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a b s t r a c t
The micro-motion of the machine is essential and valuable in environment, biology and medicine
research. Environment-propelled micromotion can exhibit driven non-equilibrium behaviors. The energy
conversation of micromotors from ﬂuid environment would be an important power supply method for
the distributed sensor network. Here, we report a kind of rotating motion of microturbines as micromotors driven by hydrodynamic liquid ﬂow. By using femtosecond laser direct writing technology, the
microturbine was fabricated, containing a simple and controllable structure of a ﬁxed central axis and
movable blades. The rotation speed could be controlled by the speed of ﬂow, the blade tilt angle, the
blade length and the blade number, and the rotation direction of microturbine could be decided by
the tilt direction of blades. A dual linkage system constituted two microturbines could be designed and
achieved. The ability to harness and control the power of motions appears an important requirement for
further development of hydrodynamic ﬂow-driven mechanical systems.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
In living systems of nature the motion is an essential process,
which is indispensable for the achievement of mechanical functions in artiﬁcial systems, such as robots and machines. For artiﬁcial
target objects, the physical, chemical or biospheric energy has
been used to obtain motion of these objects [1–4]. The motion of
micronano-objects containing special responsive component could
be induced by light ﬁeld, magnetic ﬁeld, electric ﬁeld, chemical gradient or non-equilibrium condition, and the motion could cease
when the gradient disappears or an equilibrium condition is established [5–16]. Light momentum transfer of laser as mobile elements
has been applied to trap and manipulate m-sized solid particles
[5–8]. The micro-structures remotely controlled by magnetic force
have been created for swimming, mixing, and sensing by using
various fabrication technology [10–12]. In addition, self-propelled
catalytic micromotors and microgears driven by bacteria or Janus
particles were reported [13–15,17–19].
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In macro ﬁeld, hydrodynamic power generation is an important
power source form. The basic principle of the power generation is
existence of water level difference, which can be transferred to the
mechanical energy of the turbine. The mechanical energy drives the
generator and gets the power. In micro-nano ﬁeld hydrodynamic
is also an important driving source [20]. For example, Hakansson
et al. used hydrodynamic alignment with a dispersion-gel transition and prepared homogeneous and smooth ﬁlaments [21]. Kim
et al. reported that the hydrodynamic shear ﬂow aligned the microtubules translocating on a kinesin-coated surface in the direction
parallel to the ﬂuid ﬂow [22,23]. Through microturbines, the kinetic
energy of ﬂuid can be converted into rotating mechanical energy,
and furthermore can be converted into electricity. The hydrodynamic is an optimal energy acquisition method of underwater
distributed sensor. In order to realize the large energy conversion
efﬁciency, the microturbine requires a ﬁne and complex structure.
Femtosecond laser direct writing (FsLDW) technology have
shown special capability for fabricating movable micro-devices due
to its unique characteristics including programmable designability,
3D point-by-point processing capability and high spatial resolution [24–35]. Due to these fascinating properties, the fabricated
actuators by FsLDW are ingenious. In this respect, Shear et al. creatively fabricated microscopic 3D hydrogel actuators composed
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of photocrosslinked proteins by multiphoton lithography and
demonstrated their capabilities as chemically responsive micromechanical elements [36]. Protein-based hydrogels are excellently
smart materials, they also reported photoillumination smart valves
based on 3D-printed proteins for control of bacterial microenvironments [37]. Shape-shifting 3D protein hydrogel microstructures
were fabricated by FsLDW, which had controllable cross-linking
density through modulation of the laser writing z-layer distance
induced a PH-responsive shape change [38,39]. In addition, dynamically tunable protein microlenses were built up by FsLDW that
could swell and shrink reversibly in response to changes in the surrounding solution [40]. Besides protein hydrogels, other responsive
materials were used to construct microactuators. For example, Zeng
et al. fabricated a microscopic walker based on liquid crystalline
elastomers by laser direct writing, which can powered by light to
achieve different autonomous movements, including random or
directional walking, rotation or jumping [41].
Turbine is a rotary-type power machine which converts the
energy of ﬂuid into mechanical power. In macro mechanical ﬁeld
turbine is one of the main components, especially for the aero
engine, gas turbine and steam turbine. In micro ﬁeld environmentally ﬂow-driven motors are able to convert spontaneously ﬂow
energy into mechanical activity to induce controllable micromotion. The micromotors are excellent candidates for constructing
machines, detectors, and novel robots. In our previous research,
micronanomachines including microspring and microturbine were
fabricated, and due to the introduction of magnetic components
in these micronanomachines, they were remotely manipulated by
magnetic force [42–44]. Herein, we demonstrate a hydrodynamicdriven microturbine as rotating micromachine model. In order to
achieve controllable rotation speed, the arbitrarily programmable
microturbines blade number, size and tilt angle of microturbines
were fabricated by using FsLDW technology. The energy conversion from ﬂow will promote research for micro-device motion.
In this research the fabricated microturbines unlike static micronanostructures or micronanodevices by FsLDW are movable. And
the fabricated microturbines are rotatable, and can act as energy
conversation device to harness ﬂow energy. This work is capable
to broaden the potential application of micronano fabrication of
FsLDW.
2. Experiments
2.1. Preparation of photoresists
The components of the photoresist including benzil (BZ), 2benzyl-2-(dimethylamino)-1-(4- morpholinophenyl) butan-1-one
(BAMPB), methyl acrylate (MA) and pentaerythritol triacrylate
(PETA), were all purchased from Sigma-Aldrich Company and used
without puriﬁcation. The powder of BZ (1.66 wt%) used as photoinitiator and BAMPB (1.20 wt%) used as photosensitizer were
mixed and dissolved in MA (37.14 wt%). Then the crosslinker PETA
(60.00 wt%) was added into the above solution and the mixture
solution was taken by ultrasound for 10 min to ensure all the chemicals were mixed uniformly. The mixture solution became pale
green, transparent and viscous. The photoresist was obtained.
2.2. Fabrication of microturbines
The Ti-sapphire laser beam (Spectra Physics 3960-X1BB, 790nm central wavelength, 120-fs pulse width, 80-MHz repetition rate
from a mode-locked) was tightly focused into the photoresist using
a high-numerical-aperture oil-immersion objective lens (Olympus, × 100, numerical aperture = 1.45). The average laser power
density measured before the objective lens was 8–10 mW m−2 ,

the 100 nm scanning step length and 800-s exposure duration of
each voxel were adopted. A two-galvano-mirror set and a piezo
stage (Physik Instrumente P-622.ZCD) was used to control the horizontal movement of the laser beam and vertical movements of
the sample. The photoresist was pinpointly written according to
computer processing data that converted by designed programs
(3Ds Max). For instance in Fig. 4a: 3D microturbines with the top
cap diameter of 8 m, the height of 15.5 m, the central axletree
diameter of 3 m, the bushing inside diameter of 5.5 m, the blades
thickness of 2 m, and the range of the blade length (d’) of 6–18 m
were fabricated. After polymerization, the sample was immersed in
acetone, all the unpolymerized parts were washed away, free suspending bushing with three blades was obtained. Similarly, various
complicated micro/nanostructures would be readily fabricated on
the substrates by FsLDW.
2.3. Measurement of the microturbines motion
The optical microscopy images and videos were taken by a transmission optical microscope with a 40 × (numerical aperture = 0.65)
objective, the frame rate was 20 frames per second. The fabricated
microturbines were put into acetone to observe their motion. The
volume of acetone was 18 ml and a culture plate with a diameter of 5.5 cm was used. The nitrogen ﬂow was produced by a
small portable nitrogen cylinder which was equipped with a gas
ﬂowmeter. And using this equipment the homogeneous continuous acetone ﬂow could be obtained. The evaporation of acetone
induced about 5% of acetone volume decreasing during a period
of 20 s, hardly inﬂuencing the liquid ﬂow speed, as well as the
rotation speed. The ﬂow speed of the acetone can be regulated by
controlling the ﬂow of nitrogen. A water solution of 0.2 ml contained polystyrene (PS) microspheres with a concentration of 5%
was added into the acetone as suspending microobjects to evaluate the ﬂow speed of liquid. The diameter of the PS microspheres
was about 5 m, and the concentration of PS microspheres in liquid was about 0.06%, so when the N2 induced the liquid ﬂow, the PS
microspheres moved with a speed same as the ﬂow speed of liquid.
3. Results and discussion
3.1. Observation of ﬂow-induced rotation of microturbines
The scheme of the hydrodynamic micromotor motion was
shown in Fig. 1a. As hydrodynamic motor model the simple microturbine structure with a central axletree attached to the base on the
substrate and three blades attached at the rotating bushing outside
the ﬁxed axletree was fabricated. A pre-programmed computer
design and FsLDW technology were used to fabricate the microturbines from acrylate-based photopolymerizable resin (Fig. 1b). After
fabrication and development, the microturbines were immersed in
acetone. The suspending bushing with three blades as the movable
part was free, and limited between the cap of central axletree and
the base (Fig. 1c–d). The liquid acetone environment of micromotors was helpful to decrease the frictional resistance between the
rotating bushing and the base, ensuring the microturbines move
softly. A uniform and stable nitrogen ﬂow was implemented on the
surface of acetone, which can induce a continuous acetone ﬂow.
The ﬂow speed of the acetone was evaluated by the motion of the
suspending microobjects in the liquid (Supporting Information, Fig.
S1). In acetone solution, the average speed Vm of PS microspheres
with the diameter of 5 m was similar to the ﬂow speed Vf = s/t, in
which the distance s could be obtained by tracking the trajectories
of micospheres. When the ﬂuid passed through the microturbine,
the impact from ﬂuid to the microturbine blades produced a driving torque to the microturbine. So the microturbine overcame the

W. Guan et al. / Sensors and Actuators B 259 (2018) 97–105

99

Fig 1. Experimental design. (a) Scheme of the experimental setup. (b) Schematic illustration for the FsLDW fabrication of microturbines. (c–d) The typical top-view and
side-view SEM images of microturbine.

Fig. 2. Rotation of the microturbine in acetone. (a) SEM image of the rotation model microturbine. (b–d) Optical microscopy images of the rotation model microturbine in a
circumgyratetion cycle. (e) Plot of the total angle rotated as a function of time for the microturbine under different ﬂow speed levels. The arrow points towards the increasing
of ﬂow speed. (f) The average rotation speed as a function of ﬂow speed for the microturbine.

friction torque and ﬂuid resistance torque, and generated a rotation motion. When the ﬂow speed was smaller than a minimum
value, the microturbine was off and the thrust was nil. We selected
a three-blade microturbine as rotation model, which had blade
length of 9 m, upper-left tilt angle of 35◦ , microturbine’s height of
approximately 15.5 m, and the blade thickness of 2 m (Fig. 2a).

When the ﬂow speed was 74 m/s, a hydrodynamic pressure from
the liquid ﬂow induced the anticlockwise rotation of microturbine. The microturbine was observed by bright-ﬁeld microscopy to
record digital images at a frame rate of 20 fps. We ﬁlmed the rotary
motor for 6 s (see Movie S1) and extracted angular velocity and
rotation angle as the function of time by using a custom-made video
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Fig. 3. Measurement of the rotational speed for microturbines with different blade tilt angles. (a) Front view schematic representation of the microturbines. (b) SEM images
of the microturbines with different blade tilt angles. Scale bar: 5 m. (c) Plot of total angle rotated as a function of time for the microturbine with different blade tilt angle.
(d) The average rotation speed as a function of blade tilt angle for the microturbines. The liquid ﬂow speed was 74 m/s.

tracking routine (Fig. 2b–d). The average rotation frequency of 22
r.p.m was reached. Next, the torque of microturbine rotation was
considered. Immersing inside liquid, the torque exerted on the turbine can be estimated as a balanced viscous torque T ∼ fr ω, where
 is the angular velocity, and fr is the rotational drag. The liquid
ﬂow with different ﬂow speeds of 74–168 m/s were performed,
and the cumulative angles and rotation speeds of the microturbine
at different ﬂow speeds were calculated (Fig. 2e and f). The rotation rate increased with the increase in the speed of acetone ﬂow as
expected. Moreover, we observed that the blades of microturbines
slightly shook during the rotation process due to space between the
bushing and the central axis. The rotation shaken of microturbine
was clear deﬁned by the trajectories plot in Fig. S2 for 20 s under
the ﬂow speed of 74 m/s.

3.2. The relationship between microturbine’s rotation direction
and blade orientation
In above-mentioned microturbine with upper-left tilt blade,
the rotation direction was anticlockwise. To control the rotation
direction, the microturbines with three different blade orientations, upper-left tilt, parallel to substrate and upper-right tilt, were
fabricated. No rotation was observed for the turbine with blade
parallel to substrate, only slightly shaking motion occurred. The
acetone ﬂow direction was roughly parallel to the blades, due to

undersized stress area the total torque was too small to produce
enough thrust. In many repetitive testing experiments, including
changing the ﬂow direction of liquid, the microturbines with upperleft tilt direction blades always rotated anticlockwise. Conversely,
the microturbines with upper-right tilt direction blades always
rotated clockwise (see Fig. S3 and Movie S2). In order to explain
this phenomenon, we selected the microturbine with upper-left
tilt direction blades as an example (Supporting Information, Fig.
S4). Kept a constant ﬂow direction (Fig. S4a), the acetone ﬂow was
divided into two parts roughly: active part (black arrows in Fig. S4b
and c) and negative part (white arrows in Fig. S4b and c). When the
ﬂuid came, the active part of the acetone ﬂow would change the
ﬂow direction according to the shape of blades due to the wallattachment effect [45,46]. In other words, the tilting blades would
bind the ﬂow of ﬂuid.  side (0◦ <  ≤ 50◦ ) bound more ﬂuid than
␣ side (130◦ ≤ ␣ < 180◦ ), due to the gravity and viscous friction of
the substrate. At the  side the ﬂuid kinetic energy was converted
into mechanical energy more effectively, because more ﬂuid was
bounding. Microturbines’ blades with the same bending direction
led to the continuously anticlockwise rotation.

3.3. The relationship between rotation rate and blade parameters
With regard to rotating movement of microturbines under
hydrodynamic stimulation, a stronger ability of mechanic output
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is important. Because the blade in microturbine is the carrier of
energy conversion, the blade parameters are primary factors to
determine the performance of microturbine. Therefore we adjusted
the blade parameters including the tilt angle, the blade length and
the blade number. The microturbines with different tilt angle of
blades of 0◦ , 5◦ , 15◦ , 25◦ , 35◦ , 45◦ and 50◦ were fabricated (Fig. 3a
and b). The same liquid ﬂow (speed of 74 m/s) was performed to
drive the microturbines, and microturbine motions were recorded
in Movie S3. For the tilt angle of 0◦ and 5◦ , microturbines could
not rotate. When the tilt angle of blade reached 15◦ , a rotating
motion could be realized at an average rotation frequency of about
6 r.p.m (Fig. 3d). At larger tilt angle of 25◦ −50◦ the rotation speed
of microturbines increased with increasing of the tilt angle. Time
evolution of the cumulative rotation angle of the microturbines
was shown in Fig. 3c. We selected microturbine with tilt angle
of 35◦ (ω = 2 rad s−1 , ∼ 20 r.p.m) as the rotation model to calculate the mechanical output power. The ﬂow power is given by
Pf = 0.5 mV1 2 according to classical mechanics, in which m is the
ﬂow mass per unit time. We can estimate the value of Pm in a rough
way, when the acetone ﬂow passed through the microturbines.
The angular momentum changed only caused by M’ (the torque
of the micreturbines blades). We get M’ = Qe (V2 - V1 )a, where
 is the density of acetone solution, Qe is the effective ﬂow, V1
is the ﬂow speed and V2 (Supporting Information, Fig. S5) is the
ﬁnal ﬂow speed after working [47]. Apparently M = -M’ = Qe (V1 V2 )a, with M being the ﬂow torque acted on the microturbines.
The value of Pm can be obtained as the product of the torgue M
and the rotation angular velocity ω. That is, Pm = Qe (V1 - V2 )aω,
which equals ∼ 1.2 × 10−20 W. We can estimate the efﬁciency  of
the ﬂow-to-work conversion as the ratio between the ﬂow power
Pf and the mechanical power Pm , we get  = Pm /Pf = 18%. Because
of the energy loses that would occur when harvesting the energy
during the motion of the microturbine the actual efﬁciency would
be lower than this calculated value.
The dependence of microturbines rotation rate on the blade
length was studied (Movie S4). Kept constant ﬂow speed (74 m/s)
and the blade tilt angle (upper-left tilt angle of 35◦ ), only the values of d’ was adjusted (Fig. 4a and b). Fig. 4c showed the cumulative
angle of the microturbines for different blade length under the same
ﬂow speed. We observed the increase of the rotation rate at the
blade length larger than 6 m. Moreover, at the blade length larger
than 15 m the rotation rate decreased (Fig. 4d).
Furthermore, to improve the microturbine performance, the
effect of blade number on the motion of the microturbines was
studied (Movie S5). Microturbines with four blades, ﬁve blades, and
six blades were fabiricated with the same blade tilt angle and blade
length (Fig. 5a). Fig. 5b showed the cumulative angle of the microturbines with three, four and ﬁve blades increased linearly with
time, and the microturbine with ﬁve blades had the largest angular velocity. Theoretically, the more number of blades would cause
larger ﬂow stress area and larger torque, resulting in larger angular
velocity. But the angular velocity from microturbine with six blades
decreased with time, which is attributed to a heavier self-weight
and a greater inertia for the microturbine with six blades. The driving of microturbine with six blades was more difﬁcult than ﬁve
blades one. Moreover, we observed that after stopping the nitrogen ﬂow the microturbines with 5 or 6 blades would keep rotating
for several seconds due to the greater inertia. Conversely, when
the nitrogen ﬂow was turn off the microturbines rotating with 3 or
4 blades would immediately stop. Furthermore, to assess the stability of rotation motion of microturbines the curves of angle diff
to time for the microturbines with different blade number were
shown in Fig. 5c. The values of all angle differentiation for four
microturbines were larger than zero, meaning that during rotation process the angle was increasing with time. All four curves
showed a signiﬁcant ﬂuctuation of angle differentiation. For the
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four microturbines, the microturbine with three blades showed a
similar periodic ﬂuctuation with the average ﬂuctuation frequency
of about 0.2 s and the average ﬂuctuation amplitude of approximately 210 ◦ /s, which was probably originated from the periodic
vibration of three blades under hydrodynamic ﬂow. The microturbines with four, ﬁve and six blades showed a random ﬂuctuation
of angle diff.
To sum up, we studied the dependence of the microturbine
rotation rate on the blade parameters, including the tilt angle, the
blade length as well as the blade number. The energy conversion
efﬁciency is an important parameter, and we tried to obtain the
largest energy conversion efﬁciency value. We controlled all the
other parameters to remain the same, when we studied the effect
of each parameter on the microturbines rotation rate. By many testing experiments, the microturbine with optimized structure (blade
tilt angle of 50◦ , blade length of 15 m, blade number of 5) enable
the largest energy conversion efﬁciency.
Here the micromotor rotation could not directly generate electronic energy to be applied for power supply of devices. To further
obtain electronic energy from the micromotor rotation, a model of
converting ﬂow energy to electricity can be designed. In the model a
magnet with size of several micrometers is attached on the surface
of the blade of microturbine by laser tweezers, and a coil is placed on
the substrate. When ﬂow drives the microturbine rotation, a change
in the magnet ﬂux of coil is induced, thus generating electromotive
forces. According to the calculation of the references, we roughly
estimate the voltage value is a few nano volts [48,49]. The nano volt
generators mainly have potential application towards next generation nano-devices, which may require small voltage, probably the
nano volt range. In the future arrays of microturbines and further
advances to the system may increase the power output, and contributes to miniaturization and integration of micronano devices
and systems.
3.4. Synchronous rotation of two microturbines
Due to the dependence of rotation direction of microturbine
on the blade tilt angle, a dual linkage system could be designed
and achieved. Fig. 6 and Movie S6 showed both-turbine systems in
which two microturbines have the same height and blade length,
but different blade tilt angle. Meanwhile the distance between
the centers of two microturbines was less than the diameter of
each microturbine. In Fig. 6a two microturbines in system had
the opposite blade orientation. For the left microturbines and
the right microturbines, the blade tilt angles were 35◦ , and the
blade orientations were upper-right and upper-left, respectively.
At acetone ﬂow (74 m/s) the synchronous rotation of the two
interdigitated microturbines at the same rotation speed of 16 r.p.m
was observed. Due to the design of blade tilt angle in the synchronous rotation system, the rotation of left microturbine was
clockwise, and the rotation of right microturbine was anticlockwise. The symmetric rotation direction could ensure unhindered
work of the synchronous system. In the both-turbine systems
two microturbines were active under hydrodynamic stimulation.
In addition, we studied synchronous system including active and
passive rotation. Two microturbines with different blade orientations (upper-right tilt angle of 35◦ and parallel to substrate) were
fabricated on a slide (Fig. 6b). After acetone ﬂow (74 m/s) was
added to the sample, the microturbine with upper-right tilt direction had an actively clockwise rotation and drove the one with
blades parallel to substrate one. The microturbine with blades parallel to substrate started approximately synchronous rotating but
with opposite direction as passive rotation. From Movie S6, the
active rotation of blades was staccato, which is attributed to the
energy loss to drive the passive microturbine. Sometimes blades
of the two microturbines were stagger, which reduced the rate
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Fig. 4. Measurement of the rotational speed for microturbines with different blade lengths. (a) Planform schematic representation of the microturbines. (b) SEM images of
the microturbines with different blade lengths. Scale bar: 10 m. (c) Plot of total angle rotated as a function of time for the microturbines with different blade lengths. (d)
The average rotation speed as a function of blade length for the microturbines. The liquid ﬂow speed was 74 m/s.

of synchronization. The blades of the two microturbines were
not fully ﬁtted, which was different from the gearing structure.
Moreover, we fabricated two microturbines with the same blade
orientation (upper-right tilt angle of 35◦ ). As expected, no rotation was observed because of the strangled blades (shown in Movie
S6).
The fabricated microturbines are developed by using acetone,
and then driven to rotate in the acetone liquid environment. The
liquid environment was changed to water or ethanol, no rotation motion of the microturbine would be observed. We supposed
capillary sticking is the main reason to inhibit rotation when the
developing liquid is exchanged. Water is pollution-free, green, and
optimally ﬂuid-driven liquid environment. Here this microturbine
is a model system and would need to be modiﬁed to work in a relevant aqueous environment. If some water soluble photoresists, like
bovine serum albumin, are used to fabricate microturbines, water
can be used as developing liquid and working environment [35–40].
In addition, a grafting strategy has potential to establish hydrophilic

coating to hydrophobic resin to work in an aqueous environment
[50,51].

4. Conclusions
Because FsLDW technology has the abilities of readily adjustable
computer-assistant 3D design and point by point fabrication, the
variously parameters-adjusted microturbines were fabricated. The
AFM image of the microturbine surface (Fig. S6) showed the low
surface roughness, and decreasing of reducing friction. We demonstrated that the rotation rates could be continuously controlled by
adjusting the speed of ﬂow, the blade tilt angle, the blade length and
the blade number. And the rotation direction only depended on the
blade orientation. The dual linkage system could be designed and
achieved. Applications at the micrometer scale, such microturbines
as separators, sensors and mixers for microﬂuidics are the most
promising. Moreover the sample fundamental motivation came
from nitrogen ﬂow which can be replaced by air ﬂow i.e. the wind.
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Fig. 5. Measurement of the rotational speed for microturbines with different blade number. (a) SEM images of the microturbines with different blade number. Scale bar:
10 m. (b) Plot of total angle rotated as a function of time for the microturbines with different blade number. (c) Time ﬂuctuations of angle diff for the microturbines with
different blade number. The liquid ﬂow speed was 74 m/s.

Fig. 6. Synchronous rotation. Total angle rotated as a function of time for a system of two microturbines. The inset plots the difference ␣ in the rotation angles. (a) Red
lines (dashed lines) refer to the microturbine with blade upper-right tilt angle of 35◦ . Black lines (dash-dotted lines) refer to the microturbine with blade upper-left tilt
angle of 35◦ . The two microturbines have opposite blade tilt angle, resulting in opposite rotation directions. (b) Red lines (dashed lines) refer to the microturbine with
blade upper-right tilt angle of 35◦ . Black lines (dash-dotted lines) refer to the microturbine with blades parallel to substrate. Under the acetone ﬂow, the microturbine with
upper-right tilt direction presented actively clockwise rotation and drove the parallel to substrate one to rotate in the opposite direction. The liquid ﬂow speed was 74 m/s.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

The fabricated microturbines unlike static micronanostructures or
micronanodevices by FsLDW were movable. And the fabricated
microturbines were rotatable, and can act as energy conversation
device to harness ﬂow energy. This work is capable to broaden the
potential application of micronano fabrication of FsLDW. In particu-

lar, such microstructures would have great potential in applications
such as micro-generator driven by renewable energy in the ﬁeld of
micro-integrated circuit. We also believe that understanding and
exploiting these complex hydrodynamic mechanisms may provide
novel strategies to design autonomous micromachines.
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