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Abstract

Separation in microfluidic devices is a crucial enabling step for many industrial, biomedical, clinical or chemical applications. Acoustic 

methods offer contactless, biocompatible, scalable sorting with high degree of reconfigurability and are therefore favored techniques. 

The literature reports on various techniques to achieve particle separation, but these do not investigate the sensitivity of these methods 

or are difficult to compare due to the lack of figures of merit. In this paper, we present analytical and numerical sensitivity analysis of 

the time-of-flight and a phase-modulated sorting scheme against various extrinsic and intrinsic properties. The results reveal great 

robustness of the phase-modulated sorting method against variations of the flow rate or acoustic energy density, while the time-of-

flight method shows lower efficiency drop against size and density variations. The results presented in this paper provide a better 

understanding of the two sorting methods and offer advice on the selection of the right technique for a given sorting application.
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1 Introduction
Sorting methods in microfluidic devices are critical 
enabling technologies for applications in cell biology, bio-
medicine or industry [1, 2]. While passive methods can 
be developed for low cost, disposable devices using sim-
ple manufacturing steps [3], active methods are preferred 
for their reconfigurability and adaptation to various tar-
get particle or cell populations [4]. Acoustic active meth-
ods are favored for their non-contact, biocompatible and 
label-free properties [5, 6]. Various solutions exist in the 
literature for continuous flow sorting, including bulk [7] 
and surface acoustic wave devices [8], using either travel-
ling [9] or standing waves [10], modulated signals [11] or 
unique geometries [12]. 

Although most of the works include analysis of the 
degree of sorting depending on some of the device param-
eters such as input power [13, 14] , flow rate [14] or par-
ticle size [15], none of these attempt to assess the sensi-
tivity of the separation technique with respect to input or 

operational parameters. Moreover, comparison of the dif-
ferent methods is difficult due to the broad range of fre-
quencies, particle sizes or device dimensions and flow 
rates used.

To the best of the authors’ knowledge, there is only 
one publication assessing the performance of an acoustic 
sorting method for several intrinsic (particle dependent) 
or extrinsic (experimental setup dependent) parameters 
[16]. However, in this work, only a single sorting method 
is analyzed, and the device performance is not quantified 
through the usual figures of merit such as sorting purity or 
efficiency, but through the possible output position range 
of the particles. Therefore, our paper carries out a com-
prehensive sensitivity analysis for two different acoustic 
sorting methods: the commonly used time-of-flight sorter 
[14] and a phase-modulated sorting technique [15]. This 
article also quantifies the device performance using effi-
ciency and purity as figures of merit.
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2 Acoustic sorting methods
Particles subjected to acoustic fields in a liquid medium 
experience acoustic radiation forces due to time averaged 
second order effects. The viscous drag force of the liq-
uid balances the acoustic radiation force and, as a result 
of different scaling of the acoustic and hydrodynamic 
forces with particle size, density or compressibility, dif-
ferent particles follow different trajectories and separation 
is achieved. With the time-of-flight approach, the parti-
cles are exposed to acoustic standing waves that are per-
pendicular to the flow direction, and different particles 
move laterally by different magnitudes allowing them to 
be extracted at different outlets. In the phase-modulated 
method, a peculiar phase pattern is used to move the stand-
ing wave pattern, resulting in separation of the particles.

2.1 Time-of-flight methods
Taking the reference frame as shown in Fig. 1, i.e. the x 
axis along the device length and y axis along the cross-sec-
tion, the acoustic radiation force in a standing wave can be 
expressed as:
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where Eac is the acoustic energy density, Vp the particle vol-
ume, ΦAC the acoustic contrast factor, and ki the wavenum-
bers [17]. The constants f1 and f2 are called the monopole 

and dipole scattering coefficient, respectively. Index ‘p’ 
denotes a particle property, while ‘0’ denotes a liquid prop-
erty. Symbols ρ and κ are used for density and compress-
ibility, respectively. For our particles and frequency, the real 
part of the dipole scattering coefficient can be approximated 
by  f2 in Eq. (1), neglecting viscous effects. Previously we 
presented a different form of acoustic contrast factor in 
surface wave devices [15] as opposed to that widely used 
for bulk devices, hence the different scaling factor for the 
second term of the contrast factor in Eq. (1). Particles with 
positive contrast factor collect at the pressure nodes, while 
particles with negative contrast agglomerate at the pressure 
antinodes. The viscous, Stokes drag, force is given as:

F ay c ydrag visc= − = −6πη  
    (2)

where η is the dynamic viscosity of the medium and a is 
the particle radius and y  is the time derivative of the posi-
tion, i.e. the particle speed.

The primary acoustic radiation force in standing wave 
fields scales with the particle volume, or with the cube of 
the particle radius, while the viscous drag force is propor-
tional to the particle size. Consequently, as the acoustic 
radiation force drags the particles with positive contrast 
towards the nodes, different particles experience differ-
ent magnitude of acoustic and hydrodynamic forces and 
follow different trajectories. The same argument holds for 
density or compressibility, as the radiation force depends 
on these parameters, but not the viscous drag force. As a 
summary, separation of particles based on size, density or 
compressibility is possible.

The implementation of this time-of-flight (ToF) method 
can be seen in Fig 1. The particle mixture enters the device 
through the middle inlet, two sheath flows at the side inlets 
facilitate hydrodynamic focusing. The device width is cho-
sen to be half of the wavelength, which is the separation dis-
tance of the nodes in the standing wave. The phase of the 
transducers is adjusted to have the antinode of the standing 
wave along the axis of the channel (dotted line in Fig. 1), 
while the two nodes are along the channel sides (dashed lines 
in Fig. 1). As a result of the force balance, the larger particles 
(in green) are displaced laterally to a larger distance com-
pared to the smaller particles. The trifurcated outlet config-
uration allows the target particles to be collected at the two 
side outlets, while the waste exits through the middle outlet.

Inertial effects can be neglected for micrometer-size par-
ticles [18]. The mass times acceleration term in Newton’s 
second law can therefore be dropped; the two forces bal-
ance one another and the trajectory of the particles is [17]

waste

sorted
particles

sorted
particlessheath

sample

sheath

f

f

x

y

z

node

node

Fig. 1 Illustration of the time-of-flight method. Sample mixture 
enters aligned with the antinode (dotted line) at the center of the 
microchannel. The small and large particles relax towards the 
pressure nodes (dashed lines) at different rates and collection at 

different outlets achieves separation. 
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where y0 is the initial position of the particle at t = 0 . The  
x axis of the coordinate system coincides with the antinode 
of the acoustic field at the axis of the channel. Equation (3) 
can be rearranged to obtain the settling time between an 
initial position y0 and a final position  y :
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As particles of different size or material have different γ 
values, as shown in Eq. (3), they have different settling time 
even for the same initial and final positions, as illustrated 
by Eq. (4). We note here what has also been emphasized 
by Yang et al. [16]: neither the initial nor the final particle 
position can be at the nodes or antinodes if this time is to 
be evaluated. In these cases, the argument of the logarithm 
would be either zero or infinity. To avoid this issue, we take 
the settling time from the middle of the half inlet to the half 
of the outlet – none of these positions is a node or antinode.

Equation (3) can be used to obtain sensitivity informa-
tion analytically of changing parameters when the partial 
derivatives are evaluated as detailed in Section 3.3.

2.2 Phase modulated sorting
In this section the phase modulated sorting method will be 
briefly summarized. A more in-depth overview is given in 
our previous works [11, 15].

The illustration of the phase modulated sorting can be 
seen in Fig. 2. In Fig. 2(a) one cycle of the phase pattern 
applied on one transducer is shown. During the ramping 
time, tramp , the phase is changed linearly from 0° to 360°, 
and afterwards kept constant for trest length. The pressure 
nodes within the microchannel move laterally as depicted in 
Fig. 2(b). At the start of the sorting process, all particles are 
located at the bottom pressure node at y = −λ 4  (Fig. 2(c) 
left graph). Because of the interplay between acoustic and 
viscous forces, different particles are located on different 
sides of the pressure antinode (Fig. 2(c) middle graph) after 
the ramping cycle and are directed to different nodes during 
the resting cycle (Fig. 2(c) right graph) achieving sorting. 
In [15] we showed that phase modulation directly enters the 
argument of the acoustic radiation force

F t c k y sty yac ac, sin( ) = −( )2    (5)

where s is the phase modulation speed with s ω . 
Balancing the radiation force with the drag force by iner-
tial approximation [18], the equation describing particle 
motion is directly obtained:
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where Z s= −2 2γ  and ts denotes the start of the phase 
shift. The constant c1 is to satisfy initial conditions of 
particle position. For the above configuration, the parti-
cles start at the bottom node, y = −λ 4 , and ts = 0  with-
out the loss of generality (this would only imply a time 
shift). From t = 0  and rearranging, the initial condition 
c Z1 = π  is directly obtained.

The sorting in the phase modulated method is governed 
by the γ parameter (similarly to the ToF case) and the 
ramping parameter s. The effect of various timing values 
on sorting was investigated before [19].

3 Overview of sensitivity analysis
For a function f of several variables, x1, ..., xi , ..., xn , the 
absolute sensitivity with respect to a single variable xi is 
defined as [20]
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Fig. 2 The phase modulated sorting technique. (a) The phase pattern 
applied periodically on one transducer (b) The resulting movement of the 
nodes in the microchannel (c) Particle positions within the microchannel 
prior to sorting (left), after the ramping (middle) and after the resting time 
(right). Pressure nodes are indicated as densely dashed lines, while the 
pressure antinode is dotted. Particles assume different spatial locations 

after one full phase cycle, resulting in separation
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We can recast this equation into a form that contains the 
relative error of the function f with respect to the variable xi :
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Throughout the theoretical analysis of stability, we inves-
tigate the system one variable at a time and use the above 
formula to obtain the relative error of particle trajectories 
given the partial derivative with respect to the variable in 
question and its relative error. We take this relative error of 
the final particle position as an estimate of the sensitivity.

To assess the quality of sorting, we used sorting effi-
ciency and sorting purity, defined as ratios between par-
ticle counts collected at the various outlets [21]. The effi-
ciency is the ratio of the target particles (T) at the target 
outlet (@T) to the total number of target particles (at the 
target outlet, @T, and at the non-target outlet, @non-T); 
the purity is the ratio of the target particles at the target 
outlet to the total number of particles at the target outlet. 
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Both purity and efficiency are high for a good sorting 
method.

3.1 Extrinsic parameters
The three extrinsic parameters investigated were the flow 
rate (Q), acoustic energy density (Eac) and focusing effi-
ciency (or inlet width).

Increasing the flow rate results in particles exiting 
the device sooner and therefore being subjected to the 
acoustic field for a shorter time and being displaced by a 
smaller amount in the y-direction. Consequently, for the 
ToF method, we expect smaller number of target parti-
cles in the target region (reduced efficiency). Moreover, as 
for high purity sorting the relative number of target par-
ticles at the target outlet is higher than non-target parti-
cles, increasing flow rate will decrease the number of both 
target and non-target particles, resulting in an increase of 
purity. However, due to the periodic trapping of the PM 
method at the pressure nodes, and therefore stabilizing the 
position of the particles, we expect negligible dependence 
of any figure of merit on flow rate for the PM technique.

As the channel length has an equivalent effect on the 
sorting as changing the flow rate, we decided to exclude 
the investigation of the channel length.

The acoustic energy density has a similar effect to the 
flow rate: decreasing the energy density makes the parti-
cles travel less and consequently a drop in efficiency and 
increase in purity are observed. Due to the periodic forc-
ing with the PM technique, again we expect little influ-
ence of the energy density. The acoustic radiation force 
has a direct dependence of energy density and quadratic 
dependence of pressure amplitude, and therefore we found 
it worthwhile to investigate dependence of this parameter.

Finally, the focusing efficiency is expected to have a 
similar effect for both sorting methods: increasing the 
inlet width would lower purity and efficiency since the 
particles have a more dispersed initial position and would 
follow trajectories with a larger spread.

3.2 Intrinsic parameters
The three intrinsic parameters investigated were the parti-
cle size, density and compressibility. During the manufac-
turing of microbeads, each of these vary randomly assum-
ing nevertheless a Gaussian distribution, with well-defined 
mean and standard deviation [22].

As the ratio of the acoustic radiation and viscous drag 
forces is proportional to the square of the particle radius 
and proportional to the acoustic contrast factor, we expect 
a strong dependence on size and a moderate sensitivity to 
particle properties. As the principle of sorting is similar 
in the ToF and PM methods, no significant difference in 
sensitivity on intrinsic particle properties is anticipated.

3.3 Analytical sensitivity of the time-of-flight method
To be able to assess sensitivity with respect to various 
parameters, the partial derivative of Eq. (3) is required 
with respect to all variables of interest: 
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and exchanging t and γ , cac or cvisc gives
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Finally, the derivative with respect to the initial parti-
cle position:
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To obtain numerical sensitivity values and be able to 
compare the effect of the different parameters, we used 
the values that were also applied in the model as shown in 
Table 1. The parameters in Table 1 are either from the two 
reference papers provided in Section 4.1, or [23] as far as 
the material properties are concerned. First, based on the 
energy density, frequency and particle properties, we eval-
uated all variables for the larger 10 μm sphere. We have 
cac = 7.37 nN for the acoustic force constant, cvisc = 94.2 μN 
for the viscous force constant, kν = 20944 m−1 for the wav-
enumber on the surface. Using these, γ = 3.28 , and assum-
ing that the particle travels from the middle of the half 
inlet (0.0375λ) to the middle of the outlet (0.1875λ), the set-
tling time evaluates to 0.7 s.

Firstly, we investigated the flow stability theoreti-
cally. Since the channel is more than twice wider than its 
height, and the flow speed is almost uniform towards the 

centerline of the channel [11], we assumed the flow vari-
ance can be directly approximated by time variance. First 
evaluating Eq. (10) we obtain ∂ ∂ = ⋅ −y t 55 5 1.  m sµ  and 
consequently ∆ ∆ ∆y y y t t t t y t t= ∂ ∂ ⋅ ⋅ = 0 69. , or from 
our assumption ∆ ∆y y Q Q= 0 69. .

For stability against energy density, we can note 
that the acoustic force constant (cac ) is directly propor-
tional to the energy density. Therefore, stability against 
energy density is the same as against the acoustic force 
constant [20]. Using the same methodology as before, 
∂ ∂ = ⋅ ⋅ −y cac  m N5 28 103 1. , and ∆ ∆y y c c= 0 69. ac ac , or 
∆ ∆y y E E= 0 69 0 0. . This result is equivalent to the time 
(flow rate) dependence, which is expected, since t and cac  
appear equivalently in Eqs. (3), (10) and (11).

For the final extrinsic parameter, the inlet focusing sta-
bility, direct substitution into Eq. (12) yields ∂ ∂ =y y0 1 56. ,  
and therefore ∆ ∆y y y y= 0 312 0 0. .

For size dependence a similar technique as for the 
energy density can be used [20]. As γ is proportional 
to the square of the particle radius, ∂ ∂ =γ γa a2 , 
and the size dependence can be obtained after calcu-
lating ∂ ∂ = ⋅ ⋅−y γ 1 19 10 5.  m s , and substituting into 
∆ ∆y y a a=1 38. .

To approximate the density dependence, the derivative 
∂ ∂y pρ  should be calculated. Here we can simplify uti-
lizing the proportionality between cac  and Φac . Therefore, 
in the chain rule ∂ ∂ = ∂ ∂ ⋅∂ ∂ ⋅∂ ∂y y c cp ac ac pρ ρΦ ΦAC AC  
the second term can be substituted by cac ACΦ  [20] and as 

/ acy c∂ ∂  is known previously, only 
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needs to be derived. On substitution of the numerical 
values, we obtain ∂ ∂ = − ⋅ ⋅− −y pρ 4 46 10 8 4 1.  m kg  and 
∆ ∆y y p p= −0 833. ρ ρ .

A similar methodology applied for the compressibility 
dependence gives

∂
∂

= − ≈ ⋅
ΦAC  Pa
κ κp

1
2 2 10

0

9.
   (14)

and consequently, applying the chain rule, 
∂ ∂ = ∂ ∂ ⋅ ⋅∂ ∂ = ⋅ ⋅ −y y c cp pκ κac ac AC AC  N mΦ Φ 1 46 105 1.

and finally ∆ ∆y y p p= 0 45. κ κ .
The trajectories describing the PM method contain 

variables depending on several other parameters (such as 
Z depending on s and γ) which make calculation of the 

Table 1 Parameters used in the numerical simulation. Values 
marked with a star (*) are calculated based on other parameters 

and are presented to aid the reader

Symbol Description Value for 
ToF sorter

Value for 
PM sorter

f Frequency 13.3 MHz

cs
Speed of sound on the lithium 
niobate surface 3990 m/s

λ Wavelength on surface 300 μm

Width of channel λ/2=150 μm 240 μm

Shadow zone width 39 μm

Height of channel 65 μm

Length of active area 1.62 mm 3 mm

Inlet width 22.5 μm 36 μm

Inlet offset 0 μm -55 μm

Q Volumetric flow rate 0.4 μl/min = 6.7e-12 m3/s

Eac Acoustic energy density 1 J/m3

tramp Ramping time - 1.7 s

trest Rest time - 1 s

ρ0 Density of water 998 kg/m3

ρPS Density of PS particle 1050 kg/m3

κ0 Compressibility of water 457 TPa-1

κPS Compressibility of PS particle 172 TPa-1

N Number of simulations for 
each case 10000

ai Particle radius 3 and 5 μm
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partial derivatives impractical. Moreover, due to the rest-
ing phase, approximation of sensitivity is difficult: a par-
ticle might get displaced more during the ramping phase, 
but stabilizes itself during resting. Therefore, we decided 
to omit analytical treatment of the PM method.

4 Simulation setup
In this section, we refer to the two articles used for the 
ToF and PM methods, detail the simulation parameters 
and comment on the anechoic corner that needs to be con-
sidered to accurately capture the surface wave behavior 
within the microchannel.

The simulation algorithm was a MATLAB implemen-
tation of the trajectory equations given by Eqs. (3) and (6) 
combined with fluid flow calculations as presented in [24], 
thus capturing the primary acoustic radiation force and 
viscous drag force. As a first step before each simulation, 
the random particle properties and initial time and posi-
tion are generated. These are used in the analytical par-
ticle trajectory equations to obtain the y t( )  path of the 
individual particles. Next the generated particle trajecto-
ries are checked for entering the anechoic corner at the 
two sidewalls. If the particle y position is closer to any of 
the walls than the width of the anechoic corner at time tF, 
then y t t y tF F>( ) = ( ) , i.e. a freeze boundary condition is 
applied. Next, based on the volumetric flow rate and device 
geometry, the velocity field is calculated numerically up to 
the fifth order. Using this field and the y t( )  of the par-
ticles, the position along the device, x t( ) , is obtained. 
Finally, the particles are counted at the two outlets.

This approach makes use of the analytical particle trajec-
tories and the known radiation force on a spherical particle. 
A similar methodology can be used for non-spherical parti-
cles as well, the numerical calculation of radiation force in 
these cases was presented by Glynne-Jones et al. [25].

4.1 Reference papers used, alignment of models
We chose two works as references for the techniques where 
the device dimensions and operating conditions were sim-
ilar enough that, with minimal modifications, a direct 
comparison was possible. The time-of-flight method was 
implemented using the work from Jo and Guldiken [14], 
while for the phase modulation we relied on a work by 
Simon et al. [11, 15]. Both references use 13.3 MHz oper-
ating frequency and a target outlet width that is half of the 
main channel width. There was a slight difference in chan-
nel height: 80 and 50 µm for the time-of-flight and for the 
phase modulated method, respectively. Therefore, in both 

models we used the average 65 µm. The inlet focusing is 
hydrodynamic with the PM and acoustic with the ToF tech-
nique; we simply assumed that the sample inlet occupies 
15 % of the main channel width in both cases. Finally, the 
particles are considered to be perfectly suspended within 
the liquid and locate at the middle of the channel height.

For each simulation, 10,000 small 6 µm and 10,000 
large 10 µm polystyrene particles were randomly dis-
persed within the inlet region. For the PM method, the 
particles entered the channel at a random time instant 
between 0 and tramp . The complete list of simulation 
parameters are shown in Table 1 for the two methods. 
The extrinsic parameters were simulated for 80 % and 
120 % of their nominal values to obtain sensitivity for 
changes in both directions. For the intrinsic parameters, 
each of the 10,000 simulation steps used a physical prop-
erty randomly selected following a Gaussian distribution 
with the nominal value as the mean and 20 % of the nom-
inal value as the standard deviation.

4.2 The anechoic corner
In a real surface acoustic wave microfluidics device, the 
channel walls shield the wave propagation, and the pressure 
field at the channel walls will mainly comprise one travel-
ling wave component from the opposite direction [26]. This 
phenomenon is called an anechoic corner or shadow zone. 
As the illustration in Fig. 3 shows, in a region defined by 
the Rayleigh angle such as in Fig. 3(b), the pressure is much 
attenuated compared to the ideal standing wave pattern 
shown in Fig. 3(a), and the trapping is not perfect. Particles 
are pushed towards the channel walls due to acoustic 
streaming and the opposing travelling wave [27]. To take 
this effect into consideration, we calculated the maximum 

Fig. 3 Illustration of the anechoic corner or shadow zone. (a) Pressure 
distribution assuming perfect boundaries with no attenuation in the 
PDMS (b) pressure distribution due to attenuation in PDMS. Dashed 

lines indicate the approximate edges of the shadow zone
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width of the shadow zone, and with an additional 50 % 
safety margin used it as a freeze boundary condition in the 
simulations. The width used in the simulations was 39 μm.

5 Results
5.1 Time-of-flight method
The simulation results for the time-of-flight method can be 
seen in Fig. 4. As a quick summary of the analytical pre-
dictions, that were derived in Section 3.3, the ratio of the 
relative error of the final particle position to the relative 
error of extrinsic parameters was estimated to have the fol-
lowing influence on sorting: 0.69, 0.69 and 0.312 for flow 
rate, energy density and inlet focusing, respectively. For 
example, for flow rate ∆ ∆y y Q Q= 0 69. . For the intrin-
sic parameters, the sensitivity values were 1.38, -0.833 and 
0.45 for size, density and compressibility, respectively.

The simulation results are generally in good agree-
ment with the predictions and expectations of Section 3.3 
when considering the strength of the individual parame-
ters. Increasing flow rate (point Q+20% in Fig. 4), decreas-
ing energy density ((Eac )-20%) or inlet focusing ((y0 )-20%) all 
decrease efficiency and increase purity. For higher flow rate 
and lower energy density, the particles are not allowed to 
move enough in the y-direction, which explains this change. 
However, for reduced inlet width we believe the decrease 
in efficiency is explained by the antinode position near the 
particle initial position: the particles move slower towards 
the sidewalls and consequently efficiency drops. Change of 
these parameters in the opposite direction increases effi-
ciency and drops purity. As shown in Fig. 4, the change in 
purity is always more severe than the change in efficiency. 
Furthermore, the order of sensitivity of these parameters 
are in good alignment with the results of Section 3.3: high-
est sensitivity for flow rate and energy density, followed by 
a moderate sensitivity for inlet focusing.

Continuing with intrinsic parameters a more symmet-
ric behavior can be observed. All data points (a, ρ and κ) 
move towards the origin, and do not swing towards either 
the purity or efficiency side significantly. Again, good 
alignment with theoretical prediction can be seen: high-
est sensitivity is present for size-change, followed by den-
sity-change and a negligible compressibility-dependence.

5.2 PM method
Generally, the phase modulated method showed excep-
tional stability for most of the investigated parameters 
(Fig. 5). As predicted, the method is virtually insensitive to 
changes in extrinsic parameters such as flow rate, acoustic 

energy density or inlet focusing, where the efficiency only 
changes by 3-4 %. However, the method was more prone 
to changes in particle size or density, in both cases the 
efficiency lowers to about 70 %. In these cases, the purity 
is still kept high, above 95 %. Gao et al. [28] argue that, 
in microfluidic sorting devices, a higher purity is more 
important, as it allows direct detection of the sorted enti-
ties at the outlet without the need of post-processing.

6 Summary and conclusions
In this paper, we presented the sensitivity analysis of two 
acoustic sorting methods in surface acoustic wave devices 
using numerical simulations. We also provided analytical 
prediction of the sensitivity of the time-of-flight method 
for various intrinsic and extrinsic parameters. 
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Fig. 4 Results of the sensitivity analysis for the time-of-flight 
method. Index: ref: reference simulation, Q: flow rate variation, 
Eac: acoustic energy variation, y0: inlet width variation. For these 
extrinsic simulations -20 % denotes simulation runs with 80 % 
of the nominal value, +20 % denotes 120 % of the nominal value. 

a: size variance, ρ: density variance, κ: compressibility variance
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Fig. 5 Results of sensitivity analysis for the phase-modulated sorting. 
The notations are the same as in Fig. 4
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