
Smoothed-Particle Hydrodynamics
Subjects: Biotechnology & Applied Microbiology | Engineering, Biomedical | Mathematical & Computational Biology

Contributor: Milan Toma

Smoothed-particle hydrodynamics is a computational mesh-free Lagrangian method developed by Gingold, Monaghan,

and Lucy in 1977, initially intended for use in astrophysics.

Keywords: Smoothed-Particle Hydrodynamics ; computational biology ; fluid-structure interaction

1. Introduction

Smoothed-particle hydrodynamics is a computational mesh-free Lagrangian method developed by Gingold, Monaghan,

and Lucy in 1977, initially intended for use in astrophysics . Since then, it has been used for simulating the mechanics

of continuum media, such as solid mechanics and fluid flows. It has been used in many fields outside astrophysics,

including ballistics, volcanology, and oceanography. In recent years, it has been increasingly adopted by those with an

interest in biomedical engineering .

Succinctly speaking, a continuous field is reconstructed from a cloud of discrete particles. Each of the particles has

assigned properties, i.e., mass, pressure, velocity, density (volume). The kernel function is used to encircle several other

neighboring particles by the radius of the smoothing length (Figure 1). That means that any property can be reconstructed

by taking the volumetric integral of the kernel function multiplied by the local value of a given property, e.g., the pressure

, where  is the reconstructed pressure,  is the position vector, is the

position vector of the point within the smoothing length radius, h is the smoothing length and W is the kernel function.

Figure 1. Smoothed-particle hydrodynamics with a kernel approximation.

The SPH is governed by a set of ordinary differential equations as follows. The continuity equation, i.e., conservation of

mass, is

where W is the Kernel function and the 4th order diffusive term improves the pressure evolution.

The momentum equation, i.e., Euler equation, is

More detail on the numerical methods used in the cardiovascular FSI simulations, e.g., the integration method, artificial

viscous term, laminar viscous term, speed of sound used, can be found published elsewhere .
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The SPH interacts with the structural finite elements using a penalty-based contact algorithm. In penalty-based contact,

when a penetration is found, a force proportional to the penetration depth is applied to resist and eliminate penetration.

Linear contact spring stiffness is based on the nodal masses that come into contact and the time step size as follows

The resulting contact stiffness is independent of the material constants so it is well suited for treating contact between fluid

and structure. Fluid–structure coupling is achieved by using a position-based Verlet time integration scheme that enforces

momentum conservation. Solid particles are assigned a velocity and acceleration which are averaged over a fluid time

step to enhance force matching .

The combination of the SPH method (used to simulate the fluid domain flow) with a high-order finite element method

(used to simulate the solid domain deformations) is ideal for simulating FSI, especially when complex geometries are

included. Using SPH methods provides numerical stability because the contact between the solid and fluid domains is

easily treated numerically. Moreover, SPH is highly parallelizable. Hence, it is possible to run FSI simulations with

geometries complex preserving all their details, and at the same time keeping the simulations numerically stable,

accurate, parallelized on a standard GPU workstation (as opposed to large supercomputers), and all of that with a runtime

of only hours or days rather than weeks and months.

2. Fluid–Structure Interaction Analyses of Biological Systems Using
Smoothed-Particle Hydrodynamics

Two notable implementations of SPH-FSI in biomedical applications, namely, blood flow and cerebrospinal fluid flow

interactions, have been explored more than other applications. This section is divided accordingly.

2.1. Blood Flow in Arteries

The first time SPH was found to be used to replicate a three-dimensional FSI biomechanical process was in 2003, with

the introduction of a three-dimensional thick-wall model using FSI to simulate blood flow in the carotid arteries with

stenosis . Previous mathematical models had been restricted to being one-dimensional and their accuracy was

limited because only the average axial velocity and pressure over the cross-section of the tube were calculated . Prior

to 2003, higher dimensional models had been used to investigate FSIs in the collapse and ablation of atheromatous

plaques in the coronary arteries . They found that wall stress distribution had a very localized pattern and that the

dragging force from fluid flow had a considerable effect on wall compression. Other studies formed the foundation for

computations for fluid and wall motions in models of arterial stenosis and abdominal aneurysm . Stress

concentration, found at both edges of the stenosis, was concluded to be responsible for plaque ablation. FSI finite

element analysis of pulsatile flow through compliant axisymmetric stenotic arteries was also done and findings showed

that severe stenosis causes artery compression, negative flow pressure, and high flow shear stress .

More recently, this model has been adopted again, but for simulations of blood flow in patient-specific geometries utilizing

CT technology . Furthermore, the particle nature of the SPH method facilitates a convenient platform to model

platelets, allowing models to simulate the process of thrombogenesis under the influence of various blood flow parameters

. As pointed out throughout this article, the use of SPH is especially justified when the geometries used are complex.

2.2. Blood Flow’s Interaction with Heart

In recent years, SPH has been used more commonly to simulate the closure of heart valves. Its purpose is to assess the

efficacy of surgical procedures and medical devices. The complexity of heart valve geometries, combined with the large

deformations they undergo with every heartbeat between their fully open and fully closed positions, make SPH ideal for

conducting computational FSI analyses. The SPH method was demonstrated and validated in several articles on mitral

valve closure . Subsequently, it was used to assess several diseased mitral valve states  and

applications of medical devices designed to correct them . Besides the mitral valve, other valves have been

studied using the same methods . The SPH method has been validated to study the hemodynamics of

the left ventricle . Interaction between bioprosthetic heart valves and blood was also studied using SPH . An overview

of numerical methods, including SPH, for FSI models of aortic valves, can be found in .
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2.3. Cerebrospinal Fluid’s Interaction with the Brain

The brain, with its intrinsic topology, is the most complex organ in the human body making computational models

inherently challenging. The majority of computational models in the literature routinely embed it into lower dimensions.

The particle nature of the SPH method allows for a more detailed analysis of the complex neurological structures while

having the ability to simulate their interactions with surrounding cerebrospinal fluid.

FSI simulations using SPH are used to demonstrate and to study the cushioning effect of cerebrospinal fluid  and

the mechanism of brain injuries induced by an outside loading factor . In the context of disease diagnosis and

management, these models are able to assess the risk of developing neurological complications, such as hemorrhage,

following treatment in addition to explaining the possible pathophysiology behind the condition itself .

Furthermore, the use of SPH is shown to play a role in calculating potential ballistic pathways in forensic investigation. To

inform the investigation process, the following are analyzed: the entry wound and blood spatter patterns, the influence of

target materials, and the cranial geometry. Using SPH, we can develop a numerical model capable of simulating high-

speed ballistic impacts, thus allowing for the standardized evaluation and simulation of “backspatter”, the retrograde

ejection of blood and tissue from the entry wound following projectile impact, which can then help determine the proximity

of the shooter and potentially differentiate between suicide and homicide .

2.4. Other Applications

While the SPH method has been more commonly used in heart and brain simulations, other applications have also been

explored. As previously stated, the more complex the simulation, the more appropriate it is to use the SPH method. For

example, the act of swallowing is a complex process involving soft tissue, muscle, and bone, all of which must be included

in order to make the simulations accurate/practical . As such, the simulation requires multiple parts whose

relationships must be included in the calculation: the soft structures (i.e., pharyngeal wall, soft palate, and tongue) are

simulated using a finite element method, bony structures (e.g., mandible, hard palate, and hyoid) are simulated as rigid

bodies, and a fluid bolus is simulated using SPH. Mathematical and computational modeling of the stomach is another

emerging field of biomechanics where several complex phenomena, such as gastric electrophysiology, fluid mechanics of

the digesta, and solid mechanics of the gastric wall, need to be addressed. SPH is a promising approach to model

multiphase flows specifically in the gastric lumen . SPH has also been successfully applied in computational modeling

of the small intestine .

Thus far, all biomedical applications mentioned above are applied to the inside of the human body. However, the

interaction of the human body with outside fluid domains can also be considered. For example, an SPH model is used to

predict the loading on the human body during elite platform diving . Other studies in human movement science focus

on the analysis of stroke technique and the interactions between the water, the paddle, and the kayak . Though

technically, that study does not involve direct interaction between the human body and fluid, it does fall under the umbrella

of biomedical FSI applications. Furthermore, the body can also interact with, and be damaged by, outside solid objects.

Studies looking to understand the anatomical changes that lead to femoral cortical bone remodeling in hip fractures and

how such changes affect healing and functionality are one example . As such, the investigation of impact biomechanics

is of great interest in the understanding of damages caused by the impact of a projectile with the human body .
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