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Fig. 2 Photograph of the probe chamber (bottom view), with electrical

contacts made out of conductive adhesive tape, and mounted on a

microscope slide (outer dimensions probe chamber 10 mm×10 mm).

Double-sided adhesive tape acts as a spacer and seals the manipu-
lation chamber. Typical layer thicknesses and material parameters
are given later in Table 1. We also succesfully trialled rectangular
glass capillaries (Vitrocom W3520, wall thickness 200 µm, fluid
layer thickness 200 µm, and width 4 mm) as a disposable, easy to
exchange probe chamber. Nevertheless, in this work, we restrict
ourselves to the basic design of Fig. 1, which we found to be more
flexible with better performance and uniformity.

2.1.1 Design considerations

The requirements for optical imaging, trapping and force mea-
surement pose some constraints on design. First, for focussing the
trapping light and for imaging, we employ a high-NA water im-
mersion objective lens (Olympus UPlanSApo 60x W, NA 1.2). This
lens needs a cover glass with a thickness of 130 µm to 200 µm.
Second, our force measurement method20 requires the collection
of most of the trapping light. To achieve this, we use a transparent
piezo-electric transducer and a high-NA oil immersion condenser
(see Sec. 2.2 and 2.4).

In order to obtain strong acoustic forces, our probe chamber
design pays attention to the following guidelines:22 One aim is to
drive the transducer close to its fundamental thickness resonance
(thickness λ/2), exciting a resonantly enhanced standing wave in
the fluid chamber, for which we also choose a thickness of approx-
imately λ/2. We stay with standard cover slips with a thickness
of 170 µm, as this is non-critical for the acoustic trapping22. We
have no coupling layer between the transducer and the fluid.

Due to the large differences in the acoustic impedance Z = ρc

between transducer, fluid and cover slip (by a factor of > 10, see
Table 1), strong reflections of acoustic waves occur at the inter-
face, and a resonantly enhanced standing wave will emerge in
the fluid chamber.5 From these considerations, we expect for the
fundamental λ/2 resonance a sinusoidal force profile with a sta-
ble trapping postion in the center of the fluid layer, and approxi-
mately zero force at the boundaries.6

The probe chamber assembly (transducer, spacer and cover
glass) is mounted on a microscope slide (thickness 1 mm) with
the help of adhesive tape stripes and a drop of superglue to in-
crease the bond, see Fig. 2. The gaps between transducer and
mounting slide and between mounting slide and condenser lens
are filled with immersion oil.

2.2 Transparent piezo-transducer

The transparent transducer employed,21,23 which was made out
of Lithium Niobate (LiNbO3, 36° Y-cut, 10 mm×10 mm×0.5 mm,
manufactured by Roditi, UK), has a transparent Indium Tin Oxide
(ITO) conductive coating (Diamond Coatings, UK) with a sheet
resistance of approximately 10 Ω.

Electrical contact is made by a conductive adhesive tape (Hi-

Bond Tapes HB350, RS 832-6366), attached to the transducer at
opposing edges, see Fig. 2. In order to ensure reliable electrical
contact, we partly remove the glue layer and instead apply silver
loaded paint (RS 186-3593).

2.3 Low cost signal source and electrical impedance mea-

surements

As an electrical signal source and for measuring the electrical
impedance of the transducer we use a Red Pitaya V1.1 device.
It offers two analog outputs and inputs, digitally sampled at
125 MHz rate. Both output channels are summed and amplified
by a power amplifier (ADA4870 from Analog Devices on evaluation
board, RS 836-8714), to which the transducer is connected by a
pair of 20 cm long wires. The voltage at the power amplifier out-
put and across a 10 Ω shunt resistor (in series with the amplifier
output) is fed back to the analog inputs of the Red Pitaya device,
providing information about the (complex) electrical impedance
of the transducer (including the contribution of the wires). Sig-
nal generation, data acquisition and subsequent analysis is con-
trolled by a custom Python program, running on the embedded
processor of the Red Pitaya device under a Debian Linux operat-
ing system. This setup provides a versatile and powerful solution
for signal generation and impedance measurement at low cost
(approx. C 300).

2.4 Optical setup for imaging and optical trapping

Our experimental setup for realizing simultaneous acoustic and
optical manipulation is comprised of an inverted microscope
(Zeiss Axioscope 135) with a couple of additions for optical ma-
nipulation. As already stated above in Sec. 2.1.1, we use a high-
NA objective lens (Olympus UPlanSApo 60x W, NA 1.2) both for
imaging and focussing the trapping light. Designed for use with
water immersion, this lens provides good imaging and beam qual-
ity even when focussing deep into the fluid layer. For the immer-
sion medium we prefer to use oil with an water-like refractive
index of n = 1.33 (Immersol W, Zeiss) instead of water to avoid
degradations due to evaporation.

A high-NA oil condenser (Olympus U-AAC, NA 1.4) is used for
force detection and illumination, as described in more detailed in
the following sections.

2.4.1 Imaging and illumination

For a spatially incoherent illumination of the sample we use a
green LED, evenly filling the back aperture of the condensor. Al-
ternatively for a coherent, plane wave illumination we focus the
beam of a fiber coupled diode laser at 640 nm at the back aper-
ture. In this configuration the presence of particles far outside the
focal plane is observable. We also employ it for inline holography
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to determine the particle size.24 For image acquisition we use a
digital camera at the camera port of the microscope (mvBlueFOX3

BF3-2024G from Matrix-Vision with a Sony IMX174 sensor).

2.4.2 Holographic optical tweezers

For optical trapping we introduce a laser beam, derived from a
fiber laser at 1064 nm (PYL-10-1064-LP, IPG Laser) into the opti-
cal path of the microscope, with typically about 70 mW going into
the objective lens.

With the help of a liquid crystal based spatial light modulator
(SLM, model P512-1064 from Boulder Nonlinear Systems), which
is imaged on to the back focal plane of the objective lens with
a 4 f -setup, we holographically control the focus position, which
gives a radial and axial range of about 100 µm. The SLM pattern
is computer controlled, a custom software provides real-time pat-
tern calculation for an interactive or automated operation of the
optical tweezers.

2.4.3 Optical force detection

For measuring the optical force exerted on a trapped particle
we image the intensity distribution of the recollected trapping
light in the back focal plane of the condenser onto a digital
camera (mvBlueFOX3 BF3-2024G, Matrix-Vision) equipped with
a f = 50mm lens, Tamron 23FM50SP, and an attenuator with
0.1 % transmission), revealing the angular momentum distribu-
tion of the outgoing trapping light in the forward direction.20

From the images, acquired at a rate of 200 Hz, we calculate the
exerted force in all directions.

This direct force measurement method is robust and essentially
calibration free.19,20,25 Unlike with conventional back focal plane
interferometry, large forces close to the maximum trapping (es-
cape) force can be reliably measured, since it does not rely on
a linear relationship between detector signal and force. This is
advantageous for improving the signal-to-noise ratio and favours
productive measurements due to shorter averaging periods and
omission of recalibration steps. We confirmed the validity of this
approach by applying a known drag force, translating a trapped
microsphere at a controlled speed.

2.5 Test samples

For the detailed measurements we use silica microspheres with
a diameter of approximately 3 µm (Whitehouse Scientific). Com-
pared to polystyrene microspheres, commonly used for optical
trapping, they show less backscattering of light due to their lower
refractive index, enabling accurate direct axial force measure-
ments20 even without measuring the light scattered in the back-
ward direction. As a precautionary measure, the particles are
prepared in heavy water (D2O) to reduce absorption of the trap-
ping light at 1064 nm and to offset possible thermal effects (e.g.
convective fluid flows, which could induce drag forces).

3 Results and Discussion

In the following we present the experimental results we have ob-
tained for the combination of acoustic trapping with holographic
optical tweezers. In particular we present a detailed characteri-
zation of the acoustic properties of the probe chamber with the

help of force measurements using an optically trapped test par-
ticle. This provides key information that is otherwise difficult to
access. To give a consistent picture, the major part of the results
presented here have been determined with a single probe cham-
ber.

3.1 Combined acoustic and optical manipulation of large

specimens

Before we present detailed investigations, we start with a sim-
ple demonstration of the capabilities of combined acoustic and
optical trapping.26 One strength of acoustic trapping is that the
force on small particles (in our case < 100µm and hence smaller
than the acoustic wavelength being employed) scales with the
particle volume.6 In consequence, with acoustic forces particles
can be trapped which are much larger than it would be possible
with optical forces alone. Furthermore, acoustic trapping has few
requirements on the physical properties of the particles: Nearly
any particle can be trapped, either in the pressure nodes or anti-
nodes, depending on the acoustic contrast factor6. Conversely,
optical trapping has stricter requirements (limits on size, shape
and refractive index, low light absorption or scattering), and sta-
ble axial trapping is notoriously more difficult to achieve, espe-
cially with single beam optical tweezers. Furthermore, the maxi-
mum optical force is ultimately limited by the momentum carried
by light, (Fmax < 2P/c) and thus by the maximum laser power P

that is available or compatible with maintaining sample viability.
In practice, with 100 mW of light a maximum force of roughly
10 pN is typically realized.3

However, in combination acoustic and optical manipulation
provide the “best of two worlds”, i.e. they unite the possibil-
ities provided by largely different wavelengths (∼ 1µm versus
∼ 100µm), and enable the handling of particles which would not
be possible with the individual methods alone, e.g, large particles
are levitated and confined within a plane by acoustic forces and
precisely manipulated by optical forces.

To demonstrate this we trap Lycopodium spores with typical
sizes of 30 µm to 35 µm (Fig. 3). When switching on the ul-
trasound, the spores are detached from the bottom surface and
levitated by acoustic forces. With help of the optical trap it is
possible to drag the particles within the nodal plane. In addi-
tion to our previous work26 we now have the additional option
of high-resolution imaging. We also observe that the levitated
spores continuously rotate around an axis within the nodal plane,
offering views from different angles and, e.g., permitting volu-
metric imaging based on tomography.

3.2 Accessible force range

For many applications the maximum attainable force plays an
important role, e.g., for acoustic force spectroscopy of single
DNA strands1 one wants to achieve forces of ∼ 100pN, large
enough to overstretch DNA. Here we show that with our setup
we are able to create significant acoustic forces, exceeding the
range typically accessible with optical tweezers. Within a 105 µm
thick fluid layer we excite the fundamental resonance at 7.2 MHz.
We optically trap a 3.5 µm silica microsphere at an axial posi-
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