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1. Radiation force on a layered sphere in a standing plane wave

2. Standing surface acoustic wave (SAW) acoustofluidic devices

3. Born analytical solution

4. Born vs. full theory

5. Layered vs. homogenized
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Outline

Jo and Guldiken, Sens. Actuator A Phys. 187, 22-28 (2012)



Compare Born approximation with full theory for force on a layered cell
• Full theory [Wang et al., J. Appl. Phys. (2017); Ilinskii et al., JASA (2018)]

Radiation force on a layered cell in a 1D standing plane wave
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Spherical wave expansions of 
incident and scattered fields

Layered cell:
• Born approximation

• Closed-form analytical result
• Obtained by summing forces on components of cell Standing plane wave:

Born
Full theory
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Scattering coefficients required in full solution (Wang et al., 2017)

Wang et al., J. Appl. Phys. 122, 094902 (2017)
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Surface acoustic wave acoustofluidic device (Peng et al., 2020)



Surface acoustic wave acoustofluidic device:  
Radiation force due to noncollinear plane waves
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• Configuration considered by Peng et al. [J. Mech. Phys. Solids 145, 104134 (2020)]

Jo and Guldiken, Sens. Actuator A Phys. 187, 22-28 (2012)



Surface acoustic wave acoustofluidic device:  
Radiation force due to noncollinear plane waves
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• Configuration considered by Peng et al. [J. Mech. Phys. Solids 145, 104134 (2020)]

Jo and Guldiken, Sens. Actuator A Phys. 187, 22-28 (2012)



Surface acoustic wave acoustofluidic device:  
Radiation force due to noncollinear plane waves
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• Standing wave in 𝑧 direction (Horizontal)
• Traveling in 𝑥 direction (Vertical)

• Configuration considered by Peng et al. [J. Mech. Phys. Solids 145, 104134 (2020)]

Jo and Guldiken, Sens. Actuator A Phys. 187, 22-28 (2012)



Surface acoustic wave acoustofluidic device:  
Radiation force due to noncollinear plane waves
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• Standing wave in 𝑧 direction (Horizontal)
• Traveling in 𝑥 direction (Vertical)

• Configuration considered by Peng et al. [J. Mech. Phys. Solids 145, 104134 (2020)]

Animation of pressure wave field

Jo and Guldiken, Sens. Actuator A Phys. 187, 22-28 (2012)



• Plane wave radiated into fluid by traveling surface acoustic wave

Surface acoustic wave acoustofluidic device:  Full solution
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• Horizonal radiation force (full theory):

Given by Wang et al.

• Vertical radiation force not described by Born approximation



Born approximation of horizontal radiation force
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• Incident field:
• Radiation force on a volume element

𝑛 Material 𝑐𝑛 [m/s] 𝜌𝑛 [kg/m3] 𝑅𝑛 [𝜇m]

1 Nucleus 1508.5 1430 6

2 Cytoplasm 1508 1139 14

3 Cell wall 1450 970 15

0 Water (ref) 1500 1000 --

• Same form as result for 1D standing wave with

• Layered cell 

Peng et al. [J. Mech. Phys. Solids 145, 104134 (2020)]
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Born approximation vs. full theory for horizontal force

𝑘𝑅3 = 1

Dependence on 
Rayleigh (intersection) angle 𝜃𝑅

Dependence on 𝑘𝑅3

Dependence on 
outer radius 𝑅3 

30 𝜇m

25 𝜇m

20 𝜇m

15 𝜇m

10 𝜇m 

corresponds to 
𝑘𝑅3 ≃ 5 for 𝑅3 = 30 𝜇m

(2𝑅3 ≃ 2𝜆)
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Born approximation
Full theory 
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Comparison of Born approximation for layered vs. homogenized cell

• Homogenization is based on volume average of compressibilities and densities 
of the layers:

Layered Homogenized
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Comparison of Born approximation for layered vs. homogenized cell

Dependence on 𝑘𝑅3

10 𝜇m ≤ 𝑅3 ≤ 30 𝜇m 10∘ ≤ 𝜃𝑅 ≤ 90∘

Dependence on 
Rayleigh (intersection) angle 𝜃𝑅

Dependence on 
outer radius 𝑅3 

1 ≤ 𝑘𝑅3 ≤ 5

• Homogenization is based on volume average of compressibilities and densities 
of the layers:

Layered Homogenized
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Comparison of Born approximation for layered vs. homogenized cell

Dependence on 𝑘𝑅3

10 𝜇m ≤ 𝑅3 ≤ 30 𝜇m 10∘ ≤ 𝜃𝑅 ≤ 90∘

Dependence on 
Rayleigh (intersection) angle 𝜃𝑅

Dependence on 
outer radius 𝑅3 

1 ≤ 𝑘𝑅3 ≤ 5

• Homogenization is based on volume average of compressibilities and densities 
of the layers:

Layered Homogenized



Summary

• Closed form solutions often available in Born approximation

• Accurately describes horizontal forces in acoustofluidic devices

• Accurate for inhomogeneous objects on the order of one wavelength

• Homogenization inaccurate unless 𝑘𝑅 << 1

• Normal restriction applies—acoustic contrast of objects must not differ 
substantially from that of host fluid
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Extra slides



EXTRA: Radiation force on a nucleated cell

Compare Born approximation with theory for force on a nucleated cell*

• Based on theory for radiation force on a sphere

• Spherical wave expansion coefficients 𝑎𝑛 for axisymmetric incident field
• Scattering coefficients 𝐴𝑛 for spherically symmetric scatterer

*Wang et al., J. Appl. Phys. 122, 094902 (2017)
• Cell modeled as a sphere surrounded by 𝑁 = 2 layers:

 
• Neglect shear and absorption in cell

Material 𝑓𝐺,𝑛

1 Nucleus 0.6428

2 Cytoplasm 0.0106

3    Cell membrane −0.1339

0    Water (reference) --
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EXTRA: Radiation force on a nucleated cell 
Full theory (Wang et al.)

Born approximation
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Extra: Wang et al. full theory

Wang et al., J. Appl. Phys. 122, 094902 (2017) EXTRA  1
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Extra: Rayleigh angle

Peng et al., J. Mech. Phys. Solids. 145, 104134 (2020)
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