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S1. Mechanical characterisation of the IDE on PCB

The dimensions of the interdigital electrodes (IDEs) shown in Fig. 2a were measured using a
calibrated reflected light microscope (KERN, Germany) with a 10x objective lens. The IDE
width and spacing were found to be 38.7+3.1 um (average + SD) and 61.1+3.0 um (average +
SD), respectively (Fig. S1, n = 161), resulting in a wavelength of 199.6+4.8 um (average = SD).
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Supplementary Figure 1. The average width and spacing of finger electrodes on the PCB are
38.7 and 61.1, respectively (n = 161).

S2. Electrical characterisation

The left and right IDTs form a two-port network, as shown in Fig. S2a, whose S-parameters
can be measured by using a vector network analyzer (VNA, E5061B ENA, Keysight) to indicate
the contact between the PCB IDE and the LiNbO; wafer. The VNA measurements include: S;; —
power reflection coefficient seen at the left IDT (Port 1), S;; - power transmission coefficient
from the left to the right IDT (Port 1 to Port 2), S, - power transmission coefficient from the
right to the left IDT (Port 2 to Port 1), and S;; - power reflection coefficient seen at the right IDT
(Port 2).

Because the contact between the PCB IDE and the LiNbO; wafer was formed by mechanical
clamping, the power reflections from both Port 1 and Port 2 are high which could result in
inefficient power transmission between the RF power amplifier and the PCB-SAW device. To
counteract this, an impedance matching network (MN)! as shown in Fig. S2b was developed for
both the left and the right IDTs to bring their impedances close to 50 Q. Fig. S2c¢ shows the S},
and Sy, of the PCB-SAW device with and without the use of the MNs, which denotes a
significant reduction on reflection from -2.7 dB to -18.4 dB and from -1.7 to -21.4 dB,
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respectively (‘. MN’ is the parameter with addition matching network in all figures. Fig. S2d
shows the Smith charts of both IDTs with and without MN, which proved that the impedances of
the two IDTs were significantly improved towards 50 Q by adding MNs. To understand the
insertion loss of the PCB-SAW device, transmission coefficients, Sj, and S,;, were also
measured as the result shown in Fig. S2e, which also confirmed that the added MNs improve

power transmission from one IDT to the opposite one.

(a) Left Right
a, O—»— S S —»—05b,
Port 1 [ ! ”j Port 2
Sy Sy
b, O—e—1 +——<2O0aq,
b b, b b.
S”:_‘ Slzz_l S21—_2 Szzz_2
al a,=0 a2 a;=0 al a,=0 az a;=0
Left Right c,

_o__.H._g%S
10T

Matching network Matching network
PCBSAW

—

1

(b) C
o] :
IDTs
Sl Ll

Matchina network Matchina network



66
67

68
69

70
71

72
73

74
75
76
77

(C) 0 peree
-2.5
-5
-7.5
-10
-12.5
-15
-17.5
-20

-22.5
19.00 1925 1950 19.75 20.00 20.25 20.50
Frequency (MHz)

S Sz, (dB)

(d)
S11_MN

S22 _MIN..
\ / % AN

S22
&

(e) -10
-15
-20
-25
-30
-35
-40
-45

_50 W\\
19.00 19.25 19.50 19.75 20.00 2025 20.50
Frequency (MHz)

Saif Sy, (dB)

—S21/ 812
—S21_MN/ S12_MN

Supplementary Figure 2. Electrical characterisation to the PCB-SAW device. (a) Equivalent
circuit of the two-port PCB-SAW device and the S-parameters. (b) Matching networks are added
to couple the PCB-SAW device to RF signals. (c) Reflection coefficients of the PCB-SAW
device with and without the use of matching networks. (d) Smith charts of the PCB-SAW device
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with and without the use of matching networks. (e) Transmission coefficients of the PCB-SAW

device with and without the use of matching networks.

To test the stability and repeatability of the PCB-SAW assembly and the readout of Rayleigh
mode frequency from S-parameter measurements, the device was assembled and disassembled
multiple times (n=23). The Rayleigh mode frequency was identified at which the S1,/S;;, was
minimum or S},/S,; was maximum. As shown in Fig. S3a, in general, the addition MNs slightly
increased the average Rayleigh mode frequency. For the frequency readout from S;; and S,,, the
average frequencies moved from 19.77+0.08 MHz (average + SD) to 19.82+0.13 MHz, and from
19.80+0.10 MHz to 19.89+0.11 MHz, respectively. While for S, or S, the average frequency
moved from 19.82+0.06 MHz (average + SD) to 19.85+0.04 MHz. The observed frequency shift
was induced because of the additional inductance and capacitance introduced by the MNs.
Furthermore, the average reflection coefficients were consistently reduced from -2.7 dB to -25.2
dB, and from -2.4 dB to -27.8 dB, respectively, as shown in Fig. S3b. Similar improvement
produced by the MNs also happened to the transmission coefficients as the measurement results
shown in Fig. S3c, from -18.1 dB to -12.1 dB. The assembly and disassembly tests confirmed
that the change to the Rayleigh mode frequency of the PCB-SAW device was within a small
range, which allowed a stable SAW wavelength to produce for applications. Generally, the use

of MNs improved the electrical characteristics of the PCB-SAW device.
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Supplementary Figure 3. S-parameter characterisation of the PCB-SAW device. (a) The
readout of Rayleigh mode frequencies from S, S», S>; and Sj, measurements with and without
the MNs. (b) The reflection coefficients of the PCB-SAW device with and without the MNss. (c)
The transmission coefficients of the PCB-SAW device with and without the MNs.

To find out which working frequency identified from the readout of S-parameters produced
the optimal power transmission, the device was then configured in the measurement as the setup
shown in Fig. S4a, in which a coupler was used to couple the RF signal to the PCB-SAW device
while interfacing with two power meters (PM; and PM;) to monitor the incident and reflected
powers of one IDT. The difference between the incident and reflected powers was the input
power of the device. A third power meter (PM3) was connected to the opposite IDT to measure
the transmitted power. By using four different working frequencies determined by the readout of
the four S-parameters, the transmitted powers were recorded as shown in Fig. S4b and S4c.
Generally, the addition MNs improved the power transmission in all cases, and the working

frequency determined by the readout of S,; or S}, showed the largest power transmission.



114 To prove that the optimal working frequency determined by the readout of S,; or S, was
115 reliable, the input power was fixed at -10 dBm while the input frequency was tuned slightly
116 above and below the optimal working frequency. As shown in Fig. S4d, the transmitted power
117 recorded by the power meter informed that the maximum power transmission took place at
118 19.871 MHz, which was in a good agreement with the readout from S, or Sj;. The result
119 indicated that one can use the VNA readout of S, or S, to predict the optimal working
120 frequency of the PCB-SAW device.
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125 Supplementary Figure 4. Investigation of the power operation and determination of the optimal
126 working frequency for the PCB-SAW device. (a) The measurement setup of the power

127 transmission test. (b) and (c) The transmitted power versus input power at different working
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frequencies identified by readouts of four S-parameters. (d) The agreement on the optimal
working frequency between the power transmission measurement and the VNA readout. The

vertical dotted line indicates the frequency from S,; readout.

S3. The PCB-SAW device modelling

To study the distribution of acoustic pressure and predict microparticle trajectories in the PCB-
SAW device, COMSOL Multiphysics® was used to compute the numerical results on the X-Z
plane of the microchannel. Figs. S5a and S5b show the distribution of the acoustic pressure when
pressure node (PN) and pressure anti-node (AN) formed at the centre of the microchannel,
respectively. Particle trajectories corresponding to both conditions are given in Figs. S5¢ and
S5d, respectively. The first case indicates three particle aggregation traces (red dots in Fig. S5¢)
on the plane, two of which are close to the walls of the microchannel. The second case creates a
more complex particle aggregation traces on the plane. It is worth noting that the particle
aggregation at the centre (the yellow dot in Fig. S5d) is unstable due to the occurrence of force
imbalance, i.e.2x# 0 thus in reality microparticles migrated to the centre tend to be attracted
towards adjacent stable PN locations (pointed by green and black arrows), resulting in low
probability of trapped microparticles in the centre, which is in a good agreement with
microsphere and cell experiments. In addition, two approximated aggregation traces (pointed by

green or black arrows) are expected to form a combined particle trace under microscope.




150
151
152
153
154
155
156
157
158
159

Supplementary Figure 5. COMSOL Multiphysics® simulation of the PCB-SAW device. (a)
Acoustic pressure when PN located at the centre of the microchannel. (b) Acoustic pressure
when AN located at the centre of the microchannel. (c¢) Particle trajectories for PN located at the
centre of the microchannel. (d) Particle trajectories for AN located at the centre of the

microchannel.
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