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Abstract
This work examines the acoustically actuated motions of artificial flagellated micro-swimmers
(AFMSs) and compares the motility of these micro-swimmers with the predictions based on the
corrected resistive force theory (RFT) and the bar-joint model proposed in our previous work. The
key ingredient in the theory is the introduction of a correction factor K in drag coefficients to
correct the conventional RFT so that the dynamics of an acoustically actuated AFMS with
rectangular cross-sections can be accurately modeled. Experimentally, such AFMSs can be easily
manufactured based on digital light processing of ultra-violet (UV)-curable resins. We first
determined the viscoelastic properties of a UV-cured resin through dynamic mechanical analysis.
In particular, the high-frequency storage moduli and loss factors were obtained based on the
assumption of time-temperature superposition (TTS), which were then applied in theoretical
calculations. Though the extrapolation based on the TTS implied the uncertainty of
high-frequency material response and there is limited accuracy in determining head oscillation
amplitude, the differences between the measured terminal velocities of the AFMSs and the
predicted ones are less than 50%, which, to us, is well acceptable. These results indicate that the
motions of acoustic AFMS can be predicted, and thus, designed, which pave the way for their
long-awaited applications in targeted therapy.

1. Introduction

The rapid development of micro-robotics in the past
two decades has benefited from the advance ofmicro-
nano technology and smart materials [1]. These
small-scale devices have drawn widespread atten-
tion because of the great application prospect in,
for example, the medical cargo delivery [2–6] and
water remediation [7–9]. Nevertheless, most of stud-
ies are concentrated on laboratory demonstrations
[10, 11] where the micro-robots, i.e. the artifi-
cial micro-swimmers, are shown in various designs,
such as bubbles [12, 13], nanorods [14, 15], hel-
ical filaments [16, 17], and flagella [18, 19]. The
structure we focus on in this article is an artifi-
cial flagellatedmicro-swimmer (AFMS), which incor-
porates a relatively rigid head and a flexible tail,
where the tail is commonly named a flagellum in

microbiology [20]. We focus on the flagellated, a.k.a.
sperm-like, structure because its rigid head has the
potential for cargo delivery, which can lay the found-
ation of targeted therapy for cancer treatment [21].
Besides, this design is simple to fabricate through
layer-by-layer photocuring (i.e. 3D printing) [19, 22],
which will be presented in this work. Note that arti-
ficial micro-swimmers, like microorganisms, swim
in a low-Reynolds-number (LRN) regime, requir-
ing swimming strategies different from the macro-
scale counterparts [23]. Researchers have proposed
some methods to remotely drive and control micro-
swimmers [24–26], such as optical [27], thermal
[28], magnetic [29], and acoustic actuation [30].
Concerningmedical applications, the driving strategy
herein is limited to the acoustic actuation due to
the requirements of bio-compatibility and medium-
independence [31].
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The directional motions of AFMSs under
the acoustic actuation were observed in some
experiments [18, 19]. Authors therein considered
that the propulsion arose from the strong acoustic
streaming around sharp edges of AFMSs, which is
a well-established mechanism for propelling swim-
mers excited by acoustic waves [32–34]. However,
it is generally complex to obtain acoustic streaming
surrounding a micro-swimmer (mainly via numer-
ical simulation based on the perturbation technique
[34]), which gives rise to the difficulty of theoretical
analyses, and sometimes, leads to significant discrep-
ancies (e.g. the resonance frequency of the simulated
value differs from the experimental observation in
[18]). Fortunately, if a body is slender (i.e. the ratio of
the characteristic width to length is less than 0.1 [35]),
an asymptotic expression of fluid forces around solid
boundaries can be obtained, known as the resistive
force theory (RFT) [36–42]. Gray and Hancock [43]
and Lighthill [44] developed the RFT to describe LRN
swimming problems. Recently, in the analyses of arti-
ficial micro-swimmers, the RFT is the most adopted
[14, 45, 46]. For example, studied in [14] and [46]
were the micro/nano-rods propelled by ultrasound,
wherein the complex effect of acoustic waves was
simplified into forces estimated based on the drags
calculated using the RFT owing to the LRN, which
avoids the analysis of complexed acoustic streaming.

The above achievements inspired us to propose
the mechanism of propulsion in our previous work
[47], that is, acoustic waves lead to oscillations of the
head of an AFMS, and the oscillating head beats the
flagellum, which then propels the AFMS based on
the RFT. Note that the effect of acoustic streaming is
near the tip of a flagellum. Intuitively, the effect of the
acoustic streaming can also be treated as forces caus-
ing flagellum wiggling but from the tail tip instead of
the head. It is thus clear that the RFT can be widely
employed to analyze the propulsion of an AFMS
under the swimming mechanism we proposed. The
problem with these studies is that the derivation of
RFT is based on circular cross-sections, but the cross-
sections of many artificial micro-swimmers are non-
circular. For example, if a layer-by-layer photocur-
ing is applied to fabricate AFMSs, the cross-section
of the flagellum is more like a rectangle [19]. One
may note that flagellated micro-swimmers with cir-
cular cross-sections can be manufactured [26], how-
ever, most of them are helical flagella [48] or nano-
rods synthesized using electrodeposition [18], which
lack of a large head to load drugs for medical applic-
ations. In principle, the direct laser writing (DLW)
technology [49] can break the optical diffraction limit
and has a spatial resolution of nanometers, thus, it can
be used to fabricate any shapes. Nevertheless, the pho-
tosensitive materials used for DLW technology are
limited, and the cost may be high [26]. Instead, the
digital light processing (DLP) [50] can improve the

speed of sample fabrication, and has more selectiv-
ity for light sources, thus, it is very popular in the
field of mass production of micro-swimmers with a
large head (or a large dimension), especially via the
in-situ fabrication [19, 51, 52], which are easy toman-
ufacture and actuate. They have promising poten-
tial applications in many fields [53], and will also
be employed in our experiments. However, due to
the limited print resolution of our DLP printer, it
is difficult to achieve non-rectangular cross-sections.
Hence, we fabricated micro-swimmers with rectan-
gular cross-sections. Hence, we proposed a corrected
RFT (CRFT) model to correct the classical RFT for
two-dimensional (2D) cases or flagellum with rect-
angular cross-sections. The theoretical process leads
to a single correction factor K which can be determ-
ined by comparing the terminal swimming velocit-
ies obtained from the CRFT model with those from
2D fluid–structure interaction (FSI) simulations [54].
Nevertheless, the experimental verification of this
theory is still unachieved.

Thus, the main purpose of this work is to verify
the CRFTmodels by comparing terminal velocities of
AFMSs observed in experiments to those predicted by
theoretical calculation. In the subsequent sections, we
describe the fabrication of AFMSs, the corresponding
materials characterization, the experimental platform
for acoustic actuation and observation, and the com-
parison between experiments and theoretical calcula-
tions (i.e. FSI simulations and CRFTmodels). Finally,
we will discuss the insufficiency of this research.

2. Methodology

2.1. Fabrication
A commercial ultra-violet (UV) curable resin
(Phrozen Water Washable Resin, Model Gray,
Phrozen, Taiwan) [19, 22] was employed to fabric-
ate AFMSs based on the technique of DLP due to its
high dimensional precision and low fabrication cost.
As shown in figure 1(a), a commercial 3D printer
(Sonic Mini 8 K, Phrozen, Taiwan) was employed for
photolithography with horizontal and vertical resol-
utions of 22 µm and 20 µm, respectively. Note that
DLP printers can achieve higher precisions, such as
those based on two-photon polymerization [55], and
it may be needed in the future precision controls of
AFMSs. In this work, to verify our theory, a low-cost
DLP printer has suited the need.

A plate connected to a vertical guide and a lead
screw is used as the base of printing, and at the
bottom is a vessel containing a liquid photosensit-
ive resin. During a layer-by-layer photocuring pro-
cess at a UV wavelength of 405 nm, the plate is
immersed in the resin solution. After printing, the
plate can be detached from the guide and lead screw,
and the product would generally be removed by a
metal scraper. However, in this work, an AFMS to be
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Figure 1. Fabrication of AFMSs and samples: (a) the 3D printer for photolithography with photosensitive resin inside its vat, and
the building plate is immersed in the resin; (b) the modified building plate before photolithography, which is a rectangular cavity
adhered with a salt brick; (c) after photolithography, the material sample is adhered to the salt brick.

printed is around 1–2 mm long and less than 0.5 mm
thick, which is too small to be manually chipped.
Therefore, we used a salt brick as the base of print-
ing, as demonstrated in figure 1(b), and dissolved the
salt brick in water to release printed products.

Figure 1(c) exhibits a rectangular sample (used for
materials characterization) adhering to the salt brick
after photocuring. Immersing the salt brick in water
for some time, the sample can be shed. If the AFMSs
are too small to be seen with the naked eye, it will be
difficult to transfer them to an experimental platform
to observe their motion. Hence, Kaynak et al [19] fab-
ricated AFMSs in situ. Owing to the limitation of our
laboratory equipment, transferring AFMSs from the
printing stage to a testing channel is necessary (this
will also be the case in future applications). Hence,
we have to print AFMSs with a length over 1 mm to
make them visible to human eyes and then transfer-
able to an AFMS testing channel. Figures 2(a) and (b)
exhibits the photos of the AFMSs tested in this work,
taken by using an optical microscope. They are des-
ignated as L1 (i.e. figure 2(a) with 1 mm long) and
L2 (i.e. figure 2(b) with 2 mm long), respectively. The
thicknesses of L1 and L2 are homogeneous (0.3 mm
for L1 and 0.5 mm for L2), which indicates that the
cross-sections of these AFMSs are rectangular. Note
that such a large dimension may lead to invalidity of
the RFT if using water as the testing fluid, because
the Reynolds number (Re) may be not sufficiently
low. Hence, we used an aqueous solution for testing
AFMSs, which is sodium polyacrylate (50% concen-
tration, Macklin, China) with a viscosity of 0.1 Pa.s at
room temperature. This ensures the Re in the range
of 0.009–0.09, satisfying the LRN condition.

2.2. Materials characterization
Because the polymer we adopted is a frequency-
dependent viscoelastic material, frequency-
sweeps in dynamic mechanical analysis (DMA,

Thermal Analysis System DMA 1, Mettler-Toledo,
Switzerland) were conducted. The Kelvin–Voigt
model is employed to describe the response of the
polymer under a periodic loading with an excitation
frequency f. Thus, the relation between the stress σ
and strain ε is expressed as [56]:

σ = Eε+ γ
E

2π f

∂ε

∂t
, (1)

where E and γ are the storage modulus and the
loss factor [57]. In DMA, a sample, as shown in
figure 2(c), was periodically loaded in the cantilever
mode. The force and displacement amplitudes and
their phase shift are then analyzed to determine E and
γ [58].

The upper limit of the frequency sweep using
the DMA is 100 Hz, but the actuation frequency for
AFMS is much higher. Hence, the principle of time-
temperature superposition (TTS) is employed, which
states that a physical property G (representing E and
γ) measured under temperature T and frequency f
is equivalent to that measured under temperature T0

and frequency aTf, expressed as [59]:

G(f,T) = G(αTf,T0) , (2)

where aT is the shift factor.WLF equation is employed
to determine aT [60]:

lgαT =− C1 (T−T0)

C2 +(T−T0)
, (3)

where C1 and C2 are positive constants dependent
on the material and the reference temperature T0.
Using TTS, E and γ measured at different temper-
atures and frequencies can collapse onto a master
curve. In this word, DMA tests were performed for
cured Phrozen resins. The reference temperature in
the WLF equation (equation (3)) was preset to be
room temperature (i.e. T0 = 25 ◦C). The constants
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Figure 2. Dimensions of AFMSs and the material sample: (a) the dimensions of AFMS L1, which is around 1 mm long and
0.3 mm thick; (b) the dimensions of AFMS L2, which is around 2 mm long and 0.5 mm thick; (c) the dimensions of the sample
for material characterization.

C1 and C2 in equation (3) were determined to let all
data points collapse to amaster curve withminimized
deviations.

2.3. Experimental setup
Figure 3 shows an experimental platform of the
acoustically actuated AFMS. A polydimethylsiloxane
(PDMS) plate with a through slot was fabricated
using the standard soft lithography and bonded onto
a glass slide to form a swimming channel. A piezoelec-
tric transducer (PZT5 60 × 3 × 0.6 mm3, Shaoxing
Shenlei Ultrasonic Equipment, China) with a reson-
ant frequency of 28 kHzwas then attached adjacent to
the PDMS channel, where acoustic waves will gener-
ate and propagate from the piezoelectric transducer
to the fluid inside the channel. Because the sound
impedance of the PDMS matches that of the aqueous
solution inside the channel, a sound field of traveling
waves will prevail if the wall of the PDMS chamber is
sufficiently thick [61]. The total thickness of the wall
of the chamber is designed to be 10mm (50× 20mm
for the outer contour and 35 × 10 mm for the chan-
nel), which is much thicker than the channel height

of 2 mm and can eliminate the possible reflection of
waves from PDMS boundaries.

A waveform generator (DG2052, RIGOL, China)
was connected to an amplifier (ATA-2032, AIGTEK,
China) to introduce a harmonic waveform to the
acoustic transducer and the peak-to-peak voltage
(Vpp) is determined by the combination of the
generator and amplifier. A stereomicroscope (SZM-
6, Weiscope, China) with a high-speed camera
(E3ISPM09000KPB 60 fps, Sony, Japan) was used to
observe and record the motion of an AFMS. The
amplitudes of actuation and swimming velocities of
AFMSs can be achieved in terms of different actuation
frequencies and voltages.

2.4. Theoretical methods
The details of the CRFT can be found in our previous
paper [54]. Here briefly introduced is the concept to
address the 2D problem of an AFMS (i.e. with rect-
angular cross-sections). For a LRN swimming prob-
lem, the correction of SBT for the case of non-circular
cross-section has been developed in [62] by intro-
ducing a dimensionless coefficient tensor K. For a

4
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Figure 3. Experimental platform and devices. The inset in the upper right corner shows the flexibility of the PDMS channel; the
inset in the lower right corner illustrates how to actuate the micro-swimmer by an acoustic transducer.

slender body with a unit length, let κ denote the half-
width of the body, and u and µ the velocity field
and the dynamic viscosity of its surrounding fluid,
respectively. For a circular flagellum cross-section,
the relative fluid velocity field can be expressed as:
U= C · S, where U = u − V represents the relat-
ive velocity of the fluid with respect to the flagellum
part, C is the resistive tensor, and the Stokeslets S is
based on the expression for a slender body with a cir-
cular cross-section [63]. For non-circular ones, it is
assumed that the relative fluid velocity for the non-
circular case can be expressed as: U= (C+K) · S,
whereK= [Kij] (i, j= 1, 2 for 2Dproblems) is the only
correction tensor to be determined based on the com-
parison between FSI simulation and the CRFTmodel.
Denoted byU∥ andU⊥ the components of U tangen-
tial and normal to the local centerline of a flagellum,
respectively, the corresponding fluid forces in the RFT
are formulated as:

Ff∥ = c∥U∥, Ff⊥ = c⊥U⊥. (4)

After substituting the correctedU into the expres-
sion of S and adopting an iterative procedure, the
two coefficients of resistive forces in the CRFT can be
derived as [54]:

c∥ = 2πµ

[
1

ln(1/κ)
+

3
2 − ln2− K

4

ln2 (1/κ)

+

(
3
2 − ln2− K

4

)2
+ 1− π 2

12

ln3 (1/κ)

]
, (5)

c⊥ = 4πµ

[
1

ln(1/κ)
+

1
2 − ln2+ K

2

ln2 (1/κ)

+

(
1
2 − ln2+ K

2

)2
+ 1− π 2

12

ln3 (1/κ)

]
, (6)

where the only correction factor K = K11 = −K22 is
in the expression and the second equality is due to the
requirement for zero divergence of the tensor K.

The next step is to derive the 2D governing
equations of anAFMS. Inspired byPurcell’s three-link
swimmer [23], a flexible flagellum has been modeled
by using multiple rigid bars linked by flexible joints
(aka. the bar-joint models) [64], which intrinsically
fulfills the inextensible constraints of a flexible tail
[65, 66]. We here assume that the flagellum can be
simplified into rigid bars with a constant length of
2l. They are indexed (denoted by i) from 1 to n and
connected with linear torsion springs [64]. The ith
spring joint connects the bars i and (i + 1) and the
first (i = 1) bar is assumed to be rigidly connected
to the head. The motion of the ith bar and the head
(i = 0) can be represented by the vector of time-
dependent variables Xi(t)= (xi, yi, θi)T, where xi and
yi are coordinates of themidpoint of the ith bar (or the
center of the head), and θi the angle of rotation with
respect to the x-axis (anticlockwise rotation is taken
as positive). Correspondingly, the velocity vector of
the head (i = 0) and bars (i > 0) can be represented

by Ẋi =
(
ẋi, ẏi, θ̇i

)T
, where the overhead dot denotes

time derivative. Based on the aforementionedKelvin–
Voigt viscoelasticmodel [56], themoment induced by

5
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the torsion spring at the ith jointMi is expressed in a
forward difference formula as:

Mi = E
Ji + Ji+1

2

θi+1 − θi
2l

+ γ
E

2π f

Ji + Ji+1

2

θ̇i+1 − θ̇i
2l

,

(7)

where Ji denotes the second moment of area of the
ith bar, where an average value of J between two
neighboring bars is adopted to indicate the second
moment of area at the ith joint in case the flagellum
is non-uniform. Combining equilibrium equations of
forces andmoments and constraints, we obtained the
equations of motion of the bar-joint model, given by:


A0 A
0 TV
−I B
D0 D

[
Ẋ0

Ẋ

]
=


−F0
0
0
FE

 , (8)

where detailed expressions of all the quantities were
reported in our previous work [54].

In equation (8), matrices A0 and A represent the
effect of fluid resistance on the head and flagellum,
respectively. I is a 3× 3 identity matrix, TV represents
the matrix of kinematic constraints of neighboring
bars, and B is the matrix of the kinematic constraints
between the first bar and the head. D and D0 are the
matrix of moment balance related to the bars and
head, respectively. Significantly, the two coefficients
of resistive forces c∥ and c⊥ always occur in matrices
A andD, which embodies the effect ofK. For the non-
homogeneous terms, F0 is the vector of the external
actuation, and FE is a list of torques. According to
the study of Liu and Ruan [47], the effect of peri-
odic acoustic excitation for an AFMS can be assumed
to be a periodic force Fext acting on the head with
a frequency f. The head oscillation induced by Fext
whips the flagellum, giving rise to the advancement of
the AFMS at an average speed of Vave. The term Fext
appears in vectors F0 and FE, embodying the effect of
external actuation. We solved equation (8) by using
the built-in ODE solver ode15s in MATLAB [67].

The FSI simulations were conducted using a
built-in fully coupled 2D FSI solver in COMSOL
Multiphysics [68], which was to determine the cor-
rection factor K based on the geometry of a printed
AFMS. In the numerical simulations, the incompress-
ible creeping flow module without the inertial term
(Stokes flow) was employed for the fluid domain,
while the solid mechanics module with plane strain
approximation for the solid domain [69]. The auto-
matic remeshing technique [70, 71] was employed
to tackle the problems induced by large rigid-body
motions, where the fluid domain was set as the mov-
ing mesh region based on the Winslow smoothing
method [72], in which themesh distortion parameter
was set to unity. Other boundary conditions were
set as follows: the periodic boundary condition was

set on the outer wall of the fluid; on the boundary
between the AFMS and the fluid, the wall is set ‘no
slip’; for the AFMS, the head is set as rigid, and the
flagellum is set as viscoelastic; a vertical harmonic
force was acted on the head, and the amplitude of
the force can be tuned to make sure that the displace-
ment amplitude is identical to that in the experiment.
The domain size is physics-controlled, and there is no
mesh displacement on the wall of the outer bound-
ary. There is no force-free swimming condition. The
details of the FSI simulation can be seen in our pre-
cious paper [54], where a mesh convergence study
was conducted.

3. Results and discussion

3.1. Results of materials characterization
For the Phrozen resin, the temperature range was
from−10 ◦C to 35 ◦Cwith an interval of 5 ◦C (i.e. 10
sets of data). For each temperature, the loading fre-
quency was from 0.1 Hz to 100 Hz. We determined
C1 = 40 and C2 = 290, and the resulting master
curves of storage modulus and loss factor in terms
of the equivalent frequency (log base) are illustrated
in figures 4(a) and (b), respectively. For each temper-
ature, the loading frequency was also from 0.1 Hz to
100 Hz. It is noted that the results of γ do not fit well
onto a master curve, and this implies that the TTS
assumption does not work well.

3.2. Comparisons between theoretical and
experimental results
Directional motions of the AFMSs of the two lengths
(i.e. L1 and L2) actuated by sound waves have been
observed. The acoustic frequencies were set at 100
and 500 Hz and the Vpps are from 50 to 250 V
with an interval of 50 V. Figure 5(a) demonstrates the
way to estimate the amplitude of the head oscillation,
wherein we take L1 at 100 Hz as an example. Note
that the camera on the microscope ran at 60 fps and
the AFMS oscillated at 100 Hz. It means that in each
frame the camera captured an overlapped image of
the AFMS at different positions within one period of
oscillation. Hence, the half width of the blurred head
of the AFMS image minus the half width of the head
renders the amplitude of head oscillation, as shown in
figure 5(a). The resonant frequency of the piezoelec-
tric transducer is 28 000 Hz, and the largest frequency
we used herein is just 500 Hz. Therefore, the reson-
ance of the transducer does not influence the intensity
of the acoustic field. Hence, as shown in figure 5(b),
the measured oscillation amplitude of the AFMS is
proportional to the input voltage. The difference in
the amplitude between L1 and L2 at the same fre-
quency and voltage is indistinguishable.

The terminal velocity averaged within 1 s Vave

can be achieved by measuring the distance of swim-
ming captured by the camera. Figure 6(a) exhibits the
movement of L1 actuated at 100Hz and 200 Vpp. The

6
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Figure 4. Results of material characterization by TTS test: (a) and (b) are Young’s modulus and loss factor in terms of the
actuation frequency for the commercial photopolymer, respectively. Different colors indicate different ranges of test temperature,
where the actuation frequency ranges are the same for all the tests, which are from 0.1 Hz to 100 Hz.

Figure 5. Estimate of actuation amplitudes of AFMSs: (a) an example of extracting the amplitude of an AFMS (dimension L1),
where the actuation frequency is 100 Hz, and the measured amplitudes are 0.11 mm for 100 Vpp and 0.17 mm for 200 Vpp,
respectively; (b) amplitudes of AFMSs under 5 actuation voltages.

corresponding videos for the experiment and simula-
tion can be seen in the supplementary material. The
FSI simulation and the CRFT model can be imple-
mented based on the same actuation conditions and
thematerial parameters characterized above. The cor-
responding instants of motion in the same time series
of the FSI simulation and the CRFTmodel are shown
in figures 6(b) and (c), respectively, where colors on
the AFMS in figure 6(b) indicate total displacements,
and dotted lines in figure 6(c) indicate the centerline
of the flagellum. Note that the red and blue colors in

figure 6(b) represent the largest and smallest displace-
ments, respectively. The head is in greenish blue in
the secondpicture of figure 6(b) because the flagellum
happens to swing towards the head at that moment;
in other cases, the head is in red, whichmeans the fla-
gellum swings away from the head. The comparison
among the CRFT model, simulation and experiment
results suggests that the FSI simulation and the CRFT
model are reliable. The average velocities of the AFMS
are determined based on the displacement in 1 s. If
reduced the timespan to 1/6 s, i.e. every 10 frames

7
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Figure 6. An example of how to estimate the terminal velocity of an AFMS, where the dimension is L1, actuated under 100 Hz and
200 Vpp: (a) screenshots captured by a 60 fps camera within 1 s, the left-hand-side inset is the corresponding velocity variation
for every 10 frames (i.e. 1/6 s); (b) results of corresponding FSI simulation within 1 s, where colors on the swimmer indicate
displacements; (c) results of the corresponding CRFT model within 1 s, where dotted lines indicate the centerline of the flagellum.

considering the frame rate of 60 per second, the velo-
cities in 1 s vary in a narrow range, as exemplified in
the left-hand-side inset of figure 6(a). It is noted that
the velocity varies in a narrow range, which is from
2000 to 2400 µm s−1.

Figure 7 illustrates the results of terminal velocit-
ies obtained from experiments, FSI simulations and
the CRFT model, respectively. Figures 7(a) and (b)
are for L1, (c) and (d) for L2. Error bars on the
experimental velocities represent the velocity vari-
ation within 1 s. Among these results, the largest Re
is 0.09 for L2 at 250 Vpp and 100 Hz, which indic-
ates that the swimming problem of the AFMS herein
is in the LRN regime, and the theoretical methods
based on the RFT should be effective. As shown in
figure 7, as expected, the results of the CRFT model
conformwell to the simulation results. For the experi-
mental ones, it is noted that all the deviations between
the experimental results and the simulations are less
than 30% for Vpp larger than 160 V and 50% for Vpp
less than 160 V. The larger deviation for smaller Vpp
might be due to the tendency to enlarge the amplitude

of head oscillation in experiments. Because the resol-
ution of the image for recording the head amplitude
based on a normal video camera is low, when the
amplitude is not large, it is difficult to distinguish the
overlapped image of the AFMS. For the same reason,
a larger actuation frequency may also cause a larger
deviation. In addition, deviations for L1 are overall
less than those for L2. The smaller deviation for L1
might be arising from the fact that a smaller swimmer
can achieve lower Re and higher effectiveness of the
RFT. One may note that both the length of the AFMS
and the actuation frequency for figure 7(d) are large, it
could be understood that the deviation in figure 7(d)
is the largest within the four cases.

Several causes of deviations must be stressed.
First, the extrapolated viscoelastic parameters of the
AFMS material based on the TTS introduced errors;
second, the head oscillation amplitude determined
based on a normal video camera has limited accuracy;
third, the experimental AFMS has a finite depth, but
the numerical model is two-dimensional (i.e. infinite
depth). These issues all contributed to the 30%–50%
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Figure 7. Results of terminal velocities versus Vpps (peak-to-peak voltages in the unit of V) obtained from experiments, FSI
simulations and the CRFT model, respectively, with parameters of: (a) dimension L1 under 100 Hz, K = 94 for the CRFT model;
(b) dimension L1 under 500 Hz, K = 86 for the CRFT model; (c) dimension L2 under 100 Hz, K = 160 for the CRFT model; (d)
dimension L2 under 500 Hz, K = 177 for the CRFT model.

errors in the prediction of themotilities of theAFMSs.
It is noted that most of investigations of AFMSs lack
of theoretical analyses [19, 52]. Some used the com-
putational results of acoustic streaming to determ-
ine motility but failed to achieve meaningful compar-
ison. For example, there is nearly a 300% deviation in
the optimal actuation frequency given in [18]; or the
errors of streaming speeds (not the terminal velocit-
ies of AFMSs) are around 50% [33]. Thus, we think
that such a level of deviation is reasonable and accept-
able. One may note that for a small actuation voltage,
the experimental velocity is larger than that of simu-
lation. While, for a large actuation voltage, the exper-
imental one is smaller than that of simulation. This
phenomenon can be explained as follows. For an
ideal head-actuated flagellated micro-swimmer, the-
oretical and computational models indicate that the
swimming velocity is proportional to the square of
head oscillation amplitude [47, 73], and the amp-
litude is proportional to the applied voltage (as shown

in figure 5(b)), thus the velocity should be propor-
tional to the square of the applied voltage.However, in
the actual case, the proportionality between the velo-
city and the square of the amplitude may not hold.
The deviation could be caused by the complex flows
adjacent to the junction of head and flagellum and to
the tip of the flagellum; and as we have mentioned
before, our 2D simulation (infinite depth) cannot
address the case of the practical swimmer with a finite
thickness. These complex flows generally lead tomore
drags and make the relation between the velocity and
the amplitude follows a power law with an exponent
less than 2. In our experiments, it is noted that the
relation between the velocity and applied voltage fol-
lows a power law with an exponent less than 2. In this
case, with the increase in actuation voltage, the simu-
lated velocity will be larger than that of experiment
sooner or later. For figures 7(c) and (d), although
the results of simulation are all less than those of
experiment, the trend of the curves indicates that the
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simulation results will eventually larger than experi-
mental ones when the actuation voltage is very large.

4. Conclusions

We established a testing platform to experimentally
verify the theoretical calculations of the AFMSs actu-
ated by acoustic waves based on the CRFT and the
bar-joint model proposed in our previous work. We
demonstrated the printed AFMSs using aDLP printer
and characterized the viscoelastic properties of the
UV-cured resins. After that, we described the setup of
the experimental platform for observing the motion
of an acoustically actuated AFMS. Swimming velocit-
ies obtained from experiments, FSI simulations and
CRFT models were presented and compared. The
deviations are within 50%, corroborating that our
theoretical treatment of the acoustic actuation for a
head-flagellum structure is sensible.

Further investigations could focus on the theor-
etical models and experimental verifications of the
influences of shapes of AFMSs and the effect of com-
plex fluids. For example, the influence of tapering or
the width-to-length ratio of the flagellum could be
experimentally verified by fabricating more AFMSs
with different combinations of flagellum shapes. The
modeling and experimental verifying of the AFMS
with a helical flagellum or multi-flagellum is also a
topic of general interest. While our method can be
used in different environments, adjustments are often
necessary to account for the medium-specific attenu-
ation effects. For example, the bodily fluids are often
non-Newtonian, which introduces nonlinearities to
the system.Ouyang et al [74] reported the locomotion
of a cargo-carrying micro-swimmer through shear-
dependent non-Newtonian fluids by simulations. In
the future, we may try to establish an experimental
platform with non-Newtonian fluids to verify their
theoretical results if possible.
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