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Abstract 
In a biomimetic approach the feasibility of liquid flow actuation by vibrating protruding structures excited via guided acoustic waves 

is investigated. Inspired by periodically beating cilia the loop part of a punched metallic hook-and-loop tape with tilted protruding loops 
was used as a waveguide for plate waves in water. Such waves were excited in the frequency range of 110 Hz to 220 Hz by directly 
coupling the tape to a loudspeaker membrane. A flow generated in the tilt direction of the loops with velocities up to  
60 mm·s−1 was visualized by ink droplets deposited on the tape. The phenomenon persisted, when the protruding length of the loops was 
reduced by decreasing the protrusion angle. However, after closing the punch holes near the loops with sticking tape streaming could not 
be observed any longer. The same happened with open punch holes when the ink was replaced by glycerol. Low-frequency acoustic 
streaming around vibrating sharp edges is proposed as an explanation for the observed phenomena. Applications are expected with respect 
to the modification of flow profiles and the enhancement of transport processes along and across liquid-solid boundaries. 

Keywords: bio-inspired, guided acoustic waves, metallic hook-and-loop tape, artificial cilia, liquid propulsion 

Copyright © The author(s) 2021. 

 

1  Introduction 

Liquid flow generation in narrow channels at small 
Reynolds numbers remains to be a challenging task in 
particular for microfluidic devices[1,2]. Nature, on the 
other hand, provides various concepts for biological 
flow generation[3], among them motile cilia, which are 
particular effective for the actuation of directed liquid 
flow under such circumstances[4]. In the trachea, for 
instance, mucus is swept out of the airways by the os-
cillating motion of bundles of cilia forming the so-called 
mucociliary escalator of the respiratory epithelium[5,6]. 
This concept is characterized by the following features: 
Individual cilia are fingerlike soft-tissue structures ex-
tending from a basal cell membrane into a surrounding 
liquid. Directed flow is actuated by a non-reciprocal 
oscillatory motion of such cilia, consisting of an effec-
tive stroke exerting maximal momentum transfer to the 
liquid and a consecutive recovery stroke minimizing the 
drag force on the liquid by a corresponding change of 
their shape[7–10]. The periodic bending of motile cilia is 
driven by dynein molecular motors sliding internal mi-
crotubules along each other[11]. In many cases, such as in 

the mucociliary escalator, the motion of many closed 
packed individual cilia is synchronized forming me-
tachronal waves thus enhancing the flow actua-
tion[4,12–15]. 

Inspired by these attractive features numerous at-
tempts to construct and to operate artificial cilia have 
been undertaken and various mechanisms for their act-
uation were introduced[16–18]. Among them were solu-
tions operating by oscillating external electric fields[19–21] 
or magnetic fields acting on incorporated magnetic na-
noparticles[22–35], by optical[36] or pneumatic[37] internal 
deformation of the ciliate body or by shaking the 
base-layer substrate[38–43]. Many of these attempts were 
focused on the reconstruction of the naturally occurring 
asymmetric bending trajectories of individual cilia by 
using flexible materials such as electroactive polymers 
or polymer nanorods containing iron oxide nanopar-
ticles[44]. Collective motions of arrays of artificial cilia 
resembling metachronal waves were achieved with ra-
ther sophisticated control systems[45–47]. In spite of these 
widespread research activities and the attractive features 
of such artificial cilia, however, their implementation in 
commercial products is rather rare up to now[48]. 
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In contrast to the bottom-up approach used in most 
of the studies mentioned above, i.e. starting with the 
construction of individual cilia with properties similar to 
natural archetypes, we looked for a commercially 
available object with certain structural similarities with 
ciliary assemblies and a simple means to excite asym-
metric oscillations of the structures protruding into the 
liquid. As a result of this, we employed a punched me-
tallic tape with skew protruding loops, which is a com-
ponent of a loop-and-hook fastener, and guided acoustic 
waves excited by a loudspeaker coupled to one end of 
the tape for the excitation of a vibrational motion of the 
loops. This model system fulfilled at least some of the 
requirements of motile cilia arrays: An asymmetry of the 
trajectory of the tips of the loops is achieved by the re-
trograde elliptical deflection in the guided acoustic wave 
and their skew orientation. Moreover, resulting from the 
wave motion of the tape, the oscillations of the indi-
vidual loops were synchronized with a fixed difference 
in phase resembling to a metachronal wave. On the other 
hand, however, there are substantial discrepancies to 
biological cilia, in particular due to the higher stiffness 
of the loops and the smaller differences between the 
forward and backward trajectories of the loops because 
of the small displacement amplitudes of the acoustic 
waves. Therefore, the feasibility of this approach was to 
be studied experimentally. 

A similar approach for the actuation of cilia-like 
structures by periodic deformations of the base-layer 
was recently introduced by Rockenbach et al.[49], who 
achieved flow velocities up to 0.3 mm·s−1 with flaps 
asymmetrically attached to an array of pneumatically 
deformable membranes. In our case the periodic de-
formation of the base-layer, i.e. the metallic tape, re-
sulted from the propagation of acoustic waves guided 
along the interface between a solid surface and a liquid. 
Among them, Rayleigh waves and Lamb waves are 
featured by large displacement amplitudes at the surface 
of a corresponding waveguide and retrograde elliptical 
particle trajectories resulting from coupled longitudinal 
and transverse vibrations[50]. Even without protruding 
cilia such waves have proven their ability to generate 
liquid flow in different microfluidic applications[51–53]. 
The acoustic streaming phenomenon resulting from a 
vibrating flat solid surface in contact with the liquid, 

however, turned out to be rather ineffective at low fre-
quencies, e.g. below 10 kHz. Therefore it was proposed 
to increase the propulsion effectivity in particular at low 
frequencies by the attachment of protruding cilia-like 
structures to the vibrating surface, whose motion follows 
non-reciprocal trajectories as well[54]. A dynamic de-
formation of these structures as known from biological 
cilia would certainly be advantageous to enhance the 
propulsion effect, but seems to be not necessary for an 
asymmetry of the resulting momentum transfer to the 
liquid and thus the generation of a directed flow. On thin 
plates such as the metallic tape, fundamental modes of 
Lamb waves can easily be excited at low frequencies by 
remote electrodynamic transducers, in particular the 
dispersive antisymmetric fundamental mode A0, which 
converts into a Quasi-Scholte Plate (QSP) mode, when 
the plate is immersed into a liquid[55–57]. At very low 
frequencies they are also named flexural waves due to 
their flexing motion. 

In the following sections we report on the results of 
experiments with the vibrating punched metallic tape 
with protruding loops immersed into a water basin. This 
includes the demonstration of the generation of a di-
rected flow at certain excitation frequencies and inves-
tigations of the influence of parameters such as the spa-
tial orientation of the protruded loops and the viscosity 
of the liquid and of the importance of the punched holes 
neighbouring the protruding loops. For an explanation of 
the observed phenomena a model of low-frequency 
acoustic streaming around vibrating sharp edges as 
proposed by Ovchinnikov et al.[58] has been employed 
for numerical calculations, whose preliminary results are 
presented as well. The observed phenomena already 
indicate a remarkable potential for future applications of 
flow management with remote power actuators. 

2  Acoustic background 

A fundamental requirement for a fluid propulsion 
excited by a vibrating plate is a movement out of the 
unperturbed surface of the plate. In case of an infinite 
plate such oscillations are described by Lamb waves. 
These waves occur in antisymmetric (A) and symmetric 
(S) form. The lowest order modes (A0, S0) exist in the 
whole frequency space. However, the A0 Lamb mode 
exhibits larger sagittal displacement amplitudes at the 
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surface than the S0 mode[50]. Moreover, it is preferen-
tially excited by an asymmetrically acting transducer 
and it converts easily into a QSP (flexing) mode when 
the waveguide is immersed into a liquid in a dipstick 
configuration[56,57]. For these reasons the antisymmetric 
A0 Lamb mode is particular suited for the approach 
chosen in this paper. 

The possibility of the transformation of the A0 to 
the QSP mode is evidenced by the dispersion diagram of 
Lamb waves on a thin steel tape as calculated with the 
software tools Disperse (Version 2.0.20a) and Math-
Works MATLAB (Fig. 1). It displays the coincidence of 
the A0 and the flexural wave mode at low frequencies, 
the similarity of the QSP and A0 phase velocity disper-
sion relations and in particular the strong dispersion, 

which limits the wavelength  to reasonably small val-

ues of a few centimetres when the frequency becomes 
small (e.g. λ = 6 cm at 200 Hz). Small frequencies below 
1 kHz are preferred for the actuation of the punched 
metallic tape in order to avoid acoustic streaming effects 
from the deflections of the tape and to keep the excita-
tion frequency below eigenfrequencies of the protruding 
loops and to achieve large deflection amplitudes of the 
metallic tape and movement of the loops in-phase with 
the vibration of the tape. 

From structural acoustics flexural plate waves are 
known to be responsible for sound transmission in plates 
in that frequency range; at low frequencies, however, 
their dispersion relation coincides with that of A0 Lamb 
modes[59]. This is corroborated by the dispersion calcu-
lations for a homogeneous plate, which ended up with 
identical results for both approaches in the frequency 
range below 300 Hz (Fig. 1). Therefore it is sufficient to 
consider only the A0 Lamb mode for the wave propaga-
tion on the steel plate in air outside the basin and the QSP 
wave within the liquid. Although the punched metallic 
tape can be considered as a perforated plate, whose 
dispersion properties may differ from that of an infinite 
homogeneous plate[60], we assumed that the influence of 
perforation on the movement of the tape is rather small 
at the low frequencies chosen in this study. This as-
sumption has been corroborated by dispersion calcula-
tions for a plate with a similar perforation pattern as the 
metallic tape; corresponding results are presented in 
section 4. In analogy, we continue to use the terminology 

“A0 mode” and “QSP mode” for the guided acoustic 
waves on the perforated tape in the following, despite 
the fact, that the symmetry and boundary conditions are 
no longer exactly fulfilled. 

3  Materials and methods 

3.1  Test devices 
A metallic hook-and-loop tape (“Metaklett”, 

manufactured by Hölzel Stanz- und Feinwerktechnik 
GmbH & Co. KG, Wildberg, Germany) was chosen as a 
suitable candidate for the tests of the concept. The loop 
part consists of a 0.25 mm thick and w = 30 mm wide 
punched steel tape, which bears on one side parallel 
rows of protruding loops produced by punching at a 
distance of d = 3.5 mm (Fig. 2a). These loops form a 
triple cascade and protrude from the tape plane at pro-

trusion angles  of about 27˚ to 45˚ in the lower part 

which increases continuously with growing distance 
from the tape plane, i.e. their orientation is asymmetric 
in space (Figs. 2b to 2d). Correspondingly their tip fol-
lows a non-reciprocal trajectory when an A0 Lamb wave 
propagates along the tape due to the elliptical motion of 
the basepoint of the loop on the tape. Within the liquid 
the elliptical basepoint motion of the tape will remain 
almost unchanged since the mode shape of the QSP is 
similar to that of the A0 mode. The drag force of the 
liquid tends to change the angle of attack of the loop in 
different ways depending on the direction of the relative 
motion between the loop and the liquid: This angle is 
increased, when the drag force of the liquid tries to lift 
the loop, whereas it is decreased by a drag force in  
opposite  direction.  Thus  the  effective  area of the loop,  
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Fig. 1  Calculated phase velocities of the A0 Lamb wave, the 
flexural plate wave and the QSP wave of a 0.25 mm thick steel 
tape as a function of frequency. 
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Fig. 2  Loop part of the metallic hook-and-loop tape “Metaklett” 
(w = 30 mm, d = 3.5 mm, protrusion angle φ in the lower parts of 
the loops between 27˚ and 45˚). (a) Schematic drawing; (b) top 
view; (c) skew view; (d) side view. 
 

which protrudes into the liquid, changes during a period 
of the elliptical motion resulting in an imbalance be-
tween a power and a recovery stroke, which is necessary 
for liquid propulsion. Moreover, since the loops were 
produced by a cold sheet metal forming process, which 
causes residual stress in the material, the bending stiff-
ness of the loops presumably differs slightly between 
uplifting and bearing down. 

 

3.2  Experimental arrangement 
The experimental set-up consist of an open water 

basin, into which the long tape is partially inserted al-
most horizontally and held below the water surface by a 
fastener at one end, whereas the other end is connected 
with the membrane of a loudspeaker (Type (VW) 1KM 
035 454 B) above the water surface (Fig. 3). This con-
nection is formed in a manner that A0 Lamb waves are 
predominantly excited in the tape by the vibrating 

membrane of the loudspeaker, which propagate along 
the tape including the part immersed into the water. In 
this part the tape extends almost horizontally in order to 
exclude gravity effects on a streaming parallel to its 
surface. There are four different possibilities of the ori-
entation of the tape – loops protruding upwards or 
downwards and bending of the loops towards the loud-
speaker or away from it. 

In the experiments the loudspeaker was driven via 
an amplifier (DYNACORD PAA880, Dynacord GmbH, 
Straubing, Germany) with sine signals from a waveform 
generator (Agilent 33521A, Agilent, San Jose, USA) in 
the frequency range 100  Hz to 220 Hz and peak-to-peak 
voltages between 1 V and 9.5 V. This frequency range 
was chosen because in pretests only there flow actuation 
could be detected. The streaming was visualized by blue 
ink droplets, which were deposited on the tape surface 
by a syringe. Videos of the behaviour of the ink were 
recorded with a digital camera (Nikon D7200) with a 
frame rate of 29.97 frames per second (Figs. 4, 8 and 9, 
videos 2, 3, 4, 5, 6, 7 and 8 in the supplementary mate-
rials); for the videos for the determination of the fre-
quency dependence of the streaming velocity (Fig. 10) 
another digital camera (Sony Alpha 6300) with a frame 
rate of 50 fps was used. The wave motion on the wa-
ter-covered tape was measured by a laser Doppler vi-
brometer (PSV 400M, Polytec GmbH, Waldbronn, 
Germany), which scanned the tape surface from a posi-
tion above the water surface with vertically downwards 
oriented laser beams. The detailed records of the 
streaming around a single punch hole were obtained by a 
high-speed camera (KEYENCE, VW-600C, 1000 fps, 
videos 10 and 11 in the supplementary materials) and a 
digital camera (Sony Alpha 6300, 100 fps, Figs. 11 and 
12, videos 9 and 12 in the supplementary materials). 

4  Experimental results 

4.1 Preliminary experiments with a smooth steel tape 
In preliminary experiments, a smooth steel tape 

with a thickness of 0.2 mm and width of 30 mm without 
punch holes was connected to the loudspeaker and in-
serted into the water tank in order to check whether 
waves propagating along a plate without protruding 
structures would be able to excite any streaming. Sound 
waves with frequencies between 100 Hz and  
180 Hz were excited on this plate and ink droplets were 
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Fig. 3  Experimental set-up showing the water basin, the loud-
speaker and the horizontally arranged metallic tape. 
 

 

(b)

 

 
Fig. 4 (a) Immersed smooth steel tape continuously excited by the 
loudspeaker. Resonance vibrations were at 135 Hz, time step 2 s 
between each snapshot. No directed flow of ink was observable. 
(b) Vibrational resonances observed in air at frequencies of 
225 Hz (upper), 175 Hz (middle) and 120 Hz (lower). (c) Loading 
of the immersed vibrating plate vibrating at a resonance frequency 
of 150 Hz in water without (upper) and with a glycerol layer tinted 
with blue ink (lower). 
 
deposited on the plate in order to visualize any flow. 
Vibrational resonances were recorded at distinct fre-
quencies of  105 Hz,  135 Hz  and  165 Hz   indicated   by  
strong stirring of the ink and standing waves on the 
water surface, but no directed flow of the ink was ob-
served (Fig. 4a). The existence of distinct vibrational 
resonances was proven by the accumulation of quartz 

sand in the nodes of standing waves without water 
loading as shown by Fig. 4b. In addition, the deposition 
of glycerol on the plate obviously did not alter the 
resonance effects observed at the immersed plate in the 
water basin (Fig. 4c). 

 

4.2  Numerical calculations of the wave propagation 
on punched tapes 
In order to check whether the replacement of the 

steel plate by the metallic tape with the loops would 
change the propagation of the acoustic waves signifi-
cantly, both dispersion calculations for a model structure 
containing perforations and loops as well as Scanning 
Laser Doppler Vibrometer (SLDV) records of the tape 
vibrationally excited by the loudspeaker were performed. 
For the numerical calculations, a model structure was 
established consisting of a single unit cell formed by a 
basic plate with a perforation and a simple loop ac-
cording to Fig. 5a. The chosen dimensions of the basic 
plate with a length a = 3.5 mm and a thickness 0.2 mm 
and of the loop with a side length of 2.5 mm, a joint 
width of 0.5 mm and a protruding angle of 30˚ corre-
sponded to those of the hook-and-loop tape used in the 
experiments. Material parameters typical for a steel tape 
(density of 7850 kg·m−3, Young’s modulus of 200 GPa 
and Poisson’s ratio of 0.3) were chosen and the disper-
sion diagrams and the mode shapes of the A0 mode were 
calculated with the structural mechanics module of the 
software tool COMSOL Multiphysics 5.4, using  
Floquet periodic boundary conditions to account for  the 

 

 

 
Fig. 5  (a) Geometrical model of the unit cell used for the nu-
merical calculation of the dispersion diagram. All measures were 
given in mm. (b) Simulation result showing the mode shape of the 
lowest order antisymmetric Lamb mode of the metallic tape 
without and with punch holes and protruding loop structures. 
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Fig. 6  (a) Dispersion diagrams for the unstructured case (blue, 
dash dot) and structured case (red, line); (b) enlarged section of 
the dispersion diagram for k < 0.15; (c) frequency dependence of 
the phase velocities comparing the unstructured case (blue, stars) 
with the structured one (red, squares) and the relative difference 
(black, circles). 
 
periodicity. A calculated mode shape of an A0 mode on 
such a model tape excited with the same wave number is 
shown in Fig. 5b. Since the wave propagation is assumed 
to  be unidirectional into the direction of the long side of 
the basic plate (x direction), it is sufficient to consider 
the Γ-X-part of the first Brillouin zone with a corre-

sponding wave number π /xk k a  , where k is swept 

from 0 to 1 in the solving process. As a result of plotting 
the calculated eigenfrequencies against the parameter k, 
the dispersion diagram of Fig. 6a exhibiting the existing 
modes in the frequency range between 0 kHz and 
100 kHz is obtained. Included in this figure is the dis-
persion diagram of the unstructured basic plate, which 

contains a symmetric and an antisymmetric Lamb wave. 
There are substantial differences between both disper-
sion diagrams, including band gaps know from phononic 
crystals in the diagram of the perforated plate. But, at the 
small frequencies below 1 kHz used throughout this 
paper, only the A0 modes are excited (Fig. 6b), for which 
the differences are negligible. In our case the k values are 
near k = 0.12, where the influence of the additional 
structure is still rather weak. This is corroborated by the 
dispersion relation of Fig. 6c for the low frequency re-
gion, where the modification of the propagation velocity 
due to the additional structure is in the order of 20%, 
whereas the shape of the dispersion curve remains 
similar and shows a nearly constant deviation of about 
20%, i.e. a small adjustment of the plate thickness would 
lead to the exact same dispersion diagram in the fre-
quency range of interest. Therefore the interpretation of 
the vibrational motion of the tape in terms of an A0 mode 
in air or a QSP in water remains justified. This inter-
pretation is also corroborated by the SLDV records  
(Fig. 7). The corresponding vertical displacement ve-
locity pattern at 185 Hz excitation frequency clearly 
reveals a single mode of a plane wave with a wavelength 
of 55 mm and thus a phase velocity of 10.2 m·s−1 
propagating along the whole length of the tape without 
measurable attenuation, which was assigned to the QSP 
mode. These measured values agree reasonably with the 
calculated QSP dispersion curve from Fig. 1. 

 

4.3  Experiments with a vibrating metallic hook- 
and-loop tape 

In the following experiments the behaviour of ink 
and glycerol droplets on the metal tape was recorded 
with the video camera for different orientations of the 
tape, where the waves were always excited by the 
loudspeaker on the left side, i.e. the waves propagated 
from the left to the right. At first, the tape was arranged 
with the loops standing upwards and suspended at the 
left edges of the punched holes towards the loudspeaker, 
i.e. tilting to the right. With a peak-to-peak actuation 
voltage of 5 Vpp at 180 Hz a streaming of the ink to the 
right was observed (Fig. 8). When the orientation of the 
tape was turned into the opposite direction, i.e. the loops 
were suspended at the right edges of the punched holes 
and   tilting   to  the  left,  the  streaming  of  the  ink was 
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Fig. 7  Two subsequent SLDV records of wave propagation on 
punched metallic tape with a time difference of 2.7 ms. 
 

 
Fig. 8  Ink flow observed at an excitation frequency of 180 Hz 
over loops tilting to the right showing a flow to the right. Snap-
shots were taken with time step of 2 s. 

 
Fig. 9  Ink flow observed at an excitation frequency of 180 Hz 
over loops tilting to the left showing a flow to the left. Snapshots 
were taken with time step of 2 s. 
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Fig. 10  Frequency dependence of ink flow velocity obtained with 
a tape with knocked down loops. 
 
directed to the left with the same actuation conditions 
(Fig. 9). 

Turning the tape  upside  down  with the loops now 
standing downwards, no ink flow was achieved with ink 
droplets deposited on the smooth side of the tape. Ob-
viously, the loops were responsible for the flow actua-
tion and the flow direction is determined by the tilt ori-
entation. Compared to plane plates the symmetry of top 
down is broken by the existence of the loops. 
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In order to check the importance of the length and 
the spatial orientation of the loops, they were knocked 
down leaving back only short snags, but still almost the 
same ink flow was observed, i.e. a flow to the left, when 
the snags were suspended at the right edges and tilted to 
the left. The small protrusion length of the snags seems 
to be sufficient for flow actuation and determination of 
the flow direction. On the other hand, replacing ink by 
glycerol, no flow of glycerol in contrast to persisting 
flow of ink was observed, which outlines the importance 
of the viscosity for the flow phenomenon. 

Finally, after closing a part of the holes with stick-
ing tape, no ink flow could be induced in these sections 
of the tape, but in the remaining part of the tape with 
open holes the ink flow emerged with about the same 
velocity and direction as on the uncovered tape. 

The actuation of directed flow of ink was observed 
all across the whole area of the tape with open holes, 
which allowed a quantitative determination of the flow 
velocity from the video records (Fig. 10). The error bars 
resulted from the evaluation of the progression of the ink 
front at several measurement sites. Significant flow 
occurred over a wide range of frequencies between 
130 Hz and 215 Hz with a maximum of 60 mm·s−1 at 
185 Hz. 

The importance of the shape of the protruded loops, 
in particular of the joints, was checked with observations 
from tape portions where the joints of the loops were 
removed in comparison with observations from tape 
portions with unchanged loops. Without joints the pro-
pulsion effect was much weaker as for the case with 
joints. These results were derived from corresponding 
video records (videos in supplementary file). 

Summarizing, a directed flow of ink near the tape 
surface caused by QSP was only observed on the side of 
the metallic tape where the loops were protruding be-
neath punched holes. No flow was found on the smooth 
backside or when holes were closed by sticking tape. 
The direction of streaming is determined by the suspen-
sion of the protruded loops; their length, however, is  
of minor importance with respect to the flow velocity 
achieved. The flow actuation is restricted to 
low-viscosity liquids; with glycerol, whose viscosity is 
about 1000 times larger than that of water, no flow could 
be generated. The streaming velocity varied between  

10 mm·s−1 and 60 mm·s−1 depending on frequency with 
a distinct maximum at 185 Hz. 

5  Discussion 

From the experimental results it can be concluded 
that the geometrical structure of the hook-and-loop tape 
and its movement in the liquid are the main reason for 
flow generation. Acoustic streaming known from guided 
acoustic waves along plane structures can be excluded, 
since at the vibrating unpunched plate no flow could be 
excited. This indicates at the first glimpse that the 
bio-inspired similarity of the geometrical structure and 
motion of the vibrating hook-and-loop tape with motile 
cilia arrays is a crucial factor for the observed effects. A 
conclusive explanation of the experimental findings, 
however, demands for a more detailed consideration of 
the interaction of the vibrating structures with the liquid. 

In particular, the following phenomena have to be 
explained by a suitable mechanism: 

(a) There is no flow when the holes beneath the 
protruding loops are closed with tape. 

(b) The direction of the flow is always oriented in 
the tilt direction of the loops. 

(c) Flow is only observed with a low-viscosity liq-
uid such as water, not with a high-viscosity liquid such 
as glycerol. 

(d) The flow persists when the loops were knocked 
down, i.e. when the protrusion angle is reduced. 

(e) The flow is strongly suppressed when the joint 
of the loops are removed. 

To this end, the fluid dynamics resulting from the 
interaction of the vibrating structures with the liquid is 
analysed and recorded with additional video sequences 
with larger magnification as before and numerical 
simulations are performed based on a theoretical ap-
proach developed by Ovchinnikov et al., which explains 
the acoustic streaming effect around sharp edges[58]. 

 

5.1  Fluid dynamic considerations 
At first, the symmetry of the structure has to be 

considered: Both the top-down and the right- 
left-symmetries are broken due to the skew protruding 
loops, which are fixed on one side of the punch holes and 
which protrude to the upper side. Therefore, even a 
purely vertical movement of the tape without any hori-
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zontal components may cause a horizontal component of 
the liquid movement because of the asymmetry of the 
structure. 

Next, essential parts of the structure needed for 
flow actuation have to be identified: According to (a) 
and (e) the joints of the loops neighbouring holes seems 
to be responsible. They follow the cyclic deflections of 
the tape due to the QSP waves, i.e. they move periodi-
cally on almost vertical trajectories in the liquid with 
changing velocities determined by the excitation fre-
quency and the deflection amplitudes. With a peak ve-
locity of vp = 78 mm·s−1 obtained from LDV measure-
ments with a signal amplitude from the waveform gen-
erator of 9.5 V, a characteristic diameter l = 0.25 mm of 
the joints of the loops and a kinematic viscosity  
v = 1 mm2·s−1 of water, we obtain with: 

,pe
v

R
l

v


                               (1) 

a Reynolds number of Re = 20 in water, which is rep-
resentative for symmetric laminar streaming around the 
loops and vortex formation behind the loops and which 
is near to the vortex shedding regime[61]. At this order of 
magnitude of the Reynolds number, however, the time 
inversion symmetry is broken, which is a necessary 
requirement for the occurrence of acoustic streaming. 
For glycerol with v = 1170 mm2·s−1, on the other hand, a 
Reynolds number of  Re = 0.02 is obtained, which is 
deep in the laminar flow regime. Therefore, vortex 
generation by the vibrating joints of the loops seems to 
be mandatory for the flow actuation[20], which explains 
observation (c). 

In contrast to the joints of the loops, the yokes of 
the loops seem to be of minor importance for flow ac-
tuation. For artificial cilia the pumping efficiency can be 
expressed by the sperm number Sp, which characterizes 
the ratio of Stokes drag forces to bending forces and is 
defined by: 

      

1

44π
,Sp L

E I

     
                            (2) 

where L length of slender cylinders, μ viscosity, ω = 2πf 
angular frequency, E Young’s modulus, I = bh3/12 area 
moment of inertia[43]. With typical values for the metallic 
yokes of the loops, i.e. L = 2.5 mm, μ = 10−3 Pa·s, 

 f = 185 Hz, E = 200 GPa, b = 1 mm, h = 0.25 mm, a 
value of Sp = 0.04 is obtained, which is much smaller 
than the value of Sp = 3 identified for optimal pumping 
performance of artificial cilia[62]. That means that the 
yokes are rather stiff and that the joints closely follow 
the baseline vibration of the plate surfaces. Therefore the 
flow actuation mechanism differs substantially from 
liquid propulsion with flexible flagellas[9,63]. 
 

5.2  Explanation by low-frequency acoustic stream-
ing around sharp edges 
In order to gain inside in the flow actuation 

mechanism video sequences of the spread of ink are 
recorded from which snapshots are shown in Fig. 11. 
They evidence the development of an extended vortex at 
the left edge of the punched hole, which becomes 
asymmetric towards the right edge where the joints of 
the loops are located. In addition they resemble a second 
jet-like streaming to the right originating from the vi-
brating joints. Both the original vortex-like streaming 
and the jet-like streaming form a streaming to the right, 
which extends over several rows of punch holes (Fig. 11). 
This formation of a directed streaming only happens on 
the upper side of the tape, where the loops are protruding 
upwards, in contrast to the lower side, where no directed 
flow could be observed. With a high-speed camera this 
development of a jet-like streaming originating from the 
vibrating joints in addition to the dominating vortex was 
also recorded with higher temporal resolution (see vid-
eos 10 and 11 in the supplementary materials). Consid-
ering the regular arrangement of rows of punch holes, it 
becomes obvious that this directed jet-like streaming is 
successively supported by the individual streaming 
contributions from each row (Fig. 12), which explains 
the long-range extension of the streaming phenomenon 
across the tape. 

Jet-like streaming caused by a vibrating body with 
a sharp edge in a liquid has recently been described by 
Ovchinnikov et al.[58]. They observed a strong outflow 
of fluid along the centre line of a sharp edge and an 
inflow from the sides and they provided numerical cal-
culations using a perturbation theory approach for 
solving the Navier-Stokes equation. Similar observa-
tions of acoustic streaming around vibrating sharp  
edges  were  recently  reported   by  several  authors,  in 
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Fig. 11  Formation of a vortex above a vibrating punch hole and of 
a jet stream (arrow) from the protruded joints in the tilt direction 
of the joints. The sequence of ink fronts from the periodic pushing 
by the vibrating structure is visible in the large vortex. There is no 
horizontal streaming effect of the ink below the tape. Snapshots 
were taken with time steps of 30 ms. 
 

 

Fig. 12  Visualization of a far-reaching ink flow over several rows 
of protruding loops when the ink is introduced without contact to 
the tape surface. 
 

particular with respect  to  micromixing in  microfluidic 
channels[64–67]. Near a sharp edge of a vibrating body, i.e. 
when the radius of curvature of the edge is much smaller 
than  the  width δ of  the  viscous  boundary   layer  with 

2π

v

f
   according to Ovchinnikov et al.[58],  a  novel 

type of acoustic streaming occurs which drives the jet. In 
our experiment, the width of the viscous boundary layer 
was δ = 29 μm at a frequency of 185 Hz. The radius of 
the edges of the loops was determined to be in the range 
of 10 µm – 25 µm by a digital microscope (KEYENCE 
VHX-7000) and thus is smaller than the 29 µm bound-
ary layer width calculated above. Therefore we conclude 
that the acoustic streaming mechanism described by 
Ovchinnikov et al. is responsible for the flow effects 
observed with the vibrating punched tape. All the em-
pirical findings (a) to (e) listed above can be explained 
with this model, including the vanishing of the flow 
effect in glycerol, the importance of the punch holes for 
closing the vortices, the persistence of the flow when the 
loops were knocked down, i.e. the small influence of the 
protrusion angle and the increase of the flow velocity 
with higher oscillation amplitudes near vibrational 
resonances as suggested by Fig. 10[58]. In addition, the 
synchronized oscillations of neighbouring rows of loops 
and holes explain the observed far-reaching transport of 
the ink (Fig. 12), since it will be supported by the se-
quence of jet flows originating from each of the vibrat-
ing joints. Correspondingly, numerical calculations fol-
lowing their perturbation theory approach with an ide-
alized geometry of a punched hole and loop configura-
tion resulted in strong flow effects around the edges of 
the hole and in particular the joint of the loop (Fig. 13). 
The streamlines nicely replicate the flow phenomena 
observed in the experiments. 

 
5.3  Summarizing evaluation 

As a summary, the flow generation mechanism 
turns out to be quite different from that of motile cilia. 
Acoustic streaming caused by vibrating sharp edges in a 
viscous boundary layer together with inertial effects of 
the liquid were identified as key factors. Nevertheless, 
essential features of the natural archetype such as peri-
odic vibrations of an array of protruding structures near a 
boundary and the asymmetry of the drag force exerted 
on the liquid are also incorporated in our artificial device. 
Another similarity with natural cilia arrays is suggested 
by the shape of the flow field actuated in the overlaying 
liquid: The generation of strong tangential flow has both 
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Fig. 13  Streamlines showing the flow calculated by CFD over a 
simplified 2D model of the oscillating hook-and-loop tape. 
 
been observed at swimming Paramecium, a single-cell 
eukaryote[68], and with our vibrating tape device (see e.g. 
Fig. 12). Therefore in a broader sense it seems justified 
to consider it as bio-inspired as well. But the regime of 
operation is quite different, i.e. this system will neither 
be able to replace motile cilia in their natural applica-
tions nor other types of artificial cilia developed for such 
operative ranges. On the other hand, this concept may 
allow a novel access to other tasks, in which liquid flow 
generation near boundaries is desired, e.g. for the 
equalization of concentration gradients near electrodes 
in electrochemical systems, for the removal of gas bub-
bles in electrolytic cells or in microfluidics at larger 
Reynolds numbers. 

Compared to other types of artificial cilia the vi-
brational excitation via guided acoustic waves is rather 
simple and effective; external installations such as dis-
tant electromagnets or pneumatic installations are not 
necessary. The loudspeaker used in our experiments may 
become replaced in future by other types of vibration 
generators such as small electromagnetic, piezoelectric 
or magnetostrictive actuators. Obviously, the unidirec-
tionality of the generated flow, depending of the orien-
tation of the punched loops, is a limitation for applica-
tions, in which a momentum transfer in both directions is 
needed, e.g. for locomotion of swimming objects. On the 
other hand, there are several potential use cases, for 
which bidirectionality is not necessary or even not 
wanted – for instance, when objects or gas bubbles in the 
liquid should be transported only into a given direction. 
Another advantage with respect to technical applications 
is the simplicity of the control of the movement of the 
individual ciliary elements, which is determined by the 
parameters of the exciting acoustic wave. The vibra-

tional phase difference between neighbouring elements, 
for instance, which may influence the flow velocity in a 
similar way as in the metachronal wave of natural cilia 
array, depends only on their distance on the tape and the 
wavelength of the exciting wave and can easily be 
changed by the excitation frequency. Furthermore, via 
the amplitude of the excitation voltage the flow velocity 
can be controlled as well. 

In addition it should be kept in mind that the prop-
erties of the punched tape used in this study and thus the 
operation parameters were given by the manufacturer, 
but certainly can be varied by future engineering. In 
particular the geometrical dimensions and arrangements 
of the punch holes and loops including the shapes of the 
edges, the mechanical properties, the materials used and 
the modes and frequencies of the acoustic excitation 
may become adopted to the requirements of the pro-
spective applications. Further parameter studies may 
provide a better appraisal of the usefulness in that re-
spect. 

6  Conclusions and outlook 

Flow propulsion was achieved by guided acoustic 
waves on a thin metallic tape with protruded loops 
neighbouring punch holes resembling to ciliary struc-
tures. With a punched hook-and-loop tape streaming 
velocities of up to 60 mm·s−1 were achieved in water 
with remote vibrational excitation by a voice coil at a 
frequency of 185 Hz.  The streaming direction was de-
termined by the orientation of the loops. The joints of the 
loops following the elliptical trajectories of the tape 
surface were identified as the principal agitators of the 
flow. Streaming was suppressed completely when the 
punch holes were closed with tape or the viscosity was 
increased by adding glycerol. The observed phenomena 
were explained by acoustic streaming near vibrating 
sharp edges, which occurs when the curvature radius of 
the edge is much smaller than the width of the viscous 
boundary layer. This condition was fulfilled for the 
joints of the loops, the chosen frequencies and the vis-
cosity of water; numerical simulations also corroborated 
this interpretation. The realization of this pumping 
concept, which to some extent has been inspired by 
biological archetypes, is possible with commercially 
available parts and promises several applications: The 
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modification of the streaming profile of a liquid near the 
wall of a conduit, the increase of mixing efficiency, the 
acceleration of electrochemical reactions at electrodes, 
the removal of gas bubbles or the enhancement of heat 
transfer across a liquid-solid interface by forced con-
vection. 
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