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Influence of suspension concentration 
 
A theoretical model, detailed by Ley and Bruus (2016), describes the suspension behavior when particle-
particle interactions can no longer be ignored. Briefly, as the solid content increases, the viscosity 
increases and the diffusion coefficient (and concomitantly the mobility) decreases (Krieger and Dougherty 
1959; Ladd 1990). When a suspension of particles is introduced into the microfluidic chip, two opposite 
effects transport particles in the lateral direction. With radiation force, standing acoustic waves focus 
particles towards the center of the main channel, forming a gradient of concentration. As a result, the high 
concentration, in the center of the channel, is characterized by high viscosity and low mobility resulting 
in a decreasing radiation velocity. Simultaneously, according to the Fick’s second law of diffusion (Dhont 
1996; Cussler 2007), a higher concentration gradient results in an increase in diffusion. 
 
These two effects can be described in term of lateral particles flux 𝐽𝐽𝑙𝑙, with Eqs. S1 and S2 (Ley and Bruus 
2016).  
 

𝐽𝐽𝑙𝑙 = 𝐽𝐽𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐽𝐽𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐸𝐸𝐸𝐸. 𝑆𝑆1 
𝐽𝐽𝑙𝑙 = −𝐷𝐷𝜑𝜑�𝐶𝐶𝑝𝑝�∇𝐶𝐶𝑝𝑝 + 𝐶𝐶𝑝𝑝𝜐𝜐�𝐶𝐶𝑝𝑝�𝐹𝐹𝑟𝑟 𝐸𝐸𝐸𝐸. 𝑆𝑆2 

 
with 𝐹𝐹𝑟𝑟 the acoustic radiation force, 𝐷𝐷𝜑𝜑(𝐶𝐶𝑝𝑝) and 𝜐𝜐(𝐶𝐶𝑝𝑝) the diffusion coefficient and the mobility of 
particles respectively, both depending on particles concentration 𝐶𝐶𝑝𝑝. 
The hydrodynamic interactions between particles are included in the model through the particle 
concentration 𝐶𝐶𝑝𝑝 , and the volume fraction 𝑉𝑉𝑓𝑓, linked together in Eq. S3. 
 

𝑉𝑉𝑓𝑓 =
4
3
𝜋𝜋𝑟𝑟𝑝𝑝3𝐶𝐶𝑝𝑝 𝐸𝐸𝐸𝐸. 𝑆𝑆3 

 
with 𝑟𝑟𝑝𝑝 the particles radius.  



 
 

The diffusion coefficient and the mobility were expressed in Eqs. S4 and S5 (Ley and Bruus 2016). 
 

𝐷𝐷𝜑𝜑�𝐶𝐶𝑝𝑝� = 𝜓𝜓𝐷𝐷(𝑉𝑉𝑓𝑓)𝐷𝐷0 𝐸𝐸𝐸𝐸. 𝑆𝑆4 
𝜐𝜐�𝐶𝐶𝑝𝑝� = 𝜓𝜓𝜐𝜐(𝑉𝑉𝑓𝑓)𝜐𝜐0 𝐸𝐸𝐸𝐸. 𝑆𝑆5 

 
with 𝐷𝐷0 and 𝜐𝜐0 the diffusion coefficient and the mobility of particles in diluted suspension (no particles-
particles interactions). 𝜓𝜓𝐷𝐷 and 𝜓𝜓𝜐𝜐 are the diffusion and the mobility concentration correction factors 
respectively. Compiling Eqs. S1 to S5 results in Eq. S6. 
 

𝐽𝐽𝑙𝑙 = −𝜓𝜓𝐷𝐷�𝑉𝑉𝑓𝑓�𝐷𝐷0∇𝐶𝐶𝑐𝑐 + 𝐶𝐶𝑐𝑐𝜓𝜓𝜐𝜐�𝑉𝑉𝑓𝑓�𝜐𝜐0𝐹𝐹𝑟𝑟 𝐸𝐸𝐸𝐸. 𝑆𝑆6 
 
The diffusion coefficient and the mobility correction factors were experimentally measured by Ladd 
(1990) for hard spherical particles (Fig. S1). In both cases, a decrease following a fourth-order equations 
(Ley and Bruus 2016) with the volume fraction was observed. 
 

 
Fig. S1: Correction factors for particles diffusion coefficient (×), mobility (▪) and viscosity (-) as a function of the 
volume fraction. The lines correspond to fitting equations based on the 14 data points from Ladd (1990). 
 
Next to diffusion and mobility, Ladd (1990) described the influence of the volume fraction on the viscosity 
(Eq. S7 (Ley and Bruus 2016)). A high solid content results in a high viscosity:  
 

µ(𝑉𝑉𝑓𝑓) = 𝜓𝜓µ(𝑉𝑉𝑓𝑓)−1µ0 𝐸𝐸𝐸𝐸. 𝑆𝑆7 
 
with 𝜓𝜓µ the viscosity concentration correction factor, plotted in Fig. S1, and µ0 the viscosity of the diluted 
suspension. 
 
In order to compare, diffusion and radiation, they can be expressed them in terms of the characteristic 
time 𝜏𝜏. A low time scale corresponds to a fast, thus dominating process. The characteristic diffusion time 
𝜏𝜏𝑑𝑑 was introduced in the literature (Chruickshank-Miller 1924; Dhont 1996). When adapted to the current 
chip, this yields Eq. S8. 
 

𝜏𝜏𝑑𝑑 = 𝑤𝑤2 2𝐷𝐷𝜑𝜑�  𝐸𝐸𝐸𝐸. 𝑆𝑆8 
 
with 𝑤𝑤 the channel width. The characteristic radiation time is calculated with Eq. S10 which results from 
Eq. S9 and second Newton’s law equalizing the radiation and the drag forces.  



  
 

 

𝜏𝜏 =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

=
𝑤𝑤 2⁄
𝑣𝑣(𝑥𝑥)

 𝐸𝐸𝐸𝐸. 𝑆𝑆9 

𝜏𝜏𝑟𝑟 = 3𝜋𝜋µ𝑟𝑟𝑝𝑝𝑤𝑤 𝐹𝐹𝑟𝑟⁄ (𝑥𝑥) 𝐸𝐸𝐸𝐸. 𝑆𝑆10 
 
with 𝑣𝑣 the radiation velocity, µ the dynamic viscosity and 𝑟𝑟𝑝𝑝 the particles radius. The dimensionless ratio 
of these two characteristic times 𝛵𝛵, expressed in Eq. S11, gives an indication of which phenomenon 
dominates. If 𝛵𝛵 is high, radiation dominates and the acoustic process is efficient. If 𝛵𝛵 is low, diffusion 
dominates.  
 

𝛵𝛵 = 𝜏𝜏𝑑𝑑 𝜏𝜏𝑟𝑟⁄ = 𝑤𝑤 𝐹𝐹𝑟𝑟(𝑥𝑥) 6𝜋𝜋µ𝐷𝐷𝜑𝜑𝑟𝑟𝑝𝑝⁄  𝐸𝐸𝐸𝐸.  𝑆𝑆11 
 
The diffusion and radiation characteristic times for hard particles were calculated, taking into account the 
viscosity and the diffusion correction factors (Ladd 1990; Ley and Bruus 2016). Experimental conditions 
of this work were applied to calculate the T value as a function of the solid content. The acoustic 
parameters and the radiation force were chosen and calculated with the work of Barnkob et al. (2012) and 
Muller and Bruus (2014). Table S1 presents an example of calculation of one T value. Fig. S2 presents 
the evolution of the T value as a function of the solid content.  
This resulted in a 𝛵𝛵 value in the range of 105 to 107, indicating radiation dominance. As the solid content 
increases, the diffusion time increases due to the concentration gradient, but the radiation time also 
increases through the viscosity correction factor. Even with a solid content of 50%, the resulting T is 3.96 
106.  
These values indicate that acoustic focusing is efficient. Experimental results at low concentration confirm 
this calculation but it becomes inaccurate at high solid content. This calculation is valid for hard sphere 
suspension; nevertheless, the order of magnitude of 𝛵𝛵 indicates that it is influenced by another 
phenomenon, potentially linked to the shear rate and discussed in the next section.  
 

  
Fig. S2: T value as a function of the solid content for 5 µm PS particles in water for a single node system in a 375 

µm wide channel considering the viscosity and diffusion correction factor. An acoustic contrast factor of 0.165 
and an acoustic energy density of 20 J/m³ have been applied (Ladd 1990; Barnkob et al. 2012; Ley and Bruus 

2016). 



 
 

 
 
 
 
 
Table S1: Input parameters used to calculate the T value.  

Liquid viscosity  1 µ, mPa.s 

Volume fraction  0.1 Vf 

Viscosity correction factor  0.76 ψµ 

Diffusion correction factor  0.85 ψD 
Number of node  1 n 
Channel width  375 d, µm 
Wavelenght  0.00075 λ, m 
Frequency  2 f, MHz 
Acoustic contrast factor  0.165 θ 
Particle diameter  5 µm 

Acoustic energy  20 Eac, J/m³ 
Velocity of sound in liquid  1497 c, m/s 
Diffusion coefficient  7.48 10-14 D 

Diffusion time  9.40 105 s τD, s 

Radiation time  1.07 s τr, s 
T  8.79 105   

 

Influence of the flow and the shear rate 
 
As indicated in the results, an increase in flow rate resulted in a decrease in the process efficiency for the 
three strains. 
 
The flow rate has two main effects on the process. First, when it is increased, the residence time of cells 
in the chip decreases i.e., they have less time to move towards the center of the channel. 
The advection is characterized by the transport of particles by the surrounding liquid flow in the 
longitudinal direction. A characteristic time 𝜏𝜏𝑎𝑎 associated with this flux is expressed in Eq. S12.  
 

𝜏𝜏𝑎𝑎 = 𝐿𝐿 𝑢𝑢⁄  𝐸𝐸𝐸𝐸. 𝑆𝑆12 
 
𝐿𝐿 is the width of the PZT, corresponding to the longitudinal distance over which the radiation force is 
active on particles. 𝑢𝑢 is the cells’ velocity in the longitudinal direction, considered as equal to the 
surrounding liquid velocity. A characteristic time of 1.47 s was calculated with a PZT of 1.5 cm and liquid 
flow of 100 mg/min in a microchannel of 375x435 µm (assuming 1 mg=1 µL). This advection time is of 
the same order of magnitude as the radiation time calculated in Table S1.  
 
By adjusting parameters, as voltage and flow, the dominance of migration over advection can be 
established, resulting in an efficient acoustic process. The ratio of advection time to radiation time is 
represented by the dimensionless Strouhal number 𝑆𝑆𝑆𝑆:  



  
 

 
𝑆𝑆𝑆𝑆 = 𝜏𝜏𝑎𝑎 𝜏𝜏𝑟𝑟⁄  𝐸𝐸𝐸𝐸. 𝑆𝑆13 

 
The flow can also influence the focusing of particles through a second phenomenon. In laminar flow, as 
the shear rate increases, the diffusion flux in perpendicular direction to the flow also increases, 
counteracting the radiation force. 
 
Experimentally, as well as in literature (Karthick and Sen 2016), when switching off the acoustic field, an 
instantaneous spreading of the focused bandwidth was observed. This indicates that, for a flowing 
suspension, the diffusion coefficient calculated with the Stokes-Einstein law is no longer valid. This 
observation was supported by measurements of the relative diffusion times for flowing and non-flowing 
red blood cell suspensions (Karthick and Sen 2016). When particles are set in motion by the surrounding 
liquid, a phenomenon named shear induced diffusion (SID) arises (Lopez and Graham 2007; Karthick and 
Sen 2016; Karthick and Sen 2017). This diffusion is characterized by a diffusion coefficient that increases 
by several orders of magnitudes compared to the standard coefficient of particles (Lopez and Graham 
2007). This phenomenon arises from particle-particle interactions and becomes significant when the 
volume fraction increases (Rusconi and Stone 2008). The resulting SID flux 𝐽𝐽𝑆𝑆𝑆𝑆𝑆𝑆, is expressed in Eqs. S14 
and S15 (Karthick and Sen 2017). 
 

𝐽𝐽𝑆𝑆𝑆𝑆𝑆𝑆 = −𝐷𝐷𝛾𝛾�𝑉𝑉𝑓𝑓�∇𝑉𝑉𝑓𝑓 𝐸𝐸𝐸𝐸. 𝑆𝑆14 
where, 
 

𝐷𝐷𝛾𝛾 = 𝛾𝛾𝑎𝑎2𝜓𝜓𝛾𝛾(𝑉𝑉𝑓𝑓) 𝐸𝐸𝐸𝐸. 𝑆𝑆15 
 
with 𝐷𝐷𝛾𝛾 the SID coefficient, 𝛾𝛾 the shear rate and 𝜓𝜓𝛾𝛾(𝑉𝑉𝑓𝑓) a factor which depends on the volume fraction 
but also on the shape and the deformability of particles.  
 
The nominal shear rate in a microfluidic channel can be calculated with Eq. S16 (Gachelin et al. 2013; 
Liu et al. 2019).  
 

𝛾𝛾 = 6𝑄𝑄 𝑤𝑤ℎ2⁄  𝐸𝐸𝐸𝐸. 𝑆𝑆16 
 
with 𝑄𝑄 the flow rate, 𝑤𝑤 the channel width and ℎ the channel depth. The formula is correct when the 
velocity profile follows the Hagen-Poiseuille law, i.e., in confined and laminar flow.  
 
A shear rate of 141 s-1 was calculated in a channel of 375×435 µm with flow of 100 mg/min. 
 
Rusconi and Stone (2008) measured the SID coefficient as a function of the shear rate for plate-like clay 
particles with 1 µm radius at different volume fraction. They found a SID coefficient of about 6.6 at a 
shear rate of 141 s-1 for a 1% suspension. For comparison, the diffusion coefficient calculated with the 
Stokes-Einstein law results in 2.2 10-13. The SID coefficient was higher for plate-like compared to 
spherical particles, highlighting the importance of anisotropy.  
While clay particles have different properties compared to cells, this study provides a rough estimation of 
the importance of shape and the orders of magnitudes of 𝐷𝐷𝜑𝜑 and 𝐷𝐷𝛾𝛾.  



 
 

Given its suspected low contrast factor (due to low dimension), the elongated shape of E. coli could 
contribute to an increased SID, potentially impacting the efficiency of the acoustic process.  
 
The shear rate is also responsible of increased heat transfer and change in suspension viscosity (Gadala‐
Maria and Acrivos 1980; Zydney and Colton 1988; Lopez and Graham 2007). Cell suspensions are indeed 
considered as non-Newtonian liquids (Gachelin et al. 2013; Liu et al. 2019). Gachelin et al. (2013) studied 
the viscosity of E. coli suspension at different solid contents as a function of the shear rate in a microfluidic 
chip. The curves showed a maximum viscosity at a shear rate of 20 s-1, independent of the solid content.  
A shear rate of 141 s-1 was calculated in the previous section. This value drops to 64s-1 for a channel 
dimension of 375×250 µm and a flow rate of 15 mg/min. In our device, with E. coli suspension, the shear 
is therefore higher than the maximum of 20 s-1. As a result, an increase in flow rate should decrease the 
viscosity. Based on the impact on Τ and on 𝑆𝑆𝑆𝑆, this means that an increase in the flow rate could result in 
an improvement in the acoustic processing capability. However, experimentally, it is not enough to 
counterbalance the rising of SID.  
 
The comparison between the impact of solid content and shear rate on viscosity is an interesting exercise 
which could be part of a future development for each cell strain separately.  
 
In any case however, the impact of the SID resulted in a maximum solid content for efficient acoustic 
processing with the current device geometry. For the applied experimental conditions, this limitation was 
defined for the yeast suspension between 5.30 108 and 2.65 108 cells/ml. The limit for the CHO suspension 
is above 4.5 106 cells/ml. The limit was not reached for the case of the tested E. coli suspension. 
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