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Ultrasonic actuation using guided acoustic waves

to overcome limitations of heterogeneous
chemical reactions
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State-of-the-art diagnostics

Source: Radiopedia. Fracture healing. URL:
https://radiopaedia.org/articles/fracture-
healing (accessed on March 22, 2026).

Source: Wikipedia. Knochenheilung. URL:
https://de.wikipedia.org/wiki/Knochenheil
ung (accessed on March 22, 2026).

Functional tests and X-ray imaging:

> Performed at fixed, non
personalized time intervals, not
continuous

> Not able to measure actual
stiffness

» Radiation exposure and
expensive

Monitoring Bone healing
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CO s How fast is a PCR?

= Common people:

=24 —48 h

= | ab trained persons

= 0.5-2.0h=1800 - 7200 seconds
= Micro technology trained persons

= 90 seconds

Kopp, M. U., Mello, A. J. D., & Manz, A. (1998). Chemical amplification: continuous-flow PCR on a chip. Science, 280(5366), 1046-1048.

= Very few:
= 15 seconds

Farrar, J. S., & Wittwer, C. T. (2015). Extreme PCR: efficient and specific DNA amplification in 15—-60 seconds. Clinical chemistry, 61(1), 145-153.
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Full quantitative PCR in 15 seconds

linical Chemistry 61.1

Cl
145-153(2015)

sackcrounp: PCR is a key technology in molecular bi-
ology and diagnostics that typically amplifies and quan-
ifies specific DNA fragments in about an hour. How-
ever, the kinetic limits of PCR are unknown.

e ——

Extreme PCR:
Efficient and Specific DNA Amplification in
15-60 Seconds

€€ ()cq .
i Using single-copy genes fr
g i om human enomi
e amplified 45- to 102-bp targets in 15-60 s. At S S

A . .
arg};r::s'ehgels shov.ued bright single bands at the expected size
igh-resolution melting curves revealed single product;

Jared S. Farrar™* and Carl T. Wittwer'” W1th0ut USinQ any “hot Start" technique
e Amplificati ;s .
PCR is now l'u.nfhmenl.\l to |n:»!u'cul=x hmlugy»and diag- p atlon Eff]'CI‘enCJ-es were 91.7%-95.8‘/‘ by use of 0 8' t
n:alnlfscl;‘zi{'. l’:n:;‘\cmu:c_zyc)ﬁgu:ggmj".ll:sum;zihm 1.9-s cyclEs wlth Single-mo]_e 1 i g . 0
overlapping in vitro events—L A‘d paruration, primer cule sen51t1v1ty. A 60-bp genom'
a:nc;lllxg. a)n:}i plil.\’l"nk'h!:‘( :‘\xlcm:}!;\)——ll.lal ’l:;‘ih in u‘; target was amplified in 1“ 7 b ax
ponential DNA amg lification (3). Despite its 00N 3 A S y use Of 35 cy(]_es ,,

ETHODs: We developed prototype instruments (o wm-
perature cycle 1-t0 5-pl samples in 0.4-2.0 s ax anneal-
inglextension [emMpETatures of 62 °C~76 "C and denarut-
ation tempesatures of 83 °(-92 *C. Primer and polymerase
concentrations were increased 10- 10 20-fold above typical
concentrations to match the kinetics of primer annealing
and polymrase exension © the faster temperature cycling.
We assessed analytical specificity and yield on agarose pels
and by high-resolution melting analysis. Amplification effi-
ciency and analytical sensitivity wete Jemonstrated by real-
time optical monitonng,

resuLs: Using single-copy genes from human geno-
mic DNA, we amplified 45- 10 102-bp targets in 15-60
<. Agatose gels showed bright single bands at the expected
size, and high-resolution melting curves revealed single
products without using any “hot start” technique. Am-
plification efficiencies were 91.796-95.8% by use of 0.8-
1o 1.9-s cycles with single-molecule sensitivity. A 60-bp
£ENOMIC TAIEET Was amplifiedin 14.7 s by use of 35 cyeles

conausions: The ame requited for PCR is inversely re-
Jated to the concentration of critical reactants. By increasing
primer and polymerase concentrations 10- to 20-fold with
temperarure cycles of 0.4-2.05. efficient (=90%), specific,
high-yield PCR from human DNA is possible in <15 5.
Extreme PCR demonstrates the feasibility of while-you-wait
testing for infectious disease, forensics, and any application
where immediate results may be critical.

£ 2014 American Asociation for Climcal Chemastey

years ago, derails of the kinetics of PCR are not well
understood. Initially PCR took hours to perform, but
research in the carly 1990s reduced times to 10-30
min (2060 s/cycle} and sought to define its kinetic PCR setup
requiremen 24 §) These eatly rapid-cycle PCR in-
s nen

vestigation
was limiteg

Inthe
PCR times
rems using
metal ble
(8.9). Il
strared 3
continuol
glass capi
gallium, §
o incred
efficieng
from 20
and thet

target: 60 bp AP0

reaction 5
vol: 1 pl  19-gauge hypodermic needle

primers: 20 M  each
polymerase: 8 UM
MgCl2: 5 mM

KAPA2G FAST

PCR cycle: 0.42 s 94°C: 0.07 s;

60°C: 0.
total runtime: 14.7 S 243

quire
maintain | g

first prototyped instruments to cycle at extreme $
from 0.4 to 2.0 slcycle (hence the name extreme PCR),
and then increased the rates of primer annealing and

P e 1 e T http://dx.doi.org/10.1373/clinchem.2014.22830%

35 cycles

Quelle: Wittwer: https://youtu.be/O8Dg3LjLooA
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QO i What is the reason for this?

= PCR for most cases is transport limited not reaction limited.

Time constant Diffusion control
system a system b
Time constant d?
-Space d d
l ! 1. Solution:
Linear velocity d d-!
Volume flow rate da? d :
Linear acceleration  d p Scaling down can accelerate processes
Angular velocity constant d—?
Impulse d* d?
Force a4 constant
Energy (work) d? d
Power d’ d™!
Reynolds number d? constant
Pressure d? d—?
Pressure drop
(laminar flow) constant d-?
Pressure drop
(turbulent flow) dls d—2

Manz, Andréas, N. Graber, and H. Michael Widmer. "Miniaturized total chemical analysis systems: a novel concept for chemical sensing." Sensors and actuators
B: Chemical 1.1-6 (1990): 244-248.

Institut fir Sensor- und Aktortechnik



HOCHSCHULE
COBURG

However
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Fig. 1. Typical concentrations (moles per liter) of known

chemical components (molecular weight less than 1000) in
human blood serum [1].

Manz, Andréas, N. Graber, and H. Michael Widmer. "Miniaturized total chemical analysis systems: a novel concept for chemical sensing." Sensors and actuators
B: Chemical 1.1-6 (1990): 244-248.

Institut fir Sensor- und Aktortechnik



HOCHSCHULE
COBURG

However: Miniaturization is not always making sense.

kg/ml| M ‘
N 7 Na, Cl
O+ ’
g/ml| mM ~‘R\ S /)70/ glucose, Ca
\\ 7" S, creatinine
mg/ml | uM N ~C Fe, Cu
ug/mi | nM vitamin D
ng/ml | pM PSA, CEA
LoD Troponin T
pg/ml |- fM “~—— TSH;HCV;D-dimer;TnT;Myo
| white blood cells
fg/ml | aM NG lethal botox dose
LoD IMPACT Roche: 1.5fM (20l, 14spots) \ LoD HIV
ag/ml | zm | LoD of ELISA: 10k targets a\\ rare cells; sepsis
drop syringe |
;1kDa ' ' ~
ZI al f ol nl ul ml | target/human
nm3 um3 mm3  cm?3 dm3
D=10-19 m?/s: pus ms S min h d wm a 10a



QO ke Convection is relevant

= Dimensionless number:

= Peclet number: |
convective flow u u -l

P — — —
© T Tdiffusive flow D/l D
u typical speed
[ typical length
D Diffusion constant nm
1—- 0.1 mm
Pe = —2 — = 1000
10-3
S

- Convection is dominant

Tabeling, P. (2014). Recent progress in the physics of microfluidics and related biotechnological applications. Current opinion in biotechnology, 25, 129-134.
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But even convection has challenges

1st Experiment: H,O + Water blue solution Simulation:

Re =50
(~ 25ml/h)

2"d Experiment: Fe3* + SCN- => Fe (SCN),

\

0
(~ 500mli/h)

Not mixed !

Institut fir Sensor- und Aktortechnik
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Solution 2: Bring chemicals and together

= As outlined in “Making it stick: convection, reaction and diffusion in surface-
based biosensors” by Squires et al. the following is critical

l—z ~ Diffusion time

Since for low concentration miniaturization is no option.
2. Solution: Work with particles
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Example

Shlyapnikov, Y. M., et al. (2012). Rapid simultaneous ultrasensitive
iImmunodetection of five bacterial toxins. Analytical chemistry, 84(13), 5596-
5603.

LOD to 0.1-1 pg/mL (water) \Camera/
LOD 1 pg/mL (food) M N\ /

assay in less than 10 min

- Speed up by a factor of - aB.f{!SL“d“y/
2-36 compared

- Increase in sensitivity
compared to most approaches



CO ez Solution 2: Bring chemicals and together

= As outlined in “Making it stick: convection, reaction and diffusion in surface-
based biosensors” by Squires et al. the following is critical

l—z ~ Diffusion time

Since for low concentration miniaturization is no option.

2. Solution: Work with particles
3. Solution: Use ultrasound (especially when particles are not option)
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Guided Acoustic Waves / Ultrasound

= GAW are ultrasound waves that propagate on the surface of a substrate

= Rayleigh wave: at one surface only W 7 TS
Surface acoustic waves (SAW) L

= Lamb waves: at one or both surfaces
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Guided Acoustic Waves show dispersion

Typical SAW mode Laser Doppler Vibrometer Visualisation
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Phase velocity = frequency - wavelength

7t Erwin Schroédinger Symposium 2026 Advanced Materials and Methods in Biomedical Applications
ISAT — Institut fir Sensor- und Aktortechnik | Am Hofbrauhaus 1b | 96450 Coburg | www.isat-coburg.de

Institut fir Sensor- und Aktortechnik



CO s Typical Setup

= Use Lamb wave, when transducer and sample has to be separated

Mode conversion

Lamb wave —finger/tissue

drop movement

- - [- - SN \ | substrate

l Lamb wave leaky Lamb wave
Transmitter Receiver transmitter

—> Do not use too high frequencies

nstitut flir Sensor- und Aktortechnik
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But why does ultrasound (US) move things?

vacuum liquid

= Momentum transfer
US wave front

Rayleigh angle:

_ (Fluid sound Velocity>
®; = arcsin

Lamb wave velocity

)
[55]

= Experiment

distance to the specimen [mm)]

10 12,5 15 17.5 20 225 25
travelling distance [mm]

nstitut flir Sensor- und Aktortechnik
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Ultrasound can move things

Time=0
Surface: Velocity magnitude (m/s)
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Mixing with ultrasound
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But one can also overdo with ultrasound

Change surface Disintegrate droplets Generate aerosols

And finally generate cavitation

nstitut flir Sensor- und Aktortechnik



CO sz Manipulation of gas bubbles in the liquid

Artificially gas bubbles in water gas bubbles in phosphoric acid during
copper electropolishing

Excitation frequency: 24500 Hz
Recording rate: 12500 fps,
1

exposure time: S
12.758
7t Erwin Schroédinger Symposium 2026 Advanced Materials and Methods in Biomedical Applications
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And it works even for large scale challenging geometries

= Lead accumulator charging time reduction

i—without AW||
- with AW

o
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Current density for electro polishing through acoustics
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Forschungsinitiative der Bundesregierung
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Electrochemical Processes can be accelerated
Schlichting streaming

=N=RGI=SPEICHER

Forschungsinitiative der Bundesregierung
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y [mm]

Hydrodynamic Flow
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0.55 x10™
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Simulation can explain the fluid behaviour

Current densities

Dubrovski, O., Tietze, S., Zigelman, A., Drese, K. S., Lindner, G., & Manor, O. (2018). The enhancement of ion transport in an electrochemical cell using high
frequency vibration for the electropolishing of copper. Journal of The Electrochemical Society, 165(5), E236-E244.
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Experimentally

= | aser Doppler vibrometry

= Visual inspection

7t Erwin Schroédinger Symposium 2026 Advanced Materials and Methods in Biomedical Applications
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CO sz Ultrasound can also have an effect on the plating quality

Without Ultrasound With Ultrasound -5 A/dm?

Seg. Abstand
2-Punkte-Abs... 41,9954pum|
2-Punkte-Abs... 34,1036pm)|
2-Punkte-Abs..| 35,2310pm)|

2-Punkte-Abs.. 29,0317um
2-Punkte-Abs.. 28,4680um
2-Punkte-Abs.. 83,9950pm

wino|—

WIN | =

Seg.
2-Punkte-Abs..|

2-Punkte-Abs.] _ 52,7063ym : :
p 2-Punkte-Abs..|  45,3810um) ) 2-Punkte-Abs...
g 2-Punkte-Abs... 57,4998um) P 2 | 2-Punkte-Abs...
\ 3
- 2 TE IR
< o S 5 4 & b
5 o 2
& 65
7t Erwin Schrédinger Symposium 2026 Advanced Materials and Methods in Biomedical Applications
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CO s Copper plating

= Parameter:

With Ultrasound

J = -4 A/ldm?, duration: 60 min,
stirring 250 rpm; Electrolyte: Cu50

Erklarung miJ.E ohn.e
Schalleintrag Schalleintrag
Rp Maximale Rauhéhe (um) 46,61 140,69 Fn v A s o : WitﬁOUt Ultrésound '
Rv Maximale Rautiefe (um) 32,70 97,16 ; ' '
Rz Maximale Rauheit (pm) 79,32 237,84
Ra Arithmetischer Mittenrauwert (um) 9,42 31,87
Rq Quadratischer Mittelwert (um?) 11,28 38,70

7t Erwin Schroédinger Symposium 2026 Advanced Materials and Methods in Biomedical Applications
ISAT — Institut fir Sensor- und Aktortechnik | Am Hofbrauhaus 1b | 96450 Coburg | www.isat-coburg.de
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Further enhancements via structures

0 x10™% m
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Use gas bubbles to enhance the effect

Polymer chip with two air entrain-
ments confined in the vertical
channels.

Liquid volume ~ 30 ul

Characteristic recirculating par-
ticle trajectories derived from a
video.

"Mixing on the fly.”

An immersed tube with an
entrained air slug is exposed
to an acoustic field. The os-
cillating air plug causes an
off-axis momentum input
leading to a rotating motion.

Institut fir Sensor- und Aktortechnik
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Summary and conclusion

= Many chemical and biochemical processes can be transport limited

* Transport limitations can be broken in different manners
= Down scaling (No option for low concentration)
= Use of particles (No option for heterogenous process like electrochemistry)
= Convection (challenging when stirrers and pumps cannot be used)

= Ultrasound, especially guided acoustic waves, can be an option
= Sound guiding allows to guide the sound energy to the places needed
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Thanks to the team for the results
and thank you for your attention
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CO s Lamb-Waves and Scholte-Waves (QSP) at interfaces

0.16
31 i
£ ‘ — 0.14
£ 0.12
g 27 |
© 101 i T
225 T A
k= -‘0.08 }
g %3 10.06 i
S 21 i | " ‘
= n 0.04 |
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5 19 : 0.02 |
[ |
17 10 125 15 175 20 22,5 25 0 }
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a |
!
|

3 4 5 6
1 0.04
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  P e =   convective   flow  diffusive   flow =  u  D / l =   u ⋅ l D
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  P e =   1  mm s ⋅ 0 . 1   mm   10  − 3   m  m 2 s = 1000


   D   l 2 ≈ Diffusion   time


   D   l 2 ≈ Diffusion   time


  ⋅


   Θ L =  arcsin ⁡   (   Fluid   sound   velocity  Lamb   wave   velocity )
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