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1. Supporting Figures

A. Figure S-1.
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Fig. S-1. Mesh study of the numerical simulation.

We introduced three mesh parameters reflecting different aspects of the mesh. On the top left, we show the numerical model and two
magnifications that show the channels and the upper part of the thin wall in between the two channels with mesh, respectively. (a)
Maximal triangular element size throughout the whole model given as size per wavelength (A/n). (b) Width of the elements in the mesh
refinement layer as multiples of the viscous boundary layer thickness (6/n). (c) The number of rows within the mesh refinement layer.
The width of the mesh refinement layer (x) was found to be of negligible importance and thus set to the viscous boundary layer thickness
x = §. With E,. as the average energy density in the water channel, wall disp as the average wall displacement of the thin PDMS wall,
streaming the average streaming velocity, and DOF the number of degrees of freedom. We chose the following mesh parameters for all
simulations in this work, corresponding to an error below 1 % with respect to the finest mesh: maximum triang. element size = A /500

= 5um (air), 11 pm (water), 162 um (glass); element width of mesh refinement layer = §/2.5 = 0.86 um; number of rows in the mesh
refinement layer =15.
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B. Figure S-2.
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Fig. S-2. Fabrication process for embedded microbubbles.

(a) The design of the embedded microbubble is transferred onto a silicon wafer using photolithography. (b) An optimized DRIE etching
process is applied to etch the design into the silicon wafer and produce a mould containing narrow trenches at the locations of the
required thin PDMS walls. (c) The wafer is vapour-coated with silane to ensure successful device replication in PDMS casting. The
PDMS structures as peeled off the silicon mould and chemically bonded to glass slides using oxygen plasma.
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C. Figure S-3.
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Fig. S-3. Aspect ratio dependent etching (ARDE) lag improvement.

(a) ARDE lag as typically observed for silicon processing. Wide microstructures expose a higher etching rate which subsequently leads
to deeper trenches than for narrow channels. (b) The red squares denote the relative etch depths, i.e., the features etch depth in relation
to depths achieved in non-constricted areas, for a standard Bosch process. According to this graph, if open spaces of a wafer are etched
to a depth of 50 um, the depth of 5 um thin trenches will only reach approximately 40 um, resulting in insufficient bonding for embedded
microbubbles with thin walls. The blue triangles present the resulting relative etch depths for a process with significantly reduced ARDE
lag. The feature depths have been evaluated using white light interferometry.
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D. Figure S-4.
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Fig. S-4. Device for experimental characterisation and in-plane streaming visualised by yeast cells.

(a) Stitched optical microscopy image of a PDMS microchannel with different embedded microbubbles used to quantify the effect of
various wall thicknesses T" and air chamber lengths L. (b) Optical microscopy images resulting from averaging multiple frames of an
embedded microbubble with wall thickness T' = 5 um and air chamber length L = 750 pm excited at a frequency of 66.2 kHz and input
voltages from 1 Vpp (left) to 5 Vpp (right). The generated in-plane vortices of the acoustic streaming are visualised using yeast cells. To
allow for direct comparison between different inputs as well as varying geometrical properties of the quantified embedded microbubbles,
the corresponding in-plane streaming sizes along the y-direction (as shown on the right side) have been determined. Scale bars: (a) =
1 mm, (b) = 50 um.

S6



E. Figure S-5.
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Fig. S-5. Extended frequency study of a device with wall thickness T' = 10 pum and embedded microbubble length L, = 500 pm.
(a) Frequency sweep from 65 to 260 kHz with steps of 0.1 kHz. The displacement of the thin PDMS wall and the average acoustic energy
density F.. show resonances at frequencies above 69.04 kHz depicted in Figure 2. (b) Displacement of the wall at selected resonance
frequencies. To achieve the same mode shape of the wall as for a wall thickness of T = 5 um (see Figure 2), one has to excite the wall

with T = 10 um at 123.6 kHz. Slightly lower and higher frequencies lead to a different mode shape.

S7



F. Figure S-6.
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Fig. S-6. Extended frequency study of a device with wall thickness T = 15 um and embedded microbubble length L. = 500 pm.
(a) Frequency sweep from 65 to 260 kHz with steps of 0.1 kHz. The displacement of the thin PDMS wall and the average acoustic energy
density F.. show resonances at frequencies above 69.05 kHz depicted in Figure 2. (b) Displacement of the wall at selected resonance
frequencies. To achieve the same mode shape of the wall as for a wall thickness of T = 5 um (see Figure 2), one has to excite the wall
with T = 15 um at 178.3 kHz. Slightly lower and higher frequencies lead to a different mode shape.
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G. Figure S-7.
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Fig. S-7. Extended frequency study of a device with wall thickness T' = 20 pum and embedded microbubble length L, = 500 pm.
(a) Frequency sweep from 65 to 260 kHz with steps of 0.1 kHz. The displacement of the thin PDMS wall and the average acoustic energy
density F.. show resonances at frequencies above 69.07 kHz depicted in Figure 2. (b) Displacement of the wall at selected resonance
frequencies. To achieve the same mode shape of the wall as for a wall thickness of T = 5 um (see Figure 2), one has to excite the wall
with T = 20 um at 233.1 kHz. Slightly lower and higher frequencies lead to a different mode shape.
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H. Figure S-8.
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Fig. S-8. Influence of air chamber length L on resonance.

(a) Frequency sweep of an embedded microbubble with 7' = 5um and air chamber length L = 500 um. The resonances of the
embedded microbubble are labelled with Roman numbers. (b) Numerical analysis of the different modes of the embedded microbubble
regarding average acoustic energy density F.., the displacement of the PDMS wall, and the average streaming velocity v, for varying
air chamber lengths, i.e., L = 250 — 1000 um.
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I. Figure S-9.
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Fig. S-9. Numerical simulation of the resonance at 41.89 kHz of an embedded microbubble with T = 5 um and L = 500 pm.
(a) The shape of the resonance mode visualised through the displacement of the PDMS wall. (b) The simulated acoustic streaming near
the PDMS wall. In contrast to the embedded microbubble’s resonance, the streaming consist of two smaller out-of-plane vortices. (c)
The simulated Gor’kov potential near the embedded microbubble and resulting acoustic radiation force.
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J. Figure S-10.

Out-of-plane Rotation at 4 Vpp

Fig. S-10. Out-of-plane rotation of a HeLa cell with shape anisotropy.

(a) An anisotropically shaped HelLa cell performing a stable out-of-plane rotation at an excitation voltage of 4 Vpp. (b) The same Hela
cell performing a stable out-of-plane rotation at an excitation voltage of 10 Vpp. The rotation of this HeLa cell has been used to derive the
relation between applied excitation voltage and rotational speed as presented in Figure 3 d). Scale bars: (a) = 20 um, (b) = 15 um.
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2. Supporting Texts
A. Text ST-1.

Supporting Information ST-1: Numerical model

We used the Solid Mechanics interface to model the solid components of the model (glass, PDMS). To account for damping, we
chose to model the glass as a linear elastic material with complex Lamé parameters. The PDMS was modelled as a linear
elastic material with Poisson’s ratio and complex Young’s modulus to account for damping in our system. Please refer to table
S-1 for all material parameters.

Table S-1. Table of the material properties and damping factors.

Parameter Symbol and value Unit
Glass Pyrex (1)
Density pBlass — 2240 [kg m—3]
Quality factor Qslass = 2420 [kg m—3]
Lamé parameters A =231 x 10°(1 + i/Qs2s%) [Nm~2]
=241 x 10%(1 4 i/Qelass) [Nm~?]
PDMS Sylgard 184 (2)
Density pPPMS — 970 [kgm~3]
Poisson ratio v =0.49 &
Quality factor! QFPMS — 1000 -]
Complex Young’s modulus EPDPMS — 0.75(1 + i/QFPPMS) [MPa)

L: this value has been utilised to distinguish between individual resonance peaks. It does not represent the actual Q-factor of the material

The mechanical vibrations were implemented in the model by means of a prescribed displacement boundary condition within
the solid mechanics interface. The displacement was applied over the whole length of the bottom of the glass plate and its
amplitude was set to 10 nm.

The Thermoviscous Acoustics interface was applied to both channels within the PDMS. The materials inside both channels
were modelled with the standard material parameters provided by the software.

The Thermoviscous Acoustic-Structure Boundary interface was implemented to couple the Solid Mechanics interface and the
Thermoviscous Acoustics interface at the Water-PDMS and the Air-PDMS interfaces.

To incorporate acoustic streaming in our simulations, we followed the procedure described in (3, 4). We assigned the Creeping
Flow interface to the water domain. Volume Forces were set on the whole domain. Finally, a Pressure Point Constraint was set
to an arbitrary point of the domain boundary (po = 0[Pal).

B. Text ST-2.

Supporting Information ST-2: ARDE lag reduction

Aspect ratio dependent etching (ARDE) lag has been reduced through iterative parameter optimisations. Figure S-3 a) shows
ARDE lag as typically observed in deep reactive ion etching, where wider trenches are etched deeper than narrow structures.
This observation is further represented by the red squares in Figure S-3 b) denoting the etch depth for trenches with varying
widths T in relation to the depth D achieved in unconfined areas of the processed wafer. Following an approach introduced by
Lai et al., (5) we adjusted the durations of the two process steps, i.e., of tp for the deposition or passivation and tg for the
etching, to allow for equal etch rates between trenches with varying widths and, subsequently, the reduction of ARDE lag (see
blue triangles in Figure S-3 b) ). It is important to highlight that the derived durations are closely related to the aspect ratio
dependency of the individual steps, with the polymer deposition and silicon etching being mostly chemically induced while the
initial polymer etching at the bottom of the trench relies on physical processes.

C. Text ST-3.

Supporting Information ST-3: Minnaert-Strasberg frequency in PDMS
To account for the PDMS environment, the derivation of the free spherical microbubble presented in the manuscript can be
adjusted as follows: (6)

1 vPyCo

fepoms,0 = =4/ ————F,
27\l ppomsVo

1]
where 7 is the polytropic coefficient, Py is the bubble’s gas pressure, V4 is the bubble’s volume, Cjy is the capacitance, and

pppums is the density of the surrounding PDMS.
By assuming equal conditions and volumes for the spherical bubbles in water and PDMS, the natural frequency of a spherical

bubble in PDMS can be calculated as
fppms,0 = foy Pwater 386 kHz, 2]
PPDMS
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with the previously derived natural frequency of the free bubble in water fo ~ 38 kHz, the density of water pwater = 1000 kg m ™3,
and the density of PDMS pppms = 970 kg m~3.

As the change in the surrounding material properties does not influence the electrostatic capacitance of our microbubbles, the
natural resonance frequency of a prolate spheroid in PDMS with a volume equivalent to an embedded microbubble with air
chamber length L = 500 pm can be derived as (7)

/C
fpoms,p = (TI; frpwms,o & 43.2kHz, [3]

with a capacitance ratio Cp/Co = 1.25 as presented in the manuscript.

While the change in surrounding media only let to a minor adjustment of the of the bubbles resonance frequency, it is important
to highlight the possibly limited significance of this derivation, as the initial formulations used for the calculation of the bubble’s
natural frequency are intended for liquid environments and, hence, the results should be evaluated with the necessary caution.

D. Text ST-4.

Supporting Information ST-4: Frequency shift due to a nearby solid wall

As the influence of shape-anisotropy as well as the introduction of PDMS environment have been detected as insufficient
to describe the major resonance observed in numerical and experimental characterisations of embedded microbubbles, the
analytical derivation is extended through the correction of the resonance frequency for nearby rigid walls, such as the glass
slide enclosing our design. The presence of the rigid boundary, i.e., the glass slide, is simulated by the addition of a second
spherical microbubble with equal radius Ro. Its centre is located at a distance 2 d from the first one, where d is equal to the
bubble radius such that their surfaces are in contact.

As analytically derived by Strasberg in 1953 and numerically confirmed by Spratt in 2017, the capacity for each of these
spherical bubbles can be calculated as (8, 9)

Ry Ro 4
(521
with the bubble radius Ry = 85 pm and the distance 2d = 2 Ry between the bubble centres. The signs introduced by + are
required to denote the location of each bubble centre such that normal velocities midway between the bubbles, i.e., at the
location of the rigid wall or glass slide, vanish.

The derivation of the capacitance now allows for the correction of the wall effect for a spherical bubble’s natural resonance
frequency in PDMS as follows:

Cppms,w = Ro/[1 + 4]

feoms,w = 0.833 - fepms,o =~ 32.2kHz, 5]

where 0.833 has been obtained from M. Strasberg. The Pulsation Frequency of Nonspherical Gas Bubbles in Liquids. The
Journal of the Acoustical Society of America (1953) 25. (8) for the case where d = Ro and fppwms,0 = 38.6 kHz corresponds to
the natural resonance frequency of a spherical microbubble in PDMS (see Supporting Text 3).

‘While the derived natural frequency decreases as expected if a rigid boundary, such as the glass slide, is introduced, it is
important to highlight that this derivation relies on significant assumptions including but not limited to the previous the
calculation of the natural frequency in a PDMS environment. Furthermore, it is worth noting that the resonance frequency
fppms,w does not account for the shape-anisotropy of the air chamber in the embedded microbubbles and, hence, an increase
in frequency in the range of 10 % would be expected (based on Equation (11) and (12) provided in the manuscript). However,
despite such an increase, the analytical model of a microbubble’s natural frequency proves to be insufficient to account for
the complex relation between the various components of the embedded microbubbles and, as such, is unable to describe the
resonance frequencies and resulting manipulation capabilities observed in numerical as well as experimental investigations.
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3. Supporting Videos

A. Video SV-1.

Supporting Information SV-1: Stable out-of-plane motion of 10 pym polystyrene particles. The particles are trapped via
radiation forces in front of an embedded microbubble with a wall thickness 7" = 10 pm and follow the developed out-of-plane
streaming. The excitation frequency and voltage are 68 kHz and 10 Vpp, respectively. Scale bar = 50 pm.

B. Video SV-2.

Supporting Information SV-2: Vibration of an embedded microbubble with a wall thickness "= 5 pm during a frequency
sweep from 68 — 70 kHz. The excitation voltage of 20 Vpp is kept constant. The vibration is recorded at 40000 frames/s. The
video is played back at 16 frames/s which corresponds to a reduction by a factor of 2666.7z. Scale bar = 25 pm.

C. Video SV-3.

Supporting Information SV-3: The vibration of an embedded microbubble with a wall thickness 7' = 5pm when the
excitation signal is switched from OFF to ON. The excitation frequency and voltage are 68.9 kHz and 20 Vpp, respectively.
The location of maximum displacement is clearly visible near the centre of the PDMS wall. The vibration is recorded at
40 000 frames/s and the video is played back at 15 fps which corresponds to a reduction by a factor of 2666.7x. Scale bar = 25 pm.

D. Video SV-4.

Supporting Information SV-4: Stable out-of-plane rotation of a single HeLa cell. The single cell is trapped in the pressure
node near an embedded microbubble with a 5 pm thin wall and slowly rotated using the generated out-of-plane vortices. The
embedded microbubble is excited at a frequency of 67 kHz with 6 Vpp. The video offers an additional view of the manipulated
specimen with a focus on the PDMS wall. Scale bar = 25 pm.

E. Video SV-5.

Supporting Information SV-5: Mixing capabilities of the acoustic device. Black dye and de-ionised water are mixed using
a series of embedded microbubbles. The microstructures are excited at a frequency of 69 kHz. The videos demonstrate the
mixing for excitation voltages of 14 Vpp and 20 Vpp, respectively. For demonstration purposes, the acoustic activation is
switched on and off. Scale bar = 500 pm.
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