation
in moisture content when there is no diffusion gradient. In the in
vivo case, the external tissue will have a lower moisture content than
the equilibrium moisture content and a diffusion gradient will exist
across the wall thickness. This has been modelled by superimposing
a computed gradient (described in section 4.3.4) on the equilibrium
moisture gradient.
In the data from Kasapi and Gosline (1997), it is assumed that the wall
thickness has been divided into three equally sized regions and that
each sample represents the stiffness at the centre of its region (table
4). A linear fit to these data provides a function to estimate the fully
hydrated stiffness at any radial location across the wall. The moisture
content W at any spatial location x measured from the outer surface,
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Region

Water Con-

EL (GPa)

EC (GPa)

sample loca-

tent

tion (fraction

(% mass)

of wall thickness)

Innera

48

0.30±0.085

0.18±0.047

5/6

Middlea

41

0.43±0.16

0.31±0.056

1/2

Outera

35

0.56±0.13

0.31±0.11

1/6

Middleb

40.2±2.7

0.410±0.14

0.269 (est.)

1/2

Middleb

18.2±0.3

2.63±0.81

1.47 (est.)

1/2

Middleb

11.7±2.7

3.36±0.89

2.10 (est.)

1/2

Middleb

5.5±1.8

14.6±0.1

9.12 (est.)

1/2

a (Kasapi

and Gosline 1997)
and Gosline 1987)

b (Bertram

Table 4: Young’s modulus for fully hydrated hoof tissue in different sample
regions. Estimated values are scaled using the formula EC = EL × 0.62,
where 0.62 is the mean ratio of the circumferential and longitudinal
moduli data from Kasapi and Gosline (1997). Data presented as ±1
S.D.

Young’s modulus (GPa)

3

long. fit
long. data
circ. fit
circ. data

2.5
2
1.5
1
0.5
0
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25
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35
40
moisture content (% mass)

45

50

Figure 33: Hoof wall tissue longitudinal and circumferential stiffness variation
due to moisture content.
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a (GPa)

b

c

Longitudinal

1.804 × 103

−6.207 × 10−3

2.509

Circumferential

1.157 × 103

−5.813 × 10−3

2.515

Table 5: Parameters for moisture variation versus stiffness relation (equation
(4.2)).

for a specified fraction h of the fully hydrated moisture content, can
then be expressed using the equation
W ( x, h) = 5.5(1 − h) + h(31.7 + 19.3x )

(4.3)

and the corresponding tissue stiffness can be determined by using this
moisture content value in equation (4.2). A plot of equation (4.3) for
varying constant hydration levels is shown in figure 34.
A moisture gradient across the wall thickness can be expected to be
present due to the difference in moisture content of the innermost
part of the wall, which can be assumed to be fully hydrated, and the
outer surface, which can be assumed to be in equilibrium with the
environment. A plot of the modelled effect on the longitudinal stiffness
due to this moisture gradient, for a range of external hoof wall surface
hydration values, is shown in figure 35.
55
h

50
Moisture content (% mass)
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35
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25
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0.2
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0.6
Fraction of wall thickness
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1

Figure 34: Linear curves showing fit to data from Kasapi and Gosline (1997)
(h = 1.0) and modelled variation of hoof wall moisture content with
wall thickness for different constant hydration levels (h = 0.4–1.0).
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Figure 35: Hoof wall stiffness variation due to moisture gradient. The hydration is expressed as a fraction of the fully hydrated amount.

4.3.4 Moisture distribution model
In order to estimate the stiffness at any location within the hoof wall
model using equations (4.2) and (4.3), the distance fraction and the
relative hydration must be given. The distance fraction was known from
the mesh geometry, whilst the steady state moisture distribution was
obtained by solving Laplace’s equation ∇2 u = 0 over the mesh with
boundary conditions of 1 for the fully hydrated inner surface and a
fractional moisture content < 1 for the outer surface. It was assumed
that the moisture distribution remained constant throughout the stance
cycle.

4.3.5 Hoof wall constitutive relation
Since the stress-strain behaviour of the hoof wall is approximately linear, the St Venant-Kirchhoff constitutive relation (Holzapfel 2000, p
250) was used. The hoof wall is also anisotropic (Kasapi and Gosline
1997). Stiffness data for the longitudinal and circumferential directions
is available and it is assumed that the radial heterogeneity2 would mask
any anisotropy in that direction. Therefore a transversely isotropic material relation was selected. This was obtained by adding unidirectional
2 In

this context heterogeneous means that the properties are not spatially uniform.
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stiffening fibres (Spencer 1984) to the St Venant-Kirchhoff constitutive
relation
Ψ(E) =

λ
α
(trE)2 + µtr (E2 ) + E2LL
2
2

(no summation implied) (4.4)

where E is the Green-Lagrange strain tensor, λ and µ are Lamé’s constants (described below), α is a coefficient that describes the fibre stiffness, and ELL is the component of the Green-Lagrange strain tensor
oriented in the longitudinal direction parallel to the hoof tubules.
In equation (4.4) Lamé’s constants, λ and µ, are related to Poisson’s
ratio, ν, and Young’s modulus, E, by the formulae in equations (4.5)
and (4.6).
µ=

E
2(1 + ν )

(4.5)

λ=

νE
(1 + ν)(1 − 2ν)

(4.6)

The circumferential Young’s modulus EC was used to calculate Lamé’s
constants and therefore represents the isotropic stiffness. The value
used for Poisson’s ratio for the hoof wall was 0.38 and was based on
measurements of bovine hoof horn (Franck et al. 2006).
Given the longitudinal and circumferential Young’s moduli EL and
EC , determined using the appropriate moisture and spatial location
parameters, it can be shown (appendix D) that for small strains the
stiffening coefficient α is
α = EL − EC

(4.7)

This constitutive relation is only approximately linear for small strains
(appendix D, figure 67) but in this study the strains were small enough
that this relation provided reasonable behaviour.

4.3.6 Laminar junction and sole corium
The laminar junction is a connective tissue layer that suspends the distal
phalanx from the hoof wall. The sole corium lies between the sole horn
and the distal phalanx. Mechanical tests on the laminar junction have
shown marked anisotropy and the typical strain stiffening behaviour of
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connective tissue (Douglas et al. 1998; Hallab et al. 1991). The separated
Fung-type constitutive relation, equation (4.8) (Schmid et al. 2006)
Ψ(Eαβ ) =

a LL bLL E2LL
− 1)
(e
2
2
a
+ CC (ebCC ECC − 1)
2
2
a RR bRR ERR
− 1)
+
(e
2
1
2
a
+ LC (ebLC ( 2 (ELC +ECL )) − 1)
2
a LR bLR ( 1 (ELR +ERL ))2
(e 2
+
− 1)
2
1
2
a
+ CR (ebCR ( 2 (ECR +ERC )) − 1)
2
+ F ( J ) (no summation implied)

(4.8)

where aαβ and bαβ are material constants and F ( J ) is a volume preserving function, described in section 4.3.7, allows both of these features to
be reproduced.
There are 9 possible deformation modes, but the constitutive relation
assumes that shear modes are symmetrical, so parameters for only 6
modes are required. The available experimental data (Douglas et al.
1998) has only been obtained for 3 of these 6 deformation modes.
The constitutive relation parameters for equation (4.8) were estimated
using a homogeneous deformation model (appendix C). The values
of the fitted parameters for these 3 modes were: proximodistal shear
a LR = 38.1 kPa, bLR = 51.0; lateromedial shear aCR = 56.7 kPa, bCR =
22.6; and radial extension a RR = 12.3 kPa, bRR = 36.9. Since only 3
modes: RR, LR and RC were available in the experimental data, the
parameters for the other modes were estimated as follows: LC = LR,
LL = CC = RR. These assumptions were not expected to influence the
results because the deformation modes corresponding to the assumed
parameters are kinematically constrained by being contained between
the distal phalanx and hoof wall. The stress-strain response data for this
tissue and for a finite element method (FEM) simulation of the materials
test are shown in figure 36. The FEM simulation results deviate from the
data at large shear strains because the finite element model deformation
was not homogeneous, whereas the deformation in the model used to
estimate the parameters was homogeneous.
No data was available for the material properties of sole corium tissue
and the behaviour was assumed to be the same as for the laminar
junction.
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data LR
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stress (kPa)
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Figure 36: Laminar junction mean mechanical test data (from Douglas et al.
(1998)) and finite element verification of tissue model parameters.
Direction labels, relative to the dorsal centreline are: LR (proximodistal), CR (lateromedial) and RR (dorsopalmar). The finite element model was a single tricubic Hermite element with dimensions
1 × 1 × 0.5 mm.

4.3.7 Nearly incompressible formulation
Soft tissues are usually nearly incompressible due to their high water
content and it was assumed that the laminar junction tissue would have
similar behaviour. Often this is modelled by including incompressibility
as a mathematical constraint in the problem formulation. Our finite
element method implementation, CMISS3 (Nash and Hunter 2000), did
not allow mixing of compressible and incompressible formulations in
the same problem and because the hoof wall, bone and cartilage tissues
were modelled as compressible materials, then the laminar junction also
had to be modelled using the compressible formulation. This required
the addition of a volume preserving term to the constitutive relation.
The method described by O’Dell and McCulloch (1998) was used, where
the volume preserving function is
F ( J ) = κ ( J − 1)2

(4.9)

and J is the volume ratio. The value of κ used was 50 kPa, since this
was found to give close agreement with the data in simulations of
3 http://www.cmiss.org
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the materials tests (figure 36). The volume ratio changed by less than
0.25% in these simulations. Increasing κ increased the stiffness in the
finite element simulations and increasing it to more than 500 kPa caused
numerical instability. This value of κ is within the range shown by O’Dell
and McCulloch (1998) to provide nearly incompressible behaviour and
has approximately the same magnitude as the stiffness coefficients (aαβ
in equation (4.8)). A value of 3.0 kPa was used by Usyk et al. (2000)
for the equivalent compressibility coefficient in a similar formulation,
which was 3.4 times the value of the stiffness coefficient.

4.3.8 Sole, white line and lateral cartilage
Published models (Hinterhofer et al. 2000; Thomason et al. 2002) used a
value for the Young’s modulus of the sole tissue which corresponded to
about one-third of the wall stiffness but did not attempt to account for
stiffness variation due to moisture content. Following those studies it
was estimated that the sole tissue stiffness was approximately one-half
of the wall stiffness when stiffness variation due to moisture was taken
into account. Information about the mechanical properties of white
line tissue was not available. This tissue is considerably softer than the
wall and sole so it was estimated that its stiffness was one-twentieth
of the wall stiffness. For both of these tissues, we applied the same
moisture dependence model as was used for the hoof wall. The material
constants used for the lateral cartilage were Young’s modulus = 10 MPa
and Poisson’s ratio = 0.3. The low compressibility of cartilage would
more appropriately be represented by a value of 0.47 as used in human
knee models (Hart et al. 1999). However, this has been shown to lead
to numerical issues in the formulation used in this study (Fernandez
2004). It was expected that the influence of this parameter would be
small due to the low volume of this tissue in the model.

4.3.9 Distal phalanx
The distal phalanx was modelled as a homogeneous isotropic material
with a stiffness of 10 GPa using the St Venant-Kirchhoff constitutive
relation. To our knowledge there are no published data available for the
mechanical properties of this bone so the assumed value was based on
that used by previously published models (Thomason et al. 2002). The
distal phalanx is composed of variable density bone and it is therefore
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likely that its mechanical properties would vary spatially in relation to
the density, as for other bones. As the main purpose of this model was
to investigate the soft tissues, the distal phalanx was only used to apply
the load to these components. It was assumed that its deformation was
negligible compared to the deformation of the soft tissue elements.

4.4

boundary conditions

4.4.1 Applied loads
A vertical load of 10 N/kg body weight and a joint moment equivalent
to 0.285 Nm/kg body weight were applied to the model. These loads
are typical of the peak loads in the trot gait (Clayton et al. 2000a,b) and
this joint moment value was selected so that the resultant horizontal
reaction force would be zero. The body weight used was 400 kg. The
loads were applied to the model through the 12 mesh nodes shown in
figure 37. The relative magnitudes and directions of the loads on each
node are also shown in this figure.

wall

distal phalanx

2

lateral cartilage

laminar junction

7
9

5

8

3
4

6
bar

1
sole

sole corium white line

Figure 37: Hoof mesh showing elements representing individual tissues and
applied loads. Location and direction of applied loads are shown
by arrows. Numbered nodes correspond to the labels in figure 39.
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4.4.2 Substrate interaction
The model was set up as a frictionless contact mechanics problem with
a rigid flat surface representing the ground. A mesh node at the distal
edge of the toe was kinematically constrained to prevent craniocaudal
movement. This boundary condition was used to avoid introducing
contact friction as an additional variable. The effect of contact friction
on the model is to restrict all deflections (chapter 5).

4.5

strain energy

The strain energy represents the amount of recoverable potential energy
stored elastically in the tissue. It is calculated by integrating the strain
energy density, Ψ, over the entire volume of the deforming body. Since
the strain energy is elastic, then in the ideal case all of the energy stored
during loading will be released during unloading. The metric units of
strain energy density are

4.6

J
,
m3

which are equivalent to Pa.

results

Seven different models were created by varying the external moisture
content, in increments of 10%, from 40% to 100% of the fully hydrated
amount. Using this hydration model, the in vivo moisture content range
of 17–24% by mass (Leach 1980) is equivalent to 44–71% of the fully
hydrated mass fraction.
The effect of increasing the moisture content of the hoof wall was to
make the hoof capsule material more compliant and this is reflected
in the model results where both deflections and capsule strain energy
increased as is shown in figures 38 and 39. The strain energy in the soft
connective tissues remained relatively constant compared to the horn
tissue. Most deflections monotonically increased in magnitude. The
lateromedial deflection at the proximal heel changed from expansion to
contraction as the moisture content was increased.
Six different models were created where the estimated stiffness coefficients for the sole corium, laminar junction (aαβ in equation (4.8)) and
white line tissues (Young’s modulus) were scaled by 0.5 and by 2.0. The
lateral cartilage was not included because the volume of this tissue in
the model is small and its effect was assumed to be negligible. Varying
these material parameters had a noticeable but minor effect on both
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Figure 38: Effect of hoof external moisture content on elastic strain energy of
the capsule (wall and sole) and soft connective tissue.

the deflections (figure 40) and stored elastic energy in the capsule (figure 41). Increasing the stiffness of the laminar junction and white line
tissues decreased the deflection magnitudes and the amount of strain
energy in the tissue and vice versa. Increasing the stiffness of the sole
corium tissue had little effect on deflections but in contrast to the other
tissues increased the amount of strain energy.
In a model where the stiffening fibre was removed, to test the influence
of hoof wall anisotropy (data not shown), the deflections and strain
energy were increased.

4.7

Greater moisture
content caused
increased capsule
deflections

discussion

Since increased moisture content in the hoof capsule tissues increases
its compliance, it might be expected that the magnitudes of most capsule deflections would also increase, as they did. Exceptions were the
proximal heel and heel quarter regions where the deflection direction
changed. This is because the greater deflections in the adjacent distal
region caused a rotation of the heel wall about a craniocaudal axis resulting in an opposite movement in the proximal region, and is consistent

Stored elastic energy
in the soft tissues
was unaffected by
capsule moisture
content

with the increase in deflection magnitudes elsewhere. Greater moisture
content increased the total strain energy absorbed by the wall, but the
total strain energy absorbed by the soft tissues remained unaffected.
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Figure 39: Effect of hoof external moisture content on capsule deflections.
Numerical labels correspond to figure 37. Alphabetical labels indicate deflection direction: proximodistal (PD), lateromedial (LM),
craniocaudal (CC).

The fact that the strain energy in the soft tissues remains more or less
constant was surprising because it might be expected that the strain
and strain energy in these tissues would increase to accommodate the
increased capsule deflections.
The relatively unchanged strain energy in the soft tissues can possibly
be explained by the nature of the deflected shape. As the hoof is loaded,
it is known that the distal phalanx moves downward and backward with
a slight backward rotation (Fischerleitner 1974), the quarters and heels
move abaxially (Thomason et al. 1992), and the sole deflects downward
(Lungwitz 1891) such that its concavity tends to flatten. The model
deflections in this study are consistent with this pattern, and these
capsule deflections can be considered as the result of the capsule being
displaced by movement of the distal phalanx.
A presumed function of the stiffness gradient in the hoof wall is to
minimise stress concentrations that can occur when there is a difference
in the stiffness of adjacent tissues such as the hoof wall and the laminar
junction (Kasapi and Gosline 1997). It is likely that the more compliant
inner layer of the wall allows stress to be redistributed more evenly to
the stiffer outer layers. Since the stiffness of the inner wall layers was
not changed, then this effect provides another possible explanation for
the relatively constant strain energy in the soft tissues.
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Figure 40: Effects of varying the stiffness of the laminar junction, sole corium
and white line tissues on hoof deflections. Numerical labels correspond to figure 37.

The use of
sophisticated tissue
behaviour models is a
unique aspect of this
work

Unique aspects of this model include the use of finite deformation
elasticity and the application of anisotropic and heterogeneous material relations. Previously published hoof models have been limited
to isotropic material relations and until recently (Collins et al. 2009)
have also been limited to linear elasticity, which is well known to be
inappropriate for soft tissue mechanics. The approach used to model
heterogeneity in this study takes advantage of the diffusion properties
of water through a porous solid and is not a generic method for modelling heterogeneous materials. Strain energy density has been used as a
metric to compare material loading; for finite elasticity this is analogous
to the von-Mises stress used in linear elasticity.
The lack of a complete description of the mechanical properties for some
of the tissues is a limitation of this model. Because the hoof wall and
laminar junction material models are based on measurements we can
be reasonably confident that the constitutive models for these tissues
are robust. However, for the white line and sole corium tissues there

The model was not
sensitive to the
material parameters
that were estimated,
instead of fitted to
data

was no data available. Considering that material parameter changes
only affected the predicted deflections and strain energy by a relatively
small amount it can be concluded that the models were not sensitive to
these parameters, particularly if used for qualitative comparisons. In
addition, the effects of natural variations in these parameters among
individuals can be considered to be minor.
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Figure 41: Effects of varying the stiffness of the laminar junction, sole corium
and white line tissues on hoof strain energy.

The geometry used in this study was for a hoof with a palmar angle of 5°
and a concave solar geometry with the bars following the solar concavity
and therefore being non-load bearing. Several different models have
been created for palmar angles up to 15° (chapter 6), for load bearing
bars, and for the restriction of a shoe (chapter 7), and it is known that
these cause other influences on both the deflection and strain energy
results. Therefore caution should be exercised in generalising these
results.
The geometry of the model does not include the frog or the digital
cushion. Experimental studies of the relationship of frog pressure to
heel expansion (Colles 1989b; Dyhre-Poulsen et al. 1994; Roepstorff et al.
2001; Taylor et al. 2005) have shown that heel expansion is possible
without frog pressure. Thomason et al. (2005) reported that inclusion of
the frog had little influence on stress at mid-stance and it was omitted
from their model. Results from this model support the hypothesis that
heel expansion does not require frog pressure.
The substrate was modelled as a rigid flat surface and frictionless contact was used. This boundary condition was chosen to avoid introducing
an additional variable, the frictional coefficient. As would be expected,
frictional forces restrict the motion of the contact surface in the model
but they also result in a reduction in the magnitude of all other deflections in proportion to the frictional coefficient (chapter 5). Addition of
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friction to the model would therefore not be expected to affect these
conclusions.
Accurate validation of a hoof model, either in vitro or in vivo, will
require knowledge of the moisture gradient in addition to the moisture
content of the horn tissue. It is likely that attempts to make experimental
measurements of hoof horn properties in the ex vivo state would be
affected by diffusion, therefore the length of time for which the sample
or specimen is stored should be controlled. We are unaware of any
studies which report the diffusion time constant for water in hoof horn.

4.8

Hoof deflections
should be able to be
manipulated by
varying the horn
moisture content

conclusions

This biophysical modelling study used a finite deformation elasticity
model with anisotropic and heterogeneous material relations to show
that capsule deflections and the energy stored in the capsule may be
amplified by increasing hoof horn moisture content. The sensitivity of
the model to variations in material parameters, which were estimated
due to unavailability of data, was minor when compared to the overall
model response. The ability to manipulate the energy stored by the
hoof during locomotion may be useful for modifying impact energy
transmission in the limb. However it remains for future work to determine optimum hydration levels for horses engaged in specific athletic
activities.

This chapter has established material behaviour models for the hoof
tissues. The final stage in model development is to define boundary and
loading conditions and these aspects are described in the next chapter:
5 The influence of loading conditions on hoof mechanics.
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5

THE INFLUENCE OF LOADING CONDITIONS ON
HOOF MECHANICS

summary

A heel first landing is considered to be an indicator of a properly
functioning hoof. It is thought that it encourages the development of a
thick frog and digital cushion, which assist in the ability of the hoof to
dissipate ground impact forces. A heel first landing can be associated
with a caudal centre of pressure (COP) location. The effects of COP
location on the capsule mechanics have not been previously reported.
The objective of this study was to determine the effect of changes in
loading and contact friction on hoof deflections and elastic energy
storage.
A range of boundary conditions were applied to finite element models.
For all cases a load of 10 N/kg body weight, typical of the peak load in
the trot gait, was used. In one scenario contact friction, varying from
frictionless to a frictional coefficient of 1.0, was used to simulate the
effects of restriction of the hoof at the ground surface. In the other
scenario a joint moment varying from 0 to 0.5 Nm/kg body weight
was used to move the centre of pressure of the ground reaction force
cranially, simulating unloading of the heels. For all cases deflections
and stored elastic energy for the different tissues were calculated.
Both increasing the ground surface contact frictional coefficient and
moving the centre of force cranially caused the hoof capsule deflections
and stored elastic energy to decrease. Peak strain energy in the capsule occurred when the frictional coefficient was 0 and when the joint
moment was 0 Nm/kg body weight. Minimum strain energy occurred
when the frictional coefficient was 1.0 and when the joint moment was
0.4 Nm/kg body weight.
Hoof expansion and elastic energy storage are considerably influenced
by ground surface friction and centre of pressure location. Therefore
model validation studies should account for these parameters. The
amount of hoof expansion is proportional to the capacity of the hoof to
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store elastic energy. These results indicate that maximising the energy
absorption may be the purpose of heel first landing.

5.1

The ability of the
hoof to absorb
concussion is
considered to be one
of its important
functions

introduction

Loading of the hoof is considered to be an important biomechanical
factor in its proper functioning and in the development of some hoof
problems. A heel first landing is often observed in feral and sound
domestic horses, and is considered to be an indicator of a properly
functioning hoof (Trotter 2004). During locomotion the hoof experiences
an impact load characterised by high frequency vibrations when it first
strikes the ground, followed by a low frequency, but rapid, load impulse
as the body weight is transferred to the hoof. A decrease in the hoof’s
ability to absorb these loads has been implicated in the development
of navicular disease (Turner and Stork 1988) and in the development
of hoof, joint and bone problems (Willemen et al. 1999; Back et al.
2006). Repetitive impulse loading has been demonstrated to cause
degenerative joint disease in other animals (Radin et al. 1982) and it has
been hypothesised that the low frequency impulse load is a causative
factor (Radin et al. 1972). There are two main mechanisms involved in
the absorption of these loads: elastic (reversible) absorption of impulse
energy by structures in the leg acting as springs, and damping of the
high frequency vibrations (Back et al. 2006). Willemen et al. (1999) have
shown that around two-thirds of the impact vibration damping occurs
between the hoof and the distal phalanx and that the application of a
horseshoe decreases this damping. Increasing the compliance of the
substrate Barrey et al. (1991) or the horseshoe (Benoit et al. 1993; Back
et al. 2006) has been shown to increase the vibration damping. The

Shoeing decreases
damping and also
deflection
magnitudes

horse’s leg behaves like a visco-elastic spring due to energy storage
in the muscle-tendon units (Wilson et al. 2001). The hoof also deflects
elastically when loaded and the application of horseshoes affects the
magnitude of the deflections (Colles 1989b; Roepstorff et al. 2001) but
the contribution of these hoof deflections to the leg spring system and
to the absorption of the load impulse has not been reported.

The location of the
COP can be altered
both artificially and
by the horse

The location of the COP of the ground reaction force (GRF) has been
measured in several studies and appears to be related to hoof angle.
Barrey (1990) measured the distribution of the GRF in hooves having
different toe angles and found that the COP was located more caudally
in shallow angled hooves than in steep angled hooves. This effect, to a
lesser extent, was also shown in a study by Riemersma et al. (1996a, fig.
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2) who manipulated the hoof angle with wedges. In contrast Eliashar
et al. (2004) found that decreasing the palmar angle of the distal phalanx
caused the COP to move cranially. It has been shown experimentally
that horses with navicular pain will move the load cranially, to unload
the heels, by increasing the joint moment through increased tension in
the deep digital flexor tendon (DDFT) (Wilson et al. 2001). The effect of
the COP location on the mechanics of the hoof has not been studied.
Finite element hoof models, in which the COP was centrally located,
overestimated the minimum principal strain in the proximal region of
the dorsal wall, when compared to measured strains, by 29 to 121%
(Thomason et al. 2002; Salo et al. 2010). Whether the COP location has
an effect on the model predictions is unknown.
The purpose of this study was to investigate the effect of alterations in
hoof restriction and COP location on hoof deflections, elastic energy absorption and dorsal wall strain. Several different finite element models
were created in which either the joint moment or the frictional coefficient of the ground contact were varied. Variations in joint moment
were used to move the COP location and variations in the frictional
coefficient were used to vary the amount of restriction of the capsule.

5.2

background

5.2.1 Hoof loading
The low frequency loads on the hoof during locomotion are a linear
force, caused by the deceleration body weight of the horse, applied to
the distal phalanx through the distal interphalangeal (DIP) joint surface,
and also a moment about this joint, assumed to be caused by tension in
the attached tendons (figure 42). Analyses usually assume that all of the
joint moment is due to the DDFT. These forces are balanced by the GRF.
Plots of the typical ground reaction forces and joint moment, during the
stance phase of the stride, for the trot gait are shown in figures 43 and
44. Because of the joint moment, the COP1 of the GRF is located cranially
to the centre of articulation of the joint for the majority of the stance
according to equation (5.1)
a=

J
Fg

(5.1)

1 Some authors refer to the point of zero moment (PZM) instead of the centre of
pressure (COP). These concepts are equivalent (Sardain and Bessonnet 2004).
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Body weight force
Moment arm
Joint moment
a
b

DDFT force

Ground reaction force

Figure 42: Forces on the equine hoof and distal phalanx.

where a is the joint moment arm (the distance from the centre of
articulation), J is the magnitude of the joint moment and Fg is the
magnitude of the ground reaction force.

5.3

methods

A finite element mesh with a palmar angle of 0° was created with the
parametric hoof model using the geometry parameters described in
chapter 3. The model’s material parameters were set as described in
chapter 4 using an external hoof moisture content of 57%, which is near
the middle of the measured in vivo range (Leach 1980).
Two different loading scenarios were simulated, the COP scenario and
the friction scenario. For both scenarios a vertical GRF of 10 N/kg body
weight (400 kg body weight) and zero craniocaudal GRF were used.
Ground interaction was modelled by contact with a rigid flat surface. It
was convenient to choose the point in the stance where the craniocaudal
ground reaction force was zero because that allowed a single node at
the toe to be fixed and avoided causing a spurious reaction force at that
node, which was confirmed by the computed reaction force data. In the
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Figure 43: Typical ground reaction forces for the trot (data from Clayton et al.
(2000a)).

GRF

data (figure 43) the peak vertical GRF corresponds approximately to

the point where the craniocaudal ground reaction force is zero. In the
trot this point occurs at around 50–55% of stance and the magnitude of
the GRF at this point is around 10 N/kg or approximately equal to the
body weight of the horse.
In the COP scenario the joint moment was varied from 0 to 0.5 Nm/kg
body weight in order to move the location of the COP cranially to the
DIP

joint centre by 0 to 50 mm, respectively, according to equation (5.1).

The ground contact was modelled as frictionless for this scenario. In the
friction scenario the frictional coefficient of the hoof with ground was
varied from 0 (frictionless) to 1, while maintaining the joint moment
at 0.285 Nm/kg body weight. The friction scenario was used to allow
varying amounts of restriction to be applied, in contrast to simulating
a nailed on iron horseshoe, which would only allow one restriction
scenario.
For each scenario and load case, deflections were sampled at different
points on the hoof (figure 47), the stored elastic energy was calculated
and the magnitude of the principal strain at integration points near the
dorsal wall was determined.
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Figure 44: Typical distal interphalangeal joint moment for the trot (data from
Clayton et al. (2000b)) .

5.3.1

Calculation of model input forces

In the free body diagram of the hoof, shown in figure 45, Fgy and Fgx
are the vertical and horizontal components of the GRF, Ft x is the DDFT
force, and a and b are the moment arms of the GRF and DDFT force,
respectively, about the DIP joint. By applying a force balance
0 = Fwy + Fgy
0 = Fwx + Fgx + Ft x

(5.2)

and a moment balance
a · Fg − b · Ft x = 0

(5.3)

about the centre of rotation of the DIP joint, it can be determined that
at the point where the horizontal ground reaction force Fgx is zero,
the vertical weight force Fwy will be equal and opposite to the vertical
ground reaction force Fgy and that the horizontal component of the
weight force will be equal and opposite to the DDFT force Ft x , which
is assumed to act horizontally. The COP is the point on the ground
plane at which the ground reaction force vector is assumed to act when
it balances the joint moment. The joint moment is provided by the
couple caused by the forces Fwx and Ft x , and increasing or decreasing
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Fw y

y
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a

Fg x

Fw x

b
Ft x

Fg y

Figure 45: Free body diagram of the hoof showing applied and reaction forces.

their magnitude moves the COP cranially or caudally, respectively. The
length of the moment arm of the DDFT (labelled b in figure 45) can be
determined from the anatomical geometry.
The forces applied to the model were applied through several nodes
on the distal phalanx (figure 46). An equal proportion of the load was
applied to each node and the resultant load was assumed to act through
the geometric centre location of the nodes in the sagittal plane. Even
though the load is unlikely to be evenly distributed in this way in
vivo, this assumption was not expected to affect the results because the
stiffness of the distal phalanx is much greater than the attached tissues
and therefore the load distribution to the attached tissues would only
be affected by the location of the resultant load. The coordinates Ri of
the geometric centre for each group of load application nodes were
calculated using equation (5.4)
Ri =

1
n

1

∑ Xin , i ∈ (x, y)

(5.4)

n

where X in are the nodal positions. The geometric centre of the load
application nodes did not correspond to the anatomical locations of the
DIP

joint centre or the DDFT attachment. Therefore the loads applied to
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these nodes were calculated from the applied GRF and joint moment by
solving the linear system in equation (5.5)
0 = Fwy + Fgy
0 = Fwx + Ft x + FgX
J = Fwy ( Rwx − Rjx ) − Ft x ( Rty − Rjy ) − Fwx ( Rwy − Rjy )

(5.5)

J = Fgy ( Rjx − c) − Fgx ( Rjy − d)
where Rwi , Rti , Rji (i ∈ x, y), c and d are distances, shown in figure 46.
Equation (5.5) was derived by applying force and moment balances.

5.4

results

Cranial movement of the COP resulted in a marked reduction in the
magnitude of most hoof deflections as shown in figure 48. Distal heel
deflection (point 4, fig. 48) in the lateromedial direction was reduced
from 1.42 mm expansion to −0.13 mm contraction, proximal heel deflection (point 5, fig. 48) was reduced from 0.41 mm expansion to −0.27
mm contraction and sole deflection (point 3, fig. 48) reduced from −2.0
mm to −0.04 mm when the joint moments varied from 0 to 0.5 Nm/kg
body weight.

Fw
A
Ft

y
x

d

0,0

c
Fg
Figure 46: Load application points on the model, shown in the sagittal plane.
Point A is the centre of rotation of the distal interphalangeal joint.
The origin is at the distal tip of the distal phalanx.
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Figure 47: Hoof mesh showing locations and example directions of applied
loads. Numbered nodes correspond to the labels in figures 48 and
51.
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Figure 48: Deflections of different points on the hoof, corresponding to the
labels in figure 47, for varying distal interphalangeal joint moment.

Stored elastic energy in both the capsule and the soft connective tissues
of the hoof was also greatly reduced by cranial placement of the COP.
Stored elastic energy in the capsule was reduced from 2.15 to 0.98 J for
joint moments of 0 and 0.4 Nm/kg body weight, respectively. There
was a similar reduction of the elastic energy stored in the soft tissues
from 0.64 to 0.30 J. Stored elastic energy increased slightly in both the
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capsule and soft tissues when the joint moment was increased from 0.4
to 0.5 Nm/kg body weight.
The minimum principal strain near the dorsal region of the wall (figure
50) increased in the distal region but decreased in the proximal region
with increasing joint moment. The strain remained constant at a point
around 60% of the distance up the wall proximal to the toe.
Increasing the frictional coefficient restricted the deflections of the heels
and quarters, which caused the magnitude the deflections at most of
the other points to also be reduced, as shown in figure 51. Distal heel
deflection (point 4, fig. 48) in the lateromedial direction was reduced
from 0.66 mm to 0.11 mm, with 88% of the reduction occurring for
a frictional coefficient of 0.6. The most noticeable exception was the
deflection at the proximal heel (point 5, fig. 48) which increased in
contraction from −0.02 mm to −0.29 mm.
Stored elastic energy in the capsule, shown in figure 52, decreased with
hoof capsule restriction, from 1.1 J for the frictionless case to 0.83 J for
a frictional coefficient of 1.0. However, stored elastic energy in the soft
tissues remained relatively constant.
Varying the frictional coefficient had a negligible effect on the magnitudes of the principal strains near the dorsal wall (data not shown).
Results from both loading scenarios show that the amount of stored
elastic energy is proportional to the magnitude of the hoof capsule
2.2
capsule
soft

2
1.8
1.6
Strain energy (J)
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Figure 49: Stored elastic energy in the capsule and soft tissues for varying
distal interphalangeal joint moment.
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Figure 50: Minimum principal strain near the dorsal wall surface for varying
distal interphalangeal joint moment.

deflections. Deflection magnitude may be reduced by moving the COP
cranially or by increasing the amount of restriction of the capsule at the
ground surface.

5.5

discussion

The models in this study predict that the location of the COP of the
GRF

has a considerable effect on the magnitude of hoof capsule de-

flections and elastic energy storage in the hoof capsule. Therefore the
geometry hypothesis for hoof expansion (Merritt and Davies 2007, p

Hoof deflections and
strain energy are
sensitive to COP
location

45) is supported. These results provide a potential explanation for a
seemingly contradictory experimental result where it was found that
horses with navicular syndrome, presumed to be caused by overload
of the navicular bone, alter their gait such that the DDFT tension, and
therefore the load on the navicular bone is increased (Wilson et al. 2001).
Those author’s proposed explanation is that the navicular symptoms
are a consequence of the gait alteration, caused by the horse’s desire
to avoid loading painful heels. If the heel pain is related to capsule
deflections, for example, the downward movement of the distal phalanx
causing the DDFT to impinge upon the bars, then the model results show
that the horse may avoid or reduce these deflections by moving the
COP

forward. This forward placement of the COP would result from the
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Figure 51: Deflections of different points on the hoof, corresponding to the
labels in figure 47, for varying ground surface frictional coefficient.

increased joint moment caused by the reported increased DDFT tension.
Horses with navicular syndrome are also commonly observed to land
toe first at the walk and trot (Stashak 2002c, p 666) therefore toe first
landing may be associated with a forward placement of the COP in the
initial part of the stance. Conversely it has been demonstrated (Heel
et al. 2004) and can be deduced from GRF (Clayton et al. 2000a) and
joint moment (JM) (Clayton et al. 2000b) data that in normal horses the
COP

is caudally located during the intial part of the stance compared to

midstance. Heel landing, which is also normal (Heel et al. 2004), may
therefore be associated with a caudal placement of the COP in the initial
part of the stance.
It has been shown experimentally that the hoof attenuates around 67%
of the ground impact deceleration at a trot and that shoeing increases
the amplitude of the impact vibrations compared to the unshod condition (Willemen et al. 1999). Willemen et al. (1999) propose that this
Elastic energy
storage by the hoof
capsule may have an
important role in
concussion
absorption

attenuation occurs mainly within the laminar junction. However, their
experiment measured the difference in acceleration between the outside
of the hoof wall and the distal phalanx, therefore it is equally valid to
assume that some of the energy may have been absorbed by the hoof
capsule. An increase in the compliance of the hoof-ground interface
has been shown to to reduce reduce the amplitude of these vibrations
(Barrey et al. 1991; Benoit et al. 1993; Back et al. 2006). While the present
results cannot provide any insight into the mechanism for this atten-
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Figure 52: Stored elastic energy in the hoof capsule and soft tissues for varying
ground surface frictional coefficient.

uation they show that there is an increase in the compliance of the
capsule, which would be expected to also reduce the amplitude of these
vibrations when the COP is located caudally, as occurs during the initial
part of the stance (Heel et al. 2004). The results predict that around
two-thirds of the elastic energy stored by the hoof is stored in the horn
capsule, with the remainder stored in the laminar junction and sole
corium. This indicates that the hoof capsule has an important role in the
absorption of impulse energy. Results from the friction scenario predict
that restriction of capsule deflections reduces the energy absorbed. This
concurs with the experimental results that show that a shoe, which
also restricts capsule deflections (Colles 1989b; Roepstorff et al. 2001),
reduces the energy absorption capacity of the hoof, and provides further
evidence for this hypothesis.
The load impulse produced by the rapidly increasing ground reaction
force is a factor that is thought to play a role in joint degeneration (Radin
et al. 1972). Absorption of the load impulse energy by the capsule would
be expected to reduce the amount of impulse energy transmitted to
the distal limb joints, thus protecting them from damage. A heel first
landing would be expected to promote caudal loading of the hoof and
because a caudally located COP increases the compliance and therefore
the predicted capacity of the hoof to absorb impulse energy then this
provides a biomechanical reason for the preference of this hoof landing
style.
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The amount of elastic energy stored, around 2.5 × 10−3 to 5 × 10−3 J/kg
body weight for each fore hoof, is small, when compared to the amount
of energy stored by the whole limb, around 1.23 J/kg body weight for
each bounce of the trot (Minetti et al. 1999). Therefore the contribution
of the hoof to the leg-spring system is likely to be negligible.
The predicted minimum principal strains in the proximal region of
the dorsal wall (figure 50) were strongly influenced by COP location.
The reason for this is likely to be related to the sloped orientation of
the dorsal wall. When there is no joint moment, the distal phalanx
rotates about its distal tip (as indicated by the deflections of points
8 and 9 in figure 48), thus loading the coronet and unloading the
toe. As the joint moment is increased then this rotation is reversed,
transferring the load distally. When the joint moment was zero, and
thus the COP was coincident with the centre of articulation of the DIP
joint, the predicted strain was around twice the value that would be
expected for the COP location produced by the in vivo joint moment of
The COP location
may explain errors in
other validated
models

around 0.2–0.25 Nm/kg body weight. Around this joint moment range
the dorsal wall strain is more evenly distributed than for both lower
and higher joint moments, suggesting that the geometry of the hoof
may be optimised for these loads. This result also provides a potential
explanation for the overestimation of dorsal wall strain in the models
of Salo et al. (2010) where the COP was centrally located. The models of
Thomason et al. (2002) also showed overestimation of the dorsal wall
strain and underestimation of the lateral and medial wall strains. In
those models the COP was located at the centroid of the bearing surface
and would therefore have been positioned forward of the joint centre,
thus approximating the in vivo loading situation. A possible explanation
for these errors is that the models did not sufficiently account for the
progressive reduction in hoof wall thickness between the toe and heels,
which would be expected to reduce the predicted strain in the lateral
and medial walls.

Hoof model
sensitivity to load
variations has not
been previously
reported

The effect of COP location and ground surface friction on hoof deflections
have not been previously reported, and the sensitivity of a hoof model
to these loading parameters has not been previously considered.
A limitation of this model is that the loading was applied quasi-statically
and that potential strain rate effects of the material behaviour were not
considered, as no material data were available. Future work should seek
to determine the extent to which the soft tissues in the hoof exhibit viscoelastic behaviour. The model has not been validated against measured
data. However, it shows similar behaviour to other hoof models, and is
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generally consistent with known hoof deformations. Thus we conclude
that this model is suitable for the qualitative comparisons made in this
study.
This study showed that hoof capsule deflections are proportional to the
capacity of the hoof to store elastic energy and that these parameters
are sensitive to the effects of COP location and contact surface friction.
Greater deflection magnitudes indicate increased compliance of the hoof
for the particular load condition. Therefore these deflections may be
closely related to the hoof’s ability to absorb concussion. . More energy
is absorbed elastically when the COP is located caudally, indicating that
a heel first landing would be expected to maximise energy absorption.
The horse may be able to control hoof capsule deflections by controlling
the COP location, avoiding potentially painful deflections. Due to the
sensitivity of the model results to the COP location and contact surface
friction these loading parameters should be considered by future models
and in model validation studies.

The definition of boundary and loading conditions completes the development of the hoof model. In the following two chapters the model
is used to investigate the effect of palmar angle and the effect of solar
shape, providing some interesting and novel insights into hoof biomechanics.
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T H E E F F E C T O F H O O F A N G L E VA R I AT I O N S O N
DORSAL LAMELLAR LOAD

The research described in this chapter has been published as:
GD Ramsey, PJ Hunter, and MP Nash (2011). The effect of hoof angle
variations on dorsal lamellar load in the equine hoof. Equine Veterinary
Journal 43(5), 536-542.

summary

In the treatment of laminitis, it is believed that reducing tension in the
deep digital flexor tendon by raising the palmar angle of the hoof can
reduce the load on the dorsal lamellae, allowing them to heal or to
prevent further damage.
The objective of this study was to determine the effect of alterations in
hoof angle on the load in the dorsal laminar junction.
Biomechanical finite element models of equine hooves were created
with palmar angles of the distal phalanx varying from 0° to 15°. Tissue
material relations accounting for anisotropy and the effect of moisture
were used. Loading conditions simulating the stages in the stance where
the vertical ground reaction force, the mid-stance joint moment, and
the breakover joint moment were maximal, were applied to the models.
The loads were adjusted to account for the reduction in joint moment
caused by increasing the palmar angle. Models were compared using
the stored elastic energy, an indication of load, which was sampled in
the dorsal laminar junction.
For all loading cases, increasing the palmar angle increased the stored
elastic energy in the dorsal laminar junction. The stored elastic energy
near the proximal laminar junction border for a palmar angle of 15° was
between 1.3 and 3.8 times that for a palmar angle of 0°. Stored elastic
energy at the distal laminar junction border was small in all cases. For
the breakover case, stored elastic energy at the proximal border also
increased with increasing palmar angle.
The models in this study predict that raising the palmar angle increases
the load on the dorsal laminar junction. Therefore hoof care interven-
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tions that raise the palmar angle in order to reduce the dorsal lamellae
load may not achieve this outcome.

6.1

Raising the hoof
angle is believed to
reduce the load on
the dorsal lamellae

introduction

In equine hooves that are affected by the disease laminitis, the mechanical strength of the lamellae attaching the hoof capsule to the distal
phalanx (figure 32) is compromised. A common consequence is that
the hoof capsule rotates in relation to the distal phalanx, or vice versa
(Stashak 2002b). In the treatment of laminitis, it is current practice to
raise the hoof angle, since this reduces the force in the deep digital flexor
tendon (DDFT) (Lochner et al. 1980; Riemersma et al. 1996b; Willemen
et al. 1999), and it is believed that it also reduces the mechanical stress
on the dorsal lamellae (Hood 1999; Stashak 2002b; Parks and O’Grady
2003; Redden 2003b; O’Grady and Poupard 2003) allowing them to
be unloaded to aid healing. However, whether this unloading of the
dorsal lamellae actually occurs in practice remains unknown (Leach
1983; Hood 1999).

The viewpoint that
lowering the heels
reduces dorsal
lamellar load has also
been proposed

An alternative hypothesis for the biomechanics of distal phalanx loading
was described by Coffman et al. (1970) and predicts that the predominant force is the body weight of the horse applied to the distal phalanx
through the second phalanx. They considered the force of the DDFT to
have less consequence because its point of attachment corresponds with
the hypothesised centre of rotation during failure and recommended
lowering the heels as a strategy for relieving the stress on the dorsal
lamellae.
Leach (1983) suggested that even though raising the heel decreases the
strain in the DDFT, excessive elevation could change the orientation of
the load exerted on the distal phalanx by the second phalanx, resulting
in a potentially damaging loading situation at the laminar junction.
Leach also reported that both raising the heels and lowering the heels
have historically been recommended as laminitis treatments.
Thomason et al. (2005) used a model to investigate the morphology
of the laminar junction and found a correlation between the lamellar
spacing and the magnitude of the predicted stress. Their study indicated
that the stress in the laminar junction is greater proximally than distally,
but did not report on its variation with hoof angle. The effect on the hoof
capsule of raising and lowering the heels was modelled by Hinterhofer
et al. (2000), who found that raising the heels lowered the peak stress
and deflections in the capsule. Their model did not include the laminar
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junction. Strain measurements by Bellenzani et al. (2007) revealed that
raising the heels hindered their expansion, but, in contrast to the results
of Hinterhofer et al. (2000), caused a greater variation of strain within
the capsule. Hobbs et al. (2009) found a large reduction in radial strain
in the proximal part of the toe wall when the heels were raised by 10°.
To test the hypothesis that raising the hoof angle decreases the load in
the dorsal lamellae, we created biomechanical finite element models
to represent normal hooves with palmar angles of 0° through 15°. The
model formulation included the ability to simulate variations in joint
moment, and data from the literature were selected to represent stages
during the stance cycle at the walk where either the vertical ground
reaction force or the joint moment were maximal. Strain energy density,
an indicator of stored elastic energy and thus the localised load on
the tissue, was sampled at several locations along the dorsal laminar
junction.

6.2

methods

6.2.1 Biomechanical model geometry
Finite element meshes with palmar angles of 0°, 5°, 10° and 15° were
created using a parametric hoof model that was configured such that
all geometric parameters except the palmar angle of the distal phalanx
remained constant. The corresponding toe and heel angles for these
models were 45°, 50°, 55° and 60°. The length and width at the ground
contact surface for the 0° model were 144 mm and 126 mm, respectively.
Other models were increasingly shorter and wider. The width of the
heels was 100 mm. The lateral wall angle at the widest part of the hoof
was 79°. The wall thickness at the toe was 12 mm tapering to 6 mm
at the quarters. The laminar junction thickness was 4 mm. The hoof
models were symmetric about the sagittal midline and the frog (figure
32) was not included in the geometric model. Thomason et al. (2005)
reported that inclusion of the frog in their model had little influence
on stress at mid-stance, justifying its omission. Thus, we assumed that
its influence would also be minimal for this study. The mesh for the
5° model is shown in figure 53. Mesh element density was chosen to
balance solution accuracy and computational effort. A convergence
study showed that refinement of the mesh was expected to result in root
mean square strain differences of less than 4%. Boundary constraints
were configured to maintain symmetry.
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distal phalanx
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Figure 53: Geometry of the 5° palmar angle model. Application points and
example directions of the applied forces are indicated by the solid
arrows. Numbers indicate deflection sampling points.

6.2.2

Tissue properties

Laminar junction tissue behaviour was modelled using a multiaxial
exponential constitutive relation (separated Fung-type (Schmid et al.
2006)) fitted to published data (Douglas et al. 1998). A plot of the
multiaxial stress-strain data along with results from a finite element
simulation of the tissue test (model dimensions were 1 × 1 × 0.5 mm)
is shown in figure 54. These test simulation results show that the
material model is capable of reproducing the measured tissue behaviour.
Following Thomason et al. (2002) we used the same material properties
for the solar dermis as the laminar junction.
The wall was modelled using a transversely isotropic linear constitutive
relation (St Venant-Kirchhoff plus a stiffening fibre) that accounted for
the difference in longitudinal and circumferential stiffness and also the
measured variation in wall stiffness due to its moisture content (Bertram
and Gosline 1987; Kasapi and Gosline 1999). The moisture content
of the inner layer was assumed to be 100%, and had a longitudinal
Young’s modulus EL = 190 MPa and a circumferential Young’s modulus
EC = 127 MPa. An external moisture content of 20.4% was used, which
was within the reported in vivo range of 17%–24% (Leach 1980), and
had EL = 2.19 GPa and EC = 1.38 GPa. The variation of wall stiffness
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Figure 54: Laminar junction mean mechanical test data and finite element
simulation of the tissue test. Direction labels, relative to the dorsal
centreline are: LR (proximodistal shear), CR (lateromedial shear)
and RR (dorsopalmar tension).

for an external hoof moisture content of 20.4% is shown in figure 55.
The average value of the Young’s modulus for the wall was 690 MPa,
which is similar to the average value of 764 MPa used in the piecewise
approach taken by the model of Thomason et al. (2002). The value used
for Poisson’s ratio ν was 0.38 and was based on measurements of bovine
hoof horn (Franck et al. 2006). The same linear constitutive relation as
used for the wall, but without the stiffening fibre, was also used for the
sole and white line. Other authors (Hinterhofer et al. 2000; Thomason
et al. 2002) used a value for the Young’s modulus of the sole tissue
that corresponded to about one-third of the mean wall stiffness. We
estimated that the sole tissue stiffness was approximately one-half of the
circumferential wall stiffness when stiffness variation due to moisture
was included. White line stiffness was estimated to be one-fifth of the
circumferential wall stiffness.
The distal phalanx and lateral cartilage were modelled as homogeneous isotropic materials using a linear constitutive relation (St VenantKirchhoff). For the distal phalanx, a Young’s modulus of E = 10 GPa
and a Poisson’s ratio of ν = 0.3 were used (Thomason et al. 2002). For
the lateral cartilage, a Young’s modulus of E = 10 MPa and a Poisson’s
ratio of ν = 0.3 were used (Collins et al. 2009).
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Figure 55: Longitudinal (EL ) and circumferential (EC ) wall stiffness variation
used in the model. Wall thickness fraction is measured from the
outside.

6.2.3

Loading conditions

Ground reaction force (GRF) and joint moment (JM) data for the walk
were obtained from the literature (Riemersma et al. 1996b) and are
shown in figures 56 and 57, respectively. Gait data for the walk were
selected for this study because horses affected by laminitis are likely
to be in pain and not inclined to move at faster gaits. Riemersma et al.
(1996b) reported the variation in joint moment when the hoof angle
was varied by −7° using a toe wedge and +7° using a heel wedge.
The reference hoof angles were not reported and we assumed that
the 0° case corresponded to a hoof angle of 52°. This hoof angle was
selected because, for a dorsopalmar angle of the distal phalanx of 45°,
it corresponds to a palmar angle of 7°, which is close to the middle
of the range of 5–10° considered normal for a conventionally trimmed
hoof (Colles 1983). The GRF data was for only one of the ponies from
the study. We assumed that this data was typical and compared it to
other published data (Bartel et al. 1978; Hodson et al. 2000; Clayton
et al. 2000; Merritt et al. 2008) for verification. The GRF data we used
were the same for different palmar angle variations because separate
data were not available. It is possible that the GRFs differ for different
hoof angles, however a study that measured GRFs in horses at the trot
(Willemen et al. 1999) found no significant differences in vertical GRF
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magnitude when a heel wedge was applied. Thus it was reasonable
to assume that this is also the case for the walk. The GRF and JM data
were converted to equivalent forces, using force and moment balance
relations, which were applied to the model to simulate the forces on
the distal phalanx from the second phalanx and DDFT (figure 53). In
this loading configuration the vertical component of the joint force has
equal magnitude to the vertical component of the GRF.
Three loading scenarios were selected to represent the stages during
the stance cycle when the dorsal lamellae load might be expected to
be maximal. These were: the stage where the vertical ground reaction
force is maximal (peak GRF); the stage during mid-stance, where the
joint moment is maximal (for the 0° and +7° cases) (peak JM); and the
stage during breakover (between heel lift and toe off) where the joint
moment is maximal (breakover). The GRF and JM for the peak GRF and
peak JM scenarios were similar in magnitude (figures 56 and 57) but for
the peak GRF scenario the GRF was slightly larger than for the peak JM
scenario while the JM was slightly lower, and vice versa for the peak JM
scenario. Even though the loads were similar, these cases were included
to test whether the GRF or the JM had the dominant influence.
For the breakover scenario, the stage near the end of the stance cycle
where the joint moment reaches a peak is different for each palmar
angle variation, the peak occurring earlier for lower palmar angles.
During this stage, the vertical ground reaction force is rapidly reducing
and therefore the corresponding vertical ground reaction force for each
palmar angle variation is also different. These data indicate that the
initiation of breakover is delayed when the palmar angle is increased,
as is also evident in data reported by Wilson et al. (1998).
The data contains only three palmar angle variations and it was assumed that these corresponded to toe angles of 45°, 52° and 59°. The
relationship between palmar angle and joint moment at breakover is
close to linear, hence the four values required for the palmar angle
variations in the present study (0°, 5°, 10°, 15°) were linearly interpolated from the data. For the peak GRF and peak JM scenarios the GRF
and JM loads were similar for each palmar angle variation so it was
not necessary to adjust them. The loads applied to the models in each
case are given in tables 6 and 7. All the loads selected occurred during
the propulsion phase, thus the direction of the horizontal GRF was the
direction of horse motion. The load data, given in N/kg body weight,
were multiplied by a body weight of 400 kg to determine the forces to
apply to the model.
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Figure 56: Ground reaction forces at the walk. Vertical lines indicate data
sampling stages: peak vertical ground reaction force (PG), peak
joint moment (PJ), peak joint moment at breakover (B) for +7°, 0°,
-7° palmar angles (left to right). Data from Riemersma et al. (1996b).
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Figure 57: Joint moments at the walk for varying palmar angles. Vertical lines
indicate data sampling stages: peak vertical ground reaction force
(PG), peak joint moment (PJ), peak joint moment at breakover (B)
for +7°, 0°, -7° palmar angles (left to right). Data from Riemersma
et al. (1996b).
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The ground was modelled as a rigid flat plate and frictional boundary conditions were used. A frictional coefficient of 0.9 was selected
based on published experimental data (McClinchey et al. 2004; Vos
and Riemersma 2006). The models were solved using a customised
version of CMISS1 (Nash and Hunter 2000), a research finite element
code developed at The University of Auckland.

6.2.4 Model comparison
Models were compared based on the deviatoric strain energy density
(SED) in the dorsal laminar junction. The deviatoric SED is a measure of
the amount of energy stored during the distortion of a material. It is
calculated by evaluating the SED function using only the distortional
components of the strain, which can be found by subtracting the dilatational components from the total strain. It is a way of representing a
multi-axial load state in an anisotropic material by a single value and
hence is an indication of the load within the tissue. This is similar to
the use of the von-Mises stress as a metric for isotropic materials. Strain
GRFV

GRFH

JM

(N/kg bwt)

(N/kg bwt)

(Nm/kg bwt)

peak GRF

6.17

-0.433

0.189

peak JM

6.01

-0.730

0.202

All palmar
angle
variations

Table 6: Vertical (GRFV) and horizontal (GRFH) ground reaction forces and
joint moments (JM) for the peak ground reaction force (peak GRF) and
peak joint moment (peak JM) scenarios.

Palmar

GRFV

GRFH

JM

angle (°)

(N/kg bwt)

(N/kg bwt)

(Nm/kg bwt)

0

3.98

-0.689

0.255

5

3.72

-0.642

0.229

10

3.33

-0.602

0.203

15

2.84

-0.567

0.179

Table 7: Vertical (GRFV) and horizontal (GRFH) ground reaction loads and
joint moments (JM) for the breakover scenario.
1 http://www.cmiss.org
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energy density was sampled at the centre of the elements representing
the dorsal laminar junction, from the proximal edge of the sole to the
coronet.

6.3

results

In all loading scenarios the SED was lowest at the distal end of the
laminar junction and increased proximally to a peak at approximately
5 mm distal to the edge of its proximal border (figures 58 and 59).
The peak values of SED (table 8) for the 15° palmar angle case ranged
between approximately 1.3 and 3.8 times that of the 0° palmar angle case.
Models with a lower palmar angle showed a more uniform distribution
of SED than those with a higher angle. Peak laminar junction SED was
greatest for the peak GRF scenario and least for the breakover scenario.
For the peak JM scenario it was slightly lower than for the peak GRF
scenario.
The pattern of modelled capsule deflections was consistent with descriptions by others (Fischerleitner 1974; Douglas et al. 1998) in that
the dorsal wall and distal phalanx rotated caudoventrally about the
wall’s distal border, accompanied by abaxial flaring in the caudal parts
of the hoof and ventral deflection of the sole. Raising the palmar angle
decreased the magnitude of the distal phalanx and dorsal wall rotation.
For the peak GRF scenario the ventral deflection of point 1 in figure 53
was 0.82 mm in the 0° case, decreasing almost linearly to 0.65 mm in
the 15° case, while the deflection of point 2 changed non-linearly from
0.54 mm to 0.56 mm, and that of point 3 decreased almost linearly from
0.18 mm to 0.06 mm.
Raising the palmar angle had a greater influence on the SED at the
proximal regions of the dorsal laminar junction compared to the distal
regions. In all models, the SED was lowest at the distal limit of the
laminar junction and increased progressively toward the proximal limit,
with the maximum value occurring at approximately 5 mm distal to the
proximal limit. This SED distribution is consistent with the deformation
mechanism, where the rotation of the distal phalanx causes a progressively greater wall deflection proximally, and therefore greater load in
the laminar junction. The pattern of SED in the laminar junction was
similar to that reported by Thomason et al. (2005). They found lower
stresses at the distal part of the laminar junction and higher stresses at
the mid and proximal parts.
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Radial wall strain for the peak GRF scenario, in the centre of the wall,
adjacent to the mid-point of the distal phalanx load bearing surface, was
1127 µe for the 0° case and 766 µe for the 10° case. This concurs with the
measurements of Hobbs et al. (2009) who, using a load of approximately
65% of the load in this study, found a tensile radial strain of 622(312)
µe (mean(standard deviation)) within the dorsal wall that was reduced
to 75(138) µe when the hoof angle was raised by 10°.

6.4

discussion

The hypothesis that raising the hoof angle reduces the load on the
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Figure 58: Dorsal laminar junction strain energy density at peak vertical
ground reaction force for varying palmar angles.

Load scenario
Palmar

Peak GRF

Peak JM

Breakover

0

3.00

2.84

5.53

5

3.88

3.69

4.72

10

6.11

5.89

5.28

15

11.46

11.2

7.41

angle (°)

Table 8: Peak strain energy density (kPa) for all scenarios.
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Figure 59: Dorsal laminar junction strain energy density at breakover for varying palmar angles.

dorsal lamellae is not supported by the modelling results in this study.
The results are consistent with the alternative hypothesis proposed
by Coffman et al. (1970) that the orientation of the load transmitted
through the second phalanx has a greater effect on dorsal lamellae load
than the DDFT tension.
The reduction in load in the DDFT, reflected in the JM, is thought to have
its greatest influence during breakover. Near this stage, the modelling
predicts that the load on the dorsal laminar junction is slightly reduced
by raising the palmar angle from 0° to 10°, but it increases with a
further increase in palmar angle. At breakover, when the palmar angle
is increased both the vertical and horizontal ground reaction forces
are reduced because raising the palmar angle delays breakover to a
later stage in stance where the magnitudes of these forces are rapidly
reducing. However, this reduction in GRF does not correspond to a
reduction in dorsal lamellar load. This result indicates that decreasing
the JM does decrease the dorsal lamellar load, but that the decrease is
counteracted if it is achieved by increasing the palmar angle. Therefore,
Dorsal lamellar load
is influenced more
strongly by hoof
angle than by DDFT
tension

using other methods to reduce the JM would be expected to reduce
the dorsal lamellar load at breakover. Irrespective of palmar angle, the
dorsal laminar junction load is more strongly influenced by the vertical
ground reaction force than by the joint moment. This effect is also
apparent in the results for the two mid-stance scenarios.
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The greater increase in proximal dorsal laminar junction SED compared
to distal SED, caused by raising the hoof angle, is likely to be due to
a restriction of the wall deflection mechanism. This results in distal
phalanx movement being accommodated by a stretch of the laminar
junction instead of by deflection of the wall.
Hinterhofer et al. (2000) modelled the effects of raising the heel and
toe. Their model represented only the hoof capsule and was loaded by
assuming that the distal phalanx was suspended in the capsule, and
that the load was transferred uniformly to the hoof wall, sole and frog.
To simulate the angle change, they changed the direction of the applied
load. The model of Thomason et al. (2005) was loaded by applying
forces to distal phalanx nodes to reproduce uniform ground contact
pressure. These models did not specifically consider the centre of force
location of the ground reaction force. The present model addresses this
shortcoming since it allows for variation in the joint moment, which
causes variation in the location of the centre of the ground reaction
force and therefore in the predicted mechanical response of the hoof
(chapter 5).
The first stage of structural failure in a laminitic hoof involves a stretching of the laminar junction (Pollitt 2007), with rotational displacement
occurring subsequently. This seems consistent with a mode of failure
that begins at the most loaded proximal part of the lamellae, as predicted by this model, with rotation only occurring after the lamellae
have been weakened. It has been proposed that rotational displacement

Laminar junction
failure in laminitis
may begin
proximally

of the distal phalanx, as a sequel to weakening or failure of the laminar
junction, is a result of the forces imposed by the DDFT and leverage of
the dorsal wall on the ground during breakover (Hood 1999). Experimental results have shown that in laminitic ponies the DDFT force is
zero for the first 40% of stance and only approaches a normal value
near the end of stance, but that the peak vertical GRF is only reduced by
13% compared to normal ponies (McGuigan et al. 2005). Since the peak
lamellar load, predicted by this model to occur at the proximal (not the
distal) region of the laminar junction, is more strongly influenced by
the GRF than the DDFT force and does not occur during breakover, then
this mechanism seems unlikely. An alternative proposed mechanism is
that the digital cushion and the region of the attachment of the DDFT
are a fulcrum about which the distal phalanx rotates (Coffman et al.
1970). As both the DDFT and the digital cushion are soft tissues, it seems
unlikely that these could provide sufficient support. However, if the
hoof has contracted heels or has ingrown bars (Strasser 1997), then these
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could provide support for the palmar processes to act as the fulcrum
for rotation. This could explain why in some hooves the distal phalanx
rotates but in other cases, where this fulcrum perhaps does not exist, it
only displaces vertically.
Bone is deposited in response to mechanical load (Baxter and Turner
2002) and has been observed radiographically on the dorsal cortex of
the distal phalanx, causing it to appear convex (Linford et al. 1993;
Stashak 2002b). This is thought to be an early indication of laminitis.
The dorsal lamellar loading, predicted by the models for high palmar
angles, is consistent with loading that might be expected to cause this
bone remodelling.
The effectiveness of raising the heels as a treatment for distal phalanx
rotation has been reported in one study (O’Grady 2003) as 20 out of 32
horses being returned to some level of usefulness, but below their former
level of athletic ability. In a case study of 4 horses (Taylor et al. 2009)
treated by a protocol that included lowering the heels, all horses showed
no post treatment lameness. The successful use of another protocol
involving lowering the heels, based on similar reasoning (Strasser 1997)
to that hypothesised by Coffman et al. (1970) has also been reported
(Strasser 2001b), but not quantified.
In clinical situations, the palmar angle is often elevated by nailing on
shoes and wedges, after having the heels trimmed short. This leaves less
hoof horn at the heel, which is likely to affect the deflection mechanism
compared to the predictions from the present models that represent an
unshod hoof with higher palmar angles due to heel growth. Horseshoes
have a restrictive effect on the capsule deflections (Colles 1989b) and may
also affect the load distribution in the laminar junction. When compared
to published deflection (Lungwitz 1891) and strain (Thomason et al.
1992) data the model qualitatively shows the expected response. Validation of the model in vitro would be challenging due to the difficulty of
preserving and measuring the in vivo moisture gradient (Bertram and
Gosline 1987) in the hoof wall. The lack of a complete description of
the mechanical properties for some of the tissues is a clear limitation
of this model and other hoof models as has been discussed by other
authors (Collins et al. 2009). Data for the unknown tissue properties was
estimated based on estimates used in other published models. Some
variation among individuals would also be expected and should be
considered when interpreting the results. These assumptions affect the
robustness of the model, and future work should seek to address this
shortcoming.

106

6.4 discussion

This study indicates that raising the heels may increase the load on the
dorsal laminar junction and vice versa. Therefore, hoofcare interventions
that raise the hoof angle may not achieve the desired intention of
reducing the load in the dorsal lamellae.
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MODELLED HOOF LOAD DISTRIBUTION PREDICTS
H O O F C O N T R A C T I O N A N D W E A R PAT T E R N S

summary
A large number of horses have contracted heels, which can lead to
lameness and therefore an incapacitated horse. Heel contraction is
quantified by a low width to length ratio of the foot’s frog. It is known
that lack of load on the hoof (such as when it is injured), a long-toe-lowheel conformation, or the prolonged use of iron horseshoes can cause
contraction, however the underlying mechanism is not understood. If
the cause of contraction could be elucidated then measures could be
taken to prevent it. This study investigated the effects of common hoof
shape variations on the distribution of ground surface contact pressure
and on the distribution of strain in the hoof wall.
Finite element models were created to represent (i) flat weight bearing
on a normal hoof; (ii) a hoof with weight bearing bars (the bar is an
inward turned continuation of the hoof wall); (iii) a hoof with an iron
horseshoe; (iv) a hoof with concave lateral wall relief (as observed in
naturally worn hooves). The models were configured as frictionless contact mechanics problems using a rigid substrate. Boundary conditions
simulating the maximal load in a trot gait were applied.
The models with a flat weight bearing surface, substrate contact on the
bar, and a horseshoe each showed that contact pressure was distributed
away from the heels and was maximal in the contact region distal to
the caudal edge of the distal phalanx. These models indicated a region
of low strain in the wall proximal to the heel. In models with a 1 mm
concave wall relief, the contact pressure was concentrated at the toe and
heel contact points at the onset of loading. However, at the maximal
load it was distributed more evenly along the bearing surface of the
wall, since the relief was flattened out during loading. These models
did not have a region of low strain in the wall at the heel.
Based on these results, it is proposed that a level ground-bearing surface
of the hoof causes redistribution of load away from the heels, which
in turn allows the heels to become contracted. On the other hand,
this is not expected in healthy naturally worn hooves, because the
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concave shape of the bearing surface causes the heels to carry load. The
predicted strain distributions suggest that the caudal part of the hoof is
cantilevered by the distal phalanx. This explains the contact pressure
distributions, which are consistent with the concave bearing surfaces
that have been observed in naturally worn hooves. Understanding the
cause for contraction and for the shape of the naturally worn hoof may
lead to improvements in hoofcare practices.

7.1

Hoof contraction is a
form of atrophy for
which the causes are
not understood

introduction

Hoof contraction, a form of atrophy, is characterised by abaxial narrowing of the hoof capsule (figure 60). A hoof is said to be contracted
if the frog width, measured between the heels is less than two-thirds
of the frog length, measured along its sagittal centreline (Turner 1992).
A potential consequence of contraction is soreness or lameness. It is
believed that this soreness is caused by excessive compression of the
soft tissues (Stashak et al. 2002) due to the distorted shape of the contracted hoof capsule. Contraction is observed in hooves that have not
been load bearing for an extended period. This non-load bearing may
occur due to injury of the limb (Price and Fisher 1995; Stashak et al.
2002). Paradoxically, contraction also occurs in weight bearing hooves
and its causes in this case are not understood (Rooney 1974). Causative
factors implicated include long-toe-low-heel conformation, excessive
dryness, lack of sufficient exercise (Lungwitz and Adams 1884; Stashak
et al. 2002), excessive bar trimming (Lungwitz and Adams 1884; Rooney
1974), overloading of low, weak heels (Glade and Salzman 1985), overgrowth of both heels and toes (Russell 1899), improper expansion of the
hoof (Turner and Stork 1988), errors in shoeing (Lungwitz and Adams
1884; Dollar 1898; Stashak et al. 2002) and shoeing (Russell 1879; Dollar
1898; Strasser 2000).
Studies addressing contraction or its causes are rare. One study where
horses were trimmed with either low heels or high heels and maintained
at pasture for 126 days, with six weekly trimming intervals (Glade and
Salzman 1985), found that the group of horses with low hoof angles
contracted by 7% while those with high hoof angles did not contract.

The worn shape of
the hoof may be
related to the ground
deformability

Hooves prepared for a shoe must have a flat surface on the solar surface
of the wall (Stashak et al. 2002). In contrast, naturally worn hooves
have concave quarter relief (figure 61) such that when placed onto
a flat surface the contact points are at the heels and toe, creating a
three or four point pattern (Ovnicek 1995). It has been observed that
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the solar shape of the hoof is closely related to the type of terrain
where the horse lives. The differences in shape have been attributed to
the frictional properties of the terrain (Rooney 1999). A study of solar
load distribution (Hood et al. 2001) in the standing horse found that
horses maintained on a turf pasture developed quarter relief and had
a three or four point loading pattern, while those maintained on a flat
concrete surface had a flat solar shape and uniform solar loading. The
loading pattern for a highly deformable sand surface was shown to
be distributed transversely across the solar surface, leaving the heels
and toes unloaded, in contrast to the loading pattern on a rigid surface,
which was located around the periphery.
If the cause of contraction could be explained then measures could be
taken to prevent it. By modelling the effects of different solar shapes on
hoof load distribution, the hypotheses that (i) unloading, rather than
loading, contributes to hoof contraction, and (ii) hoof solar shape is
caused by wear due to ground surface deformability, were investigated.

7.2

methods

7.2.1 Biomechanical model geometry
Finite element meshes were created using the parametric hoof model
(chapter 3), configured such that all geometric parameters, apart from

Figure 60: Solar views of normal (left) and contracted (right) hooves, showing
a flat ledge at the intersection of the bar and wall, which is typical
of the preparation for a horseshoe.
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Figure 61: A naturally worn hoof (Photo courtesy of B. Hampson, University
of Queensland).

those pertaining to the variation being created, remained constant. The
models all had a palmar angles of 0° with corresponding toe angles
of 45°. Heel angles were all 45°. The length and width at the ground
contact surface for the models were 144 mm and 126 mm, respectively.
The width of the heels was 100 mm. The lateral wall angle at the widest
part of the hoof was 79°. The wall thickness at the toe was 12 mm
tapering to 6 mm at the quarters. The laminar junction thickness was 4
mm. The hoof models were symmetric about the sagittal midline and
the frog (figure 32) was not included in the geometric model. Thomason
et al. (2005) reported that inclusion of the frog in their model had little
influence on stress at mid-stance, justifying its omission. Thus, it was
assumed that its influence would also be minimal for this study. The
mesh for a model with a flat ground surface is shown in figure 62.
Boundary constraints were configured to maintain symmetry.

7.2.2 Tissue properties
The tissue properties used for this study are described in chapter 4 and
summarised in section 6.2.2.
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Figure 62: Geometry of the flat model (soft tissues not rendered). Points labelled A and B are deflection sampling points. Points labelled N
are nodes that were kinematically constrained to simulate nails.
Application points and indicative directions of the applied forces
are indicated by the solid arrows.

7.2.3 Loading conditions
A weight force of 10 N/kg body weight and a joint moment of 0.25
Nm/kg body weight were used for all models. These loads are typical
of the trot gait (McLaughlin et al. 1996; Clayton et al. 2000b).

7.2.4 Geometry variations
Finite element meshes were created to represent the following geometry
variations: (i) a hoof with a level wall surface and with the bar following
the solar concavity (flat) (figure 62); (ii) a hoof with a level wall and bar
surface (flat bar); (iii) a hoof with 1 mm of concave quarter relief and
with the bar following the solar concavity (concave); and (iv) a hoof with
a level wall surface and with a horseshoe (shod). Nails were simulated
by kinematically constraining nodes located near the toe and quarter of
the distal inner wall, in the craniocaudal and abaxial directions (figure
62).
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7.3

results

In all models the centre of pressure (COP) of the ground reaction force
(GRF) was 25 mm cranial to the centre of articulation of the distal
interphalangeal (DIP) joint, which was located approximately at the
craniocaudal centre of the hoof. This corresponds to the length of the
moment arm of the applied joint moment, given by equation (7.1)
a=

J
Fg

(7.1)

where a is the joint moment arm, J = 0.25 Nm/kg body weight is the
magnitude of the joint moment and Fg = 10 Nm/kg body weight is the
magnitude of the ground reaction force.
Contact pressure in the models with a weight bearing bar and with a
horseshoe was distributed away from the heels and, more or less, evenly
around the centre of pressure. In the model with 1 mm concave wall
relief, the contact pressure was concentrated at the toe and heel contact
points at the onset of loading. However, at the maximal load it was
distributed more evenly along the bearing surface of the wall. This was
because at maximal load the hoof deflected until the solar surface of
the wall at the quarter made contact with the substrate. Reaction force
vectors, contact pressure plots and principal strains in the wall for all
cases modelled are shown in figures 63 and 64.
The maximum principal strain in the proximal regions of the wall, in all
models, was compressive and oriented in the dorso-palmar direction.
In the concave and flat models, but not the others, there was a tensile
maximum principal strain in the distal quarter regions that was oriented
craniocaudally. This strain pattern indicates that the loading mechanism
includes a substantial bending component. The flat bar and shod models
indicated a region of low strain in the wall proximal to the heel. In
the flat model, contact pressure was maximal near the contact region
adjacent to the caudal edge of the distal phalanx. This model, and the
concave model, did not have a region of low strain in the wall at the
heel.
The magnitude and direction of abaxial deflections at the proximal and
distal outer edges of the quarter wall (locations A and B, respectively
in figure 62) and the heel (figure 66) varied greatly with increasing
load and with model (figure 65). The distal quarter and heel locations
of the flat model initially contracted but then expanded, while the
corresponding proximal locations initially expanded but then contracted.
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Figure 63: Lateral views showing strain and ground contact reaction forces,
and solar views showing contact pressure, for the flat bar and shod
solar geometry cases with a load of 1.0× body weight. In the lateral views the light blue outward-pointing cones indicate 500×
extension strain, and the red inward-pointing cones indicate 500×
compression strain. Contact pressure is interpolated from the nodal
reaction force.
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Figure 64: Lateral views showing strain and ground contact reaction forces,
and solar views showing contact pressure, for the flat and concave
solar geometry cases with a load of 1.0× body weight. See figure
63 caption for annotation descriptions.
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For the concave model the distal quarter and heel locations reached
maximal contraction at approximately 20% load and then expanded. The
proximal quarter location for this model reached maximal expansion
at approximately 20% load and then contracted slightly. The shod and
flat bar models showed a similar behaviour to the flat case at the distal
edge except that the magnitude of the expansion was less. At the
proximal edge the flat bar model expanded slightly, while the shod
model contracted sightly. At the maximum load modelled, the maximal
distal quarter and heel expansion was in the flat model, while the
maximal proximal expansion occurred in the concave model and was
considerably larger than the other deflections.

7.4

discussion

These results show that loading of the heels is influenced by the solar
shape and support the hypothesis that unloading, and not loading, of
the hoof is responsible for contraction. Hoof capsule deformability can
explain most aspects of the worn solar shape of the hoof, hence the
hypothesis that ground deformability alone is responsible for the solar

Solar shape
influences heel
loading and may be a
factor in the
development of
contraction

shape is not supported.
The principal strain directions in these models agree, in general, with the
measurements of Thomason et al. (1992). They found that the principal
strains, measured at the approximate mid-points of the lateral and
medial walls, were either aligned with the coronet or at an oblique
angle to it. The models show that the variations in principal strain
orientations at this location may be explained by the degree to which
the hoof is loaded in bending and that the measured principal strain
orientations are likely to be very sensitive to gauge location because of
the neutral axis of bending. Direct comparison of the strain magnitudes
in these models with published hoof strain measurements would be
problematic because of this sensitivity of the strain value to gauge
location. This is a common issue if published data is to be used to
validate such models where strain gradients are large near the gauge
location (Richmond et al. 2005). In addition the strain would also be
expected to be sensitive to the location of the COP of the applied load
(chapter 5), which would also need to be known. Therefore in order
to make a meaningful comparison, the hoof morphometry, the precise
gauge location, and the applied load, as a minimum requirement, must
be known. Strain measurements in the literature to date have not been
accompanied with these data.
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Figure 65: Abaxial expansion of the distal (top, location A in figure 62) and
proximal (bottom, location B in figure 62) outer wall edges at the
quarter with increasing load.

In the flat and concave models there is an area of reduced contact pressure in the region between the caudal edge of the distal phalanx and the
point of the heel. This reduced contact pressure region occurs because
the wall in this region twists as a consequence of downward deflection
of the sole and bar, and this twisting deflects the solar surface of the
wall in that region away from the substrate. Contact pressure, in all
cases modelled, was distributed away from the sagittal toe region. This
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Figure 66: abaxial expansion of the distal (top) and proximal (bottom) outer
wall edges at the heel with increasing load.

can be explained by the deflection of the dorsal wall accompanying the
caudoventral rotation of the distal phalanx (Fischerleitner 1974), which
causes the toe region to deflect upward.
The unloading of the heels shown in models that had a flat solar periphery surface can be explained by the deformability of the hoof capsule.
The cranial part of the capsule suspends the distal phalanx, providing a
stable support for the capsule, whereas the caudal part of the capsule
is supported only by soft tissues that are much more compliant than
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cantilevered from the
distal phalanx
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both the bone and the capsule. This anatomical arrangement means that
the heels are cantilevered from the distal phalanx and their deflection
is only resisted by bending of the hoof capsule in a parasagittal plane.
The strain pattern in the hoof wall for the concave quarter relief model
indicates that, for this case, the wall loading approximates three-point
bending, which is consistent with the cantilever concept. The cantilever
concept also explains the modelled and observed (Hood et al. 2001)
contact pressure patterns in the central and caudal parts of the hoof.
The purpose of the bar may, therefore, be to provide additional bending

Unloading of the
heels is supported as
a causative factor for
contraction

stiffness to the cantilevered part of the hoof. High heels add material
to the caudal part of the hoof wall and cause it to act less in bending
(data not shown), thus unloading the proximal heel and quarter. This
may be the reason for the observed contraction in overgrown hooves. If
contraction is related to heel unloading and it is a cause of pain (Turner
and Stork 1988) then it is likely to be self-proliferating due to voluntary
unloading of the heels (Wilson et al. 2001).
The findings of Glade and Salzman (1985) show that low heels are related to contraction. However, in apparent contradiction to this finding,
successful reversal of contraction in hooves has been reported (Strasser
2001b) using a method that involves low heels and trimming the bars
to mirror the natural solar concavity of the hoof and avoid their direct

Weight bearing on
the bars may lead to
contraction

load bearing. These modelling results indicate that if the bars were
supported then this would cause unloading of the heels and potentially
lead to contraction. Due to the naturally concave solar shape, hooves
with high heels would be expected to have less bar contact with the
ground, while hooves with low heels would be expected to have more
contact with the ground. Thus, a potential explanation is that lowering
the heels without trimming the bar, as is common trimming practice
(Stashak et al. 2002), allowed ground contact with a substantial portion of the bar, and it is this mechanism, rather than low heels that is
the cause of the contraction. A similar mechanism applies to a shod
hoof. Comparing the shod case to the flat bar case, one difference was
that in the shod case the heel end of the bars were resting on the shoe,
contributing to unloading of the heel. This unloading occurs because
the heel is levered upward by the downward deflection of the bar and
sole, the fulcrum being formed by the edge of the shoe laying across
the bar. While this amount of bar is relatively small it appears to have a
large impact on the load distribution in the heels and may explain why
hoof contraction is often observed in horses that have been shod for
an extended period (Strasser 2000). Low heels also allow greater heel
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expansion compared to high heels (data not shown), due to the smaller
amount of material involved and greater horn compliance caused by
greater hydration (Kasapi and Gosline 1999). If lack of expansion plays
a role in causing contraction then lower heels would be advantageous
in preventing it.
It has been proposed that restriction of hoof expansion may contribute
to contraction (Turner and Stork 1988). Heel expansion in the shod
and flat bar case was limited when compared to the flat case. This was

Quarter relief causes
expansion at the
coronet

expected because the horseshoe has a restricting effect (Colles 1989b;
Roepstorff et al. 2001). An unexpected finding, however, was that the
concave model did not show expansion of the distal wall edge at the
heel or quarter. Instead, the effect of the quarter relief was to greatly
increase the proximal expansion in this region. This deflection is caused
by a twisting motion of the wall at the heel, about a craniocaudal axis,
when the increasing load causes the wall to bend. This twisting motion
stops when the distal surface of the wall contacts the substrate. On
a deformable surface, greater loading of the quarter wall would be
expected, due to ground deformability, even for a concave solar shape.
Therefore, the response of a hoof with a concave sole on such a surface
would be expected to lie between the response of the flat and concave
models.
When the models were not loaded in bending, there was a region of
low strain at the proximal heel and quarter. The amount of proximal
expansion of the quarter and heel could be more important in the
pathogenesis of contraction than the amount of distal expansion if
the formation of new horn is influenced by loading, as is the case
for other structural tissues such as bone (Baxter and Turner 2002).
Expansion at the proximal heel quarter would be expected to cause
newly formed horn to tend to grow in the expanded shape, while the
reverse would be expected for contraction, allowing the heels to curl
inward. This is consistent with the implication of lack of exercise as a
cause for contraction, since the greater loads experienced by the hoof
during locomotion (McLaughlin et al. 1996) are required for greater
hoof expansion. Different horses show a large range of hoof shapes and
these results show that hoof deflections are sensitive to shape variations.
Further work is required to determine if these results are generally
applicable.
A naturally worn hoof has concave quarter relief (Ovnicek 1995). Both
Rooney (1999) and Hood et al. (1997, 2001) attribute this wear pattern
to the deformability of the substrate. The present models used a rigid
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substrate, and the results indicate that the deformability of the hoof
capsule and the loading magnitude would also be expected to influence
Wear is proportional
to contact load

the wear pattern. A well known wear model (Archard 1953) assumes
that wear due to sliding is proportional to both the sliding distance and
the contact pressure, and is described by equation (7.2)
H = k×p×S

(7.2)

where H is the depth of wear, k is a surface dependent wear coefficient,
p is the contact stress and S is the sliding distance. This wear model
indicates that for a similar sliding distance, uniform wear would be
expected for uniform contact stress, and that any areas having greater
contact stress would be expected to have greater wear than other areas.
Accordingly, assuming that hoof growth is uniform, then for a hoof to
maintain concave quarter relief requires uniform wear and therefore
uniform loading, on average, over the whole of the load bearing surface.
These results indicate that a hoof with a flat bearing surface has centrally
distributed load and would be expected to wear preferentially at the
Bending deflection of
the capsule causes
uniform contact load
in a hoof with
quarter relief

quarters. Once quarter relief has developed then the model shows
that the load distribution would become more uniform. This occurs
because the caudal part of the hoof is loaded in bending. Therefore,
the hypothesis that the amount of quarter relief will be proportional
to the average GRF magnitude experienced by the hoof is proposed.
The magnitude of the GRF is related to the locomotion velocity and
the gait (McLaughlin et al. 1996). Therefore the hooves of horses using
faster gaits would be expected to have greater quarter relief. The near
uniform peripheral hoof contact measured in horses maintained on a
flat concrete surface (Hood et al. 2001) indicates that the measurement
condition, of a standing horse with 28% of body weight load, was
similar to the predominant wear-causing load. The three or four point
ground contact measured in horses maintained on pasture (Hood et al.
2001) indicates that quarter relief was present and that the measurement

The hypothesis that
the amount of
quarter relief will be
proportional to the
average GRF
experienced by the
hoof is proposed

load was probably less than the predominant wear-causing load. This
seems plausible given the open space nature of most pastures and the
relatively confined nature of most areas with a concrete surface.
One aspect of the hoof shape that is not explained by the deformation
of the capsule is the wear at the sagittal toe region. All models show an
area of lower contact pressure there, which would allow a high point to
develop, but this is not observed. The explanation is that at breakover
the toe cuts in to the ground and this region is therefore subject to a
different sliding motion than the other parts of the load bearing surface,
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and that it is subject to considerably different loading to that modelled
due to the changing orientation of the hoof in relation to the ground
at this stance stage. A further complicating factor is that the heels and
quarters expand abaxially under load (Lungwitz 1891) and this motion
would increase the sliding distance of those regions, but not of the toe
region, which is unaffected by this motion.
COP

location would also be expected to influence wear because it

changes the distribution of the contact loads. Eliashar et al. (2004) found
that lowering the hoof angle moved the COP cranially while raising it
moved the COP caudally. Thus, hooves with a higher angle would be
expected to preferentially wear the heels. Glade and Salzman (1985)
found that hooves trimmed with toe angles either 5° high or 5° low
tended to wear back to their original angle. Those findings indicate that
the hoof angulation is likely to be coupled with the wear mechanism
such that the angle is self-correcting. Further study into this mechanism
may provide insight into the ongoing debate (Eliashar 2007) about the
proper hoof angle.
These modelling results show that flat weight-bearing unloads the heels
and contracts the caudal coronet under load bearing, which may be
causative factors for heel contraction. They also allow an alternative
interpretation of experimental solar load data, provide an explanation
for how quarter relief develops in naturally worn hooves, and lead
to the hypothesis that hoof capsule deformability, rather than ground
deformability, is primarily responsible for shaping the hoof.
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CONCLUSION

This thesis documents the development of a mechanics model of the
equine hoof encompassing all aspects of the finite element modelling
process including the definition of geometry, material properties and
boundary conditions. The model was used to perform parametric studies of several aspects of hoof biomechanics leading to several new
insights into hoof function.
The parametric geometry model was capable of producing a range of
hoof shapes that represent observed shape variations. These geometry
variations were successfully used to study the effects of hoof shape on
hoof biomechanics.
Deflections of the hoof capsule, also known as the hoof mechanism,
were predicted to be influenced by the moisture content of the tissue
and strongly influenced by centre of pressure (COP) location of the
ground reaction force (GRF). The models predicted that variations in
the moisture content of the hoof capsule horn would have an influence
on deflections and stored elastic energy in the capsule. Data about
the mechanical behaviour of the hoof tissues was incomplete but the
assumed parameter values were shown to have a small effect on the
overall model behaviour. Manipulating the moisture content of the hoof
should allow the hoof deflections to be modulated to some degree.
The influence of COP location suggests that the horse may be able to
control the capsule deflections by varying the load placement on the
hoof. The magnitudes of the hoof capsule deflections were proportional
to the elastic energy absorbed by the hoof and increased with caudal
loading, providing quantitative support for the notion that heel landing
is optimal. Because the location of the COP of the GRF, and to a lesser
extent the hoof wall moisture content, can have a great influence on the
model predictions, validation studies that measure hoof deflections and
strains should attempt to measure or control these parameters.
The model geometry did not include the frog or digital cushion, yet
showed hoof deflections within the reported in vivo range, therefore the
pressure and depression theories of hoof function are not supported.
However, the geometry hypothesis for hoof expansion is strongly supported by all of these results.
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It is conventionally assumed that raising the hoof angle will reduce the
dorsal lamellar load because it is known to reduce the joint moment,
which is assumed to be resisted by the dorsal lamellae. The model predicted that the opposite effect would occur. An implication of this result
is that lower palmar angles may provide for optimum biomechanical
function of the hoof.
Modelled hoof wall strain patterns predict that the caudal part of the
hoof is cantilevered from the distal phalanx. This is consistent with the
anatomy and has important implications for hoof function. It explains
why naturally worn hooves, with low heels, develop quarter relief and
predicts unloading of the heels when the bearing surface is flat, which
may be a cause of contraction. Additionally, contraction of the caudal
coronet under load bearing may cause the new hoof horn to grow in a
contracted shape, over time leading to hoof contraction.

8.1

future work

This research was focussed only on mathematical modelling of the hoof
and was dependent entirely upon published work for input data. The
sparsity of this data highlights the need for much experimental work.
To illustrate the depth of this gap in the knowledge about the hoof, the
dorsopalmar angle of the distal phalanx, often described as being 45–50°
in the fore and 50–55° in the hinds, is a noteworthy example. It was not
until very recently (Dyson et al. 2010) that the mean fore distal phalanx
angle has been statistically validated as 44.7(4.5)° 1 . No similar data
has been published for a hind foot. It is therefore not surprising that no
useful data exists to describe the shape of the hoof. The measurement
of the basic anatomy of the horse’s hoof is required to further geometry
modelling efforts and, as discussed in chapter 3, to validate these
geometry models against a statistically relevant anatomical sample. The
ability to generate anatomically accurate models does not necessarily
negate the need to do this because the shape variations, which to be
practicable need to be generated by a model, also require validation.
Most models require experimental validation and this can be done at
many levels. It would increase the confidence in this model and future
hoof models if the components used for building the models could be
validated separately as well as doing a validation of the whole model.

1 Mean

(standard deviation), n=300. Values calculated from the published data.
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The material properties of the hoof wall have been measured sufficiently
to enable an adequate material model but the data available for other
tissues is either incomplete, as for the sole and laminar junction, or non–
existent, as for the white line and sole corium. There is much scope for
experimental work to determine the properties and the microstructure,
in respect of its relevance to biomechanics, of these tissues.
The number of variations in the geometry of the horse’s hoof that can
be observed by visiting any group of horses is vast. This study has
explored only a small number of these variations and the study of
a wider range of shape variations, for example upright and sloping
hooves, should provide further insight into hoof function.
Refinement of this model and investigation of different hoof shape and
loading variations should provide further new understanding of hoof
biomechanics.
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A

CONTINUUM MECHANICS DEFINITIONS

This appendix provides supporting information for section 2.5 in chapter 2 Background.
The formulation in the following summary was originally described by
Nash and Hunter (2000) and their terminology and notation is used
here.
In large strain continuum mechanics the deformation gradient tensor1
FiM =

∂xi
∂X M

describes the transformation of a line segment in the ref-

erence or undeformed state dxi into a line segment in the deformed
state dXi . Strain can be characterised using either the right CauchyGreen deformation tensor C = F T F or the Green-Lagrange strain tensor
1
2 (C

− I) and the volume change for a deformation is given by
J = det(F).

E =

The Cauchy stress σ ij is found by solving the stress equilibrium equations, which arise from Newton’s laws (conservation of linear and
angular momentum), and in the absence of body and acceleration forces
∂σ ij
∂xi

= 0. Stress is related to strain by the material response,
which is described by a strain energy density function Ψ = Ψ(E).
Partial differentiation of Ψ with respect to each component of the GreenLagrange strain provides the components of the 2nd Piola-Kirchhoff
stress tensor T = ∂Ψ
∂E . The Cauchy stress is related to the 2nd PiolaKirchhoff stress by the transformation σ = 1J FTF T .
reduce to

For modelling biological materials, it is convenient to describe directionally dependent material properties with respect to a material or local
coordinate system να that is embedded in the object and is orthogonal
in the reference state. We choose to label these coordinate axes L, C
and R to correspond with the longtudinal (proximodistal), circumferential and radial directions of the tissue with respect to the anatomy
of the hoof wall. In this coordinate system the Green-Lagrange strain
(ν)

(ν)

(ν)

(ν)

tensor is Eαβ = 12 (aαβ − Aαβ ) where aαβ and Aαβ are the metric tensors of the material coordinate system, which are related to the global
(ν)

coordinate system by Aα
(ν)

(ν)

(ν)

=

and Aαβ = Aα  A β , where
1 The

(ν)
∂Xk ( x )
∂να gk , aα
(x)
gk are the

=

∂xk ( x )
∂να gk ,

(ν)

(ν)

(ν)

aαβ = aα  a β

base vectors of the global

Einstein summation notation is used unless noted otherwise.
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coordinate system. If the να coordinates are rectangular Cartesian, then
(ν)

the material Green-Lagrange strain tensor becomes Eαβ = 12 (aαβ − δαβ ),
where δαβ is the Kronecker delta. When material properties are specified
in this coordinate system, the strain energy density function is defined
in terms of the material Green-Lagrange strain as Ψ = Ψ(Eαβ ).
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M E S H M AT H E M AT I C S

This appendix provides supporting information for chapter 3 A hoof
geometry model.

b.1

introduction

A finite element mesh provides a specific mathematical representation of
a geometric domain for solving boundary value problems. The accuracy
and reliability of the numerical solution techniques depend on the
mesh being properly designed and numerically well conditioned. In
this appendix the mathematical background for finite element meshes,
and the specialised implementation using Hermite interpolation used
in this study, will be described.
An original contribution was the discovery of the reason that collapsed
elements can be problematic in cubic Hermite meshes. A modification of the interpolation formulation was devised to resolve the issues
discovered.

b.2

basis and interpolation functions

b.2.1 Element interpolation function
An element interpolation function ψ(e) is created by multiplying a
basis function ψn with each nodal parameter X n . This is expressed by
equation (B.1),
X (e) ( x, y, z) =

M

∑ ψn (x, y, z)X n

(B.1)

n =1

where M is the number of nodes and n is the node identifier within
the element. Equation (B.1) means that the field value X (e) at any point

( x, y, z) in an element is the sum of the products of the nodal values X n
and corresponding basis functions ψn ( x, y, z) . It is convenient for the
finite element formulation to express the basis functions in a parametric
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values from each
node in an element
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mesh mathematics

form, such that the parameter values ξ 1 , ξ 2 , ξ 3 vary from 0 to 1 and in
this case the interpolation function becomes
M

X (e) ( ξ 1 , ξ 2 , ξ 3 ) =

∑ ψn (ξ 1 , ξ 2 , ξ 3 )X n

(B.2)

n =1

When interpolating geometry, each of the geometric coordinates, conventionally labelled x, y, and z will be interpolated independently.
When the same basis functions are used for the field variable and the
geometry then the formulation is called isoparametric (Hutton 2003, p
196).
For an introduction to shape functions see the book by Hutton (2003, p
163) or, for a more thorough treatment, the book by Zienkiewicz and
Morgan (1983).

b.2.2 Basis function types
In the finite element formulation used in this study the basis functions
ψn (ξ 1 , ξ 2 , ξ 3 ) are linear Lagrange1 or cubic Hermite2 . Lagrange interpolation means that only nodal points are used while Hermite interpolation
means that points and tangents are used. It is possible to use any order
of polynomial for these interpolations but the complexity of the implementation increases with the order, especially if derivative continuity
with adjacent elements is desired.
The use of high order basis functions to provide improved accuracy is
well described in the literature (see, for example, Zienkiewicz and Morgan (1983)). In contrast their use to provide C1 continuity is not widely
described, but Oden (1972, pp 52-3) mentions that the implementation
is complex in this case.
The 1-dimensional parametric linear Lagrange basis functions are
ψ1 (ξ ) = 1 − ξ

ψ2 (ξ ) = ξ

(B.3)

and the 1-dimensional parametric cubic Hermite basis functions are
ψ10 (ξ ) = 1 − 3ξ 2 + 2ξ 3

ψ20 (ξ ) = ξ 2 (3 − 2ξ )

ψ11 (ξ ) = ξ (ξ − 1)2

ψ21 (ξ ) = ξ 2 (ξ − 1)

1 Joseph-Louis
2 Charles

Lagrange (1736–1813)
Hermite (1822–1901)

132

(B.4)

B.2 basis and interpolation functions

133

where the superscripts refer to the derivative order and the subscripts
refer to the node index. For example ψ21 means that this basis function
is multiplied with the first derivative, or tangent, parameter of node 2.
Applying equation (B.1), a Hermite interpolation function is constructed
by combining these basis functions with the nodal parameters
u(ξ ) =

ψ10 (ξ )u1

+ ψ11 (ξ )



∂u
∂ξ


1

+ ψ20 (ξ )u2

+ ψ21 (ξ )



∂u
∂ξ


(B.5)
2

Sets of basis functions may be generated for higher dimensional elements by taking the tensor product of the 1-dimensional basis functions
(Bradley et al. 1997). The basis functions for a 2-dimensional bicubic
Hermite element are
u(ξ 1 , ξ 2 ) = Ψ01 (ξ 1 )Ψ01 (ξ 2 )u1

+ Ψ02 (ξ 1 )Ψ01 (ξ 2 )u2

+ Ψ01 (ξ 1 )Ψ02 (ξ 2 )u3
 
∂u
+ Ψ11 (ξ 1 )Ψ01 (ξ 2 ) ∂ξ
 1 1
∂u
1
0
+ Ψ1 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ
 1 3
∂u
+ Ψ01 (ξ 1 )Ψ11 (ξ 2 ) ∂ξ
 2 1
∂u
0
1
+ Ψ1 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ
 22 3 
u
+ Ψ11 (ξ 1 )Ψ11 (ξ 2 ) ∂ξ∂1 ∂ξ
 2 2 1
u
1
1
+ Ψ1 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ∂1 ∂ξ
2
3

+ Ψ02 (ξ 1 )Ψ02 (ξ 2 )u4
 
∂u
+ Ψ12 (ξ 1 )Ψ01 (ξ 2 ) ∂ξ
 1 2
∂u
1
0
+ Ψ2 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ
 1 4
∂u
+ Ψ02 (ξ 1 )Ψ11 (ξ 2 ) ∂ξ
 2 2
∂u
0
1
+ Ψ2 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ
 22 4 
u
+ Ψ12 (ξ 1 )Ψ11 (ξ 2 ) ∂ξ∂1 ∂ξ
 2 2 2
u
1
1
+ Ψ2 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ∂1 ∂ξ
2
4

(B.6)
The term

d2 u
dξ 1 dξ 2

is known as a cross derivative and is required to com-

plete the polynomial (Hutton 2003, pp 174–6). When the basis functions
involve the tensor product of two or three cubic Hermite basis functions
they are often called bicubic or tricubic, respectively.

b.2.3 Curve continuity
When an object has been divided into elements its boundaries and
adjacent element boundaries are defined by piecewise curves. The
continuity of a curve describes the way in which the segments are
joined and is classified as either geometric or parametric (Foley et al.
1990, p 480). If the curve segments are joined then the curve is said
to have G0 geometric continuity. If the tangents of the curve segments
at the join have the same direction then the curve is said to be G1
continuous. A curve has C1 , or parametric, continuity if the magnitudes
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of the tangents at the join are also equal. C0 continuity is equivalent
to G0 continuity, and except for the case where the magnitude of the
tangent vector is zero at the join, C1 continuity implies G1 .
For modelling shapes that have smooth, but not planar, surfaces using
a finite element mesh, a representation that uses G1 continuous curves
will allow a shape to be represented with fewer elements, and hence
fewer degrees of freedom, than a representation that uses straight sided
elements. This also applies to representing a field using the mesh where
a variation in the field can be modelled with fewer parameters than for
a linear mesh. Using C1 or G1 continuity also means that the surface or
field remains smooth3 at element boundaries.
For finite element modelling C1 continuity has the advantage, as with
geometric modelling, that fewer degrees of freedom may be used to
represent a field compared to C0 continuity alone. In addition a C1
continuous mesh has been shown to improve the numerical stability of
finite element solution algorithms (Petera and Pittman 1994).
If Hermite interpolation is used then it is possible to enforce C1 continuity by sharing nodal parameters. It is also possible for the curve to
not have C1 continuity at the join if the parameters are independent in
each element, but if this is done then there is probably no advantage of
Hermite over Lagrange interpolation.

b.2.4 Scale factors
In equation (B.8) the derivative parameters



du
dξ


n

are the tangents with

respect to the parameter ξ, which is independent in adjacent elements.
However, to ensure C1 continuity these tangents must be made equal.
In order to ensure that these derivatives are consistent, instead of the
parametric tangent, a physical tangent with respect to the arc length
s is used and is common to all elements that include that node. The
relationship between the parametric tangent and the physical tangent is


du
dξ





=
n

du
ds





·
n

ds
dξ


(B.7)
n

3 Meaning smooth in the aesthetic sense rather than the analytical mathematical
one, where smooth means C ∞ continuity.
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If



ds
dξ


n
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is written as Sn then the 1-dimensional interpolation formula

becomes
u(ξ ) =

ψ10 (ξ )u1 + ψ11 (ξ )



du
ds


1

· S1 + ψ20 (ξ )u2 + ψ21 (ξ )



du
ds



· S2 (B.8)
2

The term Sn is known as a scale factor and to ensure C1 continuity the
scale factors must be defined per node rather than per element. An
additional practical requirement is that

du
ds

must have unit magnitude

(Bradley 1998, p 17) to ensure that all scale factors use the same scale.
It is desirable, for computational reasons, to have a uniform change of
ξ with s, therefore a good choice of scale factor to achieve this is the arc
length itself (Bradley 1998, p 17)

S=

Z 1
0

s



dx
dξ

2



+

dy
dξ

2
dξ

(B.9)

Unless the geometry and mesh are uniform, the arc length will be
different for each element that includes the node and its use as a scale
factor would result in only G1 continuity. Since C1 continuity requires
that the direction and magnitude of the tangent vectors are equal for
adjacent curve segments then the scale factors must be the same in
adjacent elements. In practice the mean arc length of the two adjacent
curves is used. This is a compromise with the requirement to have a
uniform change of ξ with s and means that a mesh should be designed
so that the arc length of the edge curves in adjacent elements is as
similar as possible.
Some practical choices for mean arc length are the arithmetic (Bradley
1998, p 21) or harmonic mean (Stevens 2002, p 48). The harmonic mean,
the reciprocal of the arithmetic mean of the reciprocals, gives numerically lower values and is useful where adjacent elements do not have
similar arc lengths. In these cases, if the arithmetic mean is used, then
there is a greater possibility that the shorter of the curves will contain
an inflexion with adjacent regions of very high curvature, causing the
curve to fold back on itself and leading to numerical instability in
problems that use the mesh, since this causes part of the element to be
“inside out”.
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b.3

mesh structure

In order to implement computer code to represent a finite element
mesh it is desirable to take advantage of mesh regularity to allow more
efficient code to be written.

b.3.1 Consistent parametric direction
A regular mesh
structure is one
where the parametric
directions of adjacent
elements are the
same

When the mesh has more than one dimension then in order to provide
C1 continuity by using shared nodal parameters the mesh must either
have a regular structure, where the parametric directions of adjacent
elements are consistent4 , or a mapping at each node to ensure that
appropriate derivatives are used (Petera and Pittman 1994). When a
mesh has a consistent structure, an element edge curve described, for
example, by the parameter ξ 1 must only join to another element edge
curve segment described by that parameter.
There are many cases where it is not possible for a mesh to have a
regular structure. A case mentioned by Bradley (1998, p 21) is that it
is not possible to close a surface in 3 dimensions when using bicubic
Hermite quadrilateral elements, while maintaining a regular mesh
structure. Other cases include the heart meshes of Nash (1998) and
Stevens (2002) that use wedge shaped elements for the ventricle apex.
Mesh designs for long bones and flat muscles used by Fernandez (2004,
p 31) have either wedge shaped elements or a combination of wedge
shaped elements and multiple derivative versions.

b.3.2 Multiple derivative versions
In some cases C1 continuity may not be required at a particular node
and at that node the tangent directions or magnitudes may be different in the adjacent elements. This situation is implemented by using
an independent, instead of shared, parameter for that derivative for
each of the elements involved. In the CMISS implementation these are
known as derivative versions. Derivative versions are also used to resolve
inconsistent parameter directions.

4 Since almost all of the literature related to CMISS uses ξ as the parameter, the
terminology “consistent ξ directions” is often used.
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b.3.3 Parameter mappings
If it is not possible to maintain a regular mesh structure, due to the
characteristics of the geometry being modelled, for example if the ξ 1
edge of an element has to join with the ξ 2 edge of the adjacent element,
then C1 continuity can be enforced by using a mapping so that the value
for the ξ 1 derivative of the first element is used in the interpolation of
the relevant edge in the second element5 .

b.3.4 Automated continuity checking
Since the mesh is structured, it should be possible to automatically
detect if a mesh maintains C1 continuity and also to add derivative
versions and parameter mappings as required. Some investigation was
made into doing this but was not pursued as it was considered to be
outside the scope of this study. Such functionality would be especially
helpful for new users of the CMISS software who do not necessarily
need to learn the details of the mesh mathematics or for experienced
users to detect errors in mesh configuration.

b.3.5 Collapsed elements
The wedge shaped elements used to maintain mesh structure are called
collapsed elements because one or more of the faces or edges of a regular
element are collapsed to zero area or length respectively. As illustrated
by the examples mentioned above they are useful for modelling topologically cylindrical shapes using wedges, but there are other mesh
configurations where they can be used to maintain mesh consistency.
One way to create a collapsed element, in 2-dimensions, is to use the
parameters from one node twice in the interpolation function for the
element, and similarly in 3-dimensions by using the parameters from
two nodes twice. These nodes are often referred to as collapsed nodes.
This is sufficient to collapse linear Lagrange elements. However, for
2-dimensional bicubic Hermite elements, Bradley et al. (1997, p 21)
identify two problems with this approach: one of the two parameter
5 In the implementation in CMISS the interpolation parameters are indexed by
local element number and this cannot be changed. Therefore, to allow inconsistent
parameter versions to be used, an additional version of the node must be created and
the parameters of this node mapped to the appropriate parameters of the original node.
Alternative implementations that do not require this step are possible.
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directions at the collapsed node is undefined; and the distance between
the nodes is zero, leading to numerical problems. No details are provided about the numerical problems. This type of collapsed element
has, however, been used successfully in heart meshes by Nash (1998)
and Stevens (2002). Bradley overcame the difficulties with the collapsed
elements by defining a new quadratic basis function that did not include
the undefined derivative, and used this new basis function to form a
tensor product for 2-dimensional elements (Bradley et al. 1997, p 21–6).
In the formulation described in this appendix, the problem with a
cubic Hermite element collapsed by using one of the nodal parameter
sets twice, yet without altering the interpolation function, is that the
parameter direction that should be undefined in the element, remains
Unmodified collapsed
elements do not work
with cubic Hermite
interpolation because
a non-zero derivative
parameter causes the
collapsed edge to
have a finite arc
length

defined, since it is shared with adjacent elements. Even though the end
points of the collapsed edge curve are coincident, the curve will have
a non-zero arc length if the arc length derivative in that direction is
non-zero. The curve of the collapsed edge will therefore be a cubic
segment with each end beginning at the same location but with the
tangents pointing in opposite directions, causing the element to be
inverted near the collapsed edge. In a rendering of a collapsed element
this may cause the appearance of a “wrinkle” of the mesh surface near
the collapsed edge. It is also possible that the inversion is too small to
be noticed in a rendering of the mesh. This inversion of the element
may be the source of the numerical problems noted by Bradley.
The solution to this issue is to ensure that the arc length of the curve
between the coincident nodes is zero. This requires that the parametric
derivative

du
dξ

is set to zero. Inspecting equation (B.7) shows that this

can be achieved by setting either the arc length derivative or the scale
factor to zero. Cross derivatives including the collapsed derivative must
also be set to zero. For example, in a bicubic two-dimensional element
having nodes 1 and 2 coincident, the interpolation function is modified
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by setting terms involving

∂u
∂ξ 1

to zero when calculating the contribution

to the interpolation of nodes 1 and 2 as shown in equation (B.10).
u(ξ 1 , ξ 2 ) = Ψ01 (ξ 1 )Ψ01 (ξ 2 )u1

+ Ψ02 (ξ 1 )Ψ01 (ξ 2 )u2

+ Ψ01 (ξ 1 )Ψ02 (ξ 2 )u3


∂u
+ Ψ11 (ξ 1 )Ψ01 (ξ 2 ) ∂ξ
=
0
1
 1
∂u
0
1
+ Ψ1 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ
 1 3
∂u
0
1
+ Ψ1 (ξ 1 )Ψ1 (ξ 2 ) ∂ξ
 2 1
∂u
+ Ψ01 (ξ 1 )Ψ12 (ξ 2 ) ∂ξ
 22 3

u
1
1
+ Ψ1 (ξ 1 )Ψ1 (ξ 2 ) ∂ξ∂1 ∂ξ
=
0
1
 2 2
u
1
1
+ Ψ1 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ∂1 ∂ξ
2
3

+ Ψ02 (ξ 1 )Ψ02 (ξ 2 )u4


∂u
+ (Ψ12 (ξ 1 )Ψ01 (ξ 2 ) ∂ξ
=
0
2
 1
∂u
0
1
+ Ψ2 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ
 1 4
∂u
0
1
+ Ψ2 (ξ 1 )Ψ1 (ξ 2 ) ∂ξ
 2 2
∂u
+ Ψ02 (ξ 1 )Ψ12 (ξ 2 ) ∂ξ
 22 4

u
1
1
+ Ψ2 (ξ 1 )Ψ1 (ξ 2 ) ∂ξ∂1 ∂ξ
=
0
2
 2 2
u
1
1
+ Ψ2 (ξ 1 )Ψ2 (ξ 2 ) ∂ξ∂1 ∂ξ
2
4

(B.10)
The reason that collapsed elements have been used successfully for
apex topology meshes without issues is that in this configuration all
of the collapsed elements share the same node, and in that node the
relevant arc length derivative is set to zero, thus effectively using the
interpolation in equation (B.10). An issue only arises in the case where
the collapsed element is adjacent to a non-collapsed element since in
this case the shared arc length derivative will, in general, be non-zero.
Within the CMISS framework there are two possible solutions to this
issue: one is to use derivative versions to allow each element to have
independent derivatives in that parameter direction, the other is to set
the element scale factor to zero when a collapsed element is detected.
The second approach was used in this study6 .
Interpolation of fibre direction in collapsed elements
In CMISS the components of the finite elasticity strain energy density
function are related to a fibre coordinate system (Nash 1998), which is
specified relative to the parameter directions by Euler7 angles. Specifically the first fibre direction is specified by an angle relative to the
first parameter direction. If, for example, a 2-dimensional element is
collapsed in the second parameter direction then the fibre interpolation
will require two versions for the angle at the collapsed node. If the
6 Setting the relevant scale factors to zero, for collapsed elements, was implemented
in CMISS by Dr P. Mithraratne, a staff member at the Auckland Bioengineering Institute
(ABI), following discussion of the issue with the author, and can be accessed on a
Concurrent Versions System (CVS) branch of the CMISS source file fe02/DLSE.f.
7 Leonhard Paul Euler (1707–1783)
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desired fibre direction is parallel to one of the second parameter edges
then the two angle versions will have different values at the collapsed
node, which is the same point in space. This introduces a small error in
the fibre direction but it is not known if it also causes numerical issues.
If the fibre directions are aligned with the element edges, the angles
being zero, as in this study, or if an isotropic material law is used, then
this issue does not occur. In other cases it can possibly be avoided by
choosing the mesh orientation so that the elements are collapsed in the
second or third parameter direction instead of the first. Alternatively
if the fibre angles were specified relative to a global reference or if a
vector representation was used then this issue could be avoided.
Calculation of mean arc length in collapsed elements
In CMISS the mean arc length and direction is computed using all of
the derivative versions of a node. This can lead to inversion of collapsed
elements, which then creates difficulties for geometric fitting. Consider,
for example, the case where a node has three ξ 1 curves having tangents
at approximately 120° to each other. A modification was made to CMISS
to use only continuous derivatives to calculate the mean arc length so
that a maximum of two element edges would be considered in the
calculation8 .

b.4

geometric fitting

Geometric fitting is a procedure for matching the lines or surfaces of
a mesh to a set of data points. A variant of the iterative closest point
algorithm (Zhang 1992; Rusinkiewicz and Levoy 2001) is implemented
in CMISS (Fernandez et al. 2004). In this method the distance between
each data point zd and its orthogonal projection onto the mesh surface
u(ξ 1d , ξ 2d ) is minimised using equation (B.11)
N

F (un ) =

∑ wd ku(ξ 1d , ξ 2d ) − zd k2 + Fs (un )

(B.11)

d =1

where wd is a weight for each data point, always set to 1 in this study,
and Fs (un ) is a penalty function having parameters that can be adjusted
to constrain the arc length, surface area and curvature to compensate
for sparse or noisy data. As the scale factors, present in u(ξ 1d , ξ 2d ), are
8 This

feature can be accessed using the command: fem update nodes derivatives

... versions individual
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calculated from the arc length, which is being changed by solution
of this equation, it is nonlinear. However, if the scale factors are held
constant then the problem becomes linear (Bradley et al. 1997). In this
case the scale factors must be adjusted after the fit and the fit repeated
until the error reduces to a stable value, which typically will require
about 3 iterations.

b.4.1 Data projection and face searching
In equation (B.11) the projection point u(ξ 1d , ξ 2d ) is found by solving
the nonlinear simultaneous equations
∂D
=0
∂ξ 2

∂D
=0
∂ξ 1

(B.12)

where D = ku(ξ 1d , ξ 2d ) − zd k2 . There are two practical considerations
when implementing this algorithm. Firstly, since u(ξ 1d , ξ 2d ) will be
specific to a particular element face then each data point must be
matched with a particular face, and secondly because these equations
are solved using the Newton-Rhapson method, they require starting
values for ξ 1d and ξ 2d .
One strategy for matching data points to faces is to attempt to project the
data point onto each face that is included in the fit and select the one that
has the least distance while still having an orthogonal projection. This
strategy is generally reliable but it could be computationally expensive,
especially for large data sets and large meshes, because each data point
must be tested against each face. An alternative is to only test each
point against a subset of the faces and to use a computationally cheaper
method to test the proximity of a face to the data point when selecting
this subset9 . A user configurable subset of faces is therefore selected by
testing the proximity using the distance to the centroid of each element,
which can be found by evaluating the face interpolation formula for
ξ 1 = ξ 2 = 0.5.
An obvious choice for the Newton-Rhapson method starting values is
the parametric centre point of the face where ξ 1d = ξ 2d = 0.5. However,
in some cases, due to equation (B.12) being nonlinear, this can result in

9 This

method has been reimplemented in CMISS by the author to allow a variable
number of the nearby faces to be specified, using the “search_start” option of the
command fem define xi;c ... search_start <n> .
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the orthogonal projection not being found. The probability of a solution
being found can be improved by trying several starting points10 .

b.4.2 Data segmentation
In some cases, such as for the mesh developed in this study, some data
points may be projected onto the wrong face because the initial mesh
is not a good approximation to the data. In these cases it is necessary
to segment the data points into subsets so that isolated surfaces of the
mesh can be fitted separately while holding the other parts of the mesh
constant. This may require several iterations because the fitting of one
part of a mesh may affect adjacent elements that are not included in the
fit.

b.5

mesh design guidelines

A major part of the effort throughout the course of this research was
the development of the hoof mesh using hexahedral elements with
cubic Hermite basis functions. Mesh development is an iterative process
where adjustments must be made to the geometry because of unanticipated numerical issues with problems that the mesh is being used to
solve. The practicalities of creating finite element meshes that use cubic
Hermite basis functions are not described in the literature. Users at the
ABI

tend to avoid complex meshes wherever possible, this is a good

strategy since it keeps the meshes simple, but there are cases where the
benefit of having complex mesh structures exceeds the costs of being
forced to use a simple one or, as in this study, where it is not possible
to represent the geometry using a simple mesh.
When creating a mesh using cubic Hermite basis functions the following,
non-exhaustive, list of guidelines should be observed:
1. Maintain consistent parameter directions.
This implicitly provides C1 continuity. The mesh is specified by
listing, in a specific order, the nodes contained by each element,
where the node order defines the element orientation and hence
the parameter directions. Care must be taken to ensure that ordering is consistent.

10 This

is implemented in the CMISS using the “seed” option of the command fem

define xi;c ... seed <n>.
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2. Ensure that adjacent elements have similar arc lengths.
This ensures that the cubic edge curve will not become inverted.
Use the harmonic mean arc length to calculate scale factors if the
elements have dissimilar arc lengths (Stevens 2002, p 48).
3. If using collapsed elements make sure the derivatives of the collapsed edge are set to zero.
This ensures that the arc length of the collapsed edge is zero.
4. If using collapsed elements use arc lengths for individual edges
instead of the average for all edges passing through a node.
This prevents element inversion and provides a favourable initial
mesh for geometric fitting.
5. Avoid slender collapsed elements.
A small deviation in one of the derivatives near the collapsed face
can cause the element to invert. This can happen, for example,
when solving a mechanics problem.
6. Use multiple derivative versions to account for inconsistent parameter directions.
This will require a mapping coefficient of -1 since the direction is
reversed.
7. Account for every degree of freedom when using derivative versions.
In the current CMISS implementation versions can only be added
per node and so a whole set of nodal parameters is added. A
common case is that only one extra derivative is required so the
additional parameters need to be removed from consideration
by mapping them to the corresponding parameters in the first
version. Failure to remove these unneeded parameters will cause
numerical issues during problem solution.
8. Choose the mesh orientation so that in collapsed elements the
fibre direction can be properly interpolated.
It may be possible to automatically detect some of the issues that these
guidelines help to avoid. Future work could explore these possibilities.
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M AT E R I A L C O N S T I T U T I V E R E L AT I O N PA R A M E T E R
E S T I M AT I O N

This appendix provides supporting information for section 4.3.6 of chapter 4 The influence of horn hydration on hoof capsule mechanics.

c.1

material parameter estimation

Because of the complexity of some of the material constitutive relations,
the parameters cannot, in general, be assigned by inspection and therefore must be estimated using measured data. Following Schmid et al.
(2007) a large strain homogeneous deformation parameter estimation
method was used. In this method an objective function (equation (C.1))
to be minimised is formed using the squared difference of the modelled
and experimental forces for each deformation mode.
Ω(ϑ ) =

∑ ∑ ∑

modes f orces



tmod (ϑ, e) − texp (e)

2

(C.1)

data
points

In equation (C.1), ϑ is the vector of parameters to be estimated and e is
the engineering strain or relative displacement. The force estimated by
the model is calculated using
f = FS · NA

(C.2)

where S = S(ϑ, e)is the 2nd Piola-Kirchhoff stress tensor and F = F(e)is
the deformation gradient tensor described below.

c.1.1 Deformation kinematics
A homogeneous deformation can be described by the deformation gradient tensor, F, which is the Jacobian of the deformation map describing
the transformation from a reference state to a deformed state. For simple deformations such as a stretch in one direction or a shearing in one
direction the deformation gradient can be prescribed using a single
relative displacement or engineering strain, e. For a uniaxial extension
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of an incompressible material the deformation will have a constant
volume and the deformation gradient will therefore be



F=


1+e

0

0

0

√1
1+ e

0

0

0

√1
1+ e







(C.3)

For a simple shear the deformation will also have constant volume and
the deformation gradient will be




 1 e 0 


F= 0 1 0 


0 0 1

c.1.2

(C.4)

Compressible materials

If a material is compressible then for a given deformation the volume
will not be constant and the deformation gradient must be adjusted to
reflect this. The volume change due to the deformation can be associated
with Possion’s ratio ν which measures the ratio of lateral contraction
to longitudinal extension of a bar under a longitudinal load (Love
1944, p103). Most biological materials exhibit a nonlinear stress-strain
response when subjected to large strain and their Poisson’s ratio may
also be a nonlinear function of the strain. This function is known as
the Poisson function (Beatty and Stalnaker 1986). A simple form is
λ2 = λ3 = λ1−ν (Scott 2007) where ν is Possion’s ratio and λi = 1 + ei
is the stretch ratio. When ν =

1
2

this function is the same as for the

incompressible case, as expected. For uniaxial extension the deformation
gradient now becomes


0
0
 1+e

F= 0
(1 + e ) − ν
0

0
0
(1 + e ) − ν







(C.5)

while for simple shear the volume is constant and the deformation
gradient is the same as for the incompressible case.
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c.2

force estimation

The force estimated by the model is calculated using equation (C.2).
The derivation of equation (C.2) follows. For background see Holzapfel
(2000, p111) and Bonet and Wood (1997, p99).
An element of force df is related to the surface traction vector t by
df = tda

(C.6)

Cauchy’s stress theorem
t = σn

(C.7)

is used to get
df = σnda

(C.8)

Substitute the Piola transformation,
σ = J −1 PF T

(C.9)

Nanson’s formula
da = JF−T dA

(C.10)

and the relations
da = nda, dA = ndA

(C.11)

P = FS

(C.12)

and

into equation (C.8) to obtain
df = FS · NdA

(C.13)

Equation (C.2) is obtained by integrating equation (C.13) over a unit
area.
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c.3

optimisation algorithm

The objective function, equation (C.1), can be solved for the parameter
values using a nonlinear optimisation algorithm. In this study the well
known Levenburg-Marquardt method was used.
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D

D E T E R M I N AT I O N O F T H E T R A N S V E R S E LY
ISOTROPIC STIFFENING COEFFICIENT

Material in this appendix provides supporting information for section
4.3.5 of chapter 4 The influence of horn hydration on hoof capsule
mechanics.
In the strain energy density function (SEDF) shown in equation (D.1)
Ψ(E) =

λ
α
(trE)2 + µtrE2 + E2LL
2
2

(no summation implied) (D.1)

the parameter α represents a stiffening fibre. If the Young’s modulus of
the material perpendicular to the fibre direction is YC and the Young’s
modulus parallel to the fibre direction is YL then
α = YL − YC

(D.2)

This can be seen as follows. Let the 11 and 22 directions correspond to
the L and C directions, respectively. Differentiate the SEDF with respect
to the components of E to find
T11 = 2µE11 + λ(trE) + αE11

(D.3)

T22 = 2µE22 + λ(trE)

(D.4)

and

Divide equation (D.3) by E11 . For small strains, Young’s modulus YN is
equal to

Tii
Eii ,

therefore for uniaxial extension in the 11 direction

T11
E22
E33
= 2µ + λ(1 +
+
) + α = YL
E11
E11
E11

(D.5)

For this case E22 = E33 and Poisson’s ratio is given by
ν=

E22
E33
=
E11
E11

(D.6)

Substituting (D.6) into (D.5) gives
YL = 2µ + (1 + 2ν)λ + α

(D.7)
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determination of the transversely isotropic stiffening coefficient

Similarly, divide equation (D.4) by E22 and for uniaxial extension in the
22 direction, obtain
T22
E
E33
= 2µ + λ( 11 + 1 +
) = YC
E22
E22
E22

(D.8)

For uniaxial extension in the 22 direction, E11 = E33 and Poisson’s ratio
is given by
ν=

E11
E33
=
E22
E22

(D.9)

Substituting (D.9) into (D.8) gives
YC = 2µ + (1 + 2ν)λ

(D.10)

Assuming that Poisson’s ratio is the same for both extension cases then
substituting (D.10) into (D.7) and rearranging gives equation (D.2).
α = YL − YC

(D.2)

A plot comparing the stress-strain behaviour, for homogeneous uniaxial extension, of the SEDF in equation (D.1) to the analogous linear
behaviour is shown in figure 67.
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Figure 67: Stress-strain behaviour of the longitudinal and transverse directions
of the transversely isotropic St Venant-Kirchhoff constitutive relation
for homogeneous uniaxial extension, where EL = 300 MPa and
EC = 180 MPa, compared to linear stress-strain relations for 1%
strain (top) and 10% strain (bottom)
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