Simulation and Design of an Acoustic Resonator to Enhance the Sensing of Cells within Micro-fluidic Chambers
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 Abstract ( The sensing of cells within micro-fluidic components can be greatly enhanced by maximizing the concentration of particles near the sensor element.  To encourage bacterial cells to move to a surface, acoustic radiation forces are employed, which rely on the compressibility and density of the particulate matter.  This provides an alternative to electric or magnetic field-assisted particle manipulation, and can operate over greater length scales.  This paper describes the simulation of a device used to demonstrate the principle and reveals how the geometric design of the system influences the acoustic field and is paramount to the particle manipulation process.  Predictions of particle concentrations upon a surface compare excellently with experimental results.
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I Introduction
This paper concentrates on a technique being developed to enhance the sensing of cells and other particulate matter on a surface and includes sensing of bacteria and spores (~1μm).  By pushing cells up to a sensor surface, the sensitivity can be increased as compared to the capture of particles when relying on diffusion or hydrodynamic effects alone.  Acoustic radiation forces can be used to achieve this and are forces which are experienced by particles suspended in a fluid and subject to an acoustic standing wave.  The acoustic radiation force, Fac, varies at twice the spatial frequency of the acoustic pressure or velocity field and may be expressed by the following equation:
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where   is the time averaged acoustic energy density, k is the wave number, R is the radius of the particle and    is the acoustic contrast factor which depends on the acoustic properties of the particle and fluid.  Inspection of this expression shows that particles move to either the acoustic pressure node or anti-node.  Application of this phenomenon is ideally suited to μTAS as the wavelength at ultrasonic frequencies and in aqueous solutions is of micro-fluidic scales.

To cause particles or cells to move towards the surface of fluid chamber, a resonator must be designed which supports generation of a quarter-wavelength resonance within the fluid chamber.  The acoustic pressure node, to which solid phase particles typically move, is then positioned near the reflector surface.  Altering the geometry of the resonator has a significant impact on the acoustic behaviour of the device and position of the node.  This in turn will influence of the capture of cells on the reflector surface.  Simulation of the acoustic field is used to explain experimental observations.
II Resonator Design
II.1   Construction

Ultrasonic particle manipulation devices are typically layered and consist of transducer, matching, fluid and reflector layers.  The acoustic field within the device is predominantly 1-dimensional, where a standing wave is set up in the through-thickness direction. The sample containing the cells of interest is passed through the fluid cavity, either continuously or operating in a batch mode.  Figure 1 shows a schematic of a typically resonator and the movement of particles through the fluid layer and up to the reflector surface.
Fluid ducts are located either end of the fluid chamber to allow continuous flow through the device.  Such devices may be assembled using micro-engineering techniques [1-3], although the experimental device referred to in this paper is machined directly and is modular in its design for ease of assembly and modification.
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Figure 1.  Schematic of layered construction of acoustic resonator device (left), and typical example of the acoustic pressure field generated within the device (right).

II.2    Quarter-wavelength operation

Figure 1 also illustrates an example of a quarter-wavelength acoustic pressure profile within the fluid, where the pressure reduces to a minimum in the region of the reflector surface.  Solid phase particles will typically move to this pressure node, which if located on the reflector side of the boundary, will cause particles to move up against the surface and enhance particle capture.

II.3    Generation of Quarter-wavelength resonance

The resonance of the entire device relies strongly on coupling between layers, i.e. the performance of the device does not rely solely on the fluid layer resonance.  This is demonstrated in the case of quarter-wavelength devices.  Whilst a quarter-wavelength mode offers an excellent mechanism to move particles to a surface, it is not associated with high acoustic energy.  To date, the generation of this mode has relied on an nλ/2 resonance within the reflector layer which imposes a pressure minimum close to the fluid/reflector interface.  This means that the resonance of the device, and therefore the acoustic energy density, is predominantly associated with the reflector rather than the fluid layer and presents significant challenges when designing such systems.  Acoustic energy density is proportional to P02/c2ρ, where P0 is the acoustic pressure amplitude, c is the sonic velocity and ρ is the density of the medium. Therefore, this unfavorable distribution of energy is in part illustrated in Figure 1, where the pressure amplitude in the reflector layer is significantly greater than that in the fluid layer.
III Acoustic Simulation

To evaluate the design of layered ultrasonic resonators, an impedance transfer model is used which takes all layers of the system into account [4, 5].  The model predicts the behaviour of the transducer as it drives the acoustic impedance load of the device structure, and in turn predicts the acoustic field generated in the structure, similar to the example shown in Figure 1.
From pressure amplitude data, the acoustic radiation force acting on a particle of known density and compressibility can be determined.  Also, a parabolic laminar flow profile is seen within the fluid chamber when operating as a flow-through device.  Therefore, fluid drag forces are also acting on the particles, but by resolving both the acoustic and drag forces, the trajectories and concentration of particles can be calculated [6].
When evaluating the design of a resonator, these simulations help determine the plane(s) to which particles converge (pressure nodes) and estimate the proportion of particles captured on the surface.  In this paper the influence of the reflector layer thickness upon the acoustic field is investigated.
IV Results
In this study a quarter-wavelength system is used where the design of the transducer, matching and fluid and reflector layers are all maintained, apart from the thickness of the reflector layer.  The main parameters are listed in Table 1.  The operating frequency of the transducer is maintained at 2.82MHz such that a ~λ/2 resonance is generated in the reflector.  The experimental procedure is detailed more thoroughly in Martin et al. [7].
Table 1. Main properties of layers
	Layer
	Thickness (mm)
	Density (kg/m3)
	Sonic velocity (m/s)

	Transducer (PZ26)
	0.670
	7700
	4080

	Adhesive (epoxy)
	0.050
	2000
	2440

	Matching (steel )
	1.500
	7800
	5800

	Water
	0.135
	1000
	1500

	Reflector (soda lime glass)
	Various
	2400
	5600
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Figure 2.  (a) Predicted pressure profile within the fluid layer and part of the reflector layer for a range of reflector thicknesses and (b) associated radiation force profile.  Positive radiation force indicates a force in the positive y direction (towards the reflector).

IV.1 Pressure profile and node position

Figure 2 shows the acoustic pressure profile within the fluid layer for a range of reflector thicknesses, where y = 0 is the matching layer surface and y = 0.135mm is the reflector surface.  The simulations have been corrected using experimentally measured pressure amplitude data, collected at Cardiff University where the device detailed in Table 1 has been fabricated and tested.  

It can be seen that as the reflector thickness is increased, the pressure node moves from the fluid layer and into the reflector layer.  This means that for a thickness <1mm, particles will move to a plane within the fluid chamber and away from the reflector surface.  However, for a thickness ≥1mm, particles will move towards the node within the reflector layer and in doing so are forced against the reflector surface, enhancing the capture of particles significantly.  
IV.2 Radiation force profile

The radiation force profile within the fluid layer is plotted in Figure 2(b) and is related to the gradient of the square of acoustic pressure.  In the case of a 1mm thick reflector, it can be seen that the majority of particles will experience a positive force up to the reflector surface.  A small section of the fluid chamber (0 < y < 0.02mm) is associated with a force in the negative direction and so particles in this region will move down towards the matching layer.  Particles are effectively repelled from the plane y = 0.02mm which corresponds with a pressure anti-node.  For a thickness of 1.02mm, an even greater proportion of particles are forced to the lower surface.  Having an anti-node in the fluid layer therefore reduces the total number of particles which may be captured on the reflector surface.
IV.3 Particle capture

Based on the predicted radiation force shown in Figure 2, the proportion of particles captured can be estimated.  This is calculated for a flow rate of 0.2ml/min passing through the fluid chamber.  The chamber has a width of 10mm and length of 20mm, which also represents the approximate capture area of the reflector surface.  
Figure 3 shows the experimentally measured capture of 1μm polystyrene beads and based on the mean number of particles counted over 15 fields of view, under a microscope.  The predicted particle capture is represented as a proportion of the total number of particles passing through the device and normalized against the experimental data.  
It can be seen that for thin reflectors (up to 0.99mm) no significant capture is recorded and from Figure 2 can be attributed to the positioning of the pressure node within the fluid layer.  However, at greater thicknesses, the node is located within the reflector layer and particle capture is recorded.  This reaches a maximum for a 1.01mm thick reflector where the pressure amplitude (and energy density) is high, most likely due to the improved acoustic resonance when using this particular reflector thickness.  Also, a significant proportion of the fluid layer is associated with a positive radiation force up to the reflector surface.
[image: image8.bmp]Between 1.02mm and 1.05mm, the pressure amplitude reduces slightly and the presence of an anti-node significantly reduces the number of particles which can reach the reflector surface.

Generally, the experimental and predicted capture data show very similar trends, and using predictions of the acoustic pressure and radiation force profile it is possible to interpret these trends.  This study supports further work using the simulation to improve the design of such resonators.

V Conclusions
Acoustic resonators have significant potential in particle manipulation devices.  The operation of such resonators is very sensitive to the acoustic design, but can be evaluated using numerical modeling.  The simulations used allow the position of the acoustic node, and plane to which particles converge, to be predicted with reasonable accuracy.  Further, the simulation can predict the combined effect of the acoustic radiation force and laminar flow profiles, and resulting effectiveness of the system when compared to other geometric designs.  It is hoped that this modeling technique will lead to an improved quarter-wavelength resonator design, by evaluating both geometric and material variations.
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Figure 3.  Particle capture on the reflector surface for a range of reflector thicknesses, showing both predicted (■) and experimentally measured data taken from [7] (♦).
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