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Distal limb injuries are common in racing horses and track surface properties have been associated with injury risk. To better understand how track surfaces may contribute to equine limb injury, we developed the first 3D computational model of the equine hoof interacting with a racetrack and simulated interactions with model representations of 1) a dirt surface and 2) an all-weather synthetic track. First, a computational track model using the Smoothed Particle Hydrodynamics (SPH) method with a Drucker-Prager (D-P) elastoplastic material model was developed. It was validated against analytical models and published data and then calibrated using results of a custom track testing device applied to the two racetrack types. Second, a sensitivity analysis was performed to determine which model parameters contribute most significantly to the mechanical response of the track under impact-type loading. Third, the SPH track model was coupled to a biomechanical model of the horse forelimb and applied to hoof-track impact for a horse galloping on each track surface. We found that 1) the SPH track model was well validated and it could be calibrated to accurately represent impact loading of racetrack surfaces at two angles of impact; 2) the amount of harrowing applied to the track had the largest effect on impact loading, followed by elastic modulus and cohesion; 3) the model is able to accurately simulate hoof-ground interaction and enables study of the relationship between track surface parameters and the loading on horses’ distal forelimbs.
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INTRODUCTION
Forelimb injuries are common in racehorses often resulting in lameness and in severe cases death (Bailey et al., 1999; Parkin et al., 2006). The metacarpophalangeal (MCP) joint, or fetlock, is the site of most tendon, ligament, joint surface, and bone injuries (Bailey et al., 1999; Parkin et al., 2006). It is likely the MCP joint is prone to injury due to the large loads generated in this joint in galloping horses as a result of hyperextension during the stance phase of gait (Harrison et al., 2010, 2012, 2014).
Racetrack surface types have been associated with differences in musculoskeletal injury risk, with the likely reason being the effect of the surface on limb loading in the galloping horse. Typical track surfaces are dirt, sand, synthetic and turf. In North America turf and dirt tracks are associated with a higher risk of fatal and non-fatal fracture compared to synthetic tracks (Georgopoulos and Parkin 2017). In addition, track condition is associated with musculoskeletal injury rates with muddy dirt tracks and faster turf tracks having higher injury risk than fast dirt and slower turf tracks respectively (Hitchens et al., 2019).
Synthetic track material is typically a granular mix of sand, wax, and rubber particles. It has a different elastic and flow response to impact by the horse’s hooves than do dirt and sand tracks. Dirt and synthetic tracks are prepared with a loose surface layer the depth of which affects peak loads in drop tests simulating hoof strike and fetlock extension in galloping horses (Mahaffey et al., 2013; Symons et al., 2014). However, it is still unknown how the horse limbs are loaded during contact with dirt and synthetic track surfaces and how rheological differences affect the risk of injury during racing. Measurement of hoof-ground forces during racing is not practical so computational simulation is required to provide insight into the force transmission through the distal limb.
Researchers at UCDavis have developed a track testing device (TTD) that measures the compressive and shear behaviour of a horse racetrack in situ (Setterbo et al., 2013). Figure 1 shows (a-c) photos of the TTD performing impact experiments and (d-e) example force-displacement results from Setterbo et al. (2013). Symons et al. (2015) used this device to calibrate a one-dimensional spring model of the track response that was successfully combined with a musculoskeletal model (Symons et al., 2016). It is not clear how the nonlinear spring model developed can be related to objective measures of stiffness, plasticity, friction angle and porosity of the track material and so there is motivation for a more detailed track surface model. In addition, Symons et al. (2016) reported deviations of model results from expectations when the hoof was substantially angled to the horizontal plane, all of which suggests that a three-dimensional model of track surfaces may be required to represent all hoof-track interactions accurately.
[image: Figure 1]FIGURE 1 | (A–C) Photographs of the track testing device (TTD) and ensemble force-displacement results for the TTD experiments as reported in (Setterbo et al., 2013) for (D) the dirt track and (E) synthetic (all weather) track. In the TTD experiments, a cylindrical mass is dropped onto a track from a known height. External force and distance travelled are recorded with the purpose of characterising the impact properties of the track.
Computational modelling studies of equine distal limb loading during locomotion have been used to understand tendon and bone loading but there remain limits on their scope and application. Limitations include:
1. Use of gait speeds slower than those occurring during racing
2. The level of detail of the tendon, ligament, and muscle forces
3. The use of either very simple ground models or measured ground reaction data, or,
4. Focus on only the hoof and ignoring other body dynamics
Biewener (1998) developed the first comprehensive distal forelimb model, calculating some tendon forces that disagreed with experimental measures (Riemersma et al., 1996; Butcher et al., 2009) because distal joint torque constraints were ignored. Subsequent studies showed improved agreement with experimental measures by using distal joint torque constraints (Meershoek et al., 2001; Wilson et al., 2001; Swanstrom et al., 2005; Merritt et al., 2008), but contributions by separate elastic ligament structures were not predicted. Harrison et al. (2010) presented the most comprehensive and validated model to date, which included carpal muscle forces and more detailed representations of interactions between muscles, ligaments, and tendons. Only Reiser et al. (2000), Swanstrom et al. (2005) and Symons et al. (2016) have used forward dynamics to predict ground reaction force (GRF) and/or joint angles, but these models only considered 2D (sagittal plane) dynamics and used a simple spring model for the track that does not capture realistic elastic deformation and plastic flow behaviour.
Others have used models to predict the hoof-ground interaction without directly modelling the limb. Zhao et al. (2020) and Behnke (2017) used impact experiments and analytical (spring-dashpot) or 2D finite element (FE) models, respectively, to represent the hoof-ground interaction. They ignored the effects of joint movement during the hoof-ground contact, despite others showing the importance of these joint movements for moderating load (Wilson et al., 2001; McGuigan and Wilson, 2003). 3D models using Finite Element analysis (FEA) have been applied to hoof stresses in contact with different surfaces (treadmill, concrete, and sand) but the boundary conditions are typically generic or very simplistic and ignore the dynamics of the forelimb and torso (Newlyn et al., 1998; Hinterhofer et al., 2000; Hinterhofer et al., 2001; Thomason et al., 2002; Salo et al., 2010; Ramsey et al., 2013; Jansová et al., 2015; Akbari Shahkhosravi et al., 2021a; Akbari Shahkhosravi et al., 2021b). McCarty et al. (2016) presented the only study using FE to model both the response of the distal limb and the ground. They studied the dynamic impact of the hoof with the ground but did not consider muscle contractions or the full load cycle of the stance phase. A fully predictive model that incorporates all aspects of limb biomechanics and mechanical interactions with the track in three-dimensions is needed to better understand the relationship between gait movements, ground properties, internal body loading and injury.
Computer simulations of moving bodies interacting with flowing materials (such as water or soil in this study) require a mathematical method that can accurately represent large deformations and interactions with moving and deforming boundaries. A coupled biomechanical-Smoothed Particle Hydrodynamics (B-SPH) approach has been successfully used for human biomechanics in swimming (Cleary et al., 2013; Cohen et al., 2012, 2015, 2018), platform diving (Harrison et al., 2016b) and kayaking (Harrison et al., 2019). The B-SPH framework can be adjusted to include the flow of soil-like ground (Harrison and Cleary, 2013) and equine locomotion (Harrison et al., 2016a).
The purpose of this study is to develop a B-SPH model of equine locomotion to enable the study of the effects of changes to track material response on external body loading. We present coupled 3D dynamic models of the forelimb, the dirt and synthetic tracks, and the hoof-track interactions during galloping. The SPH track model is more realistic and general than that used in previous studies because it is based on a 3D elastic-plastic representation of material response under loading from the hoof. Others have used SPH to investigate and validate models of soil dynamics for application areas such as landslides (Bui et al., 2008; Wang et al., 2019; Zhan et al., 2020) or excavation (Li et al., 2018), but not biomechanics. The external and internal forces on the distal forelimb are calculated by combining the equine forelimb model given by Harrison et al. (2010) with a representation of the horse’s centre of mass and interactions with the SPH track surface. The model track properties were calibrated using the data from Setterbo et al. (2013) and the forelimb model was driven using 2D motion capture data on the same surfaces (Symons et al., 2014). The resulting model is systematically evaluated for use in predicting vertical impact force at the hoof, shown to be critical for understanding joint stresses (Harrison et al., 2014), and for understanding how track surface properties affect the magnitudes of these loads.
NUMERICAL METHODS
The B-SPH model of hoof-track interaction is described in five stages:
1. A description of the SPH method and its application to impact/contact type scenarios
2. Verification of model resolution and validation of model outputs by comparison to analytical models and published simulation results
3. Calibration of track material parameters for the dirt and synthetic tracks described in Setterbo et al. (2013).
4. Sensitivity analysis of model outputs to changes in track material parameters
5. Demonstration of hoof-track interactions for cantering gait over the dirt and synthetic tracks
The Smoothed Particle Hydrodynamics Method for Elastic Solids
SPH is a numerical method for solving partial differential equations (PDEs). It is a meshless Lagrangian method in which the governing equations are solved on a moving set of particles that represent discretised volumes of material. See Monaghan (1994) and Cleary (1998) for detailed explanations of the method and reviews by (Monaghan, 2005; Gómez-Gesteira et al., 2010). It has been used extensively to simulate the dynamics of elastoplastic solids (Chen et al., 2001; Gray et al., 2001; Cleary, 2010) and elastic-brittle fracture (Cleary and Das, 2008; Das and Cleary, 2008, 2010, 2013; Harrison and Cleary, 2014).
SPH is suited to solid mechanics applications where large deformations and/or damage occurs. Unlike more traditional methods such as Finite Volume and Finite Element analysis that solve for material motion using grids or meshes, SPH particles represent specific volumes of material and move with the material velocity. These particles carry information about physical properties of the system such as pressure, density, velocity, stresses, history dependent properties such as plastic strain and damage which is advected without numerical diffusion. Forces between particles are determined using a smoothing kernel function and are dependent on the distance between the particles. The use of the kernel function allows the governing partial differential equations (PDEs) of the physical system to be converted into spatially discretised systems of ordinary differential equations (ODEs), which can then be integrated forward in time to predict the state of the system.
The SPH continuity equation for fluids given by Monaghan (1994) in a form suitable for predicting elastic dynamics is:
[image: image]
where ρa is the density of particle a, t is time, mb is the mass of particle b, where vab = va - vb and va and vb are the velocities of particles a and b. W is a cubic interpolation kernel function that is evaluated for the distance (magnitude of the vector rab) between particles a and b. The kernel function and its properties are described in Monaghan (2005).
Conservation of momentum for elastic solids results in the following acceleration equation (Libersky and Petschek, 1991):
[image: image]
where σa and σb are the stress tensors of particles a and b, respectively, Πab is an artificial representation of viscosity terms that result in both shear and bulk viscosity and I is the identity tensor. ga is the body force on particle a which in this case is gravity. The elastic stress tensor can be partitioned into a pressure part and a deviatoric stress component with deviatoric stress tensor, S, and pressure P:
[image: image]
We use a linear model for the elastic stress versus strain relationship which gives a relationship between the pressure P and the density, ρ, typically referred to as an equation of state:
[image: image]
where ρ0 is the reference density. The speed of sound c in the solid material is given by
[image: image]
where K is the bulk modulus.
From Gray et al. (2001) the evolution of the deviatoric stress S is given in component form as:
[image: image]
where [image: image] is the strain tensor, [image: image] is the Kronecker delta, [image: image] is the Jaumann rotation tensor, G is the shear modulus and indices i, j and k refer to three orthogonal directions in 3D space. The Einstein summation convention is used.
The strain rate tensor is calculated in an SPH form as
[image: image]
and the Jaumann rotation tensor is expressed as:
[image: image]
The SPH method, particularly for elastic solids, can display tensile instabilities (Monaghan, 2000). The tensile instability correction proposed by Gray et al. (2001) is used here with a coefficient of 0.3 to inhibit these instabilities. This choice follows detailed evaluation of the tensile correction for SPH modelling of elastic solids in uniaxial compression tests (Das and Cleary, 2014).
Smoothed Particle Hydrodynamics for Elastoplastic Dynamics
The results of the track tester experiments by Setterbo et al. (2013) show that both track materials demonstrate elastoplastic behaviour (see Figures 1D,E). A Drucker-Prager (D-P) model (Bui et al., 2008) is suitable for representing the dynamics of such elastoplastic materials. Details of the D-P model are given in Lemiale et al. (2012). The D-P model assumes the material to be initially elastic with a correction made to the pressure and deviatoric stress if any plastic deformation is predicted.
The D-P criterion for yielding is:
[image: image]
where τ is the shear yield stress and is given by:
[image: image]
α is calculated from the friction angle, [image: image]:
[image: image]
and k is the yield strength which is calculated from α and the cohesion, c.
[image: image]
The plastic deviatoric stress, SP, is related to the elastic deviatoric stress, S:
[image: image]
The total deviatoric stress, ST, is a sum of elastic and plastic stresses
[image: image]
The plastic component of pressure, PP is given by
[image: image]
where linear hardening is assumed and [image: image] is the increment of plastic strain,
[image: image]
β is calculated from α and the dilation angle [image: image]
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and ɳ is calculated from the hardening modulus H
[image: image]
The total pressure PT is a sum of elastic and plastic components.
[image: image]
A second order predictor-corrector (explicit) integration scheme is used (see Monaghan, (2005) for details) with timestep, [image: image], chosen to be one-fifth of the Courant condition for stability of elastodynamic simulations:
[image: image]
where h is the SPH interpolation length.
Interactions Between Smoothed Particle Hydrodynamics Particles and Boundaries
Solid boundaries are represented by triangular surface meshes. The nodes of the boundary mesh are represented in the SPH method as boundary particles with a penalty force applied in the normal direction. The force is calculated using a Lennard-Jones style form based on the orthogonal distance of the moving SPH particles from the solid surface (Monaghan, 1994). The penalty force replaces the pressure force terms in the momentum equation (Equation 2) for elastic-boundary particle pairs. Non-slip boundary conditions in the directions tangential to the solid surfaces are implemented by including the elastic-boundary SPH particle pairs in the summations for the artificial viscosity in Equation 2. For moving bodies, the nodal positions and the normal vectors are updated at each time-step to reflect the current position of the surface. This is a flexible boundary implementation that allows very complex solid boundaries (Cleary et al., 2006a; 2006b), moving boundaries (Cleary et al., 2007) and deforming boundaries (Cohen et al., 2012; Harrison et al., 2016b) to be modelled.
Prior Validation of the Smoothed Particle Hydrodynamics Method for Solid Mechanics Applications
SPH has been shown to produce valid predictions for a large range of complicated behaviours of solid matter undergoing processes like those considered in the present work. Validation of the SPH method for these processes include comparison against exact solutions (Gray et al., 2001) and FEM solutions for uniaxial, biaxial, and loading of elastic solids (Das and Cleary, 2008, 2014; Pereira et al., 2017; Rausch et al., 2017), simple loading of beams and tensile failure under uniaxial loading (Ganzenmüller, 2015), and the deformation and failure of thin shelled materials (Maurel and Combescure, 2008). Other validations involve the comparison of simulation results with experimental data, for instance for fracturing of soft tissue (Rausch et al., 2017) and ice (Zhang et al., 2017), and machine cutting of metals (Limido et al., 2007; Xi et al., 2014).
Prior Validation of the Smoothed Particle Hydrodynamics Code
It is not sufficient to rely on general validation of the SPH method. Additionally, it is necessary to validate the specific code implementation used. The implementation used in this study has been validated for simulations of elastic/elasto-brittle solids. Das and Cleary compared stress wave attributes calculated by the SPH code to those calculated using a commercial finite element (FE) code for uniaxial, biaxial and triaxial compression of an elastic object (Das et al., 2007; Das and Cleary, 2008, Das and Cleary, 2014). The SPH solutions were found to agree very well with analytical and FEM model solutions. SPH was shown to be stable and robust for elastodynamic applications, predicting a smoother response than the FEM code in the early stages of loading.
SIMULATION CONFIGURATIONS
Smoothed Particle Hydrodynamics Track Structure Models
The dirt and synthetic racetracks used by Setterbo et al. (2013) differed in their material type and geometric structure. The tracks were of different depths and below each track were hard substrate such as rock. Each track was harrowed prior to the measurement which causes the top region of the track to be aerated and therefore have a lower resistance to deformation. The dirt track had a depth of 0.5 m and was harrowed to a depth of 8.6 cm. The synthetic track was 0.26 m deep and was harrowed to a depth of 5.0 cm.
The developed models of each track were designed to specifically represent the track geometry, material behaviour and harrowing depth. The hard under-surface was modelled as a no-slip boundary. The aeration of the top section of the track by harrowing was modelled by randomly removing SPH particles from an initially densely packed array of particles to give a specific void space, which is the proportion of the volume that is air. The lower intact (non-harrowed) section remains solid, i.e. does not have any SPH particles removed. The geometric region modelled for the two track types are:
• For the dirt surface, a 0.5 m high x 1.0 m wide x 1.0 m long section of the track is discretised into 3.6 million SPH particles that are spaced at 5 mm. The harrowed region at the top is 8.6 cm deep.
• For the synthetic surface, a 0.26 m high x 1.0 m wide x 1.0 m long section of the track is discretised into 1.8 million SPH particles that are spaced at 5 mm. The harrowed region at the top is 5.0 cm deep.
Figure 2 shows the standard configuration of the calibration simulations for the two track types.
[image: Figure 2]FIGURE 2 | Configuration of the simulation configuration for the track testing device. The configuration for the dirt track is shown in (A). The top layer of the track has a large number of voids in the material to represent harrowing that is used to break up and soften the track surface. The track extends 0.5 m in depth, below which the ground is predominantly rock. The rock is modelled as a rigid boundary condition. The synthetic track has a depth of 0.26 m under which a rigid boundary condition is also used. Close-up views of the dirt track and synthetic track models are shown in (B) and (C) respectively, which show the non-smooth top surface created by harrowing. The track testing device (TTD) is dropped and the force and displacement are predicted by the simulation. These results are compared to the matching experimental measurements in order to calibrate the rheological component of the model for the deformation of each track surface.
Rigid Body Model of the Track Testing Device
The TTD is a solid mass that is dropped onto the track surface during mechanical characterisation experiments (Setterbo et al., 2013). The device comprises a 27.8 kg, 12.7 cm diameter mass that, when dropped, travels down linear shafts until impact with the ground. It is represented in the model by a cylindrical mesh comprised of 1,700 nodes and 3,500 elements with average node spacing of 10 mm. The TTD is initially at rest with its lower surface at a height of 40.2 cm (Setterbo et al., 2013). The model TTD object is dynamically free to move in the vertical direction. External force on the TTD structure is calculated and the motion of the TTD in the vertical direction was predicted and recorded in each simulation.
Setup for the Horse Biomechanical Model
A model representation of one horse was developed using rigid body representations of the body limbs and a surface mesh representation of the hoof. Body kinematics were collected for the horse during a canter on the dirt and synthetic track surfaces (Symons et al., 2014). A generic geometric model of a hoof was developed from CT scans (850 node mesh and 1,700 triangular elements, average node spacing of 10 mm) (Harrison et al., 2014) and modified to include geometric representations of the shoes used during the experiments (Symons et al., 2014). Inertial effects from the limbs not in contact with the ground were assumed to be negligible and will be the subject of future investigations. A four-segment skeletal model was used to represent the dynamics of the body (see Figure 3). The vertical position of the centre of mass (CoM) was predicted by the simulation. The remaining translational and rotational degrees of freedom of the CoM and the rotation of the lower limb joints were prescribed from the kinematic data. The position and orientation of the hoof mesh was calculated at each time step from the skeletal model configuration.
[image: Figure 3]FIGURE 3 | Schematic of the forelimb skeletal model used to simulate hoof-track forces during locomotion. The SPH track model is the same as used for Calibration of the Track Model Material Properties Using Data From the Track Testing Experiments section. The forelimb is represented by surface meshes of the distal bones (for visualisation purposes) and the outside surface of the hoof. The position and orientation of the hoof is prescribed from motion capture data, but the vertical position of the hoof is predicted by the simulation.
EVALUATION OF THE ACCURACY OF SMOOTHED PARTICLE HYDRODYNAMICS FOR SOLID MECHANICS APPLICATIONS
Here we specifically validate the SPH track model by first determining the resolution of the SPH representation of the track required for accurate predictions and then by comparison of simulation results to:
1. An analytical model for cylindrical indentation of an elastic object
2. An analytical model for indentation of a rigid wheel into a cohesive elastoplastic object with a negligible friction angle
3. A finite element (FE) model of indentation of a rigid wheel into an elastoplastic object with a large friction angle.
Cylindrical indentation of an Elastic Object
According to Sneddon (1965), assuming quasi-static loading (i.e. negligible inertial and gravity effects), the gradient of the force-displacement curve for small displacements (<5% of the cylinder diameter) is:
[image: image]
where s is the gradient of the force-displacement curve, D is the diameter of the cylinder, G is the shear modulus of the track surface, and υ is the Poisson ratio of the track surface.
The simulation configuration is shown in Figure 4A. The elastic soil model is of dimensions 1.0 m × 0.26 m x 1.0 m and is represented by 1.8 million SPH particles that are spaced at 5 mm. All degrees of freedom of the SPH particles on all sides of the object except the top are fixed. The top surface of the elastic object is indented by a cylindrical shape in the form of a triangular mesh comprised of 1700 nodes and 3,500 elements. The indentor has a prescribed vertical velocity of 0.5 m/s and is initially positioned adjacent to the top surface of the elastic object. External force on the surface of the cylinder was recorded and the gradient of the simulated force-displacement results was compared to the analytical model for a range of SPH particle resolutions and three variations of elastic modulus.
[image: Figure 4]FIGURE 4 | The two simulation configurations used in the verification and validation analysis. Panel (A) shows the configuration for cylindrical indentation of an elastic solid “soil”. Panel (B) shows the configuration for the indentation of an elastoplastic solid by a rigid wheel.
Simulation predictions of force and displacement were used to calculate the slope, s, in Eq. 21. Figure 5A shows the simulation prediction of s for SPH resolutions from 15 mm down to 4 mm. There are substantial differences in the results with range from 15 to 6 mm, but the results between 6 and 4 mm cases are very similar. There is a demonstrable convergence of results as particle size is decreased with the differences between the 5 and 4 mm case being sufficiently small (<5%) to justify the use of the 5 mm case for the remainder of the simulations. The smaller SPH particle size results converge to the value expected from the analytical model which verifies predictive behaviour of the SPH method and software for this configuration. Figure 5B shows the value of s predicted by the SPH model and by analytical model for three cases of bulk modulus for the cylindrical indentation simulation. There is very good agreement between the SPH and analytical models, confirming that the model is accurate across a wide range of elastic moduli.
[image: Figure 5]FIGURE 5 | (A) Predicted slope of the force-displacement curve for the cylindrical indentation simulation for different SPH resolutions, compared to the analytical model result. Particle separations (psep) of 4–15 mm were used in separate simulations of the indentation problem. The simulation results can be considered converged in respect to particle size and verified against the analytical model for a particle size of 5 mm or smaller. (B) Predicted slope of the force-displacement curve for the cylindrical indentation simulation for different values of bulk modulus, compared to the analytical model result for an SPH resolution of 5 mm.
Indentation of a Rigid Wheel into Elastoplastic Soil
The SPH track model includes both elastic and plastic behaviour and the plastic model component must also be validated. Hambleton and Drescher (2008) presented an analytical model for a rigid wheel indenting soil with a negligible friction angle (which they termed a cohesive soil) and an FE model for a rigid wheel indenting soil with a large friction angle (which they termed a frictional soil).
Here we compare the results of the SPH track model to these two elastoplastic soil models. Figure 4B shows the SPH representation of the wheel indentation model published by (Hambleton and Dresher, 2008). A rigid wheel of diameter 0.5 m and thickness 0.3 m is positioned above a bed of SPH particles with dimensions: 0.5 m high x 1.0 m wide x 1.0 m long. The soil is represented by 150 thousand SPH particles that are spaced at 15 mm. The bulk and shear moduli of the soil are 4.1 and 1.9 MPa respectively. For the cohesive soil the cohesion is 6.1 kPa and the friction angle is 0°. For the frictional soil the cohesion is 61 Pa and the friction angle is 45°.
Comparisons of the force-displacement results from the SPH model with those of (Hambleton and Dresher, 2008) are shown in Figure 6. Results for a cohesive soil are shown in Figure 6A. Very good agreement is observed with a root mean squared error (RMSE) of only 132 N, which is 3% of the maximum force. Results for a frictional soil are given in Figure 6B. Good agreement is seen between these and the FE model results of (Hambleton and Dresher, 2008). The RMSE is 390 N, which is an acceptable 6% of the maximum force. These results confirm that the SPH D-P model can sufficiently accurately predict the response of plasticity in soils of the type used in horse racing.
[image: Figure 6]FIGURE 6 | Force-displacement results from simulations of wheel indentation into (A) a cohesive soil, and (B) a frictional soil from (Hambleton and Drescher, 2008) and for the current SPH model.
CALIBRATION OF THE TRACK MODEL MATERIAL PROPERTIES USING DATA FROM THE TRACK TESTING EXPERIMENTS
Force-Displacement Data Measured by the Track Testing Device
Figures 1D,E shows the force-displacement results reported in Setterbo et al. (2013) for dirt and synthetic tracks. In each case the force trace rises slowly soon after contact and then rises sharply before peaking and dropping to zero quickly. The substantially different loading and unloading force traces indicate an elastoplastic response for both tracks. The force for the dirt track is less than for the synthetic track for small displacements but increases more sharply at large displacements resulting in a higher peak force. Despite the controlled nature of the impact there is a large amount of variability in data from repeats of the experiment, which suggests that the material is significantly inhomogeneous. During gait, the path and velocity of the hoof may vary significantly between strides and these effects combined suggest that stride-to-stride loading on the hoof could vary substantially.
Calibration Method
SPH models of the dirt and synthetic tracks, as characterised by Setterbo et al. (2013), were constructed and calibrated. First, the geometry of each track was represented by specific simulation configurations (see Smoothed Particle Hydrodynamics Track Structure Models). Second, the elastic material properties of the track models were estimated from the TTD experiment results using an analytical model for cylindrical indentation (described in Cylindrical indentation of an Elastic Object). Third, the friction angle D-P material parameter was estimated using a characterisation of similar track materials from another study (Peterson et al., 2016). Fourth, TTD impact simulations were performed for each track surface for a vertical and 20° from vertical impact. Force-displacement results from the simulations were then compared to the measurements of Setterbo et al. (2013). The material parameters were iteratively adjusted to find an acceptable fit between model and experimental results.
Deformation Behaviour
The TTD model material parameters were calibrated using the data from Setterbo et al. (2013) (Figures 1D,E). These material properties are listed in Table 1. Figure 7 shows deformation behaviour for the calibrated dirt track model in the virtual TTD test for a vertical impact (left columns) and an impact at 20° off-vertical alignment. For the vertical impact, the TTD contacted the track after 22 ms and a small vertical force is transmitted from the track surface into the TTD. Stresses in the harrowed section of the track directly below the TTD are substantial (>1 MPa) and the TTD compressed approximately half of the harrowed thickness of track. At 30 ms, the TTD has compressed the harrowed section of the track and as a result substantial stresses are induced in the non-harrowed section of the track below. At 40 ms, the TTD rebounds upwards and the stresses in the track and the force transmitted to the TTD decline.
TABLE 1 | Calibrated elastic and D-P material parameters for the SPH model of each track material.
[image: Table 1][image: Figure 7]FIGURE 7 | Visualisation of the interaction of the track testing device with ground for the case a dirt track. The left columns show the results for a vertical impact and the right column shows results for an angled impact. The track is coloured by von Mises stress at various times indicated by labels (A–H). The net force on the TTD is shown as a red vector.
For the 20° off-vertical impact on the dirt track (Figure 7, right column), the stress under the TTD is higher under its lead side due to its greater penetration of the track (Figure 7D). The force is lower for the 20° angle impact (Figure 7D) than for the vertical impact (Figure 7C) at an equivalent of track penetration. This results in a smaller deceleration of the TTD for the angled impact compared to the vertical impact and therefore a later peak in force. The peak force occurs at 38 ms for the angled impact and the force is directed approximately through the centreline of the TTD. Between 38 and 50 ms, the TTD rebounds and stresses decay to zero.
Figure 8 shows deformation behaviour for the simulated TTD experiment for the calibrated synthetic track model. At 14 ms, the TTD contacted the track and a moderate vertical force is transmitted from the track onto the TTD. Stresses are less than 500 kPa and the deformation of the track is small. At 24 ms, the TTD has penetrated the track and substantial stresses have been induced in the track spreading radially from the TTD-ground contact surface. The peak force occurs at 24 ms, which is 6 ms earlier than for the dirt track. The stresses in the track are smaller than for the dirt track at maximum displacement. From 24 to 34 ms, the TTD rebounds upwards and the stresses in the track and the force imparted to the TTD decline. Similar to the dirt simulations, the angled impact produces higher stresses under the lead side of the TTD (Figures 8D,F,H). Peak force occurs 4 ms later than for the vertical impact due to the smaller contact area causing lower decelerating forces.
[image: Figure 8]FIGURE 8 | Visualisation of the interaction of the track testing device with ground for the case a synthetic track. The left columns show the results for a vertical impact and the right column shows results for an angled impact. The track is coloured by von Mises stress at various times indicated by labels (A–H). The net force on the TTD is shown as a red vector.
The complexity of the transient stress fields and the non-linear behaviour of the TTD motion highlight the strong need to include realistic predictions of the ground deformation and force response as opposed to using highly simplified spring-based interaction models.
Calibrated Material Properties
Figure 9 shows the calibration curve for each track type for both the vertical and 20° from vertical impact experiments. Model predictions agreed well with the experimental results for both cases, especially for the initial loading response of the synthetic track and the peak force. This good agreement across different loading scenarios shows that a three-dimensional model can successfully represent the effects of different material properties, effects of harrowing (and the resulting void space in the upper region of track) and types of impacts without any changes to the underlying model. The unloading phase is moderately less well predicted by the model, suggesting that there is opportunity for further improvements such as taking account of the granular nature of some of the material and the rheological accuracy of the viscoelastic and/or plastic components of the model. Since peak loads are likely substantial contributors to injury, this level of accuracy is more than sufficient for the current purpose.
[image: Figure 9]FIGURE 9 | Variation of force-time results for simulations using the calibrated material parameters of the (A,B) dirt, and (C,D) synthetic tracks. Results for the vertical impact are shown in the left column (A, C) and for the 20° from vertical impact are shown in the right column (B, D). The experimental data is shown as mean (solid black line) ± standard deviation (dashed black lines) and the simulation data is shown as a red solid line.
Table 1 lists the calibrated material parameters for the harrowed and non-harrowed (intact) sections for the SPH track models. The peak force transmitted to the TTD is higher for the dirt track than the synthetic track because it has a larger bulk modulus and cohesion. The softer initial response of the dirt track compared to the synthetic track occurs due to the higher void space of the harrowed track (70% void volume for the dirt track as compared to 65% for the synthetic track) and the larger depth of harrowing (8.6 cm for the dirt track as compared to 5 cm for the synthetic track). The dilation angle was found to have little effect on results and so the same values were used for both track surfaces.
SENSITIVITY OF TRACK IMPACT RESPONSE TO TRACK POROSITY AND ELASTOPLASTIC MATERIAL PARAMETERS
A first step towards using the track surface model for reducing racehorse injury is to understand the relationship between model results and variations in each model parameter. The D-P model has been used for simulating the mechanical response of soil during impact and landslides (Bui et al., 2008; Lemiale et al., 2012; López et al., 2012), but it has not previously been used to investigate loading on a body during exercise. Therefore, a sensitivity analysis was performed to determine the relative effect of each parameter on model results. The investigated material parameters included bulk modulus (K), cohesion (c), friction angle ([image: image]), and the degree of porosity created by harrowing. Table 2 shows the ranges of the parameters investigated for each track type. In each simulation case the simulation parameter values were as described in Table 1, except for the one parameter being evaluated which was changed to the value indicated in Table 2. The outputs of each sensitivity analysis include the maximum displacement of the TTD, the gradient of the force-displacement curve during loading and the peak force.
TABLE 2 | Variations in material parameters considered in sensitivity study.
[image: Table 2]Figure 10A and Figure 10B show the effect of changes to bulk modulus on the dynamic response of the two D-P track models. Increased bulk modulus increases the slope of the force trace for both the loading and unloading phases of the impact. The maximum displacement of the TTD is decreased for larger bulk modulus because force per unit displacement is increased leading to larger decelerating forces being imparted to the TTD. The peak force increases monotonically with increased bulk stiffness for the synthetic track, but not for the dirt track because the nonlinear effects of plastic flow (especially for the harrowed component) cause different force-displacement responses.
[image: Figure 10]FIGURE 10 | Variation of force-displacement results for the simulated track testing device with changes to (A,B) bulk modulus and (C,D) cohesion parameters of the track. Results for the dirt track are shown in the left column (a, c) for the synthetic track are shown in the right column (b, d).
Figure 10C and Figure 10D show the effect of changes to cohesion parameter on the dynamic response of the D-P track models. An increase to cohesion substantially increases the force at initial impact and increases the peak load. The regions of track material below the TTD with stresses above the cohesion limit plastically flow away from the TTD, reducing the resistance to compression and therefore the load transmitted onto the TTD. Thus, maximum displacement is decreased when cohesion is increased. Increasing the load on the TTD leads to decreases in the duration of impact and the maximum displacement.
Force-displacement results are found to be sensitive to the friction angle (Figure 11A,B). Equations (9–12) show that friction angle controls the yield criteria and therefore affects whether the track responds to force with an elastic or plastic response. Increased friction angle increases the stress at which yielding occurs and as a result the track behaves elastically for longer and allows higher forces before yielding. The slope of the force-displacement curve (which is the effective stiffness of the track) is higher during loading with the peak displacement decreasing and peak force increasing (as should be expected).
[image: Figure 11]FIGURE 11 | Variation of force-displacement results for the simulated track testing device with changes to (A,B) the friction angle parameter and (C,D) variations to the void space (or the volume proportion of air) in the harrowed upper section of track of the track. Results for the dirt track are shown in the left column (a, c) for the synthetic track are shown in the right column (b, d).
The porosity of the top surface of the track following harrowing has the largest effect on the force-displacement results during impact (Figure 11C,D). Symons et al. (2016) also showed that harrowing has the highest influence on predicted force results using a 2D musculoskeletal model coupled to a 1D ground model. Porosity is quantified by a measure called void space, which is the proportion of the volume that is air. Increased void space in the top layer decreases the effective stiffness of the material and increases its ability to flow under load. As a result, an increase to the amount of modelled harrowing (and therefore void space) has a similar effect, simultaneously reducing both the bulk modulus and cohesion. Specifically, this substantially reduces the initial impact force and increases the maximum displacement and duration of impact. The penetration distance observed in experiment cannot be matched by the model if the void space is less than 70% for the dirt track (Figure 11C) and 60% for the synthetic track (Figure 11D). The void space of these harrowed tracks has not been measured, so it is not currently possible to evaluate these estimations of porosity.
APPLICATION OF THE BIOMECHANICS-SMOOTHED PARTICLE HYDRODYNAMICS TRACK SURFACE MODEL TO EQUINE LOCOMOTION
The motivation of the current work is to be able to simulate equine locomotion on racetrack surfaces to better understand the relationship between racetrack mechanical properties and loading at common injury sites in the distal forelimb. So as a final step we use the calibrated track surface model interacting with the horse limb biomechanical model to calculate loading on the fore-hoof for three cases of horses cantering on the same dirt and synthetic surfaces.
Simulations were run using openMP parallelisation over 36 cores and took 12 and 5.5 h for the dirt and synthetic surfaces, respectively. The difference in time taken for each simulation is directly attributable to the difference in bulk modulus between the two tracks models (Table 1), which determines the required timestep (Equation 20). The dirt material has a higher bulk modulus, therefore a smaller timestep, and thus more timesteps (and more computational time) to complete the full simulation.
Visualisations of typical results for the coupled B-SPH track surface model results are shown in Figure 12. They are for one phase of the horse stance (the period in which one forelimb hoof is in contact with the ground). Initially, the hoof is above the ground and moving downwards. Stresses in the track are approximately zero (shown by the blue colour) since it is unloaded and in hydrostatic equilibrium.
[image: Figure 12]FIGURE 12 | Visualisation of the gait simulations using the coupled B-SPH model for (A) the dirt track and (B) the synthetic track. The bones of the distal limb and the outside surface of the hoof are shown in each instant. The ground reaction force is shown as a red vector. The track surface is coloured by von Mises stress.
At 34 ms, the downward moving hoof has made contact with the track surface. The harrowed track material (with visible voids) below the hoof experiences medium stress levels (light blue and green colours) as it compresses. The synthetic track (right) has a smaller harrowed depth (Table 1) and therefore (for a similar compressive displacement) has higher compressive stresses. The ground reaction force (GRF) vector is larger for the synthetic track than for the dirt track because of the higher stresses at this time in the stance phase. Yielding of the harrowed material occurs and the resulting plastic flow creates a footprint in the track. Negligible stress is transmitted to the non-harrowed material below the hoof because of the plastic flow of the intervening harrowed material. Between 56 and 80 ms, the stresses in the harrowed material increase in magnitude and the depth of the footprint increases. As the harrowed material below the hoof compresses, voids collapse leading to greater stress transmission, which allows stress to be transmitted through the non-harrowed basal material. The GRF increases substantially in magnitude once the harrowed material is largely compressed.
Since the dirt track has a larger depth of harrowing than the synthetic track, the increase in GRF occurs at a slower rate. Between 80 and 90 ms, the stance phase is completed and the hoof is lifted off the ground. This occurs earlier for the synthetic track than the dirt track because forces were imparted earlier (due to the lower amount of harrowing). As with the results of the previous section, the amount of harrowing appears to be the most significant factor contributing to the mechanical response of the hoof-track interaction.
The model predictions of vertical ground reaction force and centre of mass speed are shown in Figure 13. The force for the synthetic track rises more quickly than for the dirt track, but peaks at a smaller force level than occurs for the dirt track (Figure 13A). The apparent softness of the dirt track early in the stance phase arises predominantly from the porosity of the structure and once compressed the material is less forgiving (from a stress transmission and peak force perspective for the horse). After the harrowed layer is sufficiently compressed and stresses are fully transmitted to the non-harrowed material, the force in the dirt track is higher than for the synthetic track. This occurs because the bulk and shear moduli are higher for the dirt track than for the synthetic track (Table 1). The large vertical forces predicted by the model will create very large flexion-extension torques about the distal joints, especially the fetlock joint, which are implicated in high joint stresses and elevated injury risk (Harrison et al., 2014). These model results show how hoof impact loading can be moderated by effective track surface design. Specifically, they show that changes in track elastic modulus and harrowing depth can affect both the loading rate and the peak amount of force imparted onto the hoof and therefore into the horse’s forelimbs. It is unclear however what type of track response is most suitable for reducing risk of musculoskeletal injury in the racehorse and this will be the focus of future applications of the musculoskeletal model.
[image: Figure 13]FIGURE 13 | B-SPH model predictions of (A) ground reaction force and (B) centre of mass (CoM) speed in the proximal-distal (vertical) direction, for the synthetic and dirt track surfaces.
Figure 13B shows a comparison of the vertical speed of the centre of mass as measured (from Symons et al., 2014) and as predicted by the B-SPH model. For both the dirt and synthetic tracks the measured and predicted speed during decelerating phase matches well (0–40 ms for the dirt track, 0–25 ms for the synthetic track). The agreement is moderately good for the synthetic track throughout the stance phase. The model predicts the upward movement of the centre of mass (40–80 ms) with lesser agreement for the dirt track. The results of Setterbo et al. (2013) show that there are large variations in force magnitude for the dirt track, especially for high levels of penetration depth. Considering the variation in the experimental results, we consider our predictions of ground reaction force and centre of mass speed to be sufficiently accurate for purpose.
Many aspects of these simulations can be compared to the work by others. Behnke (2018) used a 2D FE model to simulate the response of hoof-ground contact on asphalt and sand which was then used to calibrate a simple spring-dashpot model of the interaction. Limb dynamics (joint angle changes) were ignored. Their predictions for peak vertical forces were almost identical for the different surfaces. Symons et al. (2016) used a sequence of spring-dashpots and a dynamic limb model to evaluate the MCP joint angle on dirt and synthetic tracks. They predicted higher MCP joint angles, indicating high ground reaction forces (McGuigan and Wilson, 2003), for the dirt track than for the synthetic track. Our model predictions better agree with Symons et al. (2016) than the simpler model of Behnke, specifically that the peak vertical force is different for different surfaces (Figure 13A). Others have shown that SPH is effective for replicating soil behaviour due to its ability to deal with complex moving and deforming boundaries and the plastic flow of solid materials (Bui et al., 2008; Li et al., 2018; Wang et al., 2019).
FUTURE MODEL EXTENSIONS
Many aspects of the model will be extended for greater utility in understanding distal limb injury. Currently the model does not include the dynamics of all four limbs and this may contribute small amounts of error to both the predictions of ground reaction force and body dynamics. The model will be extended to include all body joints and their effects on body dynamics. Joint angles are prescribed from 2D kinematic measurements for specific track surfaces in the present study which precludes the model’s use for novel surface conditions. Joint angles will be predicted in future work from the load transmission between muscles, tendons, ligaments, and external forces. Stresses in the bones, cartilage, muscles, tendons, and ligaments can be predicted simultaneously by representing these structures using an SPH or FE approach, extending the ability for the modelling framework to investigate the cause of injury or disease in specific regions of the distal limb.
CONCLUSION
A coupled B-SPH model of horse interaction with track surfaces is presented, which combines three-dimensional representations of the track (included the effects of harrowing), elastic and plastic deformation, the dynamics of the horse’s body, and the interactions between the track and the hoof. Being fully predictive, the model can be used to investigate the relationship between track surface properties and limb loading and may provide insight into the cause of common distal limb injuries.
The SPH track deformation model is validated by comparison to analytical models and finite element model results from the published literature. A particle resolution convergence analysis verifies that an SPH particle size of 5 mm is sufficient for accurate predictions of elastic and plastic dynamics. Validation analyses show that both the predicted elastic and plastic response of the track are sufficiently accurate.
The track model is calibrated for use with two different track surface types: dirt and synthetic (all weather). Previous experiments are reproduced in silico including the geometric structure of each track and the testing device. Elastic and plastic material parameters are determined by iteratively modifying them to produce an acceptable match between simulation predictions and experimental measures of force and displacement. The calibrated values of bulk and shear modulus are found to be higher for the dirt track than for the synthetic track. This difference in elastic properties is then identified as the cause of higher impact forces observed for the dirt track.
A sensitivity analysis is presented to demonstrate how such a predictive model can provide new insight into the way in which track modifications might reduce loading and presumably therefore injury risk. The analysis shows that the amount of track harrowing has a larger effect on loading during impact testing than any other factor. This result has been suggested by others with a different modelling framework (Symons et al., 2016). Variations in elastic modulus, cohesion and friction angle have a smaller, but still considerable, effect on model results and changes to dilation angle has a negligible effect on results.
Finally, the coupled B-SPH model is applied to equine locomotion over two track surfaces to demonstrate its use for investigating limb loading during racing-type gait. The rate of loading of the hoof during initial impact is higher for the synthetic track than for the dirt track, due to its lower porosity (or lesser harrowing). The peak force on the hoof is higher for the dirt track because the harrowed tracks are fully compressed by the hoof at the timing of each peak (thus eliminating the differences in harrowing between the tracks), and the elastic moduli and cohesion are both higher for the dirt track. Model predictions of vertical centre of mass speed are reasonable considering the variance of track material response. In future work, the model will be used to calculate tendon forces and joint stresses, and to predict gait responses to changes in track material properties so as to elucidate the relationship between track surface properties and injury risk.
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