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1 INTRODUCTION

Humanity has always been fascinated by tiny things. After the invention of the 
microscope in 1674 by Leeuwenhoek it has been clear that there are a lot of things 
which cannot be seen by the human eye that influence our everyday presence. By 
looking at nature from a microscopic point of view, manmade structures in that size 
range would have been pure science fiction a hundred years ago. The desire to 
construct microscopic devices and machines has really been concluded well by 
Richard P. Feynman [1] in the visionary talk There´s plenty of room at the bottom 
from 1959 in which he laid a miniaturization aspect on many things from computers 
to biological systems.  
 
What once begun with the miniaturization of electronics in terms of the first 
semiconductor transistor and the integrated circuit is now about to happen in the 
microfluidic domain. The concept of a micro total analysis system (μTAS) was 
presented in the early 1990´s [2], but the success similar to microelectronics where 
you can find it commercially in every home or laboratory is yet to come [3]. The 
vision of a lab-on-a-chip device is to use very small sample volumes, for instance a 
drop of blood, perform a bioanalytical step on the sample and receive a readout. 
Many of the actions performed in such systems include the manipulation of samples 
of cells or particles by means of separation, mixing or positioning. Multiple 
techniques have been invented for this purpose and some use the plain geometry of 
the microfluidic channels, such as posts, weirs, pinches and meshes, while other 
systems rely on externally applied forces. Examples of such external forces are 
electrical, magnetical or optical forces. This thesis, however, has the focus on the 
possibility of using acoustic forces for manipulating cells and particles. 
 
Particles and cells exposed to an acoustic field will be affected by an acoustic 
radiation force. The movement of particles in a standing wave field was shown 
already in 1874 where Kundt performed his famous standing wave experiment with a 
closed pipe containing cork dust [4]. The experiment was very visual showing how 
the cork particles were moved into the pressure nodes of the standing wave. 
Although the experiment was performed in a macroscale tube with audible sound, 
transforming the principle into a microscopic domain is certainly possible and also 
includes some attractive features. 
 
By using fluidic channels of micrometer size, the wavelength of the sound decreases 
which is equivalent to an increase of the frequency of the standing wave. This is 
attractive since the acoustic force acting on the particles is frequency dependent and 
increases with the increasing frequency. Another positive feature is the presence of 
laminar flows in microfluidic channels. This provides very suitable conditions for 
separating fluid streams or sorting particles from each other using flow splitters. 
 
The aim of the work in this thesis has been to develop and utilize the combined 
power of acoustically driven separation and microfluidics. Contributions to the field 
of particle and cell manipulation and separation have been done as well as some 
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investigations of how the acoustic force affects particle suspensions in the separation 
channel. 
 
The summary of this thesis gives a brief overview of the tools and provides 
background information to the field of particle manipulation. Chapter 2 gives an 
introduction to silicon microfabrication, which is essential as the particle 
manipulation chips used in this thesis are made of silicon. Chapter 3 gives a brief 
overview of microfluidics where the fluidic effects relevant for this thesis are 
covered. Chapter 4 gives a more detailed insight to acoustics and acoustic forces, 
which are the main tools for manipulation of particles and cells presented herein. 
Chapter 5 comprises a brief summary of the field of particle and cell manipulation 
and the many different techniques available. It also includes an extended part of 
acoustic techniques, many of which are results of the work from our research group 
in Lund. Since much of the work in this thesis is based on applications of blood, a 
short summary of blood and its constituents is presented in Chapter 6. 
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2 MICROFABRICATION 

2.1 Silicon as a MEMS material 
The silicon micro fabrication methods originate from the integrated circuit (IC) 
industry which evolved in the early 1960´s. This development was driven by the need 
for improved electronic functionality and the introduction of planar technology on 
silicon was a major breakthrough as also reflected by the Nobel Prize in Physics 
awarded to Jack Kilby in 2000. Silicon as a material is not only a semiconductor 
which is suitable for IC´s as Petersen pointed out in 1982 [5] in his famous paper 
where he described silicon as a material from a mechanical point of view. The vast 
ways of processing silicon in combination with the crystalline structure and the 
degrees of anisotropicity that follows create a dynamic platform for a large amount 
of different sensors and devices that can be used in a large variety of applications. 
 
Below is a short description of the basic silicon microfabrication steps which are 
used for fabrication of microstructures. The number on the left side of each 
processing step indicates chapter numbers in this thesis where the corresponding 
information of each step can be found. 
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Figure 2.1. The basic process steps for fabricating silicon devices. The numbers 
on the left side of the schematic indicates chapter numbers in this thesis where 
the corresponding information can be found. 
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2.2 Crystal planes and Miller indices 
The basic microstructure starting material is the planar silicon wafer. 
Monocrystalline silicon is grown from a melt using the Czochralski technique [6]. A 
monocrystalline seed is dipped in a polycrystalline silicon melt and slowly pulled up 
in a rotary motion. As the silicon cools down the silicon atoms will be arranged in a 
diamond lattice structure, according to the orientation of the monocrystalline seed. 
The obtained rod of crystalline silicon is the diced up into wafers. In order to keep 
track of the crystal orientation of the silicon wafers, Miller indices are used, figure 
2.2 and the specific wafer cuts are marked by two flat zones polished at the wafer 
perimeter accordingly. Since different crystal planes etch unequally fast with 
different etch solution, the Miller indices denotes how to align the photomask in 
order to get the desired structure. 
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Figure 2.2. Miller indices of some basic planes in a cubic crystal. 

 
 
When making acoustic separators in (100)-silicon the mask with the separation 
channels is usually turned 45° in relation to the primary flat of the wafer, such that a 
rectangular cross-section is achieved with KOH etching, figure 2.3. Unless the 
rotation is made, the cross-section of the separation channel will be of trapezoidal 
shape, or in form of a pyramid if the etch is allowed to self terminate. 
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Figure 2.3. Example of silicon structure orientation in (100)-silicon in order to get vertical 
channel walls. 
 
 

2.3 Wafer protection layers 
To be able to etch patterns in the silicon wafer, it needs to be protected from the 
etchant, regardless if chemical wet etch or plasma dry etch is to be used. Silicon 
dioxide (SiO2) or silicon nitride (Si3N4) is mostly used. Silicon dioxide is easy to 
make since silicon reacts with oxygen spontaneously forming native oxide, however 
this oxide layer is extremely thin. Thermal oxidation, where oxygen or water vapour 
reacts with the silicon in a high temperature furnace (~1000°C), is required to receive 
thicker dioxide layers which is more sustainable to etching solutions or ion 
bombardment. Silicon nitride is usually deposited by LPCVD (Low Pressure 
Chemical Vapour Deposition). The nitride deposition process uses gases which are 
highly toxic and explosive, which puts higher requirements on the equipment and the 
use of nitride less desirable. 
 

2.4 Photoresists
A photoresist is a light sensitive polymer which is suitable for pattern transfer on a 
surface. The composition of a photoresist is a photosensitive polymer, a base resin 
and an organic solvent. The photoresist is usually spin coated onto the wafer, where 
the rotational speed of the spinner and the viscosity of the resist decide the layer 
thickness. The resist is then soft baked; a heating process (~80°C for ~25min) where 
solvent is removed through vaporization in order to make the resist easier to handle 
and be less sticky. There are some resists in spray form available too. 
 
There are basically two types of photoresists – positive and negative. For the positive 
photoresist, the exposed regions become more soluble than the surrounding resist as 
the uv-light break up the polymer chains, and the resulting pattern is thus an image of 
the pattern on the photomask. For negative resist, the uv-exposed regions are less 
soluble than the surroundings as the polymer chains exposed are cross-linked. The 
pattern formed in the resist is the reverse of the pattern on the mask. 
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2.5 Masking and lithography 
The desired pattern or structure is usually drawn using a CAD-software. In order to 
transfer that pattern to the silicon wafer, a chromium covered glass mask is used. The 
computer drawn pattern is transferred to the photoresist covered glass mask using 
software guided laser. The photoresist is then developed and the exposed chromium 
etched. The result is a see-through pattern printed chromium glass mask. The mask 
can be used repeatedly for many pattern transfers to the silicon wafers. 
 
There are basically two optical exposure methods: contact printing and proximity 
printing [Sze, 1985]. In contact printing, as the name suggest, the wafer with the 
photoresist is in contact with the glass mask. This gives a higher spatial resolution 
(~1μm) but also a risk of contaminating and damaging the mask which could result 
in poor results the next time the same mask is used. With proximity printing, there 
will be a small gap of 10 – 50 μm between the mask and the wafer. This will prevent 
the mask from getting fouled but instead lower the resolution to 2-5 μm because of 
optical diffraction from the pattern edges of the photomask. 
 
For increased spatial resolution there are software guided laser systems which can be 
used to transfer patterns directly onto the wafer. The resolution will be very high, but 
the exposure time of one wafer is quite high. If multiple wafers are to be processed 
with the same pattern, this way of exposure is too time consuming in order to be 
effective. 
 
After lithography and development of the patterned image, it is important to “hard 
bake” the wafer in order to harden the photoresist by vaporizing the last of the 
solvent. This is done in an oven at 120°C for ~30 minutes. 
 

2.6 Oxide etching 
The silicon dioxide etch is done using a buffered hydrofluoric acid (HF) mixture. The 
buffer has an altered pH to make the etchant less aggressive towards the photoresist. 
If nitride is used, the etching of the exposed nitride will be done by plasma etching. 

2.7 Etching
Etching is the process where bulk material is removed either by chemical reactions or 
by mechanical abration. The chemical etchants are a bit more refined since it is 
possible to utilize the crystal structure of monocrystalline silicon. Different etchants 
etch at different rates in different directions making complex structures possible to 
fabricate. In dry etching, or reactive ion etching, the combination of bombardment of 
the wafer surface with chemically reactive ions provides means to control the degree 
of anisotropy by the directionality of the impinging ions. Finally milling of the wafer 
surface by controlling the trajectory of a high energy ion beam, i.e. ion beam milling, 
is possible offering in very high spatial resolution at the expense of long processing 
times. Williams et al. presented a very extensive guide on etch rates for every 
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possible substrate, technique and solutions [7, 8]. The wet etching and the chemical 
reactive ion etching techniques will be briefly discussed below.  
 

2.7.1 Wet-etching 
Using chemical wet etching, two different etch profiles are possible to achieve – 
isotropic or anisotropic profile. 
Isotropic means that the substrate is etched at equal etch rate in all directions. This 
results in structures which have a semi circular cross section if proper agitation of the 
etchant is used, figure 2.4A. It is important to agitate the solution in order for a 
continuous etch reaction to take place since diffusion alone is not fast enough to get 
fresh ions to the bottom of the deep structure. If proper agitation of the etch solution 
is not used, the result will be a shallow structure with circular walls and an almost 
flat bottom, figure 2.4B. The most common etchant for isotropic etching is HNA, 
which is comprised of HF, HNO3 and acetic acid (CH3OOH).  
 

A B  
Figure 2.4. Isotropic etch profiles. A) is achieved by etching with agitation of the etch 
solution while B) is obtained without agitation. 

 
 

Anisotropic etching is a selective process where some crystal planes are dissolved 
faster than others. By creative masking of the wafer, precise structures with perfect 
wall smoothness can be achieved. KOH (potassium hydroxide), EDP (ethylene 
diamine, pyrocatechol and water) and TMAH ((CH3)4NOH) are common anisotropic 
etchants. KOH is the most widely used since it is easy to use, fast etching and much 
less hazardous than the other etchants. It etches SiO2 quite slowly but for deep 
structures and longer etch times, Si3N4 is preferable as masking material. EDP is 
favourable if deep structures are to be etched since it is not as aggressive to the 
masking material as KOH. It is also advantageous if a dopant dependable etching is 
to be performed since it is exhibiting near zero etch rates on silicon which has been 
doped with boron. EDP is, however, toxic and degradable the in contact with oxygen. 
TMAH is an organic solution, i.e. it does not contain any metal ions, which makes it 
suitable for making IC components. Nor is it toxic but reacts with the CO2 in the air 
so air exposure should be limited. 
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A B  
Figure 2.5. Anisotropic etch profiles. Depending on the crystal orientation different etch 
shapes can be obtained. 
 

2.7.2 Dry etching 
Reactive ion etching (RIE) is the use of plasma to etch silicon. An oscillating electric 
field ionizes the gas in the etch chamber creating a reactive ion plasma. The ions drift 
towards the wafer where they react chemically with the silicon. A sputtering effect 
can also occur where some material can be knocked out because of kinetic energy 
transfer. Since the ion bombardment is mostly vertical, the etch profile is very 
anisotropic. A modification of the RIE is DRIE (Deep Reactive Ion Etching) where 
the etch cycle is interrupted by a deposition cycle where a chemically inert 
passivation layer is introduced. The new layer will protect against the ion 
bombardment but will eventually be sputtered away at the bottom of the structure, 
but not at the side walls. This prevents lateral etching and cycling of the procedure 
creates deep structures with very high anisotropicity. 
 

2.8 Bonding 
Anodic bonding [9] is an excellent way of sealing silicon channels with a glass lid. 
The electrostatic bond effectively eliminates all the pitfalls related with glue and 
microstructures where capillary effects often cause glue to end up in locations where 
it arrests the microstructure function. The procedure is quite simple, heat up the 
silicon and the glass to about 500°C on a hot plate and then apply 1000V through the 
combined parts with the anodic side on the glass. The voltage will create a charge 
displacement between the silicon and glass lid and create an electrostatic bond which 
is very strong. It is important, however, that the glass has a thermal expansion 
coefficient that is close to silicon otherwise either the glass or the silicon is likely to 
break when they cool down due to internal stresses. Borofloat glass is the most 
commonly used glass with anodic bonding. Before the bonding, it is very important 
to ensure that the glass and silicon substrate are clean. Clean the glass lid with 
ethanol to remove any fingerprints or dust particles and blow it dry. Removing the 
silicondioxide is one of the best ways of getting the silicon substrate clean. It will 
also assure the smoothness of the surface as no oxide residue from masking or silicon 
dust after dicing the chip is left on the structure. 
 
There is also the silicon fusion bonding where two silicon wafers are bonded together 
[9]. If the bonding is to be successful it is of paramount importance that the wafers 
are clean, smooth and flat. Any roughness or dust particle will create voids where the 
bonding will not succeed. The bonding can be done on wafers with or without a thin 
layer of thermal oxide or native oxide. Bonding of wafers without thermal oxide is 
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only recommended if they have not been processed since any structure on the wafer 
will almost certainly leave a void since the thermal oxide acts as “sticking layer”. 
The bonding of structures with thermal oxide is recommended for prefabricated 
wafers. Silicon wafers bond to each other naturally at room temperature. This bond is 
however not very strong. Instead the wafers are surface activated with either plasma 
treatment or a chemical process, for instance RCA1. These processes leave the wafer 
with a native oxide layer with a high density of OH groups at the surface which result 
in a hydrogen bond when put together. The hydrogen bond is sufficiently strong to 
hold the wafers fixed before they are moved into a furnace for annealing to make the 
bond permanent. 
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3 MICROFLUIDICS 

Microfluidics [3, 10] is the science and technology of systems that process or 
manipulate small amounts of fluids in channels with dimensions of tenths to 
hundreds of micrometers. The volume of processed fluids is in the range of 
microliters (10-6 l) to femtoliters (10-15 l). The use of microfluidics in biology, 
chemistry and medicine has several attractive features such as small volumes of 
samples and reagents, little waste production and short reaction and analysis times 
[11]. The number of microfluidic applications has spawned a vast amount of 
inventive designs for introducing [12, 13], mixing [14, 15], pumping [16] and storing 
fluids in channels. Although much is similar in macrofluidic and microfluidic 
systems, the scaling relations also cause some fundamental differentiations like flow 
turbulence – or the lack of it in the microfluidic domain [17]. 
 
The field of microfluidics is too large to be covered in detail. Instead this chapter 
focuses on the principles and theories relevant to the work presented in this thesis. 
These are, for example, the laminar flow and forces exerted on particles in a flow. 
 
Several of the microfluidic systems involve flow channels of various designs. In 
contrast to macrofluidic systems where pipes of circular cross-sections are common, 
microfluidic channels may have cross-sections like the trapezoid shaped 
anisotropically etched silicon channel or the semi-circular isotropic etch profile. The 
calculation of the flow through a channel with arbitrary cross-section might be very 
difficult and as a approximation, the hydraulic diameter can be used. The flow in a 
channel with an arbitrary cross-section is thus approximated with the flow in a 
circular channel with the diameter equivalent to the hydraulic diameter. The 
hydraulic diameter is defined as: 
 

wet
h P

AD 4
�      Eq. 3.1 

 
where A is the cross section area and Pwet is the wetted perimeter. The hydraulic 
diameter can not only be used to assess flows through channels completely filled but 
also channels which are half-filled. In that case, the wetting parameter refers to the 
part of the channel which is in direct contact with the fluid and the area refers to the 
area through which the flow is occurring. In case of a completely filled channel, the 
wetting perimeter is of course the circumference and the area the cross-section of the 
channel. 
 
Using the hydraulic diameter it is possible to calculate the Reynolds number, which 
is a good predictor for estimating turbulent or laminar flow in the channel. On larger 
scales fluids mix convectively, like milk swirled into coffee, which reflect the fact 
that macroscopic fluid often is more affected by inertia than viscosity. In 
microfluidic systems fluids do not mix convectively. When two fluid streams come 
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together in a micro channel they flow in parallel (figure 3.1) and the only mixing that 
occurs is diffusion of molecules between the fluid layers. 
 

Figure 3.1. Example of laminar flow. Two 
double particle bands, previously focused by 
an ultrasonic standing wave, flow in parallel 
as they are united in a y-shaped channel 
junction. 

 
The dimensionless Reynolds number is defined by [18] 
 

η
ρ uDh=Re      Eq. 3.2 

 
where Dh is the hydraulic diameter, u is the characteristic velocity in the channel, ρ is 
the density of the fluid and η is the dynamic viscosity of the fluid. The transitional 
Reynolds number, i.e. the region in which laminar flow turns to turbulent, is found to 
be in the range of 1000 – 2500. The exact number of which the transition will occur 
depends on many parameters such as the channel shape, aspect ratio and the surface 
roughness. A typical microfluidic channel used for USW separation with 350µm x 
125µm cross-section and a flow rate of 100µl/min is calculated to have a Reynolds 
number of about 7, which needless to say is very well within the laminar region. 
 
Diffusion, as mentioned earlier, is the net transport of molecules from a high 
concentration region to a region of lower concentration by random molecular motion. 
In many microfluidic systems diffusion is the only way of mixing fluids because of 
the obvious absence of turbulence. Diffusion is a very slow process, but as 
microfluidics deals with small volumes and short diffusion distances, it is still of 
major importance. The time it takes for a molecule to travel a distance d is given by 
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d

2

2

��      Eq. 3.3 

 
 
The diffusion coefficient Ddiff, derived by Einstein [19] is defined as 
 

A
diff Nf

RTD �      Eq. 3.4 

 
where R is the gas constant, T is the absolute temperature, NA is the Avogadro 
number (NA=6.02x1023) and f is the friction factor which is proportional to the 
viscosity �. The diffusion coefficient is a fluid property and fluids containing large 
molecules such as hemoglobin have lower diffusion coefficient than those containing 
small molecules. 
 
The distance that two laminated fluids must travel before mixing by diffusion is 
complete is also of importance. The Péclet number (Pe) is a dimensionless number 
which shows how diffusion relates to convective mixing [20]. The Péclet number is 
defined as  
 

diffD
duPe �

�      Eq. 3.5 

 
where u is the flow velocity and d is the width of the channel. The higher the Péclet 
number, the more the influence of the flow dominates over molecular diffusion. 
Newtonian fluids, that is fluids in which the shear stress is linearly proportional to 
the velocity gradient in the direction of shear, have a parabolic flow profile in 
laminar flow. This means that the fluid flows faster in the center of the flow channel 
and slower at the walls because of fluid friction. Channels with small dimensions will 
encounter a larger pressure in the channel the longer the channel or smaller the 
channel gets, making it more difficult for a fluid to pass through. The Darcy-
Weisbach equation [21] defines the pressure drop in a channel of the length L 
 

h

D

D
Lufp

2

2�
��     Eq.3.6 

 
The factor fD is Darcy’s friction factor and can be simplified for laminar flows as 
 

Re
16

�Df      Eq.3.7 

 
Suspended particles in a fluid will experience a lot of forces. Besides gravity and 
buoyant forces, there are also forces induced when travelling with a flow. Any 
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particle with the diameter Dp that travels with the velocity u in a fluid with the 
viscosity μ will experience a drag force which acts in the opposite direction of the 
velocity of the particle. The drag force is sometimes called fluid resistance and is 
given by Stoke´s law: 
 

uDF p	
3�      Eq. 3.8 
 
Stoke´s law is only valid on spherical particles which are not disturbed by other 
particles and only at very low Reynolds numbers, Re < 1. 
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4 ACOUSTICS 

4.1 Sound and travelling waves 
Sound is the transmission of vibrations through gas, liquid or solid matter. The 
vibration is transmitted as local particle displacement or particle oscillation. 
However, it is important to remember that it is the wave that travels from the source, 
not the particles. The soundwaves propagate through longitudinal waves by 
compression and rarefaction of the medium parallel to the direction of motion of the 
wave [22]. There are also oscillations perpendicular to the direction of motion of the 
wave, known as the transversal wave. A travelling wave can be expressed as: 
 

)sin(),( kxtAtxy �� �     Eq. 4.1 
 
where � = 2�/T and k = 2�/�. T is the time for a full period and � is the wavelength. 
The wave can also be represented in terms of pressure, which is achieved by 
derivation of the displacement wave which gives equation 4.3. 
 

x
yp




��
�
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     Eq. 4.2 

 
)cos(),( 0 kxtptxp �� �     Eq. 4.3 

 

�
Akp �0      Eq. 4.4 

 
The term � is the compressibility of the medium. Note that the pressure function is 
phase shifted 90° compared to the displacement function. 
 
Audible sound, that is sound of frequencies which the human ear can detect, is in the 
range of 20 Hz to 20 kHz. Sound of higher frequencies is called ultrasound, while 
sound of lower frequencies is known as infrasound. 
 

4.2 Standing wave acoustics 
Two moving waves with the same frequency propagating towards each other will 
interfere with each other and give rise to a new wave. The new wave is a product of 
position dependence and time dependence of the original two waves, which means 
that the wave will not move but instead stay in one place and pulsate. Each point of 
the wave will stand still and oscillate with an amplitude that is the sum or the 
difference of the two original colliding waves. A standing wave can basically be 
formed in two different ways. The first case is based on two opposing transducers 
where the interference of the two meeting waves results in a standing wave. The 
second way is the use of a single transducer and a reflector where the original 
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emitted wave will be reflected back and interfere with itself and thus give rise to a 
standing wave. 
 
A standing wave can be discussed in terms of displacement, but can also be 
visualized in terms of pressure variations. A node for displacement is phase shifted 
90° in relation to a pressure node. This means that wherever there is a displacement 
node, there will also be a pressure antinode and vice versa, see figure 4.1. 
 

PN PA

DADN
λ/4

 
Figure 4.1. Standing waves. The blue line represents the pressure with 
pressure nodes (PN) and pressure antinodes (PA). The red line shows the 
displacement with displacement nodes (DN) and displacement antinodes 
(DA). As seen in the picture there is a phase shift between the pressure 
node and the displacement node which is λ/4. 

 
The displacement and pressure function for a standing wave can be described as 
 

( ) ( )tkxAtxy SW ωsincos),( ⋅⋅=    Eq. 4.5 
)cos()cos(),( tkxptxp SW ω⋅⋅−=    Eq. 4.6 

 
The equation expresses the displacement (y) and pressure (p) of a point in the 
standing wave corresponding to a certain position (x) and time (t). Asw and psw are the 
sum of the amplitudes of the individual waves. 
 
 

4.3 Acoustic forces on particles 
The theories behind forces acting on particles in a sound field have been known for 
some time. King [23], Yosioka and Kawasima [24] and Nyborg [25] among others 
have reported extensively on the matter. The radiation force arises because any 
discontinuity in the propagating phase, i.e. a cell, particle or bubble, acquires a 
position dependent acoustic energy potential by just being located in the sound field. 
As seen in figure 4.2, the net acoustic force is a result of several force components. 
The primary radiation force (PRF) is responsible for the strongest force exerted on 
the particles while the secondary radiation force (SRF) is only active at close 
distances between the particles. A good example was shown by Ter Haar and Wyard 
[26] who estimated the PRF on an erythrocyte at 3 MHz and at an intensity of 1 
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W/cm2 to be 2 x 10-12 N. The SRF, under the same conditions, for erythrocytes in 
contact is 10-13 N and 2 x 10-14 N for cells 10μm apart. 
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Figure 4.2. Acoustic forces acting on a particle in a wave field. FAx is the axial component of 
the primary radiation force, FTr is the transversal component and FB is the secondary 
radiation force (Bjerknes force). At time T1 the acoustic forces have just begun to affect the 
particles while at T2, a steady state has been reached. Figure from Laurell et al. [27] 
 

4.3.1 Primary radiation force 
Gorkov [28] started out describing the force from an energy potential point of view 
and derived the force equation on a spherical object as 
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where E is the average acoustic energy density, R the radius of the particle, �p is the 
density of the particle and �f is the density of the surrounding fluid. The speed of 
sound for the particle is denoted cp and cf is the speed of sound of the surrounding 
medium respectively. By utilizing a couple of relationships, 
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and  
 

 17



 

2

1
cρ

β =      Eq. 4.9 

where P is the acoustic pressure amplitude and β is the compressibility, equation 4.7 
can be rewritten into the more commonly known form used by Coakley et al.[29]. 
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The axial primary radiation force is responsible for moving particles into the nodal 
planes of the pressure nodes or anti nodes. The force scales with the particle volume 
as well as the frequency of the ultrasound (through the wavelength λ). This means 
that large particles will move faster than smaller ones and that high frequencies will 
generate higher acoustic forces than lower frequencies, making ultrasound very 
preferable. The axial PRF is thus also dependent of the acoustic pressure amplitude, 
the compressibility and the density of the fluid. 
 
The factor φ from equation 4.10 is generally denoted the acoustic contrast factor and 
comprises of the density and compressibility of the particle and the surrounding 
fluid. The sign of the contrast factor dictates if particles will move towards the 
pressure node (positive contrast factor) or the anti node (negative factor). As seen in 
figure 4.3 the blue particles have a positive contrast factor and end up in the pressure 
node, while the yellow particles with negative contrast factor end up in the pressure 
antinodes. Generally, rigid particles such as beads and cells will end up in the 
pressure node while liquids and air bubbles will move towards the pressure anti node. 
A suspension comprised of two types of particles with different contrast factor can 
thus be separated from each other [30]. 
 

a   b   

c  
Figure 4.3. Blue particles have a positive acoustic contrast factor and will be moved towards 
the pressure node, the yellow particles have a negative contrast factor and will subsequently 
be moved towards the anti node. 
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Where the axial component of the PRF is the primary particle displacement source 
and responsible for moving particles into the nodes, the transversal component is 
responsible for packing the particles closer together in the nodes and to keep them 
aggregated. The equation for the transversal force was given by Woodside et al.[31]. 
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where  is the transverse gradient operator. �
 

4.3.2 Secondary radiation force 
Suspended particles in an acoustic standing wave field will not only be affected by 
the primary radiation force, but also be affected by a secondary force which 
originates from scattering of the primary wave from other particles. This interparticle 
force, sometimes called the Bjerknes force after the man who pioneered the work 
[32], is only active at very short distances between particles. A simplified equation 
for the interparticle forces, valid when the acoustic wavelength is much greater than 
the particle radius and the distance between the particles, was derived by Weiser et 
al.[33] This work was based on results from Crum [34], which showed that it is 
possible to superimpose the equation for the force on a rigid sphere with the 
corresponding force for a compressible sphere. The force expression, as seen in 
equation 4.10, contains a velocity component as well as a pressure component [35]. 
 

�
�
�

 

!
!
"

# �
�

��
� )(

9
)(

)(
6

)1cos3()(
4)( 2

2

22
2

4

22
6 xp

d
xv

d
RxF fpf

f

fp
B

����
�

$��
	   Eq. 4.13 

 
where d is the distance between the particles and � is the angle between the center 
line of the particles and the direction of propagation of the incident acoustic wave. 
 
The left side of equation 4.10 depends on the particle velocity amplitude v(x) and the 
right side depends on the acoustic pressure amplitude p(x). When particles are lined 
up in the direction of the acoustic wave propagation (� = 0°) the velocity-dependent 
term is zero and the net force thus repulsive, and likewise attractive when the 
particles are oriented perpendicular (� = 90°) to the incident wave propagation. The 
pressure-dependent term is not affected by particle orientation at all and is always 
attractive. It is notable that the velocity-dependent term diminishes as particles are 
driven to the velocity node (pressure antinode) by FAx, as in the case of air bubbles 
and lipid vesicles. In a similar way the pressure dependent term diminishes as 
particles are driven towards the pressure node (velocity antinode), as are most solid 
particles in aqueous solutions. The secondary force is thus responsible for aligning 
particles into monolayers in the pressure node. If particles will remain in a monolayer 
structure is of course dependent of the particle concentration in the suspension and 
the relation between the PRF and the SRF.  
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4.4 Streaming
Because of inhomogenity of the ultrasonic wave field caused by absorption of 
acoustic energy by the fluid, pressure gradients will form in the medium exposed to 
the wave. In a fluid, these pressure gradients will cause movements of the fluid 
known as acoustic streaming [36]. There are basically three types of acoustic 
streaming: Eckart streaming, Rayleigh streaming, and Schlichting streaming [37]. 
Eckart and Rayleigh streaming is shown in figure 4.4. 
 

λ/2

US transducer

absorber
A B

 
Figure 4.4. A) The large scale Eckart streaming and B) the wave length sized 
Rayleigh streaming. 
 

Eckart streaming is caused by deposition through losses of acoustic energy along the 
travelling wave direction [38]. The Eckart streaming vortices is of much larger scale 
than the wave length and is determined by the fluid volume. Smaller than the 
container sized Eckart streaming is the Rayleigh streaming which has vortices about 
wavelength size. The Rayleigh streaming is generally due to energy losses into the 
viscous boundary layer near the container walls or other obstacles in the fluid. 
Schlichting streaming is similar to Rayleigh streaming but with the exception that it 
occurs inside the viscous boundary layer. The vortices extend about twice the 
boundary layer thickness, which at 2MHz in water is about 0.27 μm for a typical 
particle. The influence of Schlichting streaming for acoustic particle separation 
systems are very limited [39]. 
 
When working with acoustic particle manipulation, the streaming phenomenon is 
usually a distress since it counteracts the linearization desired when moving particles 
into desired positions. The particle size at which acoustic streaming starts to overtake 
the acoustic radiation force occurs for particles of about 1μm diameter. This has 
experimentally also been shown with PIV measurements by Hagsäter et al.[40]. 
 
Streaming effects can be advantageous if chaos is desired in the micro domain as in 
the case of mixing. Systems which rely on diffusion for reactions to take place may 
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be somewhat time-consuming and inefficient due to slow transport of reactants by 
diffusion. Acoustic streaming can in those cases be utilized to generate a rotation of 
the fluid and speed up the transport of reactant. Bengtsson et al. [41] have used 
Rayleigh streaming as a way to increase convective transport in micro enzyme 
reactors, and Liu et al. [42] used microstreaming to accelerate the hybridization 
process in DNA hybridization chips. 
 
 

4.5 Actuation methods 
When designing microfluidic systems as active acoustic units, the transducer 
selection and coupling to the microchip is of major importance. The transducer most 
commonly used is a piezo ceramic element, a PZT (Lead zirconate titanate) 
transducer. The three most commonly reported ways of actuating a microfluidic 
channel for separation experiments are discussed below.  
 
The most straight forward is to use the strong axial PRF and set up the standing wave 
between the top and the bottom of the channel, see figure 4.5A. This is very common 
in layered separators. The second way is to place the transducer underneath the entire 
separation system or at any location on the chip surface where space is available 
[43], see figure 4.5B. This causes the whole separator chip to be actuated, not just the 
separation channel. By designing the separator channel carefully, it is possible to 
obtain a standing wave horizontally or vertically or in both ways in the microchannel. 
This way of actuating is used in many of the micro separators from the Lund group, 
and is thus sometimes called the Lund method [27]. The benefit of a translateral 
wave, as seen in 4.5B is that a transparent glass lid enables a clear visual inspection 
of what is going on inside the channel. It is easily seen if a separation is successful in 
contrast to the 4.5A actuation where a visual inspection does not immediately tell if a 
proper separation is obtained unless determined by optical measurements. The last 
way of actuating is using a wedge as seen in figure 4.5C. The function of the wedge 
is to guide the acoustic wave into the chip at an angle which enables further 
refraction in the layers below such that the incident wave eventually enters the fluid 
channel from the side and give rise to a horizontal standing wave. This technique has 
been developed by Wiklund et al. [44, 45] 
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Figure 4.5. Different ways of acoustic actuation on a microfluidic system. A) Actuation the 
regular way using the strong axial wave component to create a standing wave between the 
top and the bottom of the channel. Used in layered resonators. B) Actuation from underneath 
the chip creating a resonance in the entire chip. The distance in lateral direction is matched 
to the standing wave criterion and thereby a standing wave is formed perpendicular to the 
incident wave. The actuation used in many of the micro separators from Lund, and is thus 
sometimes called the Lund method. C) Using a wedge it is possible to “bend” the axial PRF 
from the transducer with the layers the incident wave is passing and get the lateral standing 
wave. 
 

4.6 Separator design and materials 
The design of the flow splitters have proven to be of importance. Generally, the 
lesser angle of the side channels with regards to the main separation channel 
possible, the better the separation will get. The ideal case would be as shown in 
figure 4.6c, where practically infinitesimal thin walls (they are ~6μm wide) act as 
flow dividers. Unfortunately, this design has proven to be less usable since acoustic 
steaming will occur at the edges of the flow splitters and disrupt the separation 
severely. 
 

 
Figure 4.6a. Silicon flow 
channel with 90° flow 
splitters etched on a <100>-
oriented silicon wafer. 

Figure 4.6b. Silicon flow 
channel with 45° flow 
splitters etched on a <100>-
oriented silicon wafer. 

Figure 4.6c. Silicon flow 
channel with straight flow 
splitters etched on a <110>-
oriented silicon wafer. 

 
It was initially anticipated that totally smooth, vertical walls was a prerequisite to 
obtain an optimal acoustical separation. Thus making anisotropically etched silicon 
the ideal separation material as the surface smoothness and high aspect ratios are 
outstanding of the crystalline silicon. However, as shown in [46] this is not 
necessarily the case. Instead, an isotropic separation channel with slanted walls 
ending in a slight curve towards the flat bottom (figure 4.7a) has proven to have a 
matching performance compared to a corresponding silicon separator (figure 4.7b). 
For further details see Paper V in this thesis. 
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Figure 4.7. Scanning electron microscopy (SEM) images showing cross-section of 
A) isotropically etched glass and B) anisotropic silicon channels. From Evander et 
al. [46] 

 
 
This proves that the channel design and smoothness are less crucial in a continuous 
flow system as well as the choice of material. Although it would have been practical 
to be able to use polymers as separation device materials, such as SU-8 [47] or the 
much popular PDMS [48, 49] which is used in many microfluidic applications, 
polymers are known to absorb ultrasound quite efficiently. The absorption also 
results in elevated temperature and possible material deformation, which can be so 
extreme that ultrasound can be used to weld plastic parts together [50]. Polymers do 
not have a distinct difference in reflection coefficient relative water either, thus 
making the separation channel walls poor as acoustic reflectors for building up the 
standing wave. However, polymers can be used if the acoustic resonance is made by 
two opposing transducers, as shown by Kapishnikov et al.[51]. In such cases, no 
reflecting walls are required and only the absorption may be of concern. 
 
When focusing particles and cells using acoustic standing waves in microfluidic 
channels the obtained shape of the particle/cell stream is important. The 2D-
distribution of particles in a half wavelength separation channel excited from 
underneath was recently investigated by Evander et al. [46]. A fluorescent particle 
separation was scanned confocally and the different line scans were added together to 
generate a cross-sectional view. As seen in figure 4.8, the particles are distributed in 
a sheet from top to bottom of the channel proving the USW to be active in the entire 
separation channel. The broadening of the particle sheet in the middle of the channel 
is due to the parabolic flow profile where the higher flow rate gives the particles less 
time in the acoustic field. 
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Figure 4.8. Cross-sectional view of the band formation in the channels based on confocal 
image data. The widening of the particle band in the center of the channel is due to the 
parabolic flow profile causing the particle in the center to have less time to focus into a 
narrow band. From Evander et al. [46] 
 
 

4.7 Layered separators 
One of the most straightforward ways of using ultrasound for acoustic particle 
manipulation is to use the full potential of the axial primary force in a layered 
resonator. This means that the particles will be focused in the same plane as the 
transducer, i.e. the resonance occurs between the bottom and the top of the chamber. 
In order to optimise these systems and obtain maximum acoustic standing wave 
energy in the flow channel it is important to design the resonator to match reflections 
and in the different layers. 
 

λ/2
λ/4
λ/4

Reflector layer
Fluid layer
Transmission layer
Transducer  

Figure 4.9. Layered resonator. 
 
The thickness of the layers is dependant of the acoustic impedance matching between 
the layers. The acoustic impedance, which is described as  
 

cZ ρ=      Eq. 4.14 
 
is of major importance when calculating the reflection and transmission coefficient. 
For normal incidence the pressure reflection coefficient is: 
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where Z1 is the acoustic impedance of the first medium and Z2 of the second. The 
transmission coefficient of a wave of normal incidence is subsequently 
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pp RT �� 1      Eq. 4.16 

 
To avoid acoustic losses due to reflection or absorbance, the acoustic impedances of 
two adjacent layers should match or be as close as possible. Generally, the thickness 
of the piezoelectric transducer is half a wavelength (at its fundamental frequency), 
the transmission layer a quarter wavelength, the fluid layer half a wavelength and the 
reflector a quarter wave length. Substantial modelling efforts have been performed to 
find the correct resonator parameters for the different layers. Gröschl [35] has done 
simulations of the layer thicknesses of different combinations and Hawkes et al. [52] 
have done predictions of the acoustic energies in the fluid layer and how to maximize 
the input with regards to the surrounding layers. It should be noted that investigations 
by Hill et al. [53] have shown that matching two resonant systems can be counter 
productive since a phenomena known as coincidence resonance or frequency 
splitting can occur. This means that if a resonator channel is designed to have the 
same resonance frequency as the fundamental frequency of the transducer, a 
frequency split can occur and one lower resonance and one higher resonance than the 
intended resonance will appear. At the intended resonance frequency, an unexpected 
null with no response at all is found. Precautions have to be taken when designing 
systems with layers with close matching resonances since even small parameter 
changes in the design are critical. 
 
 

4.8 Eigenmode modelling 
Currently, much effort is put into experimental verification and redesign before an 
accurate resonator is obtained. Accurate modelling tools would thus be very valuable 
and timesaving in the development of acoustic resonators. 1D approximation, such as 
predicting resonances from a channel cross-section point of view, can be accurate 
when talking about layered resonators where the axial wave component is the major 
contributor as the standing wave generator. When actuating the resonator chip from 
the side or underneath, figure 4.5 b&c, which is used in many of the silicon micro 
separators, the standing wave is generated in a translateral way which does not lend 
itself to alignment to the regular modelling tools reported. In those cases, the whole 
separator is actuated and multiple resonances are created in the entire chip. At 
resonances of such complexity, the equations in section 4.3 might not be entirely 
representative but may act as a good approximation. When it comes to modelling 
such a system, it becomes apparent that the 1D approximation is not sufficient when 
looking at a single channel separator with a micro bead suspension affected by an 
acoustic standing wave at zero flow. The micro beads affected by the acoustic force 
show a much more complex pattern than just the simple cross-section information 
that can be received from the 1D approximation of the PRF equation, see figure 4.10. 
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Figure 4.10. A simple separation channel driven at three different frequencies. Comparing 
the images of the continuous separation (the three images to the left), it can be seen that the 
results are very alike even though the force acting on particles at zero flow (three to the right) 
are very much unlike. The information of acoustic pinching regions is hidden in the 
integration of the total acoustic effect in a continuous flow mode. 
 
In continuous flow mode the observer easily misinterprets the actual acoustic 
standing wave pattern in the flow channel because the actual acoustic standing wave 
pattern is lost during a continuous separation. The separator in figure 4.10 is tuned 
for a �/2 resonance and the channel is characterized by some regions that focus the 
particles to the center and some regions that do not. The total force contribution from 
many small focusing regions along the channel is integrated as the particles flow 
through the channel, resulting in a well focused single band stream of particles. As 
seen from the zero flow images at 2.05, 1.96 and 1.86 MHz in figure 4.10, the 
acoustic force is acting in clusters or periodic patterns, creating multiple “pinches” 
along the separation channel, all with different spatial distributions. At the same 
time, the continuous flow operation shows straight bands of more or less focused 
particles which display the net integral particle focusing force along the flow 
channel. 
 
An improved description of an acoustically actuated microfluidic system can be 
obtained by finding eigenmode solutions pn to the Helmholtz eigenvalue equation 
�2pn = 	(�n

2 / ci
2)pn, where �n are the resonance angular frequencies, n is the mode 

number, and the index i of the sound velocities ci is referring to the three material 
domains of silicon, water and glass in the chip [54]. This model of the system 
including the silicon substrate, water filled microchannels and glass lid, denoted the 
3D model. In the case where the height of the system is less than half of a 
wavelength, the description can be approximated by a simpler (not least in respect to 
the requisite of computational power) 2D approach, where the eigenvalue problem is 
solved only in the center plane of the microchannels and the surrounding silicon 
substrate. This second model is denoted the 2D chip model. A further simplification 
is obtained by utilizing the large difference in acoustic impedance between water and 
silicon: the 2D Helmholtz eigenvalue equation is solved only for the fluidic part of 
the system, while the surrounding chip substrate appears only as a hard wall 
boundary condition on the walls of the microchannels. This third model, denoted the 
2D chamber model, is valuable as it gives a more principal representation of the 
acoustic resonances that can be difficult to detect in the more accurate 2D chip 
model. 
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If the Helmholtz eigenvalue equation is solved for the idealized 2D chamber model 
of the acoustic separator, the result is much different to that suggested by an 
extended 1D model. Instead of a single solution for one specific frequency, the 2D 
chamber model suggests several solutions within a rather wide frequency span. More 
specifically, instead of a uniform pressure amplitude along the length of the channel, 
the solutions displays an increasing number of “pinching regions” along the channel, 
see figure 4.11. 

(a) 1.85 MHz, n = 1

(b) 1.86 MHz, n = 4

(c) 1.96 MHz, n = 1 5

(d) 2.07 MHz, n = 2 2

focusing channel

 
Figure 4.11. Gray-scale plots of the pressure eigenmodes pn for the 
chamber model at (a) 1.85 MHz, (b) 1.86 MHz, (c) 1.96 MHz and (d) 
2.07 MHz. The integer value n is the number of pinching regions in the 
focusing channel. From Hagsäter et al. [40] 

 
It is apparent that the 2D model shows a much greater resemblance to the actual live 
results when running the chips than the 1D model. The simplified chamber model 
might be enough in most cases, but when it comes to the placement of the transducer 
a 2D chip model might have to be considered. If a larger transducer is used which 
cover a large area of the separator the placement might be less critical than if a 
smaller transducer is used. In those cases it can be devastating if the transducer is 
applied to an area which is less favourable in terms of transferring the acoustic 
energy. For more details of Eigenmode modelling, see Paper IV in this thesis. 
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4.9 Temperature and viability issues 
An acoustic separation system is affected by temperature changes in many ways. One 
is the heating of the chip due to acoustic losses in the PZT transducer or sound 
absorption of the building blocks of the separator. The latter is of less importance 
when materials of high E-module compose the resonator, e.g. glass and silicon. The 
elevated temperature of the separator raises the fluid temperature which induces a 
mismatched frequency operation since the heat affects the speed of sound in the fluid 
medium [55]. The frequency drift causes the separation efficiency to decrease and 
thereby a loss in separation performance is observed. In order to overcome the 
temperature increase a couple of arrangements can be made. By using a larger 
transducer on a larger area, much acoustic energy can be transmitted into the chip at 
a low transducer driving voltage. If the same amount of acoustic energy was to be 
transferred by a much smaller transducer, higher driving voltages would have been 
needed and thereby higher electromechanical losses expressed as heat will appear. 
Another way is to use cooling elements such as Peltier elements and ultimately 
design the system with a temperature feed-back control. 
 
Svennebring et al.[56] investigated the source of temperature elevation as well of 
ways to control it. They found that the major source of heat deposition to the fluid 
channel is due to the losses in the PZT element. They also concluded that heating of 
the fluid is less of a problem in flowthrough devices than in long-term ultrasonic 
manipulation traps.  
 
It is commonly known to the scientific society that ultrasound can be used to lyse 
cells and there is always the question if there is any harm done to cells after being 
affected by an ultrasonic standing wave. What commonly is forgotten is that the 
frequency used for cell lysing is much lower, in the kHz range, and that MHz 
ultrasound is used in diagnostic ultrasonic imaging examinations every day. 
Nevertheless, many studies have been conducted in the ultrasonic standing wave 
community to investigate the influence the acoustic exposure on cells. Ryll et al. 
[57], Wang et al. [58] and Hultström et al. [59] have shown that the acoustical field 
has no negative effect on the proliferation of cells. Evander et al. [60] have cultured 
yeast cells for 6 hours in an acoustic trap proving that proliferation was not affected. 
They also made a viability assay on neural stem cells not observing any adverse 
effects on the cells after about 15 minutes of trapping. Finally Bazou et al. [61] have 
shown that the hydrodynamic stress imposed on cells by acoustic streaming is less 
than that imposed by gentle preparative centrifugation procedures, devices which are 
very common in every day laboratory work. 
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5 PARTICLE AND CELL MANIPULATION 
METHODS 

Particle and cell manipulation in terms of separation, sorting and enrichment has 
always been important from an analytical or biomedical perspective. The 
development of microtechnology based fluidic devices enables these unit operations 
to be made at a reduced scale as compared to conventional methodology, thus 
requiring much smaller sample volumes. Small chemical or biological operations can 
thereby be implemented in a serial mode, and be made entirely at a chip level thus 
named Lab-on-a-chip. Medical or chemical operations are envisioned to be 
performed on a single cell or molecule on a routine basis in the future. Already 
today, this has been demonstrated in a wide range of applications [62-66]. Several of 
the early technique development focus on single cell and molecule analysis. 
However, the direction of cell and particle handling systems are currently moving 
into the continuous processes which can be integrated with microfluidics on-chip 
where complex sample suspensions from biofluidics are processed for integrated 
analysis [67-70]. Below follows an overview of different technologies. 
 

5.1 Magnetophoresis
Magnetic separation is done using either a permanent magnet or electromagnets. The 
electromagnets matching the size microfluidic systems usually produce a weaker 
magnetic force than permanent magnets, and are therefore not that commonly used. 
The magnetic force can not only be used to manipulate magnetic particles or 
magnetically labelled cells which are magnetic or paramagnetic, but also non-
magnetic (diamagnetic) objects which show a very weak repelling movement to the 
magnetic field [71]. The magnetic force on a particle with a volume Vp is given by 
equation 5.1: 
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where B is the magnetic flux density, B� is the gradient of the externally applied 
magnetic field, μ0 is permeability of vacuum and 
� is the difference in susceptibility 
between the particle and the fluid. In a homogeneous field with , the net 
force on a magnetic particle is zero. 
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Depending of the size of the particle or the magnetic core of a coated particle, the 
behaviour in the magnetic field differs between nanoparticles and microparticles. 
Nanoparticles display no hysteresis in the magnetic field, meaning that when the 
magnetic field is turned off they show no remanence and they disperse in the 
suspension. In contrast, microparticles display magnetic hysteresis which causes 
them to agglomerate into clusters [72]. The nanoparticles are therefore preferable 
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since they enable an on/off action of the magnetic interaction, which may be 
advantageous if several analytical steps are required for a process sequence. 
 
The standard magnetic bead separation is basically composed of a plain chamber 
with an external magnet, or an integrated magnetic array as done by Bu et al. [73]. 
The beads are trapped by the magnetic force and pressed against the wall of the 
chamber, figure 5.1c. There they will remain until the magnetic field is removed. The 
magnetic bead separation is well suited for different assays where the beads have 
been surface modified or coated with antibodies or antigens.  
 
Pamme et al. [74] reported a continuous magnetophoretic system, where multiple 
bifurcations provided inlets for buffer solution and a sample inlet at the bottom of the 
chamber, figure 5.1a. The suspended magnetic particles were separated according to 
size in the separation chamber as particles with the largest volume were affected the 
most by the magnetic force and subsequently ended up in an outlet closer to the 
magnet. By utilizing the same device but introducing different reagent buffer in 
layers, it is possible to perform multi-step biochemical processes on the magnetic 
particles as they move through the different buffer layers under the influence of the 
magnetic force [75]. 
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Figure 5.1a and b. Magnetophoresis according to 
Pamme et al. Sample suspension enters the separation 
chamber at the lower right and the particles will be 
displaced orthogonal to the flow in the upward 
direction by the magnetic force into the carrier buffer 
solution and separated. Reprinted with permission 
from [74]. Copyright 2004 American Chemical 
Society. 

Figure 5.1c. Magnetic trapping. 
Suspended magnetized bead will be 
trapped at the channel wall by the 
magnetic force provided by the 
magnet. There they will remain 
until the magnetic force is removed. 
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Magnetic nanoparticles have shown to be useful in a number of biomedical 
applications, for example as drug carriers [76]. Furlani [77] have separated white 
blood cells (WBC) from red blood cells (RBC) using magnetic forces. This was 
possible since WBC behave as diamagnetic microparticles while RBC can be either 
paramagnetic or diamagnetic depending on the oxygenation state. Han and Frazier 
[78] also separated WBC and RBC but with a different approach. They included a 
ferromagnetic wire in the direction of the fluidic flow. The wire caused a high 
gradient in the magnetic flux which enhanced the magnetic separation. 

5.2 Dielectrophoresis
Dielectrophoresis, or DEP, was first investigated by Herbert Pohl in the 1950’s [79]. 
In DEP, a force is exerted on a dielectric particle in a non-uniform electric field. All 
particles are affected more or less in the presence of an electrical field, and the force 
does not require the particle itself to be charged. The strength of the force depends on 
the medium and the particle’s electrical properties, on the shape and size of the 
particle and the frequency of the electrical field. 
 
The DEP force on a homogenous sphere with the radius r can be expressed as: 
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where is the del vector operator and E� rms is the root mean square of the applied 
electric field. Re(fCM) refers to the real component of the Clausius-Mossotti factor: 
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where  and are the complex permittivity of  the particle and the medium. The 
complex dielectric constant is: 
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where � is the dielectric constant, j is 1� ,  is the conductivity and � is the angular 
frequency of the applied electric field. 
 
By varying the frequency of the applied voltage, it is possible to induce a dipole 
moment in a particle and thereby cause the particle to experience a movement. 
Particles having higher permeability than the surrounding fluid, FCM>0, move to a 
region of stronger electric field i.e. the electrodes, and is called positive 
dielectrophoresis (pDEP). The opposite occurs when the particles have lower 
permeability than the fluid, in which case the particles are repelled from the 
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electrodes and is consequently called negative dielectrophoresis (nDEP). For 
continuous fractionation pDEP is not recommended since particles are attracted 
toward the electrodes and may cause damage to them [62]. Less stress is induced at 
field minima, which is especially good for living cells. Fiedler et al. [62] have used 
nDEP to create virtual flow channels with “channel walls” created by activating the 
electrodes. They have also used transients to temporarily switch off “the walls” in 
order to move particles between the flow channels. The choice of frequency is also 
very important for the DEP function. Gascoyne and Vykoukal [80] have presented a 
very useful frequency guide which shows at what frequencies different types of DEP 
is used and what the typical particle responses are. 
 
For the DEP to be functional, a non-uniform electric field is required. One way is to 
use electrodes of various shapes and designs [81]. Another is to apply voltage along a 
channel that contains insulating obstacles such as posts [82] or ridges [83]. The 
electric field becomes non-uniform close to these objects, and particles flowing 
around them will be affected by the DEP force. DEP forces do not depend on the 
polarity of the electric field but rather the field gradient and either AC or DC or both 
[84] can be used in contrast to regular electrophoresis which uses DC only. 
 
DEP is a very versatile tool which can be used for many of the standard particle and 
cell operations in the analytical field such as continuous separation [85], particle 
medium exchange [86], particle concentration [87], trapping [64] and positioning 
[88]. DEP can be used for a wide range of particle sizes. There is however a lower 
limit around 1μm when Brownian motion will start to influence and a higher limit 
around 10μm when sedimentation will start to dominate.  
 

5.3 Pinched flow fractionation 
In pinched flow fractionation, two inlets are used; one which contains a particle 
suspension with particles of different sizes and one particle free fluid. The particle 
free liquid flows at a higher rate and laminates the particles in the other suspension to 
one sidewall in the pinching region, regardless of particle size. The particles are 
pinched to the side wall at a distance which is equal to their radius and will move 
along streamlines that pass through their hydrodynamic centers. As the particles 
move out into the expansion chambers, the laminar streamlines are expanded and the 
particles are separated perpendicularly to the flow direction according to their sizes, 
see figure 5.2. 
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Figure 5.2. Principle of pinched flow fractionation. Particles in a suspension 
are focused along the side wall in a pinched segment with a clean buffer. As they 
enter the expansion chamber the broadening of the laminar streamlines separate 
the particles by size. 

 
The expansion chamber is then split into many outlets collecting only particles of 
specific size. The basic principle was shown by Yamada et al. [89] and an improved 
device with asymmetrically arranged separation branches has also been shown [90, 
91]. Further enhancement including flow rate control valves [92] as well as replacing 
the pressure driven flow with EOF have been done [93]. 

5.4 Hydrodynamic filtration 
Hydrodynamic filtration is a principle which is similar to cross flow filtration [94, 
95]. Both techniques utilize small capillary branches perpendicular to the main flow 
where excess fluid will exit. The removal of carrier fluid forces particles to the side 
walls of the main channel, but whereas the aim of cross flow filtration is to remove 
the carrier fluid, the gaps between the side branches are too small to let particles 
through. In hydrodynamic filtration the aim is not only to remove the suspension 
media, even though it certainly is possible, but to separate particles of different size 
from each other. The width of the side branches is thus wider and it is the flow 
control of the side branches that decides which fractions will be removed. As seen in 
figure 5.3 from Yamada and Seki [96], when the relative flow rate in the side 
channels is low a), no particles will be diverted to the side branches – only fluid. In 
b), medium flow rate is applied to the side channels letting small particles be 
separated with the medium but not large particles, while in c) relative high side flows 
will result in no particle fractionation. The dashed lines in figure 5.3a-c show the 
virtual boundaries of the layers of fluid in the main channel that will be diverted into 
the side branches. Before the separation branches there are multiple branches 
responsible for aligning and concentrating the particles by medium removal. 
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Figure 5.3. The principle of hydrodynamic filtration. Excess fluid is removed gradually from 
the side branches perpendicular to the main flow. This action will eventually line up particles 
along the main channel walls. By controlling the flow rate of the branch flow it is possible to 
remove particle fractions of a particular size while larger particle moves on to be separated 
later. From Yamada and Seki [96]. Reproduced by permission of The Royal Society of 
Chemistry. 
 
The technique has also been demonstrated in the separation of WBC from RBC. An 
alternate design where the medium fractions removed during the concentration 
process have been recombined again with the main flow providing an improved 
particle alignment is shown in [97]. 
 
A related effect which can be used to separate particles or cells from their medium is 
the Fahraeus-Lindqvist effect. A suspension flowing through a tube with a small 
diameter (typically <500μm) will experience a viscosity gradient where particles 
tend to gather in the center of the tube with clear fluid at the walls. The viscosity will 
thereby be lower at the walls and higher in the center of the tube. In the case of 
blood, the low viscosity fluid by the walls will be blood plasma while the different 
cells will be concentrated in the high viscosity region in the tube. This makes it 
possible to remove some small fractions of blood plasma, and the effect is sometimes 
called plasma skimming. Jäggi et al. [98] utilized the effect in their microfluidic 
plasma separation chip. Their PMMA chip reached a separation efficiency of 59% 
for an initial hematocrit of 15% and 37% for initial hematocrit of 45% respectively 
for a flow rate of 2 ml/min. 
 
Yang et al. [99] used the Zweifach-Fung effect which states that if blood is flowing 
through a bifurcating region in a capillaty vessel, the blood cells have a tendency to 
travel into the vessel with the highest flow rate leaving very few cells going into the 
low flow rate vessel. They used a PDMS chip with a main channel and five plasma 
skimming channels and achieved close to 100% cell free plasma from 45% 
hematocrit at a flow rate of 10 μl/h. 
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5.5 Field Flow Fractionation 
Field Flow Fractionation or, FFF, is a technique where an external force is applied 
perpendicular to a flow to perform the separation mechanism [100]. The force can be 
almost any imaginable physical phenomena; examples are electric or magnetic fields, 
gravity, thermal or cross fluid flows. The motion of the particle depends on the 
physical parameters of the particle versus the interaction of the applied force and the 
parabolic flow profile. How the separation is performed depends on the size of the 
suspended particle. Particles approaching the dimensions of macromolecules, will be 
more affected by Brownian motion than larger ones and will therefore behave 
differently. The separation of the different components is determined by the retention 
time in the separator, i.e. depending on the physical parameters of the particles 
included and the applied external force, particles will exit the separator at various 
times and thereby enable fractionation. There are basically three modes of operation, 
the normal mode, the steric mode and the hyperlayer mode [67, 101]. 
The normal mode affects submicron particles and macromolecules. The external 
force drives them toward the wall opposite the side of the incident force, see figure 
5.4a). An accumulation of particles and macromolecules will occur. The increased 
particle concentration by the wall is however counteracted by Brownian diffusion in 
the opposite direction of the force. The macromolecules, which are smaller in size 
than the submicron particles, will be more affected by the Brownian motion and 
move further away from the accumulation wall. Because of the parabolic flow 
profile, the macromolecules will thus exit the separator before the submicron 
particles. 
The steric mode FFF acts differently on larger particles than the normal mode, 
typical particle sizes of 0.5-10μm. These particles are too large to be affected by the 
weak Brownian diffusion counter effect. Instead, the particles will form a thin layer 
close to the accumulation wall. The larger particles will protrude out of this layer into 
faster streamlines and exit the separator faster than the small particles that are caught 
into slower streamlines close to the wall. As this is the opposite reaction of the 
normal mode FFF, it is sometimes referred to as reversed mode. The residence time 
for the steric mode depends only on the size of the particle. 
For larger particles, >10μm, the contact with the wall is very limited. Instead they are 
affected by an opposed force generated by hydrodynamic lift forces that moves them 
away from the wall. As they are moved a distance greater than their diameter, the 
retention mode is called hyperlayer, figure 5.4c. The separation in the field is still 
reversed, that is larger particles first, but the separation does not entirely rely on size 
but also on other physical properties of the particle. 
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 Figure 5.4. A) Normal mode FFF, B) Steric mode FFF, C) 
Hyperlayer mode FFF 

 
The FFF family is a very versatile platform which enables separation over a wide 
size range, from hundreds of microns down to nanometer scale [102]. 

5.6 Obstacle induced separation 
Deterministic lateral displacement is a method for separating particles by size [103]. 
An asymmetric array of posts or obstacles is created, i.e. the placement of the 
following post is shifted a short distance sideways. Depending on the size of the 
particle, it will be deflected towards a neighbouring flow stream as it passes between 
two posts and will thus display a sideways deviation in its course through the post 
array. The trajectory is dependent on the asymmetry of the array. The distance a post 
is shifted, δ, and the total distance between two posts G, will determine how many 
streamlines the separator will have, see figure 5.5A. The number of streamlines will 
also limit the amount of particle sizes that can be separated at the same time. The 
angle α of which particles will be deflected depends on the distance between the 
posts along the flow path, and can be calculated as tan-1(δ/λ), figure 5.5B. More 
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detailed theoretical models for deterministic lateral displacement were developed by 
Inglis et al. [104]. 
 
 

 
Figure 5.5. Deterministic lateral displacement. The 
asymmetrical placements of the posts in the array cause 
particles of different sizes to choose different flow streams. 
This results in an in lateral displacement and thus size 
separation. Printed with permission from Morton et al. 
[105]. Copyright 2008 National Academy of Sciences, 
U.S.A: 

 
 
Morton et al. [105] experimented with many different post combinations, drawing 
parallels toward optical phenomena as refraction and deflection as well as focusing 
particles into jets. They showed that it is possible to direct streams of differently 
sized particles across laminar flows. This was utilized in [106] where E.coli cells 
were fractionated and subsequently directed into another flow line containing cell-
lysing solution. The intracellular content was then further separated and the DNA 
recovered. 
 
Another technique which relies on obstacles is the Brownian ratchet. The Brownian 
ratchet is comprised of asymmetrical posts in a symmetric array, i.e. the opposite of 
deterministic lateral displacement [107]. The ratchet will only work on small 
particles, such as macromolecules, which are affected by Brownian motion. As a 
suspended mix of particles flow through the ratchet they will bump into slanted 
obstacles which will deflect their trajectories. They will however also experience a 
lateral movement due to diffusion. Small particles will move farther by Brownian 
diffusion than larger ones and are therefore more likely to move further sideways. 
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The Brownian ratchet will thus separate by size in a lateral way. The geometry of the 
posts and the distance between them influence the mechanism and separation degree 
and have to be considered when designing the ratchet [108]. Since only very small 
particles can be used, DNA molecules are very suitable to separate [109]. Cabodi et 
al. [110] have made a system with a precisely controlled injection scheme which 
allows them to separate two different DNA into their components. Matthias and 
Müller [111] showed that it is possible to make a massively parallel Brownian ratchet 
using asymmetric pores in a silicon membrane which could be suitable for large-
scale particle separations. 
 
 

5.7 Optical methods 
Optical tweezers is a method which uses a focused laser beam in which dielectric 
particles are trapped. With the tweezers, it is possible to hold or to move particles. It 
was first reported by Ashkin [112] in the early 1970´s of particles being affected by 
scattering and gradient force on particles of micron size. Objects of high refractive 
index were attracted toward the center of the beam and propelled away in the 
direction of the beam. Using two counter propagating beams, he was able to trap 
particles in three dimensions. Ashkin later developed of what became known as 
optical trapping where dielectric particles were to be trapped and held stable in three 
dimensions using a single focused beam of light.  
 
The method operates with a Gaussian beam profile and utilizes the fact that there is a 
very strong electric field gradient in the narrowest part of a focused beam of light, 
known as the waist of the beam. When a particle enters the beam boundary, it will 
experience a net force towards the center of the beam because the larger optical 
momentum change towards the center of the beam, see figure 5.6a. Less intense 
beams will pass on a smaller momentum change away from the center, however, the 
net momentum will move the particle to the center where an equilibrium is met and 
thereby it will be trapped [113]. 
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Fig 5.6a. The principle of optical tweezers. A 
particle will experience a net force towards 
the center of the beam because the more 
intense beams transfer a larger momentum 
change towards the center of the beam. 

Figure 5.6b. The concept of optical 
fractionation presented by MacDonald et al. 
[114] The array of laser beams causes 
particles to be repeatedly deflected towards 
the center of a laser beam. Since the optical 
tweezer force is lower than the Stoke’s drag, 
and the particles display a sideways 
trajectory dependent of the size and optical 
properties of each particle, a separation is 
obtained. Reprinted by permission of 
Macmillan Publishers Ltd: Nature, 
Copyright 2003 

 
By using infrared lasers, Ashkin et al. [115] were able to perform damage-free 
trapping and manipulation of red blood cells and organelles located within living 
cells since the haemoglobin and chlorophyll absorption is reduced in the IR spectra. 
 
Optical forces have been used in a wide range of applications. Perroud et al. [116] for 
instance used the optical gradient forces to displace particles into another streamline 
in a µFACS system. The system basically worked as a regular FACS but with the 
exception of using the optical force as actuator for the rare event fractionation. 
 
An array of optical tweezers can be arranged as an optical lattice for a continuous 
particle fractionation system [114]. The lattice is a three dimensional structure which 
enables sorting of particles through a three-dimensional flow. When a flow of mixed 
particles passes through the lattice, MacDonald et al. [114] used 2µm silica and 
polymer spheres, the selected particles are deflected from their original trajectories 
while the others pass on, see figure 5.6b. The selectivity depends on the particles 
sensitivity to the optical potential. The result of the optical lattice will be similar to 
the deterministic lateral displacement system, with the exception that there will be no 
physical obstacles which could be subjected to clogging. Ladavac et al. [117] showed 
a similar device in two dimensions using twelve discrete optical tweezers. 
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5.8 Acoustical methods 
Methods using acoustic forces provide a gentle and contact free way of manipulating 
cells and particles. Several different applications and inventive ways using acoustics, 
and especially acoustic standing waves, have been developed in recent years [27, 29]. 
Below follows an overview of acoustical macrofluidic and microfluidic systems, 
with the main focus on the microfluidical systems as those are the platform used in 
the papers included in this thesis. 

5.8.1 Macrofluidic systems 
Several of the early acoustic particle manipulation systems were large, in the sense 
that they were not microfluidic systems relying on laminar flow etc., and commonly 
effectuated separation according to the agglomeration/sedimentation principle [118, 
119]. In this principle, the acoustic forces are used to gather the particles or cells into 
clusters, which at some time will gain such size that the buoyant lift force will be 
exceeded and they will subsequently sediment at the bottom of the chamber. These 
systems can be either continuous [120-123] or batch systems [124, 125]. The 
aggregation sedimentation processes may be well working, but are generally quite 
slow since they rely on sedimentation processes as a driving force. Gupta et al. [126, 
127] proposed a semi-continuous separation system in which particles were passed 
through a porous medium in which the particles where trapped when the ultrasound 
was turned on. The porous medium had, however, the drawback of being saturated 
after operating a while and separation efficiency decreased. A purging procedure 
with the ultrasound turned off had to be performed before separation could be 
commenced. Continuous separation systems where particles are driven toward a 
designated area and subsequently separated by flow splitters [128] are much faster 
and can be placed in an arbitrary position [129]. The continuous separators are 
superior in the way that they work as particle filters without the apparent drawback 
of clogging, which ordinary filters are prone to do sooner or later. 
 
By shrinking the dimensions of the separation chamber to half a wavelength, it is 
possible to line up particles in a single lane, rather than in cluster formations. Yasuda 
et al. [130] inserted a capillary into their fluidic chamber to act as a flow splitter 
where the single line of particles was collected. 
 

5.8.2 Microfluidic systems 
By reducing the size of the fluidic device into the microscale, several desirable 
features are accomplished. The flow in a microfluidic device is primarily laminar, 
making continuous separation using flow splitters very useful, as will be elaborated 
below. As the size of a fluidic channel decreases into micrometers, the frequency of 
the sound will rise into ultrasound regime, if a half wavelength channel width is to be 
retained. The higher the frequency, the higher the acoustic radiation force will be 
(see equation 4.10) and thus improved separation performance. The increased force 
also allows smaller particles or cells to be separated. It should be mentioned, 
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however, that acoustic streaming starts to affect the separation around particle sizes 
of ~1µm [54] and Brownian motion around 0.1µm [131]. 
 
5.8.2.1 Continuous flow systems 
Microfluidic systems have the advantage over macrofluidic systems that smaller 
volumes are required and that reactions are much faster. The continuous format also 
enables fast sample solutions to be introduced for more complex chemical 
procedures. This in combination with microscale devices can result in a higher 
degree of integration of different types of modules to compose a lab on a chip 
system. 
 
The basic way of making a separation of particles using acoustic standing waves in a 
continuous format is to use a standard three-way flow splitter, as in figure 5.7. 
 

 
Figure 5.7. The basic continuous acoustic separation technique. A particle suspension 
enters the separation channel which has the width of half a wavelength. The USW moves 
particles with a positive acoustic contrast factor to the pressure node in the middle of the 
channel and particles with negative acoustic contrast factor to the pressure antinode along 
the sides of the channel. The laminar flow in the micro channel allows particle separation 
by a flow splitter since no mixing occurs. 

 
Suspended particles enter from the bottom and the blue particles moves toward the 
acoustic pressure node in the center and the yellow particles move to the pressure 
antinode because of different physical properties. Because of the laminar flow in the 
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micro channel the particles remain in their lateral position even after they have 
passed the acoustic field and by introducing the flow splitter at the end it is possible 
to separate the two particle types from each other.  
 
A variety of different separator materials have been used. Hawkes et al. [132] 
presented a half wavelength separator in stainless steel which was constructed by 
wire electro discharge machining. Kapishnikov et al. [51] made their separator in a 
polymer (SU-8). Since polymers do not reflect ultrasound sufficiently well in regards 
to an aqueous medium, the standing wave has to be created by other means. 
Kapishnikov et al. thus used two opposing transducers and the interference of the two 
incident waves created the standing wave. The separator itself reminds of a SPLITT-
chip where particles large enough to be affecter by the USW are transferred to 
another clean buffer. Another disadvantage with polymers in the design of 
acoustically actuated microfluidic systems is that they normally display a substantial 
absorption coefficient for the employed ultrasound and the absorbed energy is mainly 
transformed into heat. 
 
A material/material combination that is more suitable as a reflector and resonator is 
silicon and silicon/glass compound devices. The acoustic impedance difference 
between silicon and an aqueous solution is quite high, supporting the design of 
silicon cavity based resonators. Silicon also offers the properties of a crystalline 
material, which can be taken advantage of by anisotropic etching where selective 
etching of different crystal planes result in perfect vertical walls and thus well 
defined resonator chambers. 
 
Harris et al. [133] made a layered resonator in silicon with a glass cavity lid where 
the resonance occurred between the bottom of the silicon channel and the glass lid as 
exemplified in figure 4.5A. As the device only had two outlets, instead of three as in 
figure 5.7, the performance of such a device is limited because there will always be 
some medium or undesired particles that follow with the desired particles into the 
enriched outlet. The device also displayed limited visual inspection possibilities since 
the focused particles were placed in a sheet parallel to the glass lid. 
 
The alternative actuation principle where the transducer is placed underneath the 
silicon separator with the standing wave generated perpendicular to the transducer 
was utilized by Nilsson et al. [134], paper I in this thesis. This way of actuation have 
the advantage that it is possible to see the separation clearly via the glass lid and the 
performance of the separation can easily be monitored since there is a large contrast 
between particle dense band formation and clear, particle free fluid. This is illustrated 
in figure 5.8 which shows multiple band formations at higher harmonics of the 
fundamental resonance frequency. 
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Figure 5.8. Microscope image of 5 µm polyamide particles aligned in parallel 
bands in a ~750 µm wide channel at different actuation frequencies. left: first 
harmonic (~2 MHz), middle: second harmonic (~3 MHz), right: third harmonic 
(~4 MHz), microscope image from above (A), illustrated cross-section (B). From 
Nilsson et al. [134] 

 
 
Nilsson et al. also investigated different separator designs, one with the side channels 
directed 90° from the main separation channel and another design with the side 
channels at 45° angle, see figure 5.9. These are the two different designs possible to 
make while using <100>-oriented silicon. Even though the 45° angle design had side 
channels with non rectangular cross section (but rather a trapezoid shaped cross 
section) the design proved to be preferable since it eliminated the stagnant zones at 
the junction where air bubbles tended to be trapped and interfere with the separation. 
The performance of the chip was demonstrated using 5µm polyamide beads and 
showed 90% separation efficiency at ~2% bead concentration into the chip. 
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Figure 5.9. Microscope images of the two different designs investigated by 
Nilsson et al.[134]. Note the stagnant zone on the 90° side channel design 
(left). The structure with 45° side channels (right) is not bothered with such 
problems. From Nilsson et al. [134] 

 
Blood wash  
One of the first applications of the above described silicon microfabricated acoustic 
separation chip targeted blood wash in open-heart surgery. Normally during cardiac 
surgery, the blood shed during surgery is returned to the patient via a filter. The filter, 
however, does not remove the millions of small lipid particles mixed with the blood, 
which originates from adipose tissue ruptured when performing the surgery. The 
lipids, mainly triglycerides [135], instead pass through the filter and are returned into 
the patient’s circulatory system where massive embolization will occur and 
subsequently local ischemic tissue damage. Animal studies have shown that almost 
all internal organs will be affected and especially organs with high blood perfusion 
rates such as the kidneys and the spleen [136]. It is however in the brain that the 
ischemic damage becomes most obvious [137]. Elevated levels of cognitive 
dysfunction have been linked to lipid microembolization of the brain [138]. A the 
moment, no medical equipment are dedicated at lipid removal from blood even 
though blood wash techniques based on centrifuges can be used at extensive blood 
loss. The centrifuges do have drawbacks of being committed to quite large volumes, 
exposing the blood cells to harmful mechanical stress and not being continuous. 
 
Acoustic separation can however be used since, fortunately, the acoustic contrast 
factor of red blood cells and lipid particles have different sign. Erythrocytes have a 
positive φ-factor (~ +0.3) while lipid particles have negative φ-factor (~ -0.3). This 
means that the RBC and the lipid particles will move to different lateral positions in 
the acoustic standing wave and can thus be separated from each other as they pass 
through the acoustic separation channel, see figure 5.10. A laboratory model of 
tritium labeled triglycerides in saline solution was used to evaluate the lipid particle 
separation efficiency [30] (Paper II in this thesis).  
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Figure 5.10. Lipid contaminated blood enter the chip from below. Because the lipids and the 
blood cells have different sign on the acoustic contrast factor, lipids move towards the 
antinodes at the channel walls while the blood cells move towards the pressure node in the 
middle of the channel. The microscope image to the left shows human blood and lipid 
particles being separated from each other. 
 
Results showed that about 85% of the lipid particles were removed regardless of the 
RBC concentration while the RBC separation decreased with increasing 
concentration. The flow rate through a single separator was 0.3 ml/min, which 
needlessly to say is not very much. A chip with eight parallel separation channels 
connected in a bifurcation structure was constructed [139] proving that up-scaling of 
the separator device is possible, see figure 5.11. The multichannel chip handled flows 
of 0.5 ml/min with approximately the same separation efficiencies for blood cells and 
lipid particles. The degree of hemolysis, i.e. the rupture of red blood cells, was also 
studied and no increase in hemolysis was found, thereby concluding that the acoustic 
separation method posed no threat to cell viability. For more detailed information see 
Paper III in this thesis. An even larger structure with multiple parallel channels was 
proposed by Laurell et al. [27]. 
 

 
Figure 5.11. Separation chip with eight parallel separation channels for increased 
throughput. 
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Plasmapheresis 
A procedure which is closely related to blood wash is plasmapheresis, i.e. the 
removal of the cellular content from the blood plasma. Many of the microfluidic 
devices presented in the literature display problems in handling fluids of high 
concentrations, such as whole blood. Often these separation devices are forced to 
work with dilute blood samples, which deteriorate the quality of the plasma from an 
analytical point of view. The acoustical chips presented earlier are no exception since 
the separation efficiency is known to decrease significantly by increasing hematocrit 
(<10%). However, a novel acoustic separation chip has been designed to manage the 
processing of whole blood [Lenshof, paper VI in this thesis]. The plasmaphersis chip 
is comprised of a separation channel as in [134] but with the exception of a series of 
outlets placed in the separator channel along the way. These outlets remove mainly 
red blood cells which already have been focused by the acoustic standing wave and 
thus sequentially lower the hematocrit along the separation channel, figure 5.12. At 
point D in figure 5.12, the concentrations of blood cells are sufficiently low for all 
remaining cells to be removed and the clean plasma fraction is extracted from outlet 
E.  
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Figure 5.12. The principle behind the plasmapheresis chip. Multiple outlets are placed along 
the separation channel where red blood cells focused in the middle of the channel are 
subsequently removed. The clean plasma fraction is collected at outlet E.  
 
By increasing the length of the separation channel, and fold it into a space saving 
meander, the duration in the acoustic field is longer and thus the time to focus 
particles even further after sequential removal of fractions is increased. The removal 
of particle fractions perpendicular to the flow is also advantageous, since it does not 
disrupt the acoustic radiation force on the remaining particles which would be the 
case in a trifurcation separation design. The total flow rate of the chip is 80 µl/min 
and the clean plasma fraction is 12.5% of the total blood volume. The separation of 
red blood cells is 100% and the total number of red blood cells is below 6x109 per 
liter [140], a limit which has been set by the Council of Europe for plasma intended 
for transfusion. 
 
The plasma generated by the plasmapheresis chip was also successfully linked to an 
antibody array chip for detection of Prostate Specific Antigen (PSA), a biomarker for 
prostate cancer. Increased levels of PSA present in male blood plasma can be an 
indicatior of prostate cancer. Being able to quickly detect the elevation of PSA is of 
major interest for detection of prostate cancer and to assess response to treatment of a 
patient already having established cancer. The successful combination of the 
plasmapheresis chip and the PSA antibody array chip opens up the possibility of 
creating a fully integrated lab on a chip solution for PSA detection. 
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Medium exchange through particle switching 
Laminar flow microchannels offer the possibility to laminate different liquid media 
in a streaming system. This, combined with acoustic particle manipulation, can be 
utilized to move particles from one suspending medium to another using acoustic 
standing waves [141, 142]. By adding two extra inlets on each side of the original 
central inlet, it is possible to move particles from the medium streams on the side into 
the central, particle-free medium thus exchanging the medium the particles are 
suspended in. This can be of importance in applications where a more rigorous wash 
of particles or cells is required. 
 
The medium exchange procedure was illustrated by translation of 5µm polyamide 
beads in a buffer contaminated by Evans blue into a clean medium [141]. About 95% 
of the contaminant was removed in this experiment while it should be mentioned that 
the degree of contamination was quite low. If medium of higher degree of 
contamination is used the cleaning efficiency will decrease, probably due to weakly 
absorbed contaminants on the bead surface or by tailing effects of the beads dragging 
contaminants with them into the clean buffer. The medium exchange efficiency 
mentioned above was also repeated with erythrocytes in saline solution and Evans 
blue as pollutant. 
 

 
Figure 5.13. The particle wash and buffer media exchange chip. A contaminated particle 
suspension enters from the sides and a clean buffer enters through the middle. The acoustic 
standing wave moves the particles into the clean buffer which exits through the middle outlet 
while the contaminated medium exits through the sides. From Petersson et al. [141] 
 
The described medium exchange method can be used to extend the applicability of 
the above described blood wash method to include post surgery blood recycling, i.e. 
when the patient is still bleeding in the post surgery intensive care unit and the shed 
blood is collected via a drain tube in the chest cavity. In this case the blood plasma 
can be heavily contaminated by drugs, immunologically active substances and 
coagulation factors that should not be returned to the patient [143]. To avoid this, the 
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erythrocytes can be moved from the contaminated plasma to clean plasma or saline 
solution for safe re-infusion. 
 
Enhanced medium exchange 
An enhanced medium exchange device with two integrated acoustic switching chips 
in sequel was presented by Augustsson et al. [43]. A similar protocol as used in [141] 
with Evans blue as a contaminant and 5μm polystyrene bead was used to verify the 
contaminant efficiency removal. While previous data showed a 95% removal of the 
contaminant, Augustsson et al. showed a provoking 99.995% efficiency. They also 
showed an application for phosphopeptide affinity extraction. Further work with the 
sequential medium exchange chip has involved affinity specific extraction of phage 
particles [144]. Microbeads with affinity specific coating were used to separate 
bound phages from unbound and thus being able to sort out specific phages from a 
library. The enhanced medium exchange chip proved to be at least as efficient as 
conventional separation approaches, and has the advantage of being much more 
flexible when it comes to handling different types of particles and can thus be 
adapted to virtually any kind of antigen carrier.  
 
Medium exchange through side-washing 
The side-washer principle is a bit different than previously described medium 
exchange technique [145]. The original buffer is phased out gradually through the 
addition of clean buffer along the channel while the acoustic radiation force keep the 
beads aligned in the channel, figure 5.15. Although the band of focused beads gets 
slightly displaced every time new clean buffer is added, the acoustic radiation force 
will refocus the beads. The retention time of the beads in the acoustic field is of 
major importance if the wash should be successful and not too many beads lost to the 
cross-flow stream. Each junction has an exchange rate of 25% of the main buffer 
flow resulting in the buffer injected at inlet 1 will end up in outlet 5. The chip had 
eight cross-flow junctions and each junction increase the buffer exchange ratio 
accordingly. Wash efficiencies up to 96.4% were accomplished with a 0.2% solid 
content bead suspension, using eight cross-flow junctions, effectively exchanging the 
carrier buffer twice. 
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Figure 5.15. Side-washing chip. Beads in buffer enter the system and are focused in a band in 
the middle of the channel. At junction 1 the particle band will be displaced towards the upper 
wall because of the addition of clean buffer. The acoustic radiation force will however 
realign the particles in the middle and the cycle is repeated until the entire original medium 
has been shifted out and the beads are re-suspended in clean medium. From Augustsson et al. 
[145]. 
 
A alternative use of the side-washer was presented by Augustsson et al. [146] where 
the cross-flow channels were not used for washing buffer but instead each branch 
injected a pH-buffer of varying degree. This enabled the use of microbeads with ion-
exchange properties and different surface bound peptides to be eluted from the beads 
during sequential exposure to higher pH in the channel. The advantages of such a 
chip include the ability to perform multiplex probing and wash of contaminating 
background, increasing the detection limit. 
 
 
Size fractionation 
The primary axial radiation force on a particle is dependent on the volume of the 
particle, see equation 4.10. This means that larger particles will experience a larger 
acoustic force than smaller sized particles and thus size fractionation could be 
possible if the force is tuned correctly [147]. Petersson et al. [148] made a silicon 
fractionation chip where a particle suspension containing particles of different sizes, 
although equal density and compressibility, was introduced along the side walls of 
the flow channel. In the middle of the channel a clean buffer was introduced. By 
tuning the acoustic force and the flow rate, the largest particles reached the pressure 
node shortly before entering the center outlet. The second largest fraction, located in 
a neighbouring laminar boundary, exited the chip through the next outlet and so 
forth. Thereby a size sorting device was achieved. The different sizes were thus 
spatially separated at the end of the separation channel and were collected via several 
outlets that addressed a defined laminar portion of the flow channel. 
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Figure 5.16a. Particle suspension entering at 
the sides of the channel. Pink particles are the 
largest and will thus reach the pressure node 
first. By adjusting the acoustic force such that 
only the pink particles reach the node before 
the multiplex output, fractionation is enabled. 

Figure 5.16b. Fractionation of the particle 
sizes. The largest particles exit through 1, 
second largest through exit no. 2 and so on. 
Reprinted with permission from Petersson 
et al. [148]. Copyright 2007 American 
Chemical Society. 

 
By manipulating the density of the medium through the addition of cesium chloride, 
Petersson et al. [148] also managed to separate normally acoustically inseparable 
particles from each other. The medium manipulation in combination with the 
fractionation device realized the successful fractionation of erythrocytes, platelets 
and leucocytes from each other. 
 
Size fractionation can also be realized by a frequency switching scheme [149]. Since 
the acoustic force is proportional to particle size, as described above, the particles 
will move an unequal distance when switching the frequency between two 
harmonics. At time T1 (Figure 5.17) a single wavelength standing wave (second 
harmonic, ~4 MHz) is applied, thus the particles are gathered in the pressure nodal 
planes one quarter of the channel width from each side wall. When switching over to 
the fundamental resonance frequency (half wavelength, ~2 MHz) the particles will 
start to migrate toward the pressure nodal plane in the center of the channel (T2). The 
larger particles move faster because they are affected by a stronger radiation force. If 
the frequency is switched back at the right moment the larger particles will be located 
close to the center of the channel, where the acoustic force is at its minimum (T3). 
The smaller particles, on the other hand, will have moved only a small distance and, 
at time T3, start to move back to their position seen at time T1. After switching again 
(T4) the larger particles will be closer to the center than at T2 while the smaller ones 
will be at approximately the same position as at T2. If the switching continues the 
larger particles will end up in the middle of the channel and the smaller ones one 
quarter of the channel width from each side wall when they reach the outlets (Figure 
5.18b).  
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Figure 5.17. The frequency switching separation principle. At T0 particles have entered the 
system and no ultrasound is applied. At T1 and T3 the second harmonic is applied and at T2 
and T4 the frequency corresponds to the fundamental frequency. At Tlater the two particle sizes 
have been separated from each other. From Laurell et al. [27] 
 
 
 

  
Figure 5.18a. Initial state with the 
ultrasound turned off. Both particle sizes exit 
through the side channels and the clear 
buffer through the middle. From Laurell et 
al. [27] 

Figure 5.18b. The two particle sizes have 
been separated from each other and the 8μm 
particles are focused in the fundamental 
pressure node and exits through the central 
outlet. The 3 μm particles are focused in the 
node of the second harmonic and exits 
through the side outlets. 

Using this method, it was demonstrated that at least 80% of the particles could be 
collected in the intended outlets when separating 3 μm polystyrene (1.05 g/cm3) and 
8 μm polymethylmethacrylate (1.22 g/cm3) particles. The fundamental resonance and 
the second harmonic were typically active for 800 and 200 μs respectively (total flow 
rate: 90 μl/min). 
 
Binary particle switching 
The combination of the acoustic radiation force and laminar flow also enables 
valveless particle switching. As seen in figure 5.19a it is possible to deflect particle 
streams from one trajectory and outlet into another outlet. By connecting several 
acoustic valves into a tree structure, Sundin et al. [150] showed a possible 
discrimination of particles into four different outlets. If less concentrated samples are 
to be used, a rare event sorting of single particle types can be managed in a FACS 
type of way [27]. This technique would require fast switching and total control of the 
flow parts of the particle. One of the problems with fast acoustic switching has been 
the parabolic flow profile since particles flowing near walls have a slower flow rate 
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and do not respond fast enough at the acoustic radiation force. Grenvall et al. [151] 
solved the problem by making a 2D focusing of the particles streams, that is standing 
waves between the walls and bottom and the ceiling of the channel. The acoustic 
FACS showed promising results, however further development is needed. The 
acoustic FACS might have potential compared to the regular FACS as it shows 
higher degrees of differentiation as more parameters influence the acoustic force 
affecting the particles such as density and compressibility. 
 

 
 

 
Figure 5.19a. Binary switching principle. 
Particles from inlet 2 will exit outlet 2 due to 
laminar flow unless affected by the USW. By 
switching the ultrasound on and off it is 
possible to decide which outlet the particles 
should exit through. 

Figure 5.19b. Principle of rare event 
sorting based on acoustic valving. From 
Laurell et al. [27] 

 
5.8.2.2 Acoustic trapping systems 
If the acoustic force is larger than the drag force of the fluid the particle will be 
trapped in the acoustic field. Acoustic trapping can be utilized for enrichment, sorting 
out rare particles and performing chemistry on cells and particles by exposing them 
for different analytes. Lilliehorn et al. [152] presented an ultrasonic trapping system 
with integrated ultrasonic micro transducers in a PCB plate with a glass/polymer 
(SU-8) fluidic channel. The particle trapping was found to be strongly affected by 
near field pressure variations but still the trapping managed to withhold linear fluid 
flows of 1mm/s. They also presented a trapping array of three sequential trapping 
zones with individual controlled ultrasonic transducers [153]. The trapping zones 
also had individual cross-flow microchannels for adding external fluids and thereby 
enabling a non-contact and continuous flow bioassaying system utilizing e.g. 
antibody-activated microbeads. 
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Evander et al. [60] improved the trapping device of Lilliehorn by integrating the flow 
channel and reflector into a single glass unit. The system proved to be able to handle 
live cells and viability tests were made on trapped stem cells and yeast which showed 
no signs of being harmed by the ultrasonic trapping. An altered flow channel design 
was used to separate sperm cells from female epithelial cells in a forensic application 
which aimed at sample preparation for DNA-analysis in rape cases [154]. The 
acoustic technique is shown to achieve comparable purities of the separated DNA 
fraction in a substantially shorter time as compared to the standard methods used 
today. 
 
Trapping in silicon cavities have been investigated by Manneberg et al. [155] where 
they showed 3D manipulation of particles and cells at an individual level. A 
combination of acoustic forces and DEP was presented by Wiklund et al.[44]. The 
principle is based on the competition between long-range ultrasonic forces, short-
range dielectrophoretic forces and viscous drag forces from the fluid flow. The USW 
was used to move particles to the DEP electrodes and there the DEP forces could be 
applied to position, sort and separate the particles. 
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6 BLOOD

Since blood has a central position in this thesis, a short summary of the constituents 
and properties of blood is presented.  
 
Whole blood comprises a cell population and plasma. The cellular content can be 
classified in three groups, red blood cells, white blood cells and platelets. An adult 
human body contains 6 – 8 liters of whole blood where the cellular components make 
up about 45% of the volume. The rest of the 55% is plasma, which consists of 90% 
water and 10% dissolved species, such as proteins, carbohydrates, electrolytes, lipids, 
vitamins etc. The term serum sometimes used refers to blood plasma without 
fibrinogen or other blood clotting factors. 

6.1 Basic blood component knowledge 

6.1.1 Red blood cells 
The primary function of red blood cells, or erythrocytes, is to transport and deliver 
oxygen to tissues and organs in the body and to return carbon dioxide to the lungs. 
Adult blood typically holds 4.2 - 6.2x1012 erythrocytes per liter [156]. An erythrocyte 
has the shape of a biconcave disc, which has a diameter of 7μm and a thickness of 
2μm. The biconcave shape makes them highly flexible and provides maximum 
surface area for oxygen transport. Hemoglobin, a highly abundant protein in 
erythrocytes, is responsible for the oxygen transporting properties. Highly 
oxygenated blood is bright red while it becomes dark red when oxygen has been 
released. 
 
Unlike many other cells, the erythrocyte does not have a cell nucleus. The nucleus is 
lost when the erythrocyte is squeezed through the pore of the endothelial lining of the 
bone marrow capillary. There are three reasons for the absence of a nucleus: a 
nucleus will decrease the amount of oxygen possible to transport, it will cause the 
erythrocyte to be heavier which will increase the workload of the heart and it does 
not require a nucleus to be able to perform its tasks since it is fully differentiated. 
 
The term hematocrit, which is one of the most important erythrocyte factors, is used 
to describe the percentage of red cells in the blood. The hematocrit differs between 
genders, whereas males have a hematocrit of 0.46-0.54, females have a slightly lower 
hematocrit 0.38-0.44. 
 

6.1.2 White blood cells 
White blood cells, or leucocytes, are an important part of the human immune system 
which protects the body from antigens, i.e. microorganisms and foreign matter. The 
majority of the leucocytes are found in the vascular and lymphatic systems. An 
average adult has approximately 75 billion leucocytes circulating and the normal 
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amount of leucocytes in a blood sample is about 4.5 - 11x109 per liter. An increased 
amount of leucocytes is an indicator of infection. 
 
The leucocytes are divided into numerous sub groups since there is a wide diversity 
of cells with different functions. The three main groups are granulocytes, monocytes 
and lymphocytes [157]. 
 
Granulocytes are basically named after the granules, or small grains, present in their 
cytoplasm. The granulocytes are in turn are categorized into neutrophils, eosinophils 
and basophils. 
 

Neutrophils measure from 10-15μm and are the most common white blood cell 
and make up 65% of all white cells. Neutrophils defend against bacterial or 
fungal infection and other very small inflammatory processes. They are generally 
the first responders to microbial infection and their activity and death in large 
numbers form pus. 

 
Eosinophils measure from 12-17μm and primarily deal with parasitic infections 
and an increase in them may indicate such. Eosinophils are also the predominant 
inflammatory cells in allergic reactions. 

 
Basophils measure about 5-7μm and the main function is to release the 
anticoagulant heparin in case of external cell damage so that the white blood 
cells can address foreign matter before clotting starts. Basophils are also 
responsible for allergic response by releasing histamine causing inflammation. 

 
 
Monocytes migrate from the bloodstream to other tissues and differentiate into tissue 
resident macrophages or dendritic cells. The macrophage is a large cell, 12-20μm, 
which performs phagocytosis (engulfment and digestion) of cellular debris and 
foreign matter. The dendritic cells main function is to act as antigen-presenting cell 
(APC) to activate T lymphocytes, since T lymphocytes cannot recognize protein 
antigens on their own. 
 
Lymphocytes are a part of the immune system and are activated when they 
recognize foreign matter as nonself. Lymphocytes measure from 5-12μm in diameter 
and are divided into B cells, T cells and natural killer (NK) cells [158]. 
 

B cells are responsible for making antibodies toward antigens, such as bacteria 
and viruses, and thereby induce immunity towards the antigen. The B cells also 
have the function as memory cells, remembering different antigens that the host 
has been exposed to in the past. 

 
T cells themselves are categorized into three different types: cytotoxic T cells, 
helper T cells and suppressor T cells. The cytotoxic T cells have the ability to kill 
cells, such as transplanted tissue or cells which have been altered by antigens or 
viruses. The helper T cells have the ability to recognize antigens and produce 
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cytokines to direct other T cells to the infected area. The suppressor T cell is 
responsible for keeping the immune system in a healthy balance by neutralizing 
too aggressive lymphocytes, for instance when an infection already has been 
supressed. 

 
NK cells play a major role in defending the host from both tumors and virally 
infected cells. They differ from other lymphocytes in the way that they do not 
require prior exposure to antigen and thus do not require prior activation in order 
to destroy cells. Because of this ability they were named “natural killers”. 

 

6.1.3 Platelets
Platelets, or thrombocytes, have the main function of preventing blood loss. This is 
done in two ways: they act as a plug over the endothelial damage area and they also 
provide a platelet factor-3, a phospholipid found on the surface of the platelet needed 
for activation of coagulation factors. 
 
The thrombocyte is a colorless cell which is about 2-4μm in size. A blood sample of 
an average adult contains about 150-450x109 platelets per liter. 
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7 CONCLUSIONS

Acoustic force driven particle and cell manipulation has proven to be a successful 
base in developing continuous flow microseparators. This thesis demonstrates an 
acoustic standing wave microchip solution that discriminate between particle types of 
different acoustic contrast factors and an application of cleaning shed blood from 
lipid particles as encountered in open heart surgery has been investigated. The 
blood/lipid separation provided promising results and further investigations also 
proved that the acoustic separation technique does not inflict any damage to the 
processed cell. A separation device with parallel channels for higher throughput has 
also been presented. 
 
Furthermore, the principle of acoustic radiation force acting on particles has been 
investigated. It has been shown that the radiation force does not act uniformly on 
particles in a flow channel but rather in pinching regions. It has also been shown that 
acoustic streaming is present in the separation channel and mainly influences particle 
sizes of about 1μm and smaller. For larger particles the primary acoustic radiation 
force dominates over hydrodynamic drag in the acoustic streaming. The effect of 
streaming and uneven force distribution in the channel is decreased due to the 
continuous flow and thereby the integration of the effect of the force along the flow 
channel.  
 
The influence of separation device material and the shape of the cross-section of the 
separation channel have also been investigated. Results show that a separator in glass 
works equally well as its silicon based counterpart. Investigations also indicate that 
the shape and the surface smoothness of the cross-section is of less importance 
although more investigations need to be done.  
 
Confocal measurements on the particle separation show that the particles are lined up 
in a vertical sheet located in the center of the half wavelength separation channel. 
This can be utilized in a separation device handling high concentration fluids, like for 
instance whole blood. By sequentially removing high particle concentrated fractions 
from the center of the channel, the total concentration of particles in the channel can 
be reduced gradually. An acoustic plasmapheresis chip for whole blood processing 
have been developed and proven successful in generating high quality plasma for 
subsequent diagnostic purposes. 
 
The acoustic particle manipulation platform has proven to be very versatile and is 
clearly showing several interesting results. The applications of the technique are 
numerous and the future of microfluidics combined with acoustics will be exciting. 
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8 POPULÄRVETENSKAPLIG SAMMANFATTNING 

 
Ultraljud är ljud av så hög frekvens att det mänskliga örat inte kan höra det. De flesta 
associerar säkert termen ultraljud med diagnostiskt ultraljud som utövas på foster 
under en graviditet. Tänker man lite längre kanske man erinrar sig om att delfiner 
och fladdermöss kommunicerar och navigerar med hjälp av ultraljud. Det finns dock 
så mycket mer man kan använda ultraljud till. Man kan till exempel påverka och 
flytta celler eller partiklar i vätska. Om detta handlar denna avhandling. 
 
Ljud brukar oftast beskrivas som en våg, en ljudvåg. Ljud kan ju som bekant studsa 
när det möter en vägg, som ett eko. Studsar ljudet mellan två motstående väggar kan 
en stående våg uppsåt. Den stående vågen flyttar sig inte utan befinner sig på samma 
ställe hela tiden, ungefär som när man slår an en gitarrsträng. Att vågen ser lika dan 
ut hela tiden gör att man kan utnyttja det faktum att man vet positionerna för 
svängningarna.  
 
Partiklar i en vätska som utsätts för ett ljudfält kommer att uppleva en akustisk kraft. 
Är ljudfältet en stående våg kommer de att bli påverkade av en mycket större kraft än 
om ljudet bara fortsatt rakt fram eftersom det återkommande ljudet också påverkar 
partikeln. När den återkommande ljudvågen blandas med sig själv kommer den 
växelvis att förstärka sig själv respektive ta ut sig själv. Vi får alltså noder med noll i 
ljudintensitet samt bukar med maximalt ljud. Partiklarna kommer att förflytta sig mot 
noden och samlas där. Om man flödar en vätska med partiklar i en kanal av den 
bredden att den rymmer en ljudnod i mitten av kanalen och ljudbukar längs kanterna 
av kanalen, så innebär det att alla partiklarna kommer att samlas i ett band i mitten av 
kanalen. Längs kanterna av flödeskanalen finns nu enbart ren vätska. Genom att dela 
upp sin kanal i tre olika utflöden kommer de av ljudet separerade partiklarna att ledas 
ut i mitten utloppet medan den rena västan längs kanterna kommer att gå ut i de två 
sidoutloppen. 
 
Olika typer av partiklar eller celler kommer att uppföra sig olika i ljudfältet beroende 
på deras fysikaliska egenskaper. De flesta solida partiklar och celler kommer att röra 
sig mot en ljudnod, medan luftbubblor och fetter (som olja) kommer att röra sig mot 
en buk. Detta resulterar i att man kan skilja två olika partiklar med olika fysikaliska 
egenskaper från varandra med en stående vågfält. Detta faktum utnyttjades i en 
applikation i avhandlingen där blod från en hjärtoperation renades från skadliga 
fettpartiklar. Om blodkropparna kan renas från fettpartiklar är det möjligt att återföra 
patientens eget blod som den förlorat under hjärtoperationen på ett säkert sätt utan att 
de förorenade fetterna följer med in i blodomloppet. Hade fetterna kommit in i blodet 
hade risken funnits att de hade täpp till de små ömtåliga kapillärerna i exempelvis 
hjärnan som tillför den näring och syre. Om kapillärer blockeras i hjärnan uppstår 
snabbt små skador i hjärnvävnaden och om antalet blockerade kapillärer blir stort 
erhålls bestående men för patienten. 
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En annan tillämpning i avhandlingen handlar om att med samma teknik filtrera bort 
alla blodkroppar från blodplasman. Plasman är blodkropparnas bärvätska som 
innehåller en massa näringsämnen och slaggprodukter. Blodplasma innehåller även 
ett stort antal sk. biomarkörer som mäts i samband med sjukdom. En sådan markör är 
prostata specifikt antigen (PSA) som vid förhöjda nivåer indikerar risk för prostata 
cancer. PSA nivån i plasma står i proportion till hur långt cancern är gången. Det är 
alltså svårare att upptäcka en eventuell cancer tidigt. Biomarköranalys inklusive PSA 
görs normalt på plasma vilket innebär att alla blodprover måste genomgå ett 
centrifugeringssteg innan analys kan genomföras. Avhandlingsarbetet har här visat 
på möjligheten att nyttja akustiska mikrochip för produktion av ren plasma och direkt 
koppla denna till PSA diagnostik. Tanken är att i slutändan kunna göra ett 
kombinerat analyschip med ett akustiskt filter för en snabb prostata cancer diagnos. 
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A method to separate suspended particles from their medium in a continuous mode at microchip level is described. The
method combines an ultrasonic standing wave field with the extreme laminar flow properties obtained in a silicon micro
channel. The channel was 750 mm wide and 250 mm deep with vertical side walls defined by anisotropic wet etching.
The suspension comprised “Orgasol 5mm” polyamide spheres and distilled water. The channel was perfused by applying
an under pressure (suction) to the outlets. The channel was ultrasonically actuated from the back side of the chip by a
piezoceramic plate. When operating the acoustic separator at the fundamental resonance frequency the acoustic forces
were not strong enough to focus the particles into a well defined single band in the centre of the channel. The frequency
was therefore changed to about 2 MHz, the first harmonic with two pressure nodes in the standing wave, and
consequently two lines of particles were formed which were collected via the side outlets. Two different microchip
separator designs were investigated with exit channels branching off from the separation channel at angles of 90° and
45° respectively. The 45° separator displayed the most optimal fluid dynamic properties and 90% of the particles were
gathered in 2/3 of the original fluid volume.

1 Introduction

Several particle separation techniques utilizing ultrasound have
previously been presented.1–8 These are based on the fact that
suspended particles exposed to an ultrasonic standing wave field
are affected by an acoustic radiation force. This force will move the
particles towards either the pressure nodes or the pressure anti-
nodes depending on the density and compressibility of the particles
and the medium. In order to realise these systems conventional
precision engineering has been utilized to create well defined flow-
through acoustic resonance cavities in which particles can be
manipulated under controlled conditions. To obtain good particle
aggregation in such cavities the sidewalls reflecting the acoustic
wave must have a low surface roughness and the wall spacing must
be constant throughout the separation region. The separation
method presented herein is based on the same principle but
proposes a different orientation of the piezoceramic actuator. Also,
most importantly, modern micro fabrication technologies were
utilized in order to address the issue of tedious manufacturing using
traditional machining techniques to realise the micro fluidic
system. The anisotropic wet etching properties of silicon ensure a
perfect alignment of the reflecting walls in the channel. As in all
micro fabrication the production of such particle separation
structures also benefits from batch fabrication. The particle
suspension is fed into a separation channel where it is exposed to an
acoustic standing wave field induced by a piezoceramic plate glued
to the back side of the silicon structure. The ultrasound frequency
is tuned to match one half of the wavelength to the channel width.
This results in a pressure nodal plane along the middle of the
channel and one pressure anti-nodal plane along each channel side
wall. If the density and compressibility of the particles are suitable,
compared to the medium, they will move towards the nodal plane
while travelling along the separation channel. The end of the
channel is split into three outlets and when operating the system in
the first harmonic resonance mode (2*l/2) the particles are focused
in two pressure nodes leaving the separation channel through the
side outlets and a particle free clear medium thus exits through the
centre outlet.

2 Theory
2.1 Acoustic force

An acoustic standing wave is commonly described according to
eqn. (1).

(1)

Eqn. (1) expresses the displacement (y) of a point in the standing
wave corresponding to a certain position (x) and time (t). The
displacement is also dependent of the amplitude of the standing
wave (A), the wavelength (l), the time for one full period (T) and
the phase difference between the two travelling waves (f). By
looking at the cosine part of the equation it becomes evident that the
distance between two consecutive nodes is l/2.

If particles in a liquid are subjected to an ultrasonic field they
experience pressure fluctuations. These fluctuations arise from the
displacement of the molecules of the medium. If the acoustic field
is in the form of a standing wave, eqn. (1) can be rewritten in terms
of pressure [eqn. (2)].

p = p0 ·sin(kx)· cos(wt) (2)

The constants k = (2p/l) and w = (2p/T) have been introduced
and the phase difference has been omitted since it only results in a
lateral displacement of the wave. Sonic acoustic waves in a liquid
are longitudinal which means that the particles are displaced along
the wave. This results in compression and decompression of the
particles in the medium. At the pressure nodes the molecular
displacement is at its maximum and at the pressure anti-nodes at its
minimum. The pressure fluctuations result in forces that act
laterally on the particles in the x-direction. According to the
acoustic force theory presented by Yosioka and Kawasima9 the
force on a particle can be expressed in the following way [eqn.
(3)].

(3)
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(4)

Vc is the volume of the particle, p0 is the pressure amplitude from
eqn. (2) and f is defined by eqn. (4). The density of the medium and
particles are denoted rw and rc respectively and the corresponding
compressibilities bw and bc.

Small particles can generally be trapped in an acoustic standing
wave. The first criterion is that the particle diameter must be less
than half the wavelength, otherwise the acoustic force will act in
more than one direction on the particle. The second criterion is that
f must not equal zero, otherwise there will be no net force exerted
on the particle.

3 Materials and methods
3.1 Micro fabrication

In order for the acoustic separator to work, precise channel
structures with vertical walls and good reflective properties are
required. Silicon fits these requirements very well. By using
photolithography and anisotropic wet etching it is simple to
produce structures of rectangular cross-section using < 100 >
silicon. If a cross-type structure with vertical channel walls is
desired, the separation channels on the photo mask are turned 45°
in relation to the primary flat of the wafer, (design I, Fig. 1). The
separation structure will thereby obtain vertical walls in all flow
channels. Optionally, the side channels can be anisotropically
defined according to design II (Fig. 1). This separation structure
will however get a V-groove cross-section of the side channels due
to the slanted < 111 > -planes that define the stop etch conditions
(Fig. 2). For clarity this design is henceforth denoted “45°-separa-
tion structure”.

Double sided photolithography and etching in KOH (potassium
hydroxide, Merck KGaA, 64271 Darmstadt, Germany), 40 g in 100
ml deionised water, yielded micro channels with a depth and width
of 250 mm and 750 mm respectively and inlets and outlets etched
from the rear side. The micro separator was sealed with a glass lid
by means of anodic bonding to achieve a closed separation structure
with optical access (Fig. 3).

3.2 Device assembly

The ultrasonic standing waves were generated by PZ26 piezo-
electric ceramics (Ferroperm Piezoceramics A/S, Kvistgard, Den-
mark) with resonance frequencies of 1 MHz and 2 MHz. To achieve
an actuation with the highest energy transmission possible, the
transducer was glued to the back side of the separation chip with
epoxy (2 Ton Clear Epoxy, ITWDevcon, Danvers, MA, USA). The
fact that it was glued to the rear side also provided air backing to the
transducer, minimizing acoustic losses.

3.3 Experimental arrangement

Silicone rubber tubing was glued to the inlets and outlets on the
back side of the separation chip, acting as docking ports to the
syringe pump (WPI SP260P, World Precision Instruments, USA)
via standard 1/16” od Teflon tubing. The particle suspension used
was a Doppler fluid (Dansk Fantom Service, Gondolvej 25, 4040
Jyllinge, Denmark) that consisted of suspended Orgasol particles of
5 mm diameter mixed with distilled water. The piezoceramic
element was operated via a high frequency power amplifier
(Amplifier Research Model 50A15, Amplifier Research, Sou-
derton, PA, USA). The frequency was set by a function generator
(HP 3325A, Hewlett-Packard Inc, Palo Alto, CA, USA). After the
separation step, particle content of the clear and the enriched fluid
was measured by centrifugation using a Haematokrit 2010 ( Hettich
Zentrifugen, D-78532 Tuttlingen, Germany). Each sample was
centrifuged for two minutes at 13000 rpm after which the length of
the solid and fluid fraction in the capillaries was measured to
determine the percentage solid in each collected volume, A and B.
The separation efficiency was subsequently determined as the ratio
of the percentage solid fraction in the side outlets from the chip (B)

Fig. 1 Separation structures defined on a < 100 > silicon wafer. Design I
– Cross-type separator; Design II – 45° separation structure.

Fig. 3 Front and rear side of a cross-type separation chip.

Fig. 2 Cross-sections of the two different designs: I) The cross-type
separation structure and II) the 45°-separation structure.
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to the percentage total solid fraction in the fluid colleted at all three
outlets (A + B), eqn. (5).

Separation efficiency = 100*B/(A + B) (5)

where:
A = relative particle fraction of the fluid collected from the centre

outlet
B = relative particle fraction of the fluid collected from the side

outlets

4 Results and discussion
4.1 Actuation

A benefit of arranging the actuator in plane with the separation chip
is the large contact surface area for the piezoceramic actuator
enabling a good coupling of the acoustic energy into the silicon
chip. In spite of the fact that the actuator provides the acoustic
signal from the back/bottom of the chip, the standing wave is
obtained in plane with the silicon chip and orthogonal to the flow
channel (Fig. 4) enabling continuous flow separation of particles.

4.2 Band formation

When particles are exposed to an acoustic force they will gather in
the nodes or anti-nodes of the standing wave. Because of the
laminar conditions in a small flow channel, particles once gathered
in a defined lateral position will stay there even after leaving the
acoustic force field, forming long bands of particles in the channel.
When operating the separation channel in its fundamental reso-
nance mode (l/2) a single band formation was observed in the
middle of the channel. However, the acoustic forces in the
fundamental resonance mode were too weak to generate a well-
defined particle band in the centre of the channel. The chips were
therefore operated and the performance was investigated at the first
harmonic (2*l/2), where two bands were seen (Fig. 5 left). The
higher operating frequency provided an improved particle focusing
force as reasoned above, eqn. (3). There is also the possibility to
generate multiple bands (Fig. 5 centre and right) in the separation
channel at even higher harmonics.

4.3 Particle separator designs

Two different separators were designed and fabricated in silicon.
Initially a cross-type design with the side outlet channels perpendic-
ular to the inlet channel was made (Fig. 6a). The structure was 250
mm deep and the width and length of the inlet channel was 750 mm
and 13 mm respectively. The cross-type design however displayed
problems with stagnant zones as the fluid turned around the 90°
corner into the side channels. Any air bubble or debris that entered
the system was easily caught in the stagnant zone and was very hard
to remove without disturbing the on-going separation. To solve that
problem a new chip was designed, with the side channels leaving
the separation channel at a 45° angle (Fig. 6b). In an attempt to
make the separation structure even shorter, the inlet channel length
was also reduced to 9 mm.

4.4 Results and discussion

The cross-type separator was operated in a two node mode (2*l/2)
with two bands and thus enriched particles were leaving via the side
outlets as seen in Fig. 6. Studies of a varying operating voltage to
the piezoceramic element (Fig. 7), at constant frequency of 1.956
MHz, constant flow of 0.3 ml min21 and constant blood phantom
concentration of 10%, show, as expected, that a higher separation
efficiency was achieved with increasing voltage.

To operate the piezoceramic element at voltages exceeding 22
volts at a flow of 0.3 ml min21 was not possible due to the fact that
the high radiation forces trapped the particles in the ultrasonic field
forming stationary particle clusters in the flow channel, which
disturbed the laminar flow profile. High operating voltages will
also cause an increase of temperature in the piezoceramic element,
which may not exceed the Curie temperature of the ceramic since
that will destroy the piezoelectric properties of the actuator.

The flow rate tests (Fig. 8) clearly show that lower flow rates
provide a higher separation efficiency, which is the result of
exposing the particles to the standing wave field for a longer time
period, allowing more particles to reach their nodal position in the
standing wave. The flow rate, voltage and the blood phantom
concentration were maintained constant at 1.956 MHz, 15 Vpp
(Voltage peak to peak) and 10% respectively. The voltage 15 Vpp
was chosen since higher voltages in the lower flow rate range,
below 0.1 ml min21, caused particle trapping/clustering and
subsequent blocking of the flow channel.

Tests with different blood phantom concentrations (Fig. 9)
showed, as expected, that the lower concentration yielded higher

Fig. 4 A principal cross-section drawing of the assembled separation
device, showing the separation channel with the piezoceramic element
glued to the rear side of the microchip. The acoustic signal is tuned to fit the
resonance criterion defined by the channel width, generating an acoustic
standing wave (dashed) in plane with the silicon chip, orthogonal to the flow
channel.

Fig. 5 Particle enrichment in the micro channel. The bands show the
enriched particles in resonance mode, 1st, 2nd and 3rd harmonic with 2, 3 and
4 bands respectively, A) top view microscope photographs and B) principal
separation channel cross-sections. Channel width: 750 mm, channel depth:
250 mm.

Fig. 6 a. Cross-type structure with a two band formation. b. 45°-structure
with a two band formation.
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separation efficiency. With increasing particle concentration, the
side channels collecting the enriched particles will eventually be
saturated, spilling over into the centre channel, which results in a
decreased separation efficiency. As the blood phantom concentra-
tion increased, the separation efficiency decreased towards 67%
(not shown), which would be the case when equal amounts of
particles exit all outlets. This is also the case when no ultrasound is
applied.

At its best, a separation efficiency of approximately 90% was
achieved for the cross-type structure, i.e. almost 90% of the
particles were collected through the side channels together with 2/3
of the fluid volume, at flow velocities less than 0.2 ml min21. The
structure had however problems with stagnant zones as the fluid
turned around the 90° corner. By changing the orientation of the
side channels to 45° [Fig. 6b] the stagnant zones were reduced, and
the separation process was improved.

Besides the change of the side channel angle for the 45°-struc-
ture, the inlet channel length was also shortened from 13 to 9 mm.
In the investigation of the influence of the actuation voltage the
45°-structure showed approximately 10% higher separation effi-
ciency at lower voltages (10 Vpp) as compared to the cross-
structure; compare Fig. 7 and Fig. 10. At higher voltages both
structures approached a separation efficiency close to 90%. It

should be noted that the 45°-structure outperforms the cross-
structure in spite of the fact that the separation channel was 4 mm
shorter than the cross-structure.

The shorter separation channel resulted in a reduced retention
time in the acoustic force field and thus the time for the particles to
be focused were reduced by approximately 30%. A comparison of
the separation efficiency of the two chip designs regarding the
influence of flow rate (Fig. 8 and Fig. 11) and concentration of
blood phantom (Fig. 9 and Fig. 12) respectively also disclosed that
the 45°-structure performs better than the cross-structure. Much of
the improved performance for the 45°-structure is attributed to the
better flow profiles, avoiding rapid changes of the flow directions.
This was also visually confirmed while performing the experi-
ments. Commonly the cross-structure displayed a loss of particles
from the focused bands into the centre outlet as the two bands
turned around the 90° corner to its outlets. This was not as clearly
seen for the 45°-structure. Both separator types displayed a
maximum separation ratio of about 90% at extreme operating
parameters.

In order to further optimise the proposed acoustic separation
technology it would be preferable to move forward with a
theoretical model describing the microfluidic and particle separa-
tion efficiency properties of the micro chip. The current state of

Fig. 7 Separation efficiency of a cross-type structure as a function of the
excitation voltage to the piezoceramic element. Constant frequency of 1.956
MHz, a flow of 0.3 ml min21 and 10% concentration of blood phantom were
used.

Fig. 8 Separation efficiency of a cross-type structure as a function of the
flow. A constant frequency of 1.956 MHz, 15 Vpp, and 10% concentration
of blood phantom was used.

Fig. 9 Separation efficiency of a cross-type structure as a function of the
concentration of the blood phantom. Constant frequency of 1.956 MHz, 20
Vpp and a flow of 0.3 ml min21.

Fig. 10 Separation efficiency of a 45°-structure as a function of the
excitation voltage to the piezoceramic element. A constant frequency of
1.970 MHz, a flow of 0.3 ml min21 and 10% concentration of blood
phantom was used.
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modelling such a system still holds seemingly large deviations from
experimental data. Hawkes and Coakley1 have presented theoret-
ical modelling of acoustic particle separation and compared these
with experimental data demonstrating promising results. However,
a further improvement of the model would be desired in order to
predict the experimental outcome of a new separation device.
Before a theoretical model actually would provide useful data in the
work presented herein a much more detailed investigation of
several physical parameters is needed, e.g. the acoustic field
distribution in the separation channel is not easily derived as it is
dependent on the coupling of the mechanical oscillation from the
piezoceramic actuator to the separation channel via the bulk silicon.
The wave propagation in the silicon chip and hence the obtained

acoustic interference pattern is a complex modelling task. The
modelling of the fluidics does not pose a problem as the system is
operated in an laminar flow regime, Reynolds number ≈ 20. A
further complication in defining a correct model is the fact that the
fluid temporally undergoes a spatial reconfiguration with a change
in physical properties, e.g. apparent density and viscosity (due to
changing particle densities), while passing through the separation
channel. Also, the effect of secondary forces on the particles,
Bjerknes forces,10,11 pose a further complex addition to the total
model needed as the mean interparticle distance is varying in the
separation channel along the channel length.

5 Conclusions
This paper demonstrates successful on-line particle separation in
silicon microchips using acoustic forces. Ultrasonic excitation of
the micro fluidic channel, matching the ultrasound frequency to the
channel width, enabled the focusing of particles to defined flow
lines in the streaming fluid and thus the collection of a particle
enriched fluid in the side channel outlets. 90% of the particles were
recovered in 67% of the original volume. By increasing the
frequency to higher resonance harmonics, controlled higher order
particle band formation (3 and 4 bands) was demonstrated. The chip
based separation approach will in future versions enable serial
connection of separators for a sequential enrichment and at the end
a net total higher particle enrichment factor than currently obtained.
In order to improve the separation efficiency it would be desirable
to confine the particles to a smaller zone. By reducing the channel
width the particles are expected to be focused in a narrower band as
the force on the particles increases with increasing frequency since
a narrower channel has a higher resonance frequency.
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A method to continuously separate different particle types in a suspension is reported. Acoustic forces in a

standing wave field were utilized to discriminate lipid particles from erythrocytes in whole blood. The presented

technology proposes a new method of cleaning, i.e. removing lipid emboli from, shed blood recovered during

cardiac surgery. Blood contaminated with lipid particles enter a laminar flow micro channel. Erythrocytes and

lipid particles suspended in blood plasma are exposed to a half wavelength standing wave field orthogonal to

the direction of flow as they pass through the channel. Because of differences in compressibility and density the

two particle types move in different directions, the erythrocytes towards the centre of the channel and the lipid

particles towards the side walls. The end of the channel is split into three outlet channels conducting the

erythrocytes to the centre outlet and the lipid particles to the side outlets due to the laminar flow profile. The

separation channel was evaluated in vitro using polyamide spheres suspended in water, showing separation

efficiencies approaching 100%. The system was also evaluated on whole blood using tritium labelled lipid

particles added to bovine blood. More than 80% of the lipid particles could be removed while approximately

70% of the erythrocytes were collected in one third of the original fluid volume. The study showed that the

further reduced micro channel dimensions provided improved performance with respect to; (i) separation

efficiency, (ii) actuation voltage, and (iii) volumetric throughput as compared to earlier work.

1 Introduction

Suspended particles in an acoustic standing wave field are
affected by acoustic forces. The primary acoustic radiation
force was thoroughly described for the first time by King in
1934.1 King limited his work to incompressible spheres but his
acoustic force theory was later extended by Yosioka and
Kawasima2 and by Gorkov3 to include compressible spheres.
Several groups have since used these theoretical results to
increase the concentration of various particles in different
media.4–10 This has commonly been done by moving the
particles into one fraction of the medium where after some of
the particle free medium has been removed. However, there are
two fundamental problems associated with the use of acoustic
standing waves to separate particles. First of all the resonance
cavity has to be very precisely fabricated to satisfy the
resonance criterion. This leads to a difficult design and fabrica-
tion process. Secondly the cavity has to be coupled to an
ultrasonic actuator in a way such that the power loss to the
bulk material is minimised, which further increases the com-
plexity of the separation device.
A separation cavity in silicon including improved means of

coupling the acoustic actuator to the device has been proposed
by Nilsson et al.4 Briefly, micro channels were wet etched into a
silicon wafer and sealed using anodic bonding. This resulted in
very well defined structures and a fairly simple design and
fabrication process. Silicon has also been used by Harris
et al.9,10 to fabricate separation cavities of a different design.
Nilsson et al.4 realized the ultrasonic actuation by applying a
piezoceramic plate to the back-side of the silicon wafer using
ultrasound gel. This actuation method resulted in good
acoustic coupling of the ultrasound to the separation chip.

The width of the channel (750 mm) was chosen to correspond to
one wavelength of the applied ultrasound. This gave rise to a
standing wave, with two pressure nodes and three pressure
anti-nodes. When 5 mm polyamide spheres suspended in water
entered the channel they moved into the pressure nodes and
remained there throughout the length of the channel because of
the laminar flow properties. The end of the channel was split
into three outlets and the particles were collected via the side
outlets while the main part of the particle free medium exited
through the centre outlet. The results showed that 90% of the
particles could be gathered in 2/3 of the original fluid volume.
This paper proposes the use of a smaller channel, 350 mm

wide, and a standing wave with only one pressure node. The
purpose of using only one node is that particles can be gathered
in the centre outlet while the main part of the medium exits
through the side outlets. Also, the smaller channel width
enables the use of the same high actuation frequency even
though operating at a half wave length mode, which should
provide a strong acoustic force on the particles. Another
advantage is that two types of particles can be separated from
each other if their physical characteristics are appropriate in
relation to the carrier fluid. This effect can be used in a medical
application to remove lipid particles from blood collected
during open heart surgery. The lipid particles originate from
adipose tissue that is a part of the dissection field. When shed
blood is collected and returned to the patient lipid droplets
formed by triglycerides originating from adipose cells are also
introduced into the circulatory system. Since the lipid particles
commonly are larger than the erythrocytes these are dispersed
throughout the capillary network of the body causing massive
embolisation of various organs, of which the brain is most
sensitive. Lipid micro embolisation of the brain in conjunctionD
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to cardiac surgery have previously been reported11 and linked
to a temporary or permanent cognitive decay.12

2 Theory

2.1 Separation principle

Pressure fluctuations in a liquid medium result in acoustic
radiation forces on suspended particles. As long as the diameter
of the particles is much smaller than half the wavelength of the
standing wave2 these forces will act mainly in one direction
and the particles will move towards either a pressure node, a
pressure anti-node or not at all. The direction and size of the
force can be estimated by the acoustic force theory13 (eqn. (1)).

Fr~{
pp20Vcbw

2l

� �
w b,rð Þ sin 2kxð Þ (1)

w~
5rc{2rw
2rczrw

{
bc
bw

(2)

The densities of the medium and particles are denoted rw and
rc respectively and the corresponding compressibilities bw and
bc respectively, p0 is the pressure amplitude, Vc is the volume of
the particle, l is the ultrasonic wavelength, w is a dimensionless
constant defined by eqn. (2), k is defined by 2p/l and x is the
distance from a pressure node. The direction of the force is
determined by the sign of the w-factor, a positive w-factor
results in a movement towards a pressure node and a negative
towards a pressure anti-node correspondingly. For example,
the theoretic value of the w-factor for polyamide particles in
water is about 0.8 and hence they should move towards a
pressure node.
The force described by eqn. (1) is referred to as the primary

acoustic force. Understanding of the characteristics of the
primary acoustic radiation force is sufficient to understand the
acoustic particle manipulating concept of this paper but there is
a group of other related acoustic forces that also influence the
movement of the suspended particles. The secondary acoustic
radiation forces and other relevant forces in this context have
been thoroughly discussed by Ter Haar and Wyard14 and
Weiser et al.15 The relative magnitude of these forces was also
investigated in ref. 14.
If a micro channel is actuated at its fundamental resonance

frequency, pressure anti-nodes will be present along the side
walls of the channel and a pressure node along the centre. If the

channel dimensions are small the flow will be laminar provided
that the flow rate is reasonably low. When suspended particles
enter the channel they will be affected by the acoustic forces
and move towards either the pressure node (Fig. 1a) or the
pressure anti-nodes (Fig. 2a) depending on the densities and
compressibilities of the particles and the medium respectively.
Since laminar flow conditions prevail, the particles will remain
in their lateral positions even though being outside the acoustic
field region until they reach the end of the channel, which is
split into three different outlets. The particles can subsequently
be collected in the centre outlet (Fig. 1b) or the two side outlets
(Fig. 2b). By controlling the flow rate through the three outlets
independently the fraction of the medium that exits together
with the particles can be controlled.

2.2 Separation of particles with different physical properties

A consequence of eqns. (1) and (2) is that it in principle should
be possible to separate two types of particles suspended in the
same liquid medium from each other. If the w-factors (eqn. (2))
have opposite signs the two particle types will move in different
directions in the acoustic force field. Eventually, one particle
type will end up in the pressure node and the other type in the
pressure anti-nodes (Fig. 3a). This effect can be used to
separate different particle types in a continuous flow if the flow
is laminar. If a half wavelength acoustic standing wave is used,
one particle type will be located in the middle of the channel
and the other along the side walls (Fig. 3b). When the channel
is split into the three outlets one particle type will exit through
the centre outlet and the other through the side outlets. For
example, if the particles are erythrocytes and lipid particles
(triglycerides) in blood plasma, w # 0.3 and w # 20.3
respectively, the erythrocytes should exit through the centre
outlet while the lipid particles exit through the side outlets.

2.3 Downsizing

If two different particle types are to be separated from each
other it is essential that the acoustic forces are sufficiently
strong. Alternative ways to increase the acoustic force can
be identified by considering eqn. (1), which tells us that one
possibility is to increase the applied pressure amplitude.
However, this can only be done to a certain extent since high
pressure amplitudes also result in increased power dissipation
and thus heating of the surrounding material and ultimately,
cavitation and formation of gas bubbles in the system. Another

Fig. 1 (a) Particles positioned, by the acoustic forces, in the pressure nodal plane of a standing wave. (Cross section of the channel in (b), dashed
line.) (b) Top view of a continuous separation of particles, positioned in the pressure node, from a fraction of their medium.

Fig. 2 (a) Particles positioned, by the acoustic forces, in the pressure anti-nodal plane of a standing wave. (Cross section of the channel in (b),
dashed line.) (b) Top view of a continuous separation of particles, positioned in the pressure anti-nodes, from a fraction of their medium.
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alternative is to change the properties of the medium. This is
more difficult and in some applications even impossible. The
best way to increase the acoustic force is to decrease the
ultrasound wavelength and the width of the separation channel
accordingly.

3 Method and materials

3.1 Micro machining

The separation chips were manufactured in silicon since the
material displays good acoustic properties and the high
precision fabrication process is well known. By using photo-
lithography and anisotropic wet etching techniques a separa-
tion channel with perfectly vertical walls was obtained
according to the method used in ref. 4. A structure with a
350 mm wide and 125 mm deep separation channel and a tri-
furcation outlet was designed (Fig. 4) and fabricated. A boron-
silicate glass lid was attached to the silicon chip by anodic
bonding to provide closed flow channels.

3.2 Experimental arrangement

The piezoceramic element (PZ26, Ferroperm Piezoceramics
AS, Kvistgard, Denmark) was powered by an in-house built
sinusoidal signal power amplifier. The transducer was acous-
tically coupled to the rear side of the separation chip using
ultrasound gel (Aquasonic Clear, Parker Laboratories Inc.,
Fairfield, NJ, USA). Silicone rubber tubings were glued to the
inlets and outlets on the back side of the separation chip, acting
as docking ports to the syringe pump (WPI SP260P, World
Precision Instruments Inc., Sarasota, FL, USA) via standard
1/16’ od teflon tubings. The flow rates through all three outlets
were identical. The 5 mm polyamide spheres used were sus-
pended in a doppler blood phantom (Dansk Fantom Service
AS, Jyllinge, Denmark) containing 20% particles. The bovine
blood used was mixed with saline solution (9 mg ml21,
Fresenius Kabi Norge AS, Halden, Norway) in order to
achieve different concentrations of erythrocytes. The lipid
particles used were derived from a phospholipid-stabilized
emulsion of triolein, which was prepared as described in detail

in ref. 16 with some modifications. Briefly, a total amount of
320 mg triolein, tritium labelled and unlabelled, and 3.2 mg of
phospholipids were sonicated in 7.2 ml of PBS. Following
sonication, 0.8 ml of 20% BSA in PBS was added. The lipid
emulsions were always used within 5 h from the time of
preparation. The degree of hemolysis was measured using a
HemoCue Plasma/Low Hb meter (HemoCue AB, Ängelholm,
Sweden).
To measure the fraction of particles (polyamide spheres or

erythrocytes) recovered, i.e. the separation efficiency, samples
from the centre and side outlets were collected in capillaries
(Bloodcaps 50 ml, VWR International AB, Stockholm,
Sweden). Each sample was centrifuged (Haematokrit 2010,
Hettich Zentrifugen, Tuttlingen, Germany) for 2 min at
13000 rpm after which the height of the particle pillars in the
capillaries were measured, A (fluid collected from centre
channel) and B (fluid collected from side channel). The
separation efficiency was defined as A/(A 1 2B).
The lipid content was measured by a scintillation counter

(Wallac Guardian 1414 Liquid Scintillation Counter, Perkin-
Elmer Life and Analytical Sciences Inc., Boston, MA, USA),
according to standard scintillation counting protocol,17 with
the modification of using Ultima Gold (Packard Biosciences,
Boston, MA, USA) as scintillation liquid. The lipid separation
efficiency was calculated in line with that of the other particle
types.

4 Results and discussion

4.1 Separator design

The earlier reported separation channel (750 mm wide and
250 mm deep) was operated in a single wavelength standing
wave mode.4 The new design (350 mm wide and 125 mm deep),
allowed the system to use a half wavelength standing wave in
the 2 MHz range for acoustic separation. The use of a single
pressure node made it possible to collect the particles in 1/3 of
the total fluid volume. Another improvement was the use of
ultrasound gel as an interface between the piezo ceramic
element and the silicon, instead of epoxy. The advantage of not
gluing the transducer to the chip was the possibility to reuse
the same transducer several times. The Reynolds number for
the 350 mm channel was calculated to 40, as compared to 20
for the earlier reported larger separation channel,4 which still
guarantees a stable laminar flow

4.2 Separator performance

As seen in Fig. 5, the particle separation efficiency was found to
be very close to 100% at 12 Vpp (voltage peak-to-peak). It can
be noted that voltage needed was lower as compared to the
earlier design yet obtaining a high separation efficiency. The
fast decrease in separation efficiency as the voltage was
decreased can be explained by the fact that the force is pro-
portional to the square of the voltage, i.e. applied pressure.
The flow rate tests (Fig. 6) showed that low flow rates

resulted in high separation efficiencies. The reason for this was
that the suspended particles were exposed to the ultrasound

Fig. 3 (a) Two particle types positioned, by the acoustic forces, in the pressure nodal and anti-nodal planes of a standing wave. (Cross section of the
channel in (b), dashed line.) (b) Top view of a continuous separation of two particle types from each other and/or a fraction of their medium.

Fig. 4 Schematic drawing and scanning electron microscopy image of
the trifurcation region of the 350 mm wide separation chip.
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field for a longer time period while travelling through the
separation channel. The separation efficiency of the 350 mm
design was better than the 750 mm design at the peak efficiency
of the latter (between 95–100% compared to around 90%), even
though the voltage was considerably lower (10 Vpp compared
to 15 Vpp) and the flow rate was higher (0.2 ml min21 compared
to 0.1 ml min21).
At low particle concentrations very high separation effi-

ciency was achieved (Fig. 7). The efficiency dropped as higher
particle concentrations were investigated, mainly because a
large number of particles demanded stronger acoustic forces to
gather in well defined bands. Also, the centre outlet was over-
loaded by particles trying to exit the system that some particles
were forced into the side outlets. It should also be commented
that at higher particle concentrations secondary forces will
eventually put a limit to the density of particles that can be
accomplished in the centre of the channel as these will
eventually counteract the primary force.15

4.3 Separating lipids from blood

The average adult has four to six litres of blood in the circula-
tory system. Particles (erythrocytes, leukocytes and thrombo-
cytes) compose about 45% of this volume and the rest is blood
plasma. The plasma is composed of 90% water and 10% solved
substances. The number of erythrocytes (red blood cells) is
three orders of magnitude greater than the number of leuko-
cytes (white blood cells) and more than ten times greater than
the number of thrombocytes (platelets).

A major health care problem is the lack of allogeneic blood
(donor blood). To reduce this demand shed blood can be
collected and returned to the patient during or after surgery.
There are several advantages associated with this method,
called autologous blood recovery or blood wash. In addition
to reducing the demand for allogeneic blood it reduces or
eliminates transfusion transmitted disease and immunologic
reactions to allogeneic blood. It also eliminates the risk of
blood group incompatibility. Existing autologous blood
recovery methods are based on centrifuges. A large volume
of shed blood, typically 500 ml, is collected and centrifuged, the
supernatant is removed and the collected erythrocytes are
subsequently returned to the patient. However, this method
suffers from three major shortcomings. First of all it can not
remove lipids derived from surgery of adipose tissue efficiently
and therefore offers no solution to the lipid emboli problem.
Secondly, the erythrocytes experience high gravitational forces
deforming them during the centrifugation process, and centri-
fugation is known to induce hemolysis.18 Finally, the process is
not continuous and demands a large volume of blood to initiate
a cell wash cycle, which makes it inappropriate for many
applications. The presented ultrasonic method is not burdened
with these problems.
The different physical properties of erythrocytes and lipid

particles yield a shift in sign of the W-factor of eqn. (1), thus
resulting in forces with opposite signs for the two particle types.
This enables the gathering of lipid particles and erythrocytes at
different locations in the acoustic standing wave field. Milk
was used in initial tests (Fig. 8a – ultrasound off and 8b –
ultrasound on) to confirm that lipid particles gathered in the
pressure anti-nodes of the standing wave, along the side walls.
A mixture of milk and blood was also successfully processed.
When the ultrasound was turned on, the lipid particles moved
towards the walls of the separation channel and the erythro-
cytes moved towards the centre (Fig. 8b) as expected.
The separation efficiency of the chip was determined using

tritium labelled triolein. The results showed that approximately
70% of the erythrocytes could be enriched in the centre outlet
(Fig. 9) while more than 80% of the lipid particles were
removed through the side outlets (Fig. 10). An interesting result
was that the removed fraction of lipid particles was quite
independent of the erythrocyte concentration.
The lipids occasionally formed clusters that tumbled along

the channel walls, temporarily causing a decrease in erythrocyte
separation efficiency since the laminar flow was disturbed and
the straight flow lines of separated particles lost shape and
destination.
The tritium labelled triolein offered a possibility to evaluate

Fig. 5 Separation efficiency of the 350 mm structure versus
voltage applied to the piezo ceramic element. The total flow rate was
0.3 ml min21 and the blood phantom concentration was 10%.

Fig. 6 Separation efficiency of the 350 mm structure versus total flow
rate. A voltage of 10 Vpp was applied to the piezo ceramic element and a
blood phantom concentration of 10% was used.

Fig. 7 Separation efficiency of the 350 mm structure versus blood
phantom concentration. The total flow rate was 0.3 ml min21 and a
voltage of 10 Vpp was applied to the piezo ceramic element.
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the lipid separation efficiency of the chip. Unfortunately, it was
not possible to evaluate the chip’s ability to remove lipids from
human blood collected during cardiac surgery, because these
lipids could obviously not be radioactively labeled. Neither
could it be distinguished from the lipids contributed by
lipoproteins upon measurement of total acylglycerides in
plasma. However, a visual evaluation of the separation process
indicated that it worked very well indeed (Fig. 11). The
suspended lipid particles in blood collected during surgery
are, in general, much larger than the lipid particles in the
triolein emulsion used in this investigation and should be easier
to remove since they are affected by stronger acoustic forces.
The degree of hemolysis was measured before and after

separation and no increase was detected. This indicated that
the separation process was gentle and harmless for the

erythrocytes. In this context it should also be mentioned that
the ultrasound frequency used was within the frequency range
used in diagnostic ultrasound and thus the risk of causing cell
lysis by means of the applied ultrasound should not be a
problem in the current setting.

5 Conclusions

It has been shown that the new design of the particle separator,
350 mm wide, surpassed the earlier reported separator, 750 mm,
in terms of separation performance. A separation efficiency of
almost 100% could be reached for polyamide spheres.
Most importantly, separation of two different particles types

in a homogenous mixture was demonstrated. The fact that
particles with different physical properties moved to different
locations in the ultrasonic standing wave field, combined with
the laminar flow micro channel with a trifurcation outlet, made
this possible. Separation of erythrocytes from lipid particles
was confirmed. In these initial experiments approximately 70%
of the erythrocytes were recovered while more than 80% of the
lipid particles were removed. These results in combination
with the fact that no hemolysis was detected indicated that the
method may be appropriate for the suggested intraoperative
blood wash application.
Although the linear flow rate was increased in the new

design, it was still insufficient for processing large volumes.
A design with parallel separation channels for increased
throughput is therefore desired.
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Fig. 8 (a) Milk flowing through the 350 mm separation chip with ultrasound turned off. (b) Milk flowing through the 350 mm separation chip with
ultrasound turned on. (c) A mixture of milk and blood flowing through the 350 mm separation chip with ultrasound turned on.

Fig. 9 Separation efficiency versus erythrocyte concentration. The
total flow rate was 0.3 ml min21 and a voltage of 10 Vpp was applied to
the piezo ceramic element.

Fig. 10 Separation efficiency of lipid particles versus erythrocyte
concentration. The total flow rate was 0.3 ml min21 and a voltage of
10 Vpp was applied to the piezo ceramic element. All suspensions
contained 1% lipids.

Fig. 11 Lipid particles separated from erythrocytes at the trifurcation
of 350 mm separation chip with ultrasound turned on.
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5 M. Gröschl, Acust. Acta Acust., 1998, 84, 432–447.
6 J. J. Hawkes and W. T. Coakley, Sens. Actuators, B, 2001, 75,

213–222.
7 D. A. Johnson and D. L. Feke, Sep. Tech., 1995, 5, 251–258.
8 K. Yasuda, S. Umemura and K. Takeda, Jpn. J. Appl. Phys., 1995,

1(34:5B), 2715–2720.
9 N. R. Harris, M. Hill, S. Beeby, Y. Shen, N. M.White, J. J. Hawkes

and W. T. Coakley, Sens. Actuators, B, 2003, 95, 425–434.
10 N. Harris, N. Hill, Y. Shen, R. J. Townsend, S. Beeby andN.White,

Ultrasonics, 2004, 42, 139–144.
11 D. M. Moody, W. R. Brown, V. R. Challa, D. A. Stump,

D. M. Reboussin and C. Legault, Ann. Neurol., 1990, 28(4),
477–486.

12 E. P. Mahanna, J. A. Blumenthal, W. D. White, N. D. Croughwell,
C. P. Clancy, L. R. Smith and M. F. Newman, Ann. Thorac. Surg.,
1996, 61(5), 1342–1347.

13 W. L. Nyborg, in Ultrasound: Its Applications in Medicine and
Biology, ed. F. J. Fry, Elsevier, New York, 1978, Part 1, pp. 1–76.

14 G. Ter Haar and S. J. Wyard, Ultrasound Med. Biol., 1978, 4,
111–123.

15 M. A. H. Weiser, R. E. Apfel and E. A. Neppiras, Acustica, 1984,
56, 114–119.
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Background. Microembolism during cardiopulmonary
bypass has been suggested as being the predominant
cause of neurocognitive disorders after cardiac surgery.
Shed blood, normally retransfused into the patient dur-
ing cardiopulmonary bypass, is a major source of lipid
microemboli in the brain capillaries. A newly developed
technique based on acoustic standing-wave separation of
particles in fluid in microchannels, with the capacity to
remove lipid particles in blood, is presented.

Methods. A separator consisting of eight parallel, high-
fidelity microfabricated channels was actuated with an
ultrasound field to create a standing wave. Three differ-
ent concentrations of lipid particles (diameter, 0.3 �m)
were added to blood samples with increasing hemat-

ocrits and introduced into the separator channels to
separate lipid particles and erythrocytes.

Results. The mean separation rates for lipid particles
were 81.9% � 7.6% and for erythrocytes 79.8% � 9.9%,
and both were related to the hematocrit level of the
incoming blood sample. The procedure was atraumatic
and did not cause hemolysis.

Conclusions. Particle separation by means of an acous-
tic standing-wave technique can be used for atraumatic
and effective removal of lipid particles from blood, with
the possible clinical implication of reducing neurocogni-
tive complications after cardiopulmonary bypass.

(Ann Thorac Surg 2004;78:1572–8)
© 2004 by The Society of Thoracic Surgeons

For the majority of patients undergoing cardiac sur-
gery, the outcome in terms of cardiac function is

excellent, and, for some, predicted long-term survival is
increased. Despite improvements in surgical techniques
during the recent decades, complications resulting from
surgery persist. Of all the possible complications, cere-
bral complications are by far the most feared and costly.
A meta-analysis showed an overall incidence of 1.7% of
postoperative stroke [1]. Cognitive dysfunction after sur-
gery, with symptoms dominated by deficits of memory
retention and attention together with inability to learn
new tasks, is more frequent, and figures ranging from
10% to 70% have been reported [2]. What is even more
alarming is that many of these deficits are permanent. In
a recent long-term follow-up, it was reported that 42% of
patients suffered from cognitive dysfunction 5 years after
surgery [3].
The origin of these cognitive deficits has been dis-

cussed for many years. Evidence is mounting that micro-
emboli play a major role in this type of subtle brain
damage [4–7]. Moody and coworkers [8, 9] reported
massive embolization of lipid particles to the brain,
amounting to millions of emboli in the capillaries of the

brain. The source of the emboli was found to be the shed
blood from the surgical field, into which lipids leak into
the pericardial cavity from adipocytes in the mediasti-
num, subcutis, and bone marrow (Fig 1A) [10]. These
emboli are often referred to as lipid microemboli, and the
blood containing these lipid particles is normally retrans-
fused into the patient if a heart-lung machine is used,
leading to massive embolization of lipid particles, rang-
ing in size from 5 to 50 �m.
As the currently available techniques for particle sep-

aration (filters and centrifuges) are inadequate to remove
these lipid particles satisfactorily [11, 12], we set out to
develop a new separation technique based on ultrasonic
standing waves, realized in microfluidic channels. The
separation of suspended particles using standing waves
is itself not new, and has been described previously [13,
14]. Both these methods were, however, hampered by
serious limitations, and cannot be used for this
application.
The separation technique described here is based on

silicon microstructure development, which enables the
manufacture of high-fidelity, microchannel arrays in sil-
icon wafers for online acoustic separation of micropar-
ticles in a parallel fashion for increased throughput.
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The aim of this investigation was to test the efficiency
of this separation method for erythrocytes and lipid
particles and to demonstrate the feasibility of the tech-
nique for this specific purpose in cardiac surgery, possi-
bly leading to a future role in reducing complications
after cardiac surgery.

Material and Methods

Microchip Development
The microfluidic separation chip was manufactured by
means of standard silicon processing techniques [15].
This microfabrication technique provides, in principle,
perfectly vertical side walls of the microchannels as seen
in the scanning electron micrograph (Fig 2). The fine
accuracy of the side walls are a prerequisite for obtaining
high-quality acoustic resonance in the microfluidic de-
vice. One benefit of this technique is that although the
ultrasonic element is placed underneath the separation
channel, the acoustic standing wave is obtained in the
same plane as the silicon wafer, orthogonal to the direc-
tion of fluid flow (Fig 3). The high fidelity of the micro-
fabrication process enables the manufacture of a separa-
tion device based on a parallel microchannel array. In
this study, a separator with eight parallel channels was
used (Fig 4).
The acoustic forces exerted on the particles are depen-

dent on the density, compressibility, and size of the
particles. The acoustic properties of lipid particles and
erythrocytes are such that the acoustic force field acts in
opposite directions on the two types of particles, thus

Fig 1. Shed human blood from the pericardial cavity with lipid par-
ticles visible on the surface (A). The same blood after being pro-
cessed using particle separation with ultrasound standing-wave tech-
nique (B). A still from a video sequence during separation of a
human blood sample showing erythrocytes in the center outlet
(C) and lipid particles in the side outlets (D). The lipid particles can
be seen as a white patch against the inferior wall of the side outlet.
The direction of flow is from the bottom to the top of the image.

Fig 2. The principle of particle separation with ultrasound standing-
wave technology. A scanning electron microscopy image shows the
high-fidelity channels with vertical walls where separation is per-
formed. Less-compressible particles with higher density (eg, erythro-
cytes) than the medium will move to the nodes, whereas more-com-
pressible particles with a lower density (eg, lipid emboli) will gather
at the antinodes.

Fig 3. Schematic view of one 375-�m-wide separation channel and
a scanning electron microscopic image of the trifurcation forming the
center and side outlets in which the flow is be divided depending on
the acoustic properties of the particles. The orthogonal placement of
the ultrasonic transducer is also depicted.
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collecting the erythrocytes in the standing-wave pressure
node and the lipid particles in the antinode [15, 16]. At
the end of each separation channel, a trifurcation divides
the flow of fluid and particles according to their spatial
distribution in the channel (Fig 3) because the flow is
completely laminar. Particles collected in the node of the
standing wave (erythrocytes) are collected in the center
outlet, and the lipid particles are collected in the side
outlets of the microseparator.

Study Model
A lipid–blood phantom was constructed for the separa-
tion experiments. Bovine blood was anticoagulated with
citrate and diluted with 0.9% saline solution to obtain
predetermined hematocrit levels. Lipid particles mimick-
ing lipid emboli were produced according to a standard
protocol for sonicating tritium-labeled triolein with phos-
pholipids [17] with minor modifications. A total amount
of 800 mg of triolein (of which 1.875 mg was radioactive;
61 �Ci/mg) and 8 mg of phospholipids were sonicated in
18 mL of phosphate-buffered saline. After sonication, 2
mL of 20% fatty-acid-free bovine serum albumin in
phosphate-buffered saline was added. The resulting 4%
triolein emulsion was diluted to obtain the various work-

ing solutions of triolein used in the experiments. This
procedure yielded emulsified triglycerides with a mean
diameter of 0.3 �m. Both blood and lipid emulsions were
always used within 48 hours of preparation.
Eighteen different aliquots of blood and lipid with

increasing concentrations of erythrocytes (hematocrits of
5%, 10%, 15%, 20%, 25%, and 30%) and lipid particles
(0.5%, 1%, and 2%) were prepared. However, the aliquot
with a hematocrit of 30% and 2% lipids would not mix
owing to the high concentrations of particles, and had to
be excluded from the study. For each of the 17 unique
mixtures of blood and lipid particles, we made three
independent measurements of hematocrit, hemolysis
(measured as free hemoglobin in plasma), and lipid
content (measured as beta radiation) in samples taken at
the center and the side outlets, and before separation.
The flow was controlled with syringe pumps, and the

flow rate was maintained at 0.5 mL/min for both center
and side outlets by applying the syringe pumps after the
structure. The ultrasonic transducer was operated with
an 18.0 to 28.3 Voltage peak to peak sinusoidal signal at
frequencies between 1.9739 and 2.0343 MHz.
The separation efficiency was measured as the ratio of

particles collected from the center and the side outlets
divided by particles collected in the side and center
outlets combined, that is, the ratio of lipid particles in the
side outlets to the center and side outlets, and the ratio of
erythrocytes in the center outlet to the center and side
outlets. This method for determining efficiency would
yield 100% if all erythrocytes were recovered. Hematocrit
determinations were performed with a standard hemat-
ocrit centrifuge. The lipid particle load was determined
by measuring the radioactivity in whole blood, according
to a standard scintillation counting protocol [18]. Hemo-
lysis was determined using a HemoCue Low-HB device
(Hemocue, Ängelholm, Sweden). The cutoff level for the
device was 0.3 g/L. Levels below this value were set to 0.2
g/L for calculations.

Statistics
Group values are expressed as the mean � standard
deviation. For measurements of hemolysis (Table 1), data
were grouped according to their predetermined hemat-

Fig 4. Photograph of a structure consisting of eight parallel chan-
nels, which was used in the study. The parallel channels are a pre-
requisite for increased throughput.

Table 1. Concentration of Red Blood Cells Expressed as Hematocrit, Before Separation and After Separation at Different Initial
Concentrations, Together With the Hemolysis Before Separation and After Separation in Both Center and Side Outletsa

Predetermined
Hematocrit

Measured Hematocrit in Phantom (%) Hemolysis (g/L)

Before Separation Center Outlet Before Separation Center Outlet Side Outlets

5% 4.65 � 0.40 7.89 � 0.41 0.47 � 0.21 0.41 � 0.32 0.48 � 0.29
10% 9.14 � 0.03 15.14 � 2.63 0.67 � 0.40 0.56 � 0.26 0.6� 0.38
15% 13.86 � 0.34 21.62 � 1.54 0.67� 0.45 0.58 � 0.24 0.69� 0.39
20% 20.25 � 4.95 25.09 � 2.90 0.70� 0.40 0.64 � 0.26 0.79 � 0.42
25% 23.31 � 2.68 30.64 � 1.94 0.9� 0.0 1.41 � 0.81 1.07 � 0.26
30% 28.16 � 0.58 38.06� 2.61 1.35� 0.21 1.05 � 0.05 1.35� 0.23

a Values are grouped according to their predetermined hematocrit, ie, different lipid particle concentrations are in the same group. No significant
difference was found between preseparation and postseparation hemolysis.
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ocrit (different lipid concentrations were grouped in the
same hematocrit group). To test for differences between
preseparation and postseparation hemolysis, a sign–rank
test was used. Correlations were investigated with uni-
variate analysis, and univariate regression analysis was
performed to test dependency. A p value less than 0.05
was considered significant.

Results

Preseparation hematocrits for the different groups were
all close to the intended hemoglobin concentrations for
the experiments. In addition, hemoconcentration was
seen, and hematocrits in blood from the center outlet
ranged from 7.9% to 38.1% (Table 1). A low degree of
hemolysis was seen in almost all preseparation samples.
No change in the degree of hemolysis was seen as a
result of the separation (Table 1).
The separation efficiency for erythrocytes, measured as

the ratio of the center outlet to the side and center outlets,
ranged between 94% and 57% with a mean of 79.8% �
9.9% (Fig 5). The separation efficiency decreased with
increasing hematocrit (r � 0.70, p � 0.0001).
The separation ratio of lipid particles measured as

radioactivity ranged from 66% to 94% with a mean of
81.9% � 7.6% (Fig 6). In contrast to erythrocytes, the
separation ratio for lipids increased with increasing he-
matocrit in the incoming sample (r � 0.33, p � 0.05).
A sample of shed blood collected from a patient

undergoing cardiac surgery was processed in a separate
experiment. From visual examination by macrophotogra-
phy, we estimated complete removal of all macroscopic
lipid microemboli in this model (Fig 1).

Comment

We describe here a novel ultrasound technique with the
ability to separate and remove lipid particles from blood.
Microembolism has been suggested by many investiga-

tors to be the main contributor to the pathogenesis of
neurocognitive complications after cardiac surgery [5, 6,
19, 20]. Moody and coworkers [8, 9] showed that there
was an increased number of lipid microemboli in brain
capillaries after experimental cardiopulmonary bypass,
and referred to them as small capillary arteriolar dilata-
tions (SCADS). Brooker and coworkers [10] found that
these originated from the pericardial shed blood that is
routinely retransfused to the perfusion circuit by means
of cardiotomy suction.
During cardiopulmonary bypass the hematocrit is in-

tentionally reduced, as induced hypothermia increases
the viscosity of the blood, but it is also done to avoid
unnecessary transfusions. A crystalloid priming solution
is therefore added to achieve a hematocrit of approxi-
mately 20% to 25%. In shed blood, the hematocrit is even
lower as it gets mixed with saline solution or other slush
fluids used during surgery. The efficiency of the ultra-
sound separator regarding the removal of lipid particles
ranged between 66% and 94% with a mean of 81% at the
hematocrit levels investigated. This is much better than
that which can be achieved with other methods, such as
cell wash by means of centrifugation or filters, currently
used in clinical practice.
Saline cell washing, followed by centrifugation (cell-

saving device technology), reduced the number of emboli
by approximately 50% [12]. However, the method has
several drawbacks. The process is intermittent with a
need to collect a minimal batch volume (typically 400 to
500 mL) before washing can be initiated, and the devices
are large, occupying space in an already crowded envi-
ronment. Hemolysis is always a side effect, probably as a
result of the extreme gravitational force (500 to 2,000 g)
exerted on the erythrocytes when the centrifuge reaches
the maximum speed.
With filters, an even lower reduction in the number of

emboli was achieved. Kincaid and coworkers [12] re-
ported that approximately 30% to 40% was removed, and

Fig 5. Separation efficiency of red blood cells measured as a function
of hematocrit. Samples with 0.5% lipid particles (�), 1% lipid parti-
cles (}), and 2% lipid particles (Œ) were compared. Superimposed
measurements are indicated by larger symbols.

Fig 6. Separation efficiency of lipid particles cells as a function of
hematocrit measured by radioactivity. Samples with 0.5% lipid par-
ticles (�), 1% lipid particles (}), and 2% lipid particles (Œ) were
compared. Superimposed measurements are indicated by larger
symbols.
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a recent study also showed a 30% reduction [11]. Filters
will eventually become saturated, resulting in rapid re-
duction of filtering capacity [11]. Also, it is generally
believed that filters only disperse larger emboli into
smaller ones. The typical arterial line filter in use has a
pore size of 40 �m, and will still allow lipid particles large
enough to wedge in small brain capillaries to pass
through.
It might be argued that our test model with very small

lipid particles (0.3 �m in diameter) was not optimal, as
clinically relevant microemboli must be of a considerably
larger size. However, the force exerted by the ultrasound
on particles scales with the volume of the particle. A
10-�m particle has a volume 37,000 times larger (the cube
of 10/0.3) than that of a 0.3-�m particle. Consequently,
the force exerted will be 37,000 times greater. It is
therefore reasonable to assume that the separation ratio
will increase as the particles become larger. To demon-
strate that this method also allows for the removal of
larger lipid particles, we tested shed blood from the
pericardial cavity of a patient and found by visual inspec-
tion that all the lipid droplets had been removed (Fig 1).
Existing methods have a limited efficiency in removing

emboli, which may explain why studies of the clinical
outcome of emboli removal have shown negative or
conflicting results [4, 7]. The present method can cleanse
blood of at least 80% of particles. In fact, a separation
efficiency greater than 90% was achieved at least once for
every sample, and it is reasonable to believe that further
improvements and fine tuning of the technique will
result in a separation ratio of at least 90% for small
particles (diameter less than 1 �m), and probably even
higher for larger particles. This will enable us to perform
better studies to assess the impact of microemboli re-
moval on the patient’s neurocognitive outcome.
The separation rate for erythrocytes ranged between

57% and 95% with a mean of 80%. The test point with low
separation ratio could be attributed to artifacts, such as
trapping of air bubbles in separation channels, which
were not detected by the operator. When these outliers
were excluded and relevant hematocrit for the clinical
situation chosen (�20%), the mean recovery rate was
85%. Some erythrocytes were lost to the side outlets, but
this can be improved by adjusting the flow velocities in
the center and side outlets.
No process-related hemolysis was observed. Ultra-

sound can, however, be used to achieve hemolysis by
inducing shear forces by cavitation [21]. These forces
depend on both frequency and intensity, and normally
lower frequencies will yield larger forces [22]. On the
other hand, low-intensity ultrasound, which is used, for
instance, in diagnostic procedures, produces no signifi-
cant cavitation, and has been proven safe throughout the
years [23]. The application of an acoustic standing wave
displaces some particles, eg, erythrocytes, to the nodes,
and they are thus positioned at a location where no
cavitation is present. However, cavitation is present at
the antinodes (where lipids are collected), but with the
frequency and intensity used in this model, the cavitation
forces are weak at the antinodes. For comparison, it can

be mentioned that cell-saving device technology dis-
places erythrocytes to the periphery, where the gravita-
tional force is the highest, which could explain the
hemolysis seen after centrifugation [24, 25]. The acoustic
separation technique shows no evidence of exposing
blood cells to strong shear forces. We found no hemolysis
in this study, and the technique seems to be atraumatic to
cells, which further adds to the clinical benefit.
Ultrasonic standing-wave techniques, for the purpose

of particle separation, have been described earlier [13,
14]. However, these techniques were neither developed
for nor tested with blood. Gröschl [13] manufactured a
device with a standing wave between two transducers
centimeters apart. This device resulted in substantial
turbulence, with low efficiency, and only low concentra-
tions of particles could be processed. The technique
described in this paper uses the benefits of laminar flow
in microfluidic channels. An estimate of the laminar flow
index, the Reynolds number, for the flow velocity and
channel dimensions used and blood as the fluid yields a
value of less than 20 (a Reynolds number of less than
2,000 is considered to indicate laminar flow). Thus, the
extremely laminar flow in the channels is another con-
tributing factor to the high separation ratio. Hawkes and
Coakley [14], on the other hand, tested single-line sepa-
ration with low throughput and low precision. The nov-
elty of our technique is the micromechanic fabrication,
yielding an extremely high precision, together with a
two-dimensional, distribution of channels. The fabrica-
tion of a microchannel array (Fig 3) makes it possible to
realize parallel channels actuated by a single transducer.
Parallel channels are a prerequisite for the scalability and
the increased throughput needed to meet clinical de-
mands. The presented device with eight parallel chan-
nels can handle 60 mL/h, and at least a 20-fold increase in
throughput will be necessary to meet clinical demands.
This can be achieved by increasing the number of paral-
lel channels. In addition, the planar technology of chan-
nels can also be used to realize serial processes, with
improved separation efficiency. For example, two-stage
separation could increase the separation efficiency fur-
ther. If the recovery rate for erythrocytes is 90% in the
first step, a second step would yield another 90% recov-
ery of the 10% remaining, resulting in 99% overall
recovery.
It was not the aim of this study to investigate the

separation efficiency for leukocytes or thrombocytes.
However, their physical properties in terms of density
and compressibility resemble those of erythrocytes, and,
therefore, they will most likely follow erythrocytes to the
center outlet. This separation platform can be used in
several other fields of particle separation. The physical
properties that determine the force exerted on the parti-
cles are the density, compressibility, and size. Other
biologic particles, such as bacteria, macromolecules, li-
poproteins, and viruses, have physical properties that
could make separation possible with acoustic technique.
We propose the acronym PARSUS (particle separation
using ultrasound) be used for this generic separation
technique.
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In conclusion, a novel technique, using an ultrasound
standing wave in a microdomain for the separation of
lipid particles in shed blood, is presented. The microem-
bolic load on brain capillaries during cardiac surgery can
be abolished or reduced. Whether this, in turn, will lead
to an overall improvement in the neurocognitive out-
come of individual patients must be assessed in further
studies. The generic platform has inherent properties of
scalability and design flexibility enabling the implemen-
tation of the technique in other types of particle
separation.
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INVITED COMMENTARY

Removal of lipid particles has become of interest after the
alarming results of Moody and colleagues [1] on lipid
embolization in brain arterioles after cardiac surgery. It
resulted in various attempts to reduce lipids in retrans-
fusion blood, which would be beneficial after cardiac
surgery, but also after orthopedic surgery. Despite the
known side effects of retransfusion from the wound area,
autologous blood transfusion is increasingly used to
reduce the use of allogenic blood. A major problem in
justifying the efforts, time, and costs to clear retransfu-
sion blood from lipid particles is to obtain evidence of
clinically relevant brain damage and evidence for the
dominant role of lipid particles.
First of all, brain damage has been reported with

very different significance. A number of studies could

not show any deterioration in cognitive functions,
whereas biochemical markers of brain damage, such as
S100� and enolase, showed in some studies small and
transient appearance. Clearly, the specificity of such
tests is not sufficient or sensitive enough to demon-
strate brain damage. Perhaps new markers, such as
carnosinase, may appear relevant for monitoring brain
damage.
The second problem is that lipid particles are only

one of the suspects of brain damage. Gaseous emboli,
macromolecules, inflammatory agents, and leukocyte-
platelet aggregates may be involved in occlusion of
the small vasculature as well. In their discussion the
authors indicated that, eg, macromolecules may also be
removed by the current technique of particulate separa-
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tion, but other potential sources of embolization possibly
remain in retransfusion blood. The combination with
other techniques to remove platelets, leukocytes, and
products that affect hemostasis or inflammation may be a
future option.
Third, the reuse of shed blood is a matter of dispute. It

depends on the operation time, preference of surgeons, and
need for immediate volume during the procedure. To
obtain the technique widely used, it must be simple, fast,
and cost effective.
Nevertheless, the PARSUS technique presented here

offers new possibilities to improve the quality of retrans-
fusion with high efficacy for removing potential danger-
ous lipid particles. Hopefully these qualifications will be
supported by adequate monitoring instruments. It would

be exciting to see the efficacy of a larger scale PARSUS
device in clinical practice.
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Acoustic actuation can be used to perform several tasks in microfluidic systems. In this paper, we
investigate an acoustic separator through micro-PIV analysis in stop-flow mode and numerical
simulations, and a good agreement between the two is found. Moreover, we demonstrate that it is
not sufficient only to characterize devices in flow-through mode, since in these systems much
different resonant patterns can result in similarly looking band formations. Furthermore, we
conclude that extended 1D approximations of the acoustic radiation force are inadvisable, and
instead, a 2D model is preferred. The results presented here provide valuable insight into the
nature and functionality of acoustic microdevices, and should be useful in the interpretation and
understanding of the same.

I. Introduction

Acoustic actuation poses an attractive option for the perfor-
mance of various relevant microfluidic tasks. Successful demon-
strations of acoustic forces used for enrichment,1,2 mixing,3,4

cell handling,5,6 medium exchange,7 separation,8–11 sorting12 and
others, have been provided.

However, the evaluation of these devices is mostly limited to
quantifying and commenting on the net effect of the acoustic
actuation in these systems as a whole, rather than investigating
more locally how the desired effects are actually achieved.
Moreover, numerical modeling of acoustic formation in the
microfluidic designs has not been successfully reported, and,
instead, the description of a sphere in a 1D standing wave13–15 is
typically supplied and described as extending uniformly for the
whole length of a channel of constant width.1,2,5,8–10

In this work, we apply a recently reported method of
investigation16 for the examination of a previously well docu-
mented microchip based acoustic separator device.8 We chose
to work with this device as it has a non-complex design,
which makes it attractive for both the experimental micro-
PIV investigation and the numerical simulations. The device
operates in continuous mode and has its function in that it can
separate suspended particles from their medium. Moreover, the
acoustic separator has seen a large number of successors,7,9,12,17

intended for various microfluidic scenarios and functionalities,
which makes it a suitable representative for a whole range of
devices actuated and fabricated in a similar manner.18 The results
presented herein are foremost representative for these devices,
but anticipate that similar behavior is to be expected and that
the same conclusions are valid for other actuation variants and
chip designs as well.

aDepartment of Micro- and Nanotechnology, Technical University of
Denmark, DTU Nanotech Building 345 east, DK-2800, Kongens
Lyngby, Denmark
bDepartment of Electrical Measurements, Lund University, Box 118,
221 00, Lund, Sweden

The current investigation has shown that the acoustic reso-
nances are indeed of more complex nature than what is described
by an extended 1D approximation. The experimental results
were also found to agree with numerical 2D simulations. A
discussion on this acoustic separator, and similar devices, is
provided.

II. Materials and methods

The investigated acoustic separator was defined in a silicon
substrate by the use of UV-lithography and chemical wet etching.
After etching, the channel was sealed by a glass lid through
anodic bonding, and silicone tubings were glued to the backside
of the chip, for easy attachment of fluidic connections. A more
detailed description of the fabrication process can be found in
Nilsson et al.8 A sketch of the microchannel and the surrounding
silicon substrate is seen in Fig. 1.

The device was actuated by a piezo ceramic (Pz26, Ferroperm
Piezoceramics, Kvistgard, Denmark), pressed to the backside
of the chip and acoustically coupled via an ultrasonic gel
(Aquasonic Clear, Parker Laboratories Inc., Fairfield, NJ) in
between for good acoustic energy transmission. The transducer
was biased by a signal generator (33250A, Agilent Technologies
Inc., Santa Clara, CA), the effective power measured by a digital
power meter (Model 5000-EX, Bird Electronic Corp., Cleveland,
Ohio) and the amplitude monitored by an oscilloscope (TDS
210, Tektronix Inc., Beaverton, OR). More information on
the experimental details, including piezo-actuation, can also be
found in ref. 8.

A progressive scan interline CCD camera (Hisense MkII,
Dantec Dynamics, Skovlunde, Denmark), mounted with a
0.63× tv-adapter onto a research microscope (DMLB, Leica
Microsystems, Wetzlar, Germany), was used to record multiple
sets of image pairs, used for the micro-PIV analysis. For
the measurements presented in this paper, a relatively low
magnification microscope objective (5×) was chosen, to allow
a fairly large part of the microfludic channel to be recorded
in each position. A pulsed blue LED (XLamp XR-E, Cree,
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Fig. 1 Sketch with dimensions of the separation chip used in the experiments. (a) Top view of the micro-channel and the surrounding silicon
substrate. (b) Close up in junction region. (c) Cross-sectional view of the main channel. (d) Cross-sectional view of the side channels.

Durham, NC), mounted in a front-lit configuration was used
to illuminate the sample.19

For the separation efficiency measurements, the flow rate
was controlled by a syringe pump (WPI SP210iwz, World
Precision Instruments, Sarasota, FL), and injection valves
(Rheodyne 7000, Cotati, CA) with a fixed loop volume were
used to take samples. On the other hand, during the micro-PIV
measurements, the same injection valves were used to stop the
flow so that only particle motions created by acoustic effects
were measured. As the acoustic radiation force scales with the
volume of the particle, whereas the acoustic streaming is a
motion of the fluid medium, the two respective forces can be
distinguished from each other by applying tracer particles of
different sizes. That is, the small particles will most likely mainly
be affected by the motion of the fluid medium, whilst the primary
motion of the larger particles will be from the radiation force.
In this study two types of particles were used: 5 lm polyamide
micro-beads (Danish Phantom design) and 1 lm fluorescent
polystyrene micro-beads (Duke Scientific). The larger particles
were also used in the separation efficiency measurements, where
the number of particles passing through the middle and the
side outlets, respectively, was counted using a Coulter counter
(Multisizer 3, Beckman Coulter Inc., Fullerton, CA).

A detailed description of the special adaptations and consider-
ations required when applying micro-PIV for the investigation of
acoustic forces in microfluidic systems can be found in ref. 16. In
the present work, unless stated otherwise, the same measurement
scheme has been applied. Additionally, the 2D chip model, and

2D chamber model simulations, using COMSOL Multiphysics
finite element software, have also been performed analogously
to Hagsäter et al.16

III. Results and discussion

A. 1D approximation and 2D simulations

The most dominant acoustic effect for larger particles positioned
inside an acoustic standing wave field is the acoustic radiation
force.13–15 For a one-dimensional standing planar acoustic wave,
the force Fr on a sphere at the distance x from a pressure node
can be described as,14

(1)

(2)

where k is the ultrasonic wavelength, p0 is the pressure amplitude
and V p the volume of the sphere. The factor φ defines in which
direction the particles will move, either towards or away from the
pressure nodes, depending on the relation between the densities
and compressibilities of the particle (qp, bp) and the medium
(qm, bm).

This formula for a 1D wave is often used in the literature to
describe the effect of the acoustic radiation force in microfluidic
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channels.1,2,5,7,8,11,12,17,22–25 Typically, the focusing effect is de-
scribed as a confined extension of the 1D case along the length
of the channel of frequency matching width. Acoustic effects
are often not ascribed to the parts of the system where there
is no frequency matching. The acoustic separator examined in
this work described by the extended 1D model, with a channel
width of 400 lm and a sound velocity in water of 1483 m s−1

(20 ◦C), yields k = 800 lm equivalent to an ideal frequency
f ∼ 1.85 MHz for half a wavelength over the width of the
channel. Due to various loss mechanisms, frequency-broadening
of the acoustic resonance will occur, but the model only suggests
resonant solutions with half a wavelength separation in between.

An improved description of an acoustically actuated microflu-
idic system can be obtained by finding eigenmode solutions pn to
the Helmholtz eigenvalue equation ∇2pn = −(xn

2 /ci
2)pn, where

xn are the resonance angular frequencies, n is the mode number,
and the index i of the sound velocities ci is referring to the
three material domains of silicon, water and glass in the chip.16

This model of the system including the silicon substrate, water-
filled microchannels and glass lid, we denote the 3D model. In
the case where the height of the system is less than half of a
wavelength, the description can be approximated by a simpler
(not least in respect to the requisite of computational power)
2D approach, where the eigenvalue problem is solved only in
the center plane of the microchannels and the surrounding
silicon substrate. This second model we denote the 2D chip
model. A further simplification is obtained by utilizing the large
difference in acoustic impedance between water and silicon:
the 2D Helmholtz eigenvalue equation is solved only for the
fluidic part of the system, while the surrounding chip substrate
appears only as a hard wall boundary condition on the walls
of the microchannels. This third model we denote the 2D
chamber model, and it is valuable, as it gives a more principal
representation of the acoustic resonances that can be difficult to
detect in the more complete 2D chip model. A justification for
the two 2D models, based on the flatness of the system, as well
as a more detailed description of how the numerical simulations
should be interpreted in relation to experimental results is given
in Hagsäter et al.16

If the Helmholtz eigenvalue equation is solved for the idealized
2D chamber model of the acoustic separator, the result is much
different to that suggested by an extended 1D model. Instead of a
single solution for one specific frequency, the 2D chamber model
suggests several solutions within a rather wide frequency span.
More specifically, instead of a uniform pressure amplitude along
the length of the channel, the solutions display an increasing
number of “pinching regions” along the channel (see Fig. 2).
Starting at 1.85 MHz, where we have one full (n = 1) pinching
region, solutions were identified for all integer values n, up to n =
32 for 2.25 MHz. The frequency shift between the solutions were
in the range of 1.5–15 kHz, with a tendency of larger separations
for higher frequencies. The calculated eigenfrequencies agree
with the observed ones within one percent.

These solutions can be understood by considering that the
acoustic eigenmodes in the channel system are dominated
by, primarily, a transverse wavelength kt and a longitudinal
wavelength kl contributing to the forming standing wave pattern.
As the Helmholtz eigenvalue equation is modeled with a hard
wall boundary condition, the resonant wavelengths will be

Fig. 2 Gray-scale plots of the pressure eigenmodes pn for the chamber
model at (a) 1.85 MHz, (b) 1.86 MHz, (c) 1.96 MHz and (d) 2.07 MHz.
The integer value n is the number of pinching regions in the focusing
channel.

fractions of the channel dimensions. The resonance frequencies
f can be estimated by

(3)

where cw is the sound velocity in water. We consider solutions
for which there is half a standing wave over the width of the
channel, thus kt = 2w with w = 400 lm Similarly, we have kl =
2L/n, where L = 18.3 mm is the length of the focusing channel.
Since w � L, f will be dominated by kt, and hence, a very
small shift in frequency will result in a change of the number of
pinching regions n. From this relation we can also conclude that
if a microdevice is operated at a fixed frequency, even a small
change in the temperature dependent sound velocity will cause
a change in the number of pinching regions.

B. Device operated in flow-through mode

As a first investigation of the device, the chip was screened
in flow-through mode, with continuous piezo actuation. The
frequency of the AC voltage generator was scanned in the
interval between 1.8 MHz and 2.2 MHz, while the separation
effect was monitored. In the whole of this frequency span, a
focusing effect of varying intensity was observed. In Fig. 3
stitched image frames recorded at three local maxima at a
flow rate of 0.1 mL min−1 are shown. Of these three, the
strongest focusing effect was seen at 1.86 MHz, even though
the transmitted power was set to a lower value for this frequency
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Fig. 3 The final 6 mm of the focusing channel leading up to the
separation area of the device operating at frequencies of (a) 1.86 MHz,
(b) 1.96 MHz and (c) 2.05 MHz. For comparison the same flow rate
0.1 mL min−1 was used in all panels (a)–(c). The transmitted power was
set to 0.5 W in (b) and (c), and to 0.2 W in (a), where a much stronger
focusing effect was found. The black bands consist of acoustically
focused 5 lm beads.

than for the other two. The presence of several local maxima
is in agreement with the results of the 2D chamber model
simulations. On the other hand, the strong coupling at 1.86 MHz
could be interpreted as a support for the extended 1D model,
where the local maxima could stem from the impedance of
the mounted piezo’s frequency dependence, or from the chip
favoring coupling of certain frequencies. It is clear that more
elaborate measurements are required in order to determine how
well the different models agree with real devices.

C. Separation efficiency

The separation efficiency S was quantified at the three previously
identified local acoustic maxima. S is defined as S = Pcenter/Ptot,
where the number of particles collected from the center outlet
Pcenter is divided by the total number of particles collected from
all three outlets Ptot = Pcenter + Pwaste. The transmitted power was
set to 0.5 W for frequencies 1.96 MHz and 2.05 MHz, and to
0.2 W for 1.86 MHz. For each frequency, six samples were
collected at three different flow rates. A more efficient separation
was achieved for the frequency of 1.86 MHz than for the other
two, see Fig. 4. However, by adjusting the acoustic power and the
flow rate, it was possible (at least apparent to visual inspection)
to achieve close to complete separation at all frequencies.

Fig. 4 Separation efficiency (S = Pcenter/Ptot) versus flow rate at three
different frequencies.

The difference in separation efficiency between 1.96 MHz
and 2.05 MHz at the flow rate of 0.1 mL min−1 could be
ascribed to a weaker total focusing effect along the separation
channel for the lower frequency, even though it is not clearly
visible in Fig. 3. Additionally, this deviation could also be
explained by the presence of a local focusing asymmetry within
the channel junction. For higher flow velocities, the particles are
not sufficiently long within this part of the channel system to be
notably affected by these forces. This assumption is in agreement
with the micro-PIV measurements of the acoustic radiation force
presented below (top of Fig. 5).

Fig. 5 Velocity vectors for particle displacements in zero flow caused by
the acoustic radiation force superimposed on images of transient particle
motion. (a) 1.86 MHz, 0.4 s, (b) 1.96 MHz, 2 s and (c) 2.05 MHz, 1 s.
The number of pinching regions increases with the frequency. Reference
vectors are shown at the bottom of each panel.
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D. Measuring the acoustic radiation force with micro-PIV

When the microfluidic device is operated in flow-through mode,
it is not possible to determine what the actual focusing patterns
look like, since the continuous flow mode yields an image of the
integrated acoustic effect along the full length of the separation
channel. Therefore, in order to get a better understanding
of the function of the device, more qualitative measurements
are required. We apply the previously reported micro-PIV
investigation approach,16 where a combination of stop-flow and
different sets of particles are used to distinguish and separate
the acoustic effects. Furthermore, the identification of acoustic
resonant patterns is facilitated if a larger section of the device
can be examined. Of course, there is a tradeoff between low and
high magnification, as a low magnification has its drawbacks in
both reduced in-plane, and in-depth, resolution. Here, images
were recorded at three partially overlapping positions, each
with a total magnification of 3.15×, starting from the channel
junction covering a distance approximately 6 mm upwards in
the channel. In Fig. 5 the micro-PIV results of measurements
performed with no external flow applied, but with the same
frequencies and transmitted powers as were used in the flow-
through measurements, are shown. The larger 5 lm particles
were used, and thus, the velocity vectors are primarily showing
motion of the particles caused by the acoustic radiation force.

Notably, the results are clearly favoring the 2D chamber model
solutions compared to the extended 1D model. First of all, the
velocity vectors are not all pointing directly towards the middle,
and, thus, it is not solely a case of varying intensity along the
length of the channel. Instead, the focusing is performed in
certain pinching regions, as suggested by the chamber model.
Secondly, the number of pinching regions is increasing with the
frequency, which was also predicted by the chamber model (see
Fig. 2).

From the measurements we can see that even though the 2D
chamber model gives valuable and valid information about what
the principal focusing pattern will look like, it is far from an
exact representation of the actual resonant pattern formed in the
system. This is because the acoustic resonances are not confined
to the microfludic channels only, but are rather formed over
the entire chip. An improved understanding of what the actual
resonances may look like, can be given by a 2D chip model.16 Two
such solutions, solved for the measured dimensions of the whole
device (Fig. 1), are shown in Fig. 6. These solutions are examples
of global resonances that can explain the displacements and
intensity irregularities of the patterns seen in the separation
channel. However, it is important not to over-interpret the results
of the chip model. In the actual situation there are several
effects that are not taken into account by the model, such as
irregular coupling from the resonator, discrepancies between the
measured and actual dimensions of the device, overlapping of
resonances, degenerations and 3D effects. In order to obtain
a quantitative agreement, a full 3D simulation is required,
including exact knowledge of the previously mentioned effects.
Therefore, it is futile to search for an exact match between the
measured displacements and the resonant patterns given by the
2D chip model. Nonetheless, the chip model has a value in
the understanding of the formation of the acoustic resonances,
although the principal solutions given by the simpler chamber

Fig. 6 Chip model simulations shown for two frequencies, supplying
an illustration of what the pressure patterns forming over the whole chip
may look like. In comparison with the chamber model, the patterns
inside the channels are more irregular, which is in agreement with
the experimental observations. Note that the model underestimates
the number of pinching points in respect to the frequency in the
measurements (and in the chamber model).

model can be of larger practical value in a process where a device
is designed or characterized. In contrast, an extended 1D model
has little practical value, and is often misleading.

E. Acoustic streaming results

So far, we have mainly focused on the acoustic radiation force,
which is the acoustic effect utilized by the separation device.
However, at the length scale of microfluidic devices, the acoustic
radiation force is not the only acoustic effect which comes
into play—acoustic streaming is also present.20,21 Compared to
the acoustic radiation force, which induces a movement of the
particles relative to the medium, the acoustic streaming is a
movement of the entire fluid. Since the acoustic radiation force
scales with the volume of the particle, the streaming motion can
generally be extracted by applying tracer particles of smaller size.
In this study, we used 1 lm green fluorescent polystyrene spheres.
Apart from the different particles, the streaming measurements
were performed under similar conditions as for the micro-PIV
measurements of the acoustic radiation force. The results are
seen in Fig. 7.

As is evident, the streaming in the system is fairly weak
compared to the much stronger acoustic radiation forces, and
thus, it has minor influence on the functionality of this particular
device. The streaming should, however, not be neglected, and
for many micro-devices utilizing acoustic radiation forces,
unwanted streaming could clearly pose a limitation to the
function and efficiency of the same. For instance, streaming
might be the limiting factor for the possibility to separate sub-
micrometer particles. Also worth noticing is that there is no
direct relation between the acoustic radiation force and the
streaming, where in one part of the channel one can be strong
whereas the other is not (comparing Fig. 5 and Fig. 7). All in all,
it is our recommendation that micro-devices designed to utilize
the acoustic radiation force also should be examined for the
presence of streaming, especially in the case where the acoustic
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Fig. 7 Velocity vectors of fluid motion caused by acoustic streaming.
1 lm tracer particles were used for recordings at (a) 1.86 MHz, (b)
1.96 MHz and (c) 2.05 MHz. Reference vector is shown for 50 lm s−1.

radiation force magnitude is low and particle translation also
is governed by shearing effects, which commonly is the case for
particle sizes of 1 lm or smaller.

IV. Conclusion

The function of the chip investigated here is not critically
depending upon the exactness of the applied forming acoustic
resonances. When operated in flow-through mode, the more
refined effects are not directly apparent, which is most likely the
reason why they have been overlooked, and not investigated,
in previous studies. However, for several proposed micro-

devices utilizing acoustic forces (especially for higher order of
functionality such as successive separation stages and handling
of live cells) the local effects are of great importance to the
outcome, and, thus, the overall success of the device. If the local
effects are not understood and controlled, these devices have
little chance of making it beyond the proof of principle stage
in the research lab. Therefore, we suggest that the extended 1D
visualizations of acoustic coupling in microfluidic devices should
be avoided, since they provide a misleading description of the
phenomena in these devices.

Instead, at least a simple 2D model should be considered and
included. The reported 2D model provides improved means to
understand the acoustic resonance effects obtained in microflu-
idic acoustic resonators. Yet, further modeling improvements are
needed in order to supply an efficient design tool. Furthermore,
our results have shown the importance of performing qualitative
spatial measurements (such as those provided by the micro-
PIV method) of the forming acoustic patterns, since the actual
outcome of the acoustic actuation is difficult to predict. This is
especially important for devices where the effect is intended to
be confined to a much smaller spatial region than what is the
case in the acoustic separator device examined here.
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Acoustophoresis in Wet-Etched Glass Chips
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Acoustophoresis in microfluidic structures has primarily
been reported in silicon microfabricated devices. This
paper demonstrates, for the first time, acoustophoresis
performed in isotropically etched glass chips providing a
performance that matches that of the corresponding
silicon microdevices. The resonance mode characteristics
of the glass chip were equal to those of the silicon chip at
its fundamental resonance. At higher order resonance
modes the glass chip displays resonances at lower fre-
quencies than the silicon chip. The cross-sectional profiles
of acoustically focused particle streams are also reported
for the first time, displaying particles confined in a vertical
band in the channel center for both glass and silicon
chips. A particle extraction efficiency of 98% at flow rates
up to 200 μL/min (2% particle concentration) is reported
for the glass chip at the fundamental resonance. The glass
and silicon chips displayed equal particle extraction
performance when tested for increasing particle concen-
trations of 2-15%, at a flow velocity of 12.9 cm/s for the
glass chip and 14.8 cm/s for the silicon chip.

Continuous separation of cells and particles by means of
microsystem technology and microfluidics is gaining increased
interest in the biomedical and biochemical field. Several tech-
niques are available that either use externally induced forces as
the separation mechanism or the geometry of the microfluidic
device itself as the separating element. Magnetophoresis1–3 and
dielectrophoresis4–6 are using magnetic and electric fields, re-
spectively, whereas pinched flow fractionation,7–9 hydrodynamic
filtration,10–12 and obstacle induced separation13–15 rely on the

combination of laminar flow and the channel geometry. Another
alternative for separation with externally induced forces is the use
of acoustic forces, acoustophoresis, which is the topic of this paper.

Acoustic forces in microsystems have proven to be a very
versatile and gentle tool for on-chip handling of particles and cells.
The forces created by standing waves can be used for such diverse
tasks as eliminating lipid emboli from shed blood in thoracic
surgery,16,17 blood component fractionation and particle sizing,18

contaminated blood plasma replacement19 and buffer media
exchange,20 specific selection of affinity binding phages from
bacteriophage libraries,21 rare event selection,22 positioning,23–25

and trapping.26–28 In addition, several investigations in both
macrosystems29,30 and microsystems17,26,31,32 have shown that no
adverse effects related to the acoustic handling can be seen on
cells.

Commonly, the standing wave is formed between two parallel
walls, using one wall as an ultrasonic transmitter and the other
wall as a reflector. Rectangular geometries with vertical walls have
most commonly been used, but systems using focused sound
waves have also been reported.33 The standing wave can be
formed either between the bottom and the top of a fluidic channel,
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between the side walls, or as a combination of both to create a
two-dimensional force field.22,34

The way of actuation depends both on the chip design and in
which direction the force field should be active. The most
straightforward approach is to position the ultrasonic transducer
with its direction of transmission parallel to the desired force field
direction, Figure 1A. It is, however, also possible to create a lateral
resonance perpendicular to the direction of transmission,35 by
positioning the transducer as seen in Figure 1B. This can be done
with a standard transducer, a shear transducer, or using wedges
to increase the amount of shear waves induced,36 see Figure 1C.

Most devices using lateral resonances are fabricated in silicon
using either anisotropic wet etching or deep reactive ion etching
(DRIE). As silicon is a relatively expensive material and the
fabrication process requires mask aligners for precise pattern
transfer, alternative materials with easier fabrication processes are
of interest. An alternative way of fabrication is by creating a
sandwich structure with different layers defining the dimensions
of the channel as well as the chip.34 The precision in such a
method is, however, limited and may cause problems when small
tolerances are requested.

Polymers and glass are becoming preferred material bases in
chemical and biomedical microdevices as they offer cheaper and
less complex fabrication means. Designing polymer-based mi-
crodevices for ultrasonic actuation is, however, a nontrivial task
due to the large acoustic attenuation. In this perspective, glass
has several attractive properties beyond low cost such as optical

(34) Haake, A.; Neild, A.; Kim, D. H.; Ihm, J. E.; Sun, Y.; Dual, J.; Ju, B. K.
Ultrasound Med. Biol. 2005, 31, 857–864.

(35) Nilsson, A.; Petersson, F.; Jonsson, H.; Laurell, T. Lab Chip 2004, 4, 131–
135.

(36) Wiklund, M.; Gunther, C.; Lemor, R.; Jager, M.; Fuhr, G.; Hertz, H. M.
Lab Chip 2006, 6, 1537–1544.

Figure 1. (A) The acoustic standing wave is induced parallel to the wave propagation. (B) The standing wave is induced perpendicular to the
primary wave propagation. (C) A wedge is used to couple the waves into the cavity.

Figure 2. Schematic of the channel design and cross section of the different separation chips investigated. Panel A is the anisotropic silicon
chip, panel B the isotropic 1 MHz glass chip, and panel C is the actual shape of the cross section of the 2 MHz glass chip.
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transparency, hydrophilic surface properties, electrical insulation,
and good chemical resistance. Glass also bonds well to silicon
and has a very low acoustic attenuation while being amenable to

a multitude of micromachining processes. Isotropic wet etching
is the most widely used fabrication method offering high perfor-
mance at low cost. For more complex structures, DRIE37 and
molding/hot embossing38 are also possible, but both techniques
are more laborious and require advanced process equipment.
Powder blasting can be employed to manufacture simple struc-
tures such as through holes and channels with limited demands
in surface smoothness.39

The use of glass as the bulk material enables the use of
microscopy techniques that have not been possible to use in
previously reported acoustic silicon devices. One example is phase
contrast imaging, a method commonly used to image cells or other
small, transparent objects. Another example is Raman spectros-
copy, where recent development projects cancer cell detection
in clinical samples.40 Raman spectroscopy can be anticipated to
be combined with acoustic microchip cell handling for label-free
on-chip cell sorting. The possibilities in achieving optimal light
conditions are also vastly increased when a completely transparent
material is used and both reflective and transmission microscopy
can be used.

The technique of manipulating cells and particles in the
microfluidic domain with acoustic forces relies on an acoustic
standing wave generated in an enclosed fluid volume on a chip.
The magnitude of the radiation force acting on the particles is
strongly dependent on the radius of the particle (to the third

(37) Park, J. H.; Lee, N. E.; Lee, J.; Park, J. S.; Park, H. D. Microelectron. Eng.
2005, 82, 119–128.

(38) Takahashi, M.; Murakoshi, Y.; Maeda, R.; Hasegawa, K. Microsyst. Technol.
2007, 13, 379–384.

(39) Pu, Q. S.; Luttge, R.; Gardeniers, H.; van den Berg, A. Electrophoresis 2003,
24, 162–171.

(40) Chan, J. W.; Taylor, D. S.; Lane, S. M.; Zwerdling, T.; Tuscano, J.; Huser,
T. Anal. Chem. 2008, 6, 2180–2187.

Figure 3. (A) Wet-etched glass chip with the piezoelectric element attached using ultrasonic gel. The back side of the glass chip with silicone
tubing (B). The anisotropic silicon chip used for comparison can be seen in (C) and uses the same kind of silicone tubing for fluidic access from
the back side (D).

Figure 4. Scanning electron microscopy (SEM) images showing the
cross section of the silicon (A) and glass (B) channel.
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power) and proportional to the acoustic frequency.41,42 The
relationship between the density and compressibility of the particle
and the surrounding medium will determine if the particle will
move toward a pressure node or an antinode in the standing wave.
For instance, a particle suspension flowing through a microchan-
nel with a width of a half-wavelength will experience a radiation
force concentrating all particles into a focused band in the center
of the channel, see Figure 2. The laminar flow in the microchannel
prevents the particles from dispersing again, and if the micro-
channel ends in a three-way split, the concentrated particles can
be collected via the central outlet while the clear medium exits
through the side outlets, and a simple separation/concentration
step has been achieved.

Our most recent experimental data demonstrate that it is
possible to design isotropically wet-etched glass devices that have
particle manipulation properties comparable to what previously
only has been reported for silicon-based substrates. This paper
presents for the first time piezoelectrically actuated particle
separation in isotropically etched all-glass microfluidic chips with
separation properties matching the performance of silicon-based
acoustic separators. The performance of the glass chip is com-
pared to the corresponding anisotropically wet-etched silicon chip
in a continuous flow separation application. A continuous medium

exchange with live cells using acoustic forces in a glass chip is
also presented.

MATERIALS AND METHODS
Design and Fabrication. A basic chip design with three inlets,

three outlets, and a separation channel was used to compare the
performance between the anisotropic silicon chip and the isotropic
glass chip, see Figure 3. The separation performance was
measured by focusing and separating 5 μm polyamide micropar-
ticles from their suspending medium. The particle suspension was
a commercially available blood phantom (Danish Phantom Design,
Jyllinge, Denmark) designed to mimic the viscosity, density, and
sound velocity of human blood.

The glass and silicon chips were both designed to have a lateral
resonance at 2 MHz. In order to achieve a single node at 2 MHz,
the channel widths were designed to be 375 μm, i.e., λ/2 at 2
MHz in water. As the glass chips have an isotropic cross section,
the widest part of the channel was designed to be 375 μm. Both
chips were etched to a depth of 125 μm and had a 30 mm long
separation channel. The glass chip was provided with separate
connections, Figure 3B, to the side inlets and outlets, whereas
the corresponding inlets and outlets in the silicon chip were united
to one single outlet, Figure 3D.

The silicon separator was fabricated by means of double-sided
photolithography and anisotropic wet etching using KOH. The
chip was sealed by anodic bonding of a glass lid. A more detailed
description of the microfabrication of the silicon chip can be found
in Nilsson et al.35 The cross section of the anisotropic separation
channel was rectangular with vertical walls, see Figure 4A.

The glass chip was fabricated by wet etching 0.7 mm thick
borosilicate chromium blanks (Telic Company, Valencia, CA),
precoated with 0.5 μm positive resist, using a HF/HNO3/H2O
mixture. After etching, fluidic access holes were drilled using a 1
mm diamond glass drill. The etched and drilled chip was then
cleaned in KOH in an ultrasonic bath and was thermally bonded
to a clean borosilicate glass lid to form a sealed chip. Silicone
tubing was glued to the fluidic access holes to hold standard 1/16

in. Teflon tubing.
When etching glass in hydrofluoric acid, the resulting shape

of the side walls depends on different parameters.43–45 The
adhesion between the masking layer and the glass, the pH or
temperature in the etch solution, and the amount and type of
stirring used are examples of parameters that can change the
shape of the side walls.

The etched 2 MHz glass channel did not have the typical
isotropic side-wall geometry, see Figure 4B. This is most likely
caused by limited convective exchange of etch components in the
zones underetching the mask. A similar channel with a twice as
wide mask, with all other parameters unchanged, resulted in a
perfect semicircular side wall.

Instrumentation. The chips were actuated using an 11 mm
× 32 mm external PZT piezoelectric transducer (PZ26, Ferroperm
Piezoceramics, Kvistgard, Denmark) with a thickness of 1 mm,
corresponding to a fundamental resonance of 2 MHz. The

(41) Gorkov, L. P. Sov. Phys. Dokl. 1962, 6, 773–775.
(42) Laurell, T.; Petersson, F.; Nilsson, A. Chem. Soc. Rev. 2007, 36, 492–506.

(43) Kal, S.; Haldar, S.; Lahiri, S. K. Microelectron. Reliab. 1990, 30, 719–722.
(44) Parisi, G. I.; Haszko, S. E.; Rozgonyi, G. A. J. Electrochem. Soc. 1977, 124,

917–921.
(45) Spierings, G. J. Mater. Sci. 1993, 28, 6261–6273.

Figure 5. Line scans in the fluorescent image, top image, are
averaged to achieve an intensity plot of the lateral particle distribution,
lower image. For each confocal depth, the corresponding average
full width at half-maximum value (fwhm) is calculated. The fwhm value
is used as a representative width of the particle band, intensity-coded
using the maximum intensity.
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transducer was applied to the back side of the chips using
ultrasonic gel for good acoustic coupling and clamped in place,
see Figure 3A. The transducer was actuated using a Hewlett-
Packard 3325B waveform generator and an Amplifier Research
75A250 amplifier. The input power to the transducer was set at
0.5 W for all experiments and monitored using a Bird model 5000-
EX digital power meter.

The confocal image data was acquired with an Olympus
BX51WI microscope using the Fluoview 300 software. Fluorescent
particles with a diameter of 4.1 μm were focused using the acoustic
standing waves, and images of the focused particle band were
taken at different depth in the channel using a motorized
microscope stage and a step size of 10 μm. For each confocal
image, the line scans were averaged to obtain the intensity profile

Figure 6. Blood wash and medium exchange principle. Contaminated blood enters from the side inlets, and clean plasma enters through the
central inlet. The blood cells are switched over to the clean plasma by the acoustic radiation force and exit through the center outlet while the
contaminated medium exits through the side outlets.

Figure 7. Cross-sectional view of the band formation in the channels based on confocal image data. The width of the particle band is decided
by the fwhm value, and the intensity is correlated to the maximum intensity from the averages line scan. The widening of the particle band in
the center of the channel is caused by the parabolic flow profile causing the particle in the center to have less time to focus into a narrow band.

Figure 8. Squared pressure field, proportional to the acoustic force, in the glass cavity (A) and the silicon cavity (B) as simulated in COMSOL
Multiphysics using eigen-frequency analysis. The simulation predicts the fundamental frequency to occur at 2.36 MHz for the glass chip and 2.0
MHz for the silicon chip.
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of the lateral particle distribution and the full width at half-
maximum (fwhm) and maximum intensity were calculated, see
Figure 5. With the use of these data, a corresponding image was
created in Adobe Illustrator where the fwhm value was used for
the width of the particle band and color intensity of the band was
correlated to the maximum intensity value for each confocal depth.

The separation efficiency was measured using a Beckman
Coulter Multisizer 3 where the amount of particles in the center
outlet was compared to the total amount of particles in all outlets.
The samples were collected using 50 μL loops attached to an
automated switch valve (Valco Instrument Company Inc.) while
running the continuous separation.

Blood Washing and Medium Exchange. A continuous
medium exchange with human blood was performed as an
alternative mode of performance evaluation.19 Evans blue (Merck
AG, Darmstadt, Germany) was used to simulate a contaminant
and was added to human whole blood. The erythrocytes were
diluted to a hematocrit of 2% using pure plasma, and 180 μg/mL
of Evans blue was added. The contaminated blood was infused
through the side inlets at 70 μL/min while clean plasma was

infused through the center inlet at 130 μL/min. The acoustic
forces moved the erythrocytes from the contaminated plasma into
the clean plasma fraction at the center of the channel, Figure 6.
An input power of 0.8 W (8 Vpp) was used to ensure a good
focusing of cells in the channel center. The erythrocytes trans-
ferred to the clean plasma were collected via the center outlet at
70 μL/min while the contaminated plasma continued to the side
outlets and was withdrawn with 65 μL/min in each outlet. The
different infusion/withdrawal rates ensured that a minor part of
the clean buffer zone was directed to the side outlets and reduced
the risk of contaminants spilling into the clean center outlet.

The blood washing efficiency was evaluated using a Lab-
systems Multiskan Multisoft photometric plate reader at an
absorption wavelength of 595 nm. The ratio of absorbance in the
contaminated media and the washed blood was compared, and
an average of six different samples was calculated.

RESULTS AND DISCUSSION
Resonance Mode Characterization. By visual inspection, the

best particle focusing for the chips occurred at 2.063 MHz for

Figure 9. Particle focusing at higher harmonics: the glass chip at the top (A-D) and the silicon chip at the bottom (E-H). The channel walls
have been outlined to improve the visibility.
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the silicon chip and at 2.214 MHz for the glass chip. The particles
were focused into the center of the channel with what appeared
to be a uniform distribution of particles along the depth of the
channel, much like the schematic image shown in Figure 2. To
verify the particle distribution, a confocal microscopy scan was
performed on fluorescent particles focused at two different flow
velocities for each device. The result, seen in Figure 7, shows a
slight bulging of the particle band in the center of the channel
for both chips. This is most likely explained by the parabolic flow
profile, giving a maximal flow velocity in the center of the channel
causing particles there to be exposed to and focused by the
acoustic standing wave for a shorter time period. The color
intensity in the figure is a measure of the particle density, thus
being higher in the tightly focused areas as compared to the
widened zones.

With the use of COMSOL Multiphysics, an eigen-frequency
analysis of the two chips was performed. The simulations predicted
a fundamental frequency of 2.36 MHz for the glass chip and 2.0
MHz for the silicon chip. The squared pressure amplitudes,
proportional to the acoustic radiation force, show a single pressure
node in the center of both channels, see Figure 8. The simulations
predicted the harmonics to appear at 4, 6, and 8 MHz for the
silicon chip, whereas the glass chip showed a different behavior
with harmonics at 4.3, 5.7, and 7.4 MHz.

The glass and silicon chip showed similar behavior in focusing
particles when operated at their fundamental frequency, see Figure
9, parts A and E. The particle suspension used was well-focused
and exited through the center outlet as expected. The first
harmonic, twice the fundamental frequency, was tested to focus
the particles into two bands, Figure 9, parts B and F. The glass
chip displayed a slightly lower focusing efficiency, with broader
particle bands, at this frequency, but the difference between the
two materials was marginal.

At the second harmonic a more distinct difference between
the chips was seen. The glass chip deviated from the expected
frequency of 6.6 MHz and displayed a resonance at 5.515 MHz
instead which correlates well with the resonance frequency
predicted by the simulations. The focusing was, however, superior
to that of the silicon chip where the flow rate had to be lowered
to 0.02 mL/min at 0.5 W acoustic input power in order to get a
reasonable picture of the band formation, which should be
compared to 0.18 mL/min for the glass chip, Figure 9, parts C
and G.

The same trend was repeated at the third harmonic where it
hardly was possible to achieve a four-band focusing for the silicon
chip, whereas the glass chip clearly showed a better focusing,
Figure 9, parts D and H. The resonance frequency for the glass
chip again differed from the expected 8.8 MHz and was now found
at 6.702 MHz.

The reason for the deviation in resonance frequency is not
clear but is most likely associated with the tapered shape of the
side walls. For a rectangular geometry there is an analytical
solution to the different lateral resonances. An isotropic channel
is, however, more complex, and the resonances can only be
determined by simulations.46 As a comparison, a wet-etched glass
chip with a fundamental resonance at 1.0 MHz, thus with twice

the width of the 2 MHz chip, was tested. This chip showed a very
nice isotropic cross section as opposed to the 2 MHz chip, see
Figure 2B. The 1 MHz chip performed a single-band focusing at
1 MHz and was as expected slightly inferior to the 2 MHz chip in
focusing strength due to the lower frequency. However, all of the
harmonics for this chip were at the expected multiples of the
fundamental frequency: 2.0, 3.0, and 4.0 MHz, respectively. Clearly,
more work needs to be done in this area to fully understand how
the geometry of the cross section of the chip affects the resonance
frequencies.

Particle Focusing Efficiency. The separation efficiency of
the particle separation in both glass and silicon chips versus an

(46) Townsend, R. J.; Hill, M.; Harris, N. R.; White, N. M. Ultrasonics 2006,
44, E467-E471.

Figure 10. Separation efficiency vs the flow velocity at a particle
concentration of 2% and an acoustic power input of 0.5 W. The
performance of the two chips is similar although the silicon chip has
slightly higher separation efficiency at higher flow velocities. The flow
velocities used correspond to volumetric flow rates of 50-700 μL/
min.

Figure 11. Separation efficiency plotted vs particle concentration.
The two chips show a similar behavior although the silicon chip shows
slightly lower separation efficiency at a slightly higher flow velocity.

Table 1. Comparison in Contaminant Removal
Efficiency between a Glass Chip and a Silicon Chipa

glass silicon

separation efficiency (%) 92.8 ± 3.9 89.3 ± 5.8
contaminant removal (%) 97.1 ± 1.1 92.3 ± 1.2

a An amount of 180 μg/mL of Evan’s blue was used as a contaminant,
and the blood was diluted with plasma to a hematocrit of 2%.
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increasing flow velocity can be seen in Figure 10. The separation
efficiency clearly decreased as the flow velocity increased since
the particles spent shorter time in the acoustic force field. At flow
velocities up to 10 cm/s, the separation efficiency of the glass
and silicon chip was comparable; however, at higher flow velocities
the performance of the glass chip decreased as compared to the
silicon chip.

While performing the experiments, volumetric flow rates were
set on the syringe pumps. Due to the different cross sections of
the chips, the flow velocities, and thus the retention times, of the
particles will be different in the channels. The corresponding flow
velocities were therefore calculated using a three-dimensional
COMSOL simulation. For a volumetric flow of 100 μL/min, the
glass chip has an average flow velocity of 6.45 cm/s, whereas the
silicon chip, with a larger cross section, has an average flow
velocity of 3.7 cm/s. Thus, for a given volumetric flow rate, the
silicon chip will have a slower velocity and particles will spend
more time in the force field.

The volumetric flow rate is many times a crucial factor, and
commonly in microfluidic applications a volumetric flow of a few
hundred microliters per minute is more than sufficient. If even
higher flow rates are needed, several parallel channels actuated
by a single transducer can be used.17 It is also possible to increase
the input power and create a stronger force field that will work
even for higher flow rates. A higher input power may, however,
result in an elevated temperature in the channel due to thermal
losses in the transducer. This effect can be counteracted by using
heat sinks or Peltier elements and work as a method of controlling
the thermal environment on-chip.26,28

The separation efficiency for the silicon and glass chip with
regards to the inlet sample concentration was compared, see
Figure 11. As expected from earlier tests with silicon separation
chips,35 the separation efficiency decreases with particle concen-
trations ranging from 2-15%. The silicon and the glass chip show
almost the same behavior for increasing concentration.

Medium Exchange in Cell Washing. Acoustic manipulation
of cells offers a mode of noninvasive and noncontact spatial
localization of cells in microfluidic systems. Most importantly, it
has been shown in several experiments that acoustic cell manipu-
lation does not induce any traceable adverse reactions to the
exposure to an acoustic force field.17,26,31 This fact opens up for
the use of acoustic force manipulation to perform a set of unit
operations that can be combined to design relevant bioanalytical
sequences, integrated in a single microfluidic device. One such
application is the possibility to perform a buffer exchange without
having to expose the cells to a mechanically stressing event such
as centrifugation. In this case a separation channel operated at
its fundamental resonance and supplied with two buffer inlets as
outlined in Figure 6 can switch cells from one buffer medium to
another by the acoustophoretic process investigated herein.

During the medium exchange, a separation efficiency of 92.8%
± 3.9% was achieved and 97.1% ± 1.1% of the contaminant was
removed from the blood using the glass chip, at a blood sample
input flow rate of 70 μL/min. This can be compared to a separation
efficiency of 89.3% ± 5.8% and a contaminant removal of 92.3% ±
1.2% for the silicon chip, see Table 1. If higher levels of medium
exchange are requested it is advised that this process is repeated
in a sequential step.

CONCLUSIONS
This paper reports for the first time an all-glass microfabricated

chip for acoustic force control of cells and particles in a continuous
microfluidic process. Essentially equal performance of the glass
chip and its silicon counterpart is reported. The possibility to use
acoustic forces in wet-etched glass channels may make microchip-
based acoustic cell and particle manipulation widely available to
the bioanalytical microfluidics community. The microfabrication
of glass is less complicated than the silicon fabrication and also
requires fewer and less expensive instruments. Glass is also a
cheaper material, and the isotropic nature of the fabrication
process allows for a larger degree of freedom in chip design.

The separation efficiency of the glass chips was above 97% for
a 2% suspension for flow rates up to 200 μL/min. There are several
ways of increasing the throughput in a glass chip while maintain-
ing the high separation efficiency. A rather straightforward
approach would be to use several parallel channels, but it is also
possible to increase the input power. By increasing the input
power the risk of elevating the temperature on-chip is increased,
and measures to keep the temperature stable may have to be
taken.

The acoustic glass separator has proven to be capable of
handling the same tasks as the acoustic silicon separator, including
particle separation and continuous medium exchange in human
whole blood.
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ABSTRACT 
Generating high quality plasma from whole blood is of major interest for many biomedical 
analysis and clinical diagnostic methods. The handling and processing of fluids with high cell 
content, like whole blood, in microfluidic separation devices has proven to be a major 
challenge. An acoustophoresis based separation chip that prepares diagnostic plasma from 
whole blood and its clinical application are presented. The acoustic separator is able to 
sequentially remove enriched blood cells in several steps to yield high quality plasma. The 
generated plasma fulfills the standard requirements of <6x109 cells/L, suggested by the 
Council of Europe. The plasmapheresis microchip was also successfully linked to our 
previously developed porous silicon sandwich antibody microarray chip for Prostate Specific 
Antigen (PSA) detection. PSA was detectable from the generated plasma via fluorescence 
readout at clinically significant levels of 0.19-21.8 ng/ml with good linearity (R2> 0.99) 
without any signal amplification.  
 
INTRODUCTION 
The development of micro technology and lab-on-a-chip devices has targeted fast and sample-
volume limited operations for the analysis of blood components and blood plasma. Diverse 
micro-technology techniques have been developed to enable separation and concentration of 
the different components in whole blood1. Several groups have focused on separating red 
blood cells (RBC) from plasma and red cells from white blood cells (WBC)2-6. There have 
also been extensive efforts on chip integrated plasma generation for subsequent diagnostics. 
 
A common way of separating plasma from blood using micro channels is to create a mesh or a 
filter with pores too small for cells to enter. It can be either a dead end filtration (weirs7, 8 or 
membranes8, 9) or cross flow filtration10, 11 where the plasma exits perpendicular to the main 
flow channel, a design which is far more preferable since it is much less likely to clog. 
Another way of separating plasma from cells is to use the plasma skimming12 where blood 
cells tend to stick together at low flow rates, thereby creating lower cell concentrations at the 
walls of the channel where plasma can be removed. The Zwiefach-Fung effect13, 14, or the 
bifurcation law, can be used for plasma generations since cells flowing in a channel with 
higher flow rate than the other in a bifurcation structure stick together and generally flows 
into that outlet while a small clean plasma fraction leaves the other bifurcation outlet. 
 
Acoustic forces generated in ultrasonic standing waves can also be used to generate clean 
plasma. The acoustic wave generates a radiation force on the cells moving them into pressure 

 1



nodes of the standing wave field. There are basically two different approaches to utilize this 
phenomenon. The first one uses the acoustic wave to move the cells into larger clusters. When 
the clusters are sufficiently large they will start to aggregate and sediment, placing all cells at 
the bottom of the container. This technique can be designed for batch processing15 or a 
continuous system where plasma is removed at the top and cell dense medium at the bottom16. 
However, this is a slow process and is not suitable for implementation in microfluidic systems 
since it is dependant of larger volumes and the sedimentation process will not be very 
effective in narrow channels where boundary conditions will be dominant. 
 
The other way of using acoustic standing waves for continuous separation is to use a 
microfluidic channel that is matched to a half wavelength width17-19. When a particle 
suspension flowing through the channel is exposed to the ultrasonic standing wave (USW), 
the acoustic forces will move all particles to the pressure node located in the center of the 
channel, figure 1. In a microfluidic device, the USW in combination with the laminar flow 
will form a band of concentrated particles in the centre of the channel with clean medium at 
the sides. By terminating the channel outlet in a trifurcation the clean medium will exit 
through the side outlets while particles enriched in the channel centre will exit through the 
central outlet. Petersson et al. demonstrated a device where shed blood collected during 
surgery was separated into a lipid containing fraction and a blood cell fraction20. The lipid 
particles were in that case mixed with the plasma and removed through the side outlets. This 
configuration can, however, also be used to generate clean plasma if pure blood without lipids 
is processed. 
 

 
Figure 1. Schematic cross section of a microchannel excited by a �/2 wavelength ultrasonic standing 
wave, whereby the erythrocytes sequentially are focused in the channel centre by the primary acoustic 
radiation force. 
 
Although many of the reported microfluidic devices that handle blood work well for their 
intended application, most of them suffer from the fact that they require very dilute blood 
samples for the separation to work. Whole blood has a hematocrit (blood cell concentration) 
of ~38-54 % 22, which will cause many microfluidics systems to clog or get overloaded. 
Diluting the sample will however not give a very representative or sometimes not even useful 
plasma fraction for clinical evaluation. Others chip solutions, which are capable of handling 
high hematocrit usually have very poor volume throughput (in the nL to μL range per 
minute). 
 
An obvious outlook for microchip based clinical grade plasmapheresis is the coupling to a 
chip integrated or microscaled diagnostic readout. The quest for early cancer diagnosis have 
promoted the exploration of advanced proteomic technologies, where the search and 
identification of new cancer biomarkers24 open up for new improved diagnostics. Besides 
early diagnostics, biomarkers holds promise in providing information about the disease status 
at any given point in time, making it is possible also to monitor disease progression as well as 
identifying therapeutic targets 25. Early detection and determination of cancer therapy is thus 
anticipated in this emerging era of biomarker research.  
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Along this line new biochip strategies are being developed for high throughput, parallel 
protein analysis. Arrays of peptides and proteins for diagnostic and proteomic analyses often 
involve techniques such as immobilization, assay and detection systems. Protein microarrays 
are different from DNA microarrays since protein targets are typically heterogenous in their 
physicochemical properties. The affinity capture reagents are sometimes poorly characterized 
in which a shortage of sufficiently specific antibodies or other affinity probes makes the 
analysis results less reliable. This could also be due to the heterogeneity of antibody affinities 
to their protein targets since antibodies show significant cross-reactivity between target 
proteins26. Parallel multiple affinity arrays may then face problems too, since optimal 
immobilization as well as assay conditions may be difficult to accomplish. Yet, in the past 
years dramatic improvements in increasing array sizes for multiplex protein readout has been 
demonstrated52 and efforts to move protein microarrays into the clinic is a core area of 
interest. 
 
Detecting low abundant proteins using antibody microarrays in complex specimens for 
example in whole blood, plasma or serum samples have successfully been shown by Carlsson 
et al.34 and Ingvarsson et al.35. However it often requires laborious sample preparation36 and a 
reliable microarray platform37. Nevertheless, various assay designs38, labeling strategies37, 
signal amplification systems as rolling circle amplication39-41 or fluorescent nanoparticles42, as 
well as different detection modes43 have shown great improvements in microarray platforms. 
Improving the sensitivity of antibody microarrays remains a challenge especially with an 
interest in performing multiplex immunoassays. Although analysis of complex specimens is 
known to be difficult, several commercially available multiplexed and protein-based 
diagnostics have already proven that their platforms are reliable enough to enter the market. 
Triage System (www.biosite.com) and VIDAS (www.biomerieux-usa.com) for example, offer 
multiplex assays for detection of proteins related to cardiac diseases. Evidence, besides 
having a platform for cardiac markers detection (www.randox.com) and Luminex bead-based 
system (www.rulesbasedmedicine.com) offer even wider varieties of multiplex immunoassays 
for detection of markers related to various other diseases including cancer. 
 
Being the most common male cancer in Western Europe and the United States, prostate 
cancer is a core area of cancer biomarkers research. Prostate specific antigen (PSA) is a well-
known and the most widely used cancer biomarker, measured in serum and plasma of patients 
for the diagnosis of prostate cancer. However, an elevated value of PSA does not directly 
indicate prostate cancer since benign prostate hyperplasia cases may exhibit similar outcome. 
PSA itself is a serine protease27-29 which is released into seminal plasma upon ejaculation with 
a concentration of 1g/l whilst its presence in the serum under normal condition is around 
0.6ng/ml. The quest for more biomarkers for the detection of cancer leads to extensive 
worldwide efforts. It is anticipated that the diagnosis in the future would involve screening for 
more biomarkers in a parallel fashion which then requires a substrate specific for protein 
microarrays30. 
 
The potential of using macroporous silicon as a microchip substrate in protein microarray 
applications has been clearly described by our group as having all the requirements for a good 
bioassay performance30, 31. Porous silicon provides a surface that exhibits a small spot area 
due to the hydrophobic nature of the micro-/nanomorphology of the chip surface, good spot 
reproducibility, homogenous spot profiles, low intrinsic fluorescence background, as well as 
providing an improved limit of detection when compared to other commercially available 
substrates32. It was also demonstrated, that porous silicon is compatible with a dual readout 
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mode which simultaneously provides both affinity (fluorescence) and mass identity (MALDI-
TOF MS) information of the captured protein33. 
 
This paper presents an ultrasonic standing wave (USW) plasmapheresis microchip, which is 
capable of processing whole blood and produce plasma fractions for a subsequent standard 
diagnostic step. The USW separator has increased the separator channel length as compared 
to our previously reported devices, with outlets along the separation channel, where 
concentrated cells could be diverted from the main flow without affecting the radiation force, 
until there is basically only cell free plasma left. Our current results show that 12.5% clean 
plasma by volume could be extracted from whole blood. The obtained plasma contains less 
than 6x109 erythrocytes per liter which is in line with the quality specifications for transfusion 
stated by the Council of Europe21. 
 
In addition, this paper describes the clinical application of plasmapheresis microchip in an 
efficient system linking with our previously developed porous silicon sandwich antibody 
microarray chip for PSA detection31. The plasmapheresis microchip successfully generated 
plasma for a subsequent diagnostic step on porous silicon micro chips for PSA detection by 
means of fluorescence readout. The sandwich antibody microarray platform utilizes two anti 
PSA monoclonal antibodies and displays PSA detection at 0.19-21.8ng/ml. By combining 
USW microfluidics and protein microarray technology, an all microchip based PSA detection 
from whole blood is obtained in a novel lab-on-a-chip technique. 
 
 
MATERIALS & METHODS 
 
Plasmapheresis chip fabrication 
The plasmapheresis separator was fabricated in silicon through double sided photolithography 
and chemical anisotropic wet-etching using KOH. The separation channel was designed to 
have a resonance around 2 MHz and thus the channel width is about 350μm. The channel was 
sealed with a glass lid using anodic bonding. Silicon tubing was glued to the outlets at the 
backside to act as docking ports to standard 1/16” Teflon tubing. More detailed information 
regarding the fabrication process can be found in17. The 2 MHz piezoceramic transducer 
(PZ26, Ferroperm Piezoceramics, Kvistgard, Denmark) was coupled to the chip together via a 
hydrogel that assured a good acoustic coupling.  
 
Experimental setup 
The piezoceramic transducer was actuated using an Agilent 33250A waveform generator and 
an Amplifier Research 75A250 amplifier. The input power to the transducer was monitored 
using a Bird model 5000-EX digital power meter. The blood was pumped through the 
separator using syringe pumps (WPI SP210iwz, World Precision Instruments, Sarasota, FL) 
and 5 ml Hamilton glass syringes.  
 
Blood samples 
Citrate treated blood samples were obtained from deidentified healthy donors. The different 
hematocrit levels were achieved by diluting the whole blood with centrifuged plasma from the 
same sample. A Coulter Counter (Beckman Coulter Multisizer 3) was used to determine the 
separation efficiency and the quality of the generated plasma. The particle sizes counted were 
in the range of 4-8μm. The diameter of an erythrocyte is about 7μm and leukocytes are 
generally larger or in the same size22 which means that they will most certainly be separated 
even though not counted. 
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Proteins and Reagents 
Prostate Specific Antigen (PSA) from human semen was obtained from Sigma. Monoclonal 
antibodies 2E9 and H117 were produced and characterized as described44, 45. 2E9 was labeled 
with fluorescein isothiocyanate (FITC) isomer I-celite (Sigma St. Louis, MO) and separated 
on a PD10 column (Amersham, Uppsala, Sweden). 
 
Human Female Whole Blood Spiked with PSA 
Human female blood samples were obtained from healthy donors as described above. The 
individual blood samples were spiked with PSA to a titration series ranging from 0.3-40ng/ml 
prior to plasmapheresis. 
 
Porous silicon protein chip 
Fabrication of the porous silicon was carried out by anodic dissolution of a p-type 
monocrystalline silicon wafer (Addison Engineering, Inc. San Jose, CA; resistivity 1.0-10.0 
Ohm-cm). In this process, the silicon wafer was placed in between two electrochemical cells 
filled with electrolyte solution containing a mixture of 1:10 by volume of 40% hydrofluoric 
acid and 99.8% dimethyl formamide. The electrolyte provides contact to the wafer on both 
sides. During anodization, the backside of the wafer was illuminated using a 100-W halogen 
lamp (Osram, Germany), which was placed 10 cm from the window of the chamber. A 
constant current of 91 mA was passed through the system for 70 minutes, and as this occurs, 
pore formation was initiated resulting in the formation of porous silicon layer at the anodic 
side of the wafer. The porosified silicon wafer was further diced into small pieces sized 6 × 6 
mm forming the porous silicon chips. A more detailed description on the fabrication setup is 
described elsewhere46. 
 
Microarraying using piezoelectric flow-through microdispenser 
An in-house developed piezoelectric microdispenser and a software controlled arraying 
station were used to form microarrays with 600 spots /array of monoclonal mouse anti PSA 
capture antibody H117. The microdispenser47-49, which is actuated by a piezoceramic element, 
is able to generate single 100-pL droplets of antibody to form an array with 150μm distance 
between each spots. H117 was allowed to bind the surface via physical adsorption.  
 
Sandwich antibody microarray 
The porous silicon sandwich antibody microarray protocol31 was carried out for the detection 
of PSA in microchip plasmapheresis generated plasma samples. The capture antibody H117 
(0.5mg/ml) was arrayed onto the porous silicon chips followed by a 3 time washing step in 
PBS-tween (0.05% tween 20 in PBS) to remove loosely bound antibodies. Arrayed chips were 
then blocked with 5% non-fat dry milk in PBS-tween for 30 minutes in order to prevent 
unspecific binding during the next incubation step. The washing step was repeated before 
exposing the chips to incubation with 24μl sample solution for 70 minutes. After the 
incubation, the chips were washed again 3 times. The next step was to incubate the chips with 
24μl of FITC-labeled 2E9 monoclonal mouse anti-PSA-antibody. After 1 hour incubation, the 
chips were washed 3 times in 5-mL of PBS-Tween, quickly dipped in distilled water and 
dried with pressurized air before confocal microscope detection.  
 
Fluorescence readout and analysis 
Fluorescence detection was performed using a confocal microscope setup (Olympus), an oil 
immersion 20X objective, an ion laser (Melles Griot Laser Group) with excitation wavelength 
of 488nm and a Fluoview scanner unit (Fluoview, Olympus). Image analysis was carried out 
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using Fluoview 300 software. The total intensity of each spot was quantified using Fluoview 
300 and the circle method. Background total intensity was measured using similar method and 
was then subtracted from the total intensity of each spot. 9 spots and their backgrounds were 
measured for each image analysis, thus generating the mean spot intensities presented in the 
figures.  
 
DELFIA analysis 
DELFIA Prostatus PSA Free/Total assay is a quantitative time resolved fluoroimmunoassay 
developed by Perkin Elmer (Perkin Elmer, Turku, Finland) for simultaneous detection of total 
PSA and free PSA (uncomplexed PSA) in serum. It is a solid phase immunoassay based on a 
direct sandwich technique utilizing three monoclonal antibodies. The capture anti total PSA 
antibody is used to bind both free and complexed PSA to the solid phase. Europium labeled 
antibodies are directed against the free PSA whereas samarium labeled antibodies are directed 
against both free and complexed PSA (total PSA). The fluorescence from europium and 
samarium are detected using time resolved fluorescence and are proportional to the 
concentrations of free and total PSA in the sample50. In this study, DELFIA was used as a 
reference assay for the chip based total PSA assay. 
 
 
RESULTS & DISCUSSION 
 
USW plasmapheresis  
To separate high particle concentrations based on ultrasonic standing waves, a new 
acoustophoresis chip design was derived. The goal was to address the limitations of our 
previously presented microfabricated silicon acoustic separator chips17, 20, which were not 
able to process sufficiently high particle concentrations, partly due to the very high acoustic 
forces required to concentrate particles into a band narrow enough to enable separation. This 
in turn resulted in high driving voltages to the piezoceramic transducer and a dramatic 
temperature increase because of power losses in the transducer. 
 
The new separator is a modification of the previously reported designs, in which the 
separation channel ended in a trifurcation where concentrated blood cells exit through the 
central outlet and clean plasma exits through the side branches. The new separator was 
modified in two steps. Firstly, the separation channel was elongated in a meander type of 
fashion, which enables the blood cells to be affected by the acoustic standing wave for a 
longer time period. An acoustic force of higher magnitude is thus not necessary, as the 
radiation force instead acts for a longer duration forcing the cells gently into a focused band. 
Secondly, several extra outlets were added along the separation channel. These outlets, placed 
in the middle of the separation channel, allow blood cells already focused to be removed 
without removing a large part of the blood plasma. This procedure decreases the 
concentration of blood cells in the separation channel in several consecutive steps by 
gradually lowering the concentration in the centre of the channel.  At the end of the separation 
channel all remaining cells are packed in a sufficiently narrow band prior to reaching the 
outlet, enabling a high separation efficiency, see figure 2. Our earlier publication on acoustic 
particle focusing revealed that the focusing of the cells in the streaming channel occurs 
throughout the full height of the chip23, explaining why it is a justified strategy to remove 
already acoustically focused cells from the centre region of the microchannel as outlined in 
position A, B and C, figure 2. The design also allow cells to be continuously exposed to the 
acoustic standing waves during the sequential removal steps since the outlet is placed 
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perpendicular to the standing waves and no extra diversion of flows with flow splitters is 
needed. 
 
 

 
 
Figure 2. The principle of plasmapheresis. Acoustic standing waves gather blood 
cells in the pressure node located in the middle of the separation channel. 
Enriched blood cell fractions are removed through outlets A-C, thus decreasing 
the hematocrit gradually in the channel. The remaining focused blood cells exit 
through outlet D while the clean plasma fraction is withdrawn from exit E. 

 
Four different designs with different separation channel length were investigated and all 
designs have one inlet and five outlets. The basic design was a channel, approximately 56 mm 
long, with the channel outlets symmetrically placed along the channel. The other designs 
denoted 2M, 3M and 4M after the number of meanders on the chip had a separation channel 
length of 108 mm, 166 mm and 224 mm respectively (Figure 3). All separators were actuated 
with the same transducer at approximately 2.05 MHz, except 1M which had a smaller 
transducer since the tubing on the backside prevented the use of the larger one. The net input 
power into the device was however the same in all cases, ~300 mW. 
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Figure 3. Schematic of the separator designs. They are denoted 1M, 2M, 3M and 4M 
after the number of meanders present on the chip. The blood enters through the inlet and 
fractions are removed through outlets A, B, C, D and E. Outputs A-D will contain blood 
of varying concentration while the clean plasma fraction is taken out from outlet E. 

 
The total flow rate of the plasmapheresis chip was set to 80 μl/min with a flow distribution of 
the outlets as seen in table 1. These parameters were chosen as it is important to quickly 
remove the bulk of the focused blood cells in the separation channel in order to lower the 
concentration so that all remaining cells can be focused before the flow split. 
 

Outlet A B C D E 
Flow rate (
l/min] 20 20 15 15 10

 
Table 1. The flow distribution between the different outlets used in the plasmapheresis. 

 
The first tests were made on design 1M, with a suspension comprised of 5μm polyamide 
particles designed for mimicking blood. 1M consisted of a straight channel with three channel 
outlets where particles could be removed sequentially before the trifurcation, see figure 3. 
When tested with higher concentration levels >20%, a plug of stacked particles would build 
up around outlets A, B or C and occlude the channel. Many different combinations of 
balancing the flow rates were tested but in the end it was concluded that the outlet itself was 
too small to handle such high concentrations without being exerted to keystone effects. 
Instead of being approximately 1/3 of the channel width, the output holes were widened to 
~2/3 of the channel width. This of course increased the risk of loosing plasma along the 
separation when using blood, but as the geometry of the outputs are oriented in a diamond 
shape in relation to the flow channel, most of the fluid extracted will still be from the central 
1/3. Another interesting feature that was noticed during separation, is that the outlets along the 
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separation channel causes a hydrodynamic focusing effect as particle rich fractions are 
removed , which actually assists in focusing the remaining particles further by translating 
them closer to the centre of the separation channel. It should be noted, however, that rigid 
particles are less flexible than blood cells. Blood with hematocrit of 20% surely behaves 
differently than a particles suspension of the same concentrations and it is possible that the 
original sizes of the outlets might have worked out well for blood samples. Blood have been 
reported to maintain flow as hematocrit reaches as high as 98%53. However, the increased size 
of the outlet holes is still probably beneficial as it applies less shear forces to the cells. 
 
With the fluidic extraction under control, the different designs were tested with blood at the 
flow rates showed in Table 1. At low hematocrits, ~10 %, all chips performed well but as the 
concentration was increased the 1M and 2M chips started to loose blood cells in the flow 
splitter to outlet E. The separation channels were not sufficiently long and thus the duration of 
the exposure of the cells in the acoustic focusing field to accomplish a complete separation. 
The tendency of poor separation efficiencies was progressively worse as the concentration 
increased further. As the hematocrit approached whole blood, i.e. ~40%, the 3M and 4M 
chips proved to be the only designs capable of handling such high concentrations see figure 4. 
It should however be noted, that the separation efficiencies are only relative to the total 
amount of particles processed per minute, which means that there can still be relatively high 
number of cells present in the plasma fraction even though the separation efficiencies are 
close to 100%. 
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Figure 4. Separation efficiency of the four different separators. It is obvious that the separation 
efficiency decreases with increased hematocrit for the shorter separation channel designs, 1 M and 2 
M, and which are characterized by shorter exposure of the cells to the acoustic force field. 

 
The percentage of cells removed by each outlet at an inlet concentration of 40% is shown in 
figure 5. The graph demonstrates that most of the cells exit the chip via outlet A and B which 
can be expected as they have the largest flow rate. But the trend of the height of the stacks 
shows clearly that the longer the cells are exposed to the field, the larger fraction of the cells 
can be removed. It also shows that if the cell removal is not effective due to poor particle 
focusing in the beginning of the separation it will be very difficult to make up for it in the end. 
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Figure 5. Cell separation by each outlet. Most cells are removed in outlet A and B, which 
is expected since these also have the highest flow rate. The high percentage of removed 
cells in A and B for 4M can be explained by the length of the separation channel between 
the outlets which gives the cells extended time for focusing in the ultrasonic standing 
wave field. 

 
As mentioned earlier, the separation efficiency is a relative measure which is highly 
dependent on the total amount of particles separated. Although figure 4 showed 100% 
separation for design 3M and 4M, they did not show the same result when the absolute 
number of cells in the plasma fractions were measured. Figure 6 shows the total cell count in 
the plasma fractions and the dotted green line in the graph represents the number of 
erythrocytes (6x109 per liter) below which The Council of Europe recommends plasma for 
transfusion to be. The number of cells per liter plasma by the 3M design is 8.28x109, which 
exceed the recommended limit. The 4M design however had a cell count of 3.65x109 per liter 
which is well below the limit and thus provides approved plasma. It is however unlikely that 
the separation device could be used for transfusion medicine since the throughput and 
recovery rate in its current format is not sufficiently high for supporting a full clinical 
transfusion application. The results however clearly show that the reported plasmapheresis 
chip can serve as a platform for on-line automated chip based analysis in a clinical setting. 
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Figure 6. Graph showing the amount of cells per liter clean plasma. The green dotted line 
show the upper limit of numbers of erythrocytes per liter plasma for transfusion set by the 
Council of Europe. That limit, which is set to 6x109 erythrocytes per liter, was surpassed 
by the 4M plasma separator which generated plasma of cell counts of 3.65x109. 

 
 
PSA microarray detection of whole blood processed by plasmapheresis 
In this part of the work proof of principle for the combination of the plasmapheresis 
microchip and a clinically relevant microarray assay is presented. A system for whole blood 
analysis was developed in which we successfully linked the acoustic separator with our high 
performance porous silicon sandwich antibody microarray chip for PSA detection. The 
system (shown schematically in Figure 7) enables detection of low abundant PSA in whole 
blood samples. We investigated female whole blood samples spiked with known 
concentrations of PSA, in the clinically significant range of 0.3-40ng/ml. PSA-spiked whole 
blood samples were applied to the plasmapheresis microchip and obtained pure plasma 
fractions were used for the subsequent PSA microarray assay on our porous silicon 
microchips.  
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Figure 7 Schematic of the all chip based whole blood plasmapheresis and PSA diagnostics. 1) spiking 
of PSA in female whole blood, 2) ultrasonic standing wave driven microchip plasmapheresis, 3) 
Microarraying of PSA antibody, 4) microchip incubation in obtained plasma, 5) sandwich assay, 6) 
fluorescence readout. 
 
We have earlier shown that our porous silicon sandwich antibody microarray platform is 
capable of analyzing serum samples for the prostate cancer biomarker PSA31, 42. In this 
sandwich antibody array, the capture antibody H117 is physically absorbed onto the porous 
silicon surface. As the plasma sample is applied, the PSA is concentrated onto the spots by 
H117. The captured PSA is subsequently detected with a fluorescently labeled antibody; in 
this case FITC labeled 2E9. Dynamic range, limit of detection, linearity and assay 
reproducibility of our sandwich antibody microarray platform have been addressed and 
described in our earlier publication. No unspecific binding of serum proteins have been found 
(data not shown), when analyzing crude female serum samples in the assay. A commercially 
available 96 well based immunoassay (Prostatus PSA Free/Total DELFIA) was used as a 
reference method to determine the PSA concentration. In this study the DELFIA was used as 
a reference assay to monitor concentrations of PSA in the spiked whole blood samples and 
after plasmapheresis. 
 
Our current results, based on duplicate arrays for each concentration of PSA in the titration 
series, generated high intensity spots (Table 2). The mean spot intensities and CVs of Table 2 
were calculated from the spots of the insert images of Figure 8. CVs of around 18 % correlate 
well with earlier results of the sandwich assay 31. The graph in Figure 8, showing the mean 
spot intensity versus PSA concentration, as determined by DELFIA, corresponded to a 
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coefficient of determination of R2> 0.99, indicating strong linearity without any signal 
amplification. The error bars show the standard deviations calculated from the spot intensities. 
 
 

Concentration 
ng/mL 

Mean spot intensity Standard deviation 
(n=9) 

CV, % 
(n=9) 

0.19 159880.0 40398.03 25.3 
2.57 613335.6 108150.7 17.6 
3.52 724538.9 155725.1 21.5 
5.35 937604.4 130383.3 13.9 
21.8 4191924.4 412651.6 9.8 

 
Table 2. PSA concentrations, as measured by DELFIA, mean spot intensities 
from the sandwich antibody microarray, the corresponding standard 
deviations and coefficients of variation.
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Figure 8 Microarray result of the titration series of PSA spiked whole blood subjected to 
plasmapheresis. The images shown were obtained from the porous silicon sandwich antibody 
microarray.  Mean spot intensities and standard deviations (error bars) were calculated from the spots 
in the inset images detected by a 20x lens.  The PSA concentrations on the x-axis were obtained by the 
reference DELFIA assay of the same plasmapheresis treated samples.
 
It should be noted that the DELFIA analysis showed PSA concentrations in the samples to be 
0.57 times lower after plasmapheresis, i.e. upon detection on our sandwich antibody 
microarray platform, as compared to the PSA concentration in the spiked whole blood 
samples, Figure 9. It is already known51 that PSA to some extent bind to �-2 macroglobulin in 
blood and thus become immunoinaccessible. The decreased PSA concentration in plasma 
compared to whole blood might also be due to unspecific binding of PSA to blood cells. 
When the cells are removed upon plasmapheresis the PSA concentration would then also be 

 13



decreased. Even so, a linear correlation of PSA concentrations before and after 
plasmapheresis, as measured by DELFIA, represents systematic loss of PSA in the system 
(Figure 9). Since the PSA loss is systematic, this artifact does not affect the assay reliability. 
In addition the DELFIA comparatively stated that PSA at 0.19-21.8ng/ml were detected on 
our porous silicon via fluorescence readout. The sensitivity of the sandwich assay for PSA 
presented in this study clearly covered diagnostic cut points of 0.6-4ng/ml that frequently are 
used for identifying men with elevated risk of malignant or benign prostate disease. 
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Figure 9. Correlation between PSA concentration in spiked whole blood and in plasma generated 
after plasmapheresis. The DELFIA assay was used to determine the PSA concentrations. 
 
The developed system, which combines the whole blood acoustic separator (plasmapheresis) 
microchip and the porous silicon sandwich antibody microarray chip, proved the ability to 
detect low abundant PSA from whole blood samples. The extended application of this work 
would be a miniaturized lab-on-a-chip approach, integrating both plasmapheresis and the 
prostate cancer biomarker assay using minute amounts of patient whole blood. 
 
 
CONCLUSION 
In this work, a novel acoustic chip for plasma extraction from whole blood is presented. The 
obtained plasma was coupled to microchip based PSA assaying based on nanoporous silicon 
protein antibody arrays. Obtained PSA microarray data correlated very well with reference 
measurements by DELFIA. 
High hematocrit levels are generally difficult to process by means of acoustophoresis, 
however, the presented sequential blood cell removal procedure gradually reduced the 
hematocrit level via a multiple outlet configuration, providing cell free plasma. The quality of 
the plasma fulfilled the standard set up by The Council of Europe for plasma transfusion.  
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