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Abstract

Helical swimming is adopted by microswimming robots since it is an efficient mechanism and

commonly observed among microorganisms swimming at low Reynolds numbers. However,

manufacturing of micro-helices made of sub-micron magnetic thin layers is neither straightforward

nor well-established, advanced materials and methods are necessary to obtain such structures as

reported in the literature. In this paper, a topological patterning method utilizing basic

microfabrication methods is presented for the self-assembly of magnetic micro-helices made of a

sandwiched nickel thin film (50–150 nm) between two silicon nitride layers. Strain mismatch

between the thin films and the geometric anisotropy introduced by the slanted patterns on the top

nitride layer result in self-rolled-up helical microribbons. Moreover, inspired by the actual release

process during the wet-etching of the microribbon from the substrate, moving boundary conditions

are incorporated in a numerical model to simulate the self-rolling of trilayer ribbons. The

simulation results are compared and validated by experimental data within 7% error for all cases,

including the geometries that do not result in a helical shape. The swimming performance of the

magnetized micro-helix is demonstrated inside a capillary glass tube experimentally and cross-

validated with a numerical model.

Supplementary material for this article is available online

Keywords: microfabrication, self-scrolling, artificial microswimmers, finite-element modelling

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic micro-helices have a remarkable potential to be

useful in biomedical applications as efficient, fuel-free and

remotely controllable structures with high tow-capacity [1, 2].
Mimicking the propulsion mechanisms of microorganisms [3]
and owing to the widespread use of magnetic fields in bio-

medical applications, they are the prime candidates for

potentially revolutionary microrobotic applications in medi-

cine and biology, such as artificial insemination [4], boosting
the immune response [5], opening of clogged arteries [6] and
intraocular surgery [7]. At micro scales, reciprocal motion
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mechanisms, like swimming of fish, are not effective to obtain

net displacement since the Reynolds number is too small

[1, 8]. Hence it is not a surprise to observe the ‘cork-screw’

motion, i.e. propulsion by means of rotation of a helical tail,

as the predominant mechanism of locomotion among the

microorganisms, such as E. Coli, spriochetes and spermato-

zoa [9–11]. Inspired by the natural prevalence of cork-screw

motion, magnetized helical microswimmers with a helical tail

are studied extensively for controllable microswimming in

recent years [12–16].
A broad range of methods has been developed to fab-

ricate micro-helices, including 3D-printing [17–19], laser

micromachining [20], template-assisted fabrication [5, 13,
21], glancing angle deposition [22], and electrospinning

[23]. Moreover, self-assembly microfabrication techniques,

such as self-rolling due to initial strain mismatches between

layers of thin films and a substrate have received special

attention in producing 3D structures such as tubes and

helical ribbons [24–27]. Rolling direction of the thin film

determines the final shape after the release of the structure

from the substrate. In crystalline thin films, the anisotropic

distribution of mechanical properties is exploited to fabricate

rolled-up helical ribbons by arranging the misalignment of a

bilayer or multilayer patterns with respect to the crystalline

orientation of the substrate [12, 28–30]. On the other hand,

strain-induced noncrystalline, polycrystalline, or nanocrystal

nanomembranes, in which the mechanical properties are

deemed to be isotropic, can be rolled up in an arbitrary

orientation (i.e. long side rolling, short side rolling, or mixed

rolling) based on the geometry, strain mismatch, mechanical

properties, and the etching process [25, 31]. In such cases,

one needs to induce anisotropy (e.g. anisotropic driving

force, or bending stiffness) by modifying the 2D geometry

of the thin film or by introducing patterns in the thickness

direction. This approach has been demonstrated with

monolayer titanium micro springs with well-defined helical

angles by using a grated sublayer underneath the metal

ribbon with an orientation angle between the edge-wise

directions of the ribbon and the grating [26]. In another

study, monolayered helical ribbons were formed when the

tips of narrow stripes of nanocrystalline diamond nano-

membranes were shaped as a ‘utility-knife’ [27]; and helical

structures were obtained when ‘hockey-stick’-shaped

monolayered stripes were released by under-etching [32].
Silicon nitride (SiNx) thin films have favourable proper-

ties such as biocompatibility [33]; oxidation, corrosion and

electrical resistivity; as well as thermal and chemical stabili-

zation [34, 35]. Moreover, they have been utilized in the self-

assembly fabrication of rolled-up multilayers for various

applications [36–40] by exploiting the strain gradients that

develop during deposition. Strain gradients originate from the

deposition of SiNx at different plasma excitation frequencies

in a plasma-enhanced chemical vapor deposition (PECVD)

device. At high frequencies, the ions in the chamber do not

respond to the radio frequency (RF) field so the deposited

layer is not as dense and tensile intrinsic stresses develop

within the layer [41]. At low frequencies, however, the ions

respond to the RF and this leads to ion bombardment on the

deposited surface, causing intrinsic compressive stresses to

build up [41]. Optimizing for maximum stresses, it is found

that an operation frequency of 13.56MHz results in a (tensile)

stress value of 406.95 MPa while an operation frequency of

380 kHz results in a (compressive) stress of −1168 MPa [36].
When the strained structure is released from the substrate, it

rolls up by itself in a direction determined by its geometry

[27] or alignment of the structure with respect to the crystal

orientation of the substrate [40]. On the other hand, evapo-

rated nickel is a ferromagnetic material commonly used for

magnetizing swimming microrobots [13, 42–46]. However,
this material is toxic for medical applications [46] and sus-

ceptible to oxidation in aqueous environments [19]. Com-

bining SiNx with Ni assists one to take advantage of both

material properties at the same time with promising func-

tionalities specifically in biomedical applications.

This work reports helical, magnetized microribbons for

microswimming applications. In literature, microswimmers

are manufactured by using either advanced materials such as

InGaAs/GaAs bilayer ribbons attached to a head made of Ni

[12] or advanced methodologies such as glanced angle

deposition [14] and direct laser writing [13], followed by

coating them with magnetic materials such as Co and Ni/Ti,
an excellent recent review article discusses the key features of

various manufacturing methods [2]. Here, we propose to

manufacture a magnetic helical microribbon by self-scrolling

of a trilayer structure that sandwiches a Ni nanolayer between

low-frequency (LF) and high-frequency (HF) SiNx nano-

layers. Since both SiNx and Ni are expected to have isotropic

properties [30, 40, 47–50], grating the top SiNx layer with

oblique patterns at specific angles introduces the necessary

anisotropy unlike in other studies where the patterns are

etched onto the substrate and monolayer or bilayer films are

deposited on top [26]. Self-rolling leads to micro-helices or

irregular helical shapes depending on the geometric para-

meters of the oblique patterns. An extensive characterization

process is carried out to investigate the effects of the size,

depth, and the angle of orientation of the surface patterns on

scrolling for fixed length, width and thickness of the layers.

Moreover, a quasi-static finite-element model (FEM) is

developed to analyze the self-rolling process during the

release of the structure from the substrate using a unique set

of boundary conditions consistent with experimental obser-

vations. The simulation results demonstrate excellent agree-

ment with experiments both for the helical and non-helical

structures obtained from the microfabrication experiments.

According to the FEM, the final shape is determined by the

minimization of the elastic energy in the structure.

We demonstrate the utility of the proposed design as a

magnetically actuated microswimming robot. The proposed

design has several key advantages in the scope of microrobotic

applications. The ribbons are magnetic because of the Ni layer,

so attachment of a separate magnetic head [46] or Ni–Ti bilayer
coatings [4, 51] are not necessary. The lack of a head, combined
with the fact that the heavy magnetic material is distributed

evenly in the structure, is advantageous in terms of controlled

navigation as the head is shown to tilt the swimmer down,

which would require additional control strategies for gravity
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compensation. [12, 52]. The symmetry in the structure elim-

inates different trajectories observed in swimmers with a head

when they move in the head or tail direction [53]. Another
advantage is the structural rigidity enabled by the Ni layer dis-

tributed all over the swimmer: This allows the structure to retain

its helical shape for a long time as the residual stresses that lead

to the helical rolling do not relax over time. Lastly, the Ni layer,

known to be toxic, is sandwiched in-between the SiNx layers so

that exposure to the outer media is limited which also sig-

nificantly limits the probability of corrosion in fluids and

improves biocompatibility. We used a Helmholtz coil setup to

rotate the manufactured helical microribbon inside a capillary

glass tube filled with IPA, carried out experiments at different

rotation frequencies to demonstrate the swimming performance,

developed a three-dimensional computational fluid dynamics

(CFD) model to compare the swimming velocities with simu-

lation results, and, lastly, studied the effects of the width and

wavelength on the swimming velocity of the ribbon using the

CFD model.

2. Methods

2.1. Fabrication of the microswimmers

The process flow of fabrication is depicted in figure 1. A 4

inch p-type 〈100〉 orientation Si wafer with 1 μm thermally

grown SiO2 layer is used as the substrate. As the first process

step, a 250 nm thick chromium (Cr) sacrificial layer is

deposited using an e-beam physical vapor deposition (PVD)

system (Torr International Services LLC, Marlboro, NY) at a

deposition rate of 2.5Å s−1, and a pressure of 5×
10−6 mTorr. While lower sacrificial layer thicknesses are

more preferable to reduce the duration of its etching, we

observed the ribbon sticking to the surface of the substrate

due to the capillary forces, preventing self-scrolling or causing

non-helical structures to form. That is why we increased the

layer thickness up to 250 nm. One cannot increase the thickness

indefinitely as the etchant selected for Cr (see below) also attacks

the Ni layer (see section SI in supplemental material for details).

Following the PVD, a thin film of LF-SiNx is deposited with a

thickness of 160 nm by PECVD using the proprietary recipe of

OXFORD Plasma Pro100 Process Module with the following

parameters: temperature= 300 °C, power= 20 W, pressure

= 650 mTorr, frequency= 380 kHz, 5% SiH4/N2= 400 sccm,

NH3= 20 sccm, and N2=600 sccm. Third, a 50 nm thin layer

of nickel is deposited using the e-beam evaporator with the same

conditions as in the deposition of the sacrificial layer. Finally, a

thin film of HF-SiNx is deposited with a thickness of 310 nm by

the PECVD method with the same recipe as LF-SiNx at a fre-

quency of 13.56MHz (see figure 1(i)).

Ribbons on the sandwiched nanomembrane are pat-

terned by photolithography using a Midas MDA-60MS

mask aligner (Midas System Co, Ltd, Yuseong-gu, Dae-

jeon). First, a Microchemicals AZ5214E photoresist film is

spin-coated, followed by a pre-bake of 1 min at 105 °C on a

hot plate. After that, a light-field mask with rectangular

patterns with different orientation angles is used for pat-

terning. Subsequently, the sample undergoes a developing

process in AZ 726 MIF developer for 50 s (see figure 1(ii)).

The ribbon patterns are etched through the HF-SiNx layer at

90 s by reactive ion etching (RIE) with the use of OXFORD

Plasma Pro100 device with the following recipe: temper-

ature =

20 °C, pressure = 10 mTorr, SF6 = 20 sccm, CHF3 = 80

sccm, RF power = 50 W, and ICP power = 2000 W. The

measured etch rate is around 4 nm s−1. As this is the first

patterning step that reveals the ribbons, one needs to go

through all three layers of the material. That is why we

follow with a wet etching process for the nickel layer by

FeCl3 85%/DI-water etchant with a ratio of 1:20 for around

15 s. Finally, using RIE with the same recipe described

above at 50 s, the LF-SiNx is etched away to reach the Cr

sacrificial layer (see figure 1(iii)).

In order to create the second pattern on the ribbons that

determines the direction of rolling (the grating pattern),

another lithography process is performed with a different

mask that has the grating patterns on it (see figure 1(iv)). The

process parameters of lithography are exactly the same as the

previous one. This step is followed by RIE (see figure 1(v)) to

etch away the top layer partially at different depths, char-

acterized by H/T (see figures 2(a) and (b) for the geometric

description of the parameters). RIE duration varies depending

on the depth of the grating pattern.

After cleaning the resist, the sample is immersed into

chromium etchant TechniEtch Cr01 to allow the patterned

ribbons to be detached from the substrate and form helical

ribbons (see figure 1(vi)). The geometric dimensions of the

helix are given in figure 2(c). It is worth mentioning that a

detailed cleaning procedure is carried out in-between each

RIE and wafer scribing by immersion of the sample into hot

acetone at 40 °C for about 3 min followed by sonication in

water, isopropyl alcohol (IPA), DI-water rinsing, and finally

Figure 1. Process flow of fabricating self-rolled up helical structure:
(i) bottom-up deposition, (ii) first lithography, (iii) consecutive RIE,
wet etching, and RIE, (iv) second lithography, (v) RIE for revealing
the grating patterns on the ribbon and (vi) final wet etching that gives
the helix. Grating patterns are shown in white for visual clarity.
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drying process using nitrogen gas as our initial trials resulted

in failure even from very low amounts of contamination on

the surface of the substrate. Further details on the micro-

fabrication, including information on the thickness and stress

measurements and etchant selection, are provided at section

SI in the supplemental material.

The base geometric parameters used in the fabrication

experiments are provided in table 1. Determination of the base

parameters involved many trials with experiments and simu-

lations. As an example, for SiNx thicknesses less than 100 nm,

pinholes appeared on the substrate that completely ruin the

ribbons during the etching step, so we had to work with

thickness values larger than this value. The thickness of Ni

layer, on the other hand, is mainly determined by the strength

of the actuating magnetic field applied to the swimmer.

Lastly, one other aspect we considered was to fabricate

swimmers with D ∼ W for convenience. These three factors

contributed to the reference dimensions in this work.

2.2. The finite-element model

The rolling behaviour of the tri-layer nanomembranes during

the etching process is investigated further with the help of a

three-dimensional FEM model based on a quasi-static

approach using COMSOL Multiphysics v5.6. Solid

mechanics module is used in modelling the deformation of the

nanomembranes. Due to large deformations, geometric non-

linearity is considered in the model, resulting in the following

governing equations for a fully elastic, stationary study:

= 0 FS 1· ( ) ( )

=S C: 2el ( )

= - 3el th   ( )
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where S, ò, òel, òth represent the second Piola–Kirchoff stress

tensor, the strain tensor, elastic strain tensor and isotropic

thermal strain tensor, respectively. C is the elasticity tensor

defined by the elastic modulus and Poisson’s ratio, α is the

isotropic thermal expansion coefficient and u is the dis-

placement field. T is the temperature and F is the transfor-

mation matrix that represents large deformations. The self-

scrolling is induced by the stress anisotropy in different layers

of the ribbon. The average measured stresses inside LF-SiNx,

Ni, and HF-SiNx layers are obtained as −1444.7 MPa,

518.8 MPa and 277.3 MPa, respectively; these values are

Figure 2. (a) Top and (b) front views of the ribbon before the wet etching process (i.e. before self-scrolling), showing critical geometric
parameters. (c) The helical swimmer geometry and its parameters.

Table 1. The base geometric parameters for the fabrication
experiments.

Geometric parameter Value

L (μm) 1050

W (μm) 120

tLF (nm) 160

tNi (nm) 50

tHF (nm) 310

4
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realized in the model by setting arbitrary thermal expansion

coefficients and temperature differences. This induces some

additional strain (via òth) that gives the desired intrinsic

stresses in the layers. Since the stress level in each layer is

different, the imposed coefficients are different even between

the two SiNx layers. We assume that the intrinsic stresses are

isotropic based on the other studies in the literature [30, 40,
47–50], experiment results and profilometry measurements

given in section SI in Supplemental Material. The list of the

corresponding mechanical properties is given in table 2.

The scrolling of the ribbon after release from the sub-

strate is modelled by applying moving boundary conditions

with a quasi-static approach. Inertial effects are neglected due

to the low mass of the thin-film and strong viscous effects

during the wet etching process. As the sacrificial layer is

etched from below the trilayer nanomembrane, the initial

phase of the release of the structure would be as shown in

figure 3(a), starting at the same time from all edges and

moving towards the center of the ribbon with a length of L

and width of W. To mimic this behavior in the simulation

environment, we use moving boundary conditions by fixing

the bottom surface of the membrane only in the region which

is smaller than the whole surface by a distance, s, and increase

the value of s gradually at each step all the way to the red line

shown in the figure. One would expect the etching to continue

this way until the center of the ribbon is released, shown as a

green dot in figure 3(a). However, as previously mentioned

for polymers and semiconductors, the aspect ratio [25, 31]
and the wrinkling modes [54, 55] of the ribbon can affect the

rolling behavior of the structure. This can be clearly seen from

figure 3(b) for an LF-SiNx/HF-SiNx bilayer; at L/W= 4,

where the circumference (C) is comparable to the width and

thus long side rolling is energetically more favorable [25, 31].
However, once the aspect ratio scales up to 8 (figure 3(c)), the

behavior of the bilayer changes. In this situation, the structure

is rolled up from the long edge but it has not attained its final

shape since it initially adheres to the substrate due to capillary

force, and then changes its rolling direction to the diagonal of

the ribbon. As a result, the structure enters an unstable state

which abruptly snaps to form a compacted helical structure. A

possible explanation for this are the wrinkling modes which

are more pronounced in structures with very high aspect ratios

where the circumference is comparable to the width. At a

lower aspect ratio, as depicted in figure 3(b), the wrinkling

modes become flattened to proceed with long side rolling

before the structure is fully released. However, at a higher

aspect ratio, where even a single turn of rolling does not

occur, the wrinkling affects the deformation before fully

releasing from the substrate. The elastic energy history shown

in figure 4(a) confirm this behavior. Furthermore, we carry

out an etching process for a bilayer SiNx nanomebrane and

follow how it is released from the surface during the etching

process. Since SiNx is transparent, one can easily observe how

the structure is released from the substrate. The images at

figure 4(b) show captures from this etching process, con-

firming the diagonal rolling. However, as shown in the final

frame in figure 4(b), the structure forms a compacted helical

shape after release. When we test out a ribbon with Ni layer,

shown in Video S1 in supplemental material, the ribbon fol-

lows the same steps and this time forms a perfect helix, even

if the C/W ratio changes, ranging from 3 to 1. That is why,

after the initial 3 steps of release shown in figure 3(a), the

fixed boundary conditions are applied along three diagonal

equidistant lines with decreasing separation, and the structure

is fixed at the center point as the final step to avoid an ill-

posed system. The mesh size is set to 1/200 of the total

circumference (C) of the rolled-up structure [56] after a

detailed convergence analysis.

2.3. Swimming experiments

Figure 5(a) depicts the Helmholtz coils that provide a uni-

form, rotating magnetic field for the swimming experiments.

The setup is reminiscent of those used in practical applica-

tions of microswimmers but on a much smaller scale for

convenience [57]. The coils have outer diameters of 4 and

6.5 cm for the coils placed in the x- and y- directions,

Table 2. Material properties assigned in the FEM model.

Thin film Elastic modulus (GPa) Poisson’s ratio Thermal expansion coefficient (1/°C) Temperature (°C)

LF-SiNx 210 0.28 2.75e-6 1820

Ni 200 0.31 −7.75e-7 2300

HF-SiNx 210 0.28 −5.20e-7 1820

Figure 3. (a) Schematic view of the isotropic etching process. (b) and
(c) demonstrate the effects of the aspect ratio on the rolling behavior.
At (b), L/W= 4, and C/W= 1.4; and at (c) L/W= 8, C/W= 2.8.

(i) and (ii) are the images of the ribbon from experiments before and
after releasing, respectively, and images at (iii) are the corresponding
simulation results (scale bar size is 200 μm).

5
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respectively, suitable for placement under a stereo micro-

scope. The opening in the middle of the top coil allows the

recording of the experiments from the top. In accordance with

the coordinate frame shown in the same figure, the applied

magnetic field is defined as:

w w= ¢B t tB cos sin 0 , 70[ ]( ) ( ) ( )

where B0= 3.6 mT is the strength of the magnetic field,

ω= 2πfm is the magnetic field angular rotation rate where fm
is the rotation frequency, and t is time. The magnetic field

imposes a magnetic torque on the swimmer, given by the

equation:

t = ´m B, 8m ( )

where m= VmM is the magnetization vector of the swimmer

that depends on the volume of the magnetic material Vm and

magnetic moment M. The actuation mechanism is schemati-

cally depicted in figure 5(b). Externally actuated magnetic

artificial microswimmers employ either a magnetic coating on

the artificial flagella [13, 14] or a magnetic head attached to

the helical tail [12]. In our swimmers, the magnetic material is

sandwiched in between two SiNx layers. This approach has

multiple benefits in terms of microswimming applications,

which are discussed in section 1.

In experiments, swimmers with total length Lsw, diameter

D and wavelength λ (complete set of dimensions are provided

in table 3) are placed in glass tubes filled with isopropyl

alcohol and propelled with the Helmholtz coils. Note that the

thickness of the Ni layer is increased from 50 to 150 nm for

stronger magnetization and enabling swimming under weaker

magnetic fields. We have followed the guidelines established

from our fabrication experiments to determine the critical

pattern parameters w/g, H/T and θ in table 3, showing that

the guidelines proposed here can be used to manufacture

swimmers with different layer thicknesses. Coil currents Ix
and Iy with the amplitude I0 are provided by Maxon ADS_E

50/5 motor drivers and NI DAQ hardware. A MATLAB user

graphical interface is designed to control the current and fm.

An optical microscope (Nikon SMZ1270) equipped with a

camera (Basler acA2440-75um) is used to record swimmer

motion. The frame rate of the recording is fixed at 25 FPS,

and the contrast of the images is adjusted properly to make

the subsequent image-processing straightforward. As a post-

processing step, the recorded videos are collected and ana-

lysed through an image processing procedure whose details

can be found in [53]. Average swimming velocities are

Figure 4. (a) Elastic energy variation for the gradually released
nanomembrane with a high aspect ratio. (b) Time-lapse image of
releasing and rolling of high aspect ratio nanomembrane consisting
of two SiNx layers. The left column shows the time elapsed after the
etching starts.

Figure 5. (a) The Helmholtz coil setup with the reference coordinate
frame and assigned currents to the coils, (b) magnetic actuation
mechanism of the radially magnetized swimmer with a rotating
magnetic field on the radial plane.

Table 3. Geometric dimensions of the helical swimmer used in the
swimming experiments.

Lsw D λ tLF tNi tHF w/g H/T θ

(μm) (μm) (μm) (nm) (nm) (nm) (°)

740 60 246 100 150 170 1 0.25 60
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obtained by linear curve fitting to position data and the var-

iation of velocity is found from the root mean square error of

the fit line.

2.4. Computational fluid dynamics modelling for the swimming

experiments

The velocity of the helical swimmer is obtained from the

solution of the Stokes’ equations for the flow due to the

rotation and translation of the swimmer inside a cylindrical

channel. The equation is given by:

m -  =  =pu u0, 0, 9f f f
2 · ( )

where uf is the fluid velocity field and pf is fluid pressure and μ

is the viscosity of the fluid, which is isopropyl alcohol (IPA)

with μ= 2.4 cP. We follow the methodology of the model

presented in [58], therefore we take the Reynolds number of the
system as zero. The inertial effects at low Reynolds numbers are

negligible, so one can solve for the swimming velocities from

the steady state solution of the Stokes’ equations [58]. The
helical swimmer used in the simulations is modelled according

to those that we used in the experiments given in table 3.

The swimmer is placed in a channel with the diameter,

2Rch= 1.6 mm and length Lch= 3Lsw, which is sufficiently

long for the effects of the local flow around the swimmer of

length Lsw as shown in figure 6. No-slip boundary conditions

are applied to channel walls and to the swimmerʼs surface,

where the wall movement is specified by:

w= + ´ -u U R R x x . 10s sw
T

0( ( )) ( )

where Usw is the velocity of the swimmer, R is the rotation

matrix from the swimmer’s frame to the channel frame,

w p= 0 0 2 T[ ] is the angular velocity of the swimmer

rotating around its long axis with angular velocity of 2π for

the unitary magnetic rotation frequency. x is the position at

the swimmerʼs surface and subscript ‘0’ indicates the center

of mass of the swimmer. Swimmer velocities for rotations

other than fm= 1 Hz are scaled with that frequency. Usw is

obtained by specifying force-free swimming conditions in

each direction by integrating the surface force, n ·σ over the

swimmer surface, Ωsw:

ò s =
W

dAn 0, 11
sw

· ( )

where n is the normal vector on the swimmer surface and σ is

the stress tensor. In the model, the swimmer is placed at

x= 0.5 mm with 10° rotations around the y- and x- axes each

and the rotation matrix is obtained from the Tait–Bryan

angles in that order.

3. Results and discussion

3.1. Characterization of micro-fabricated helices

We first share the characterization results of the scrolling

behavior of ribbons with respect to the geometric parameters

that define the grating patterns. Four main parameters are

considered for the patterns as shown in figure 7(a): g (the gap

distance between the islands formed by the grating patterns);

w (the width of the islands); H (the depth of the islands); and

θ (the angle of the islands). Without any grating applied, as

discussed in section 2.2, the structure tends to minimize its

energy by forming a compacted helix since its length-to-width

ratio is large (greater than 6). Depending on the grating pat-

tern, we observe three distinct final shapes, as shown in

figures 7(b)–(d). First, the edges of the rolled-up helical rib-

bon overlap to form a tubular shape (figure 7(b)) demon-

strating that anisotropic effects are not strong enough to form

a helix with a sufficient gap between the turns. Second, reg-

ular helical structures are obtained (figure 7(c)) when the

optimal patterns are used. Lastly, due to excessive local

strains and nonuniform mechanical properties, irregular heli-

ces are achieved as depicted in figure 7(d) specifically when

the depth (H) of the pattern is large, i.e. comparable to the top

layer thickness.

A systematic set of experiments are carried out by con-

sidering four pattern parameters with the following values:

θ= 45°, 50°, and 60°;H/T= 0.15, 0.25, and 0.35; w/
L= 0.025, 0.1, 0.175, and 0.25; and g/L= 0.025, 0.05, and

0.075 (check section SII in the supplemental material for the

patterned geometries). To ensure the repeatability and acc-

uracy of the results, each experiment is repeated three times.

A compact bar chart showing the overall percentage of perfect

helices obtained is given in figure 7(e) as a function of g/L
and w/L. The effects of H/T and θ are also depicted in

figures 7(f)–(h). The results show that lower g/L helps to

achieve helical shapes as well as increasing the angle of

Figure 6. The geometric setup for the computational fluid dynamics
model.
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orientation of the pattern and keeping the ratio of w/g close to
one. The effect of the depth ratio of the pattern, H/T, is more

pronounced at low w/g ratios and high orientation angles. As

tabulated in section SII in the supplemental material, for the

cases that result in higher helical angles (greater than 75°),

where the helical pitch (wavelength) is close to the length of

the ribbon, rolled-up ribbons turn into a compacted helical

shape abruptly once completely released from the substrate

(see video S2 in the supplemental material) even though

helical ribbons are observed intermediately before the final

release. This behaviour manifests that the final minimum

elastic energy level is different from those in intermediate

stages when the ribbon is still partially attached to the sub-

strate. In summary, one can infer that at least one of the w/L
or g/L ratios has to be kept low enough to obtain helical

ribbons. At low length/width ratios of the ribbon, the rolling

behaviour of the structure is unpredictable since it can roll up

from all sides and keeps rolling in specific directions due to

history dependency of the process similar to strain-induced

semiconductors and polymer microstructures [25, 31]. How-
ever, perpendicular rolling is energetically more favourable

for fairly high length/width ratios. Moreover, rolling cannot

occur perpendicular to the long edge of the patterns (i.e. l)

when the aspect ratio of the patterns, i.e. l/w and l/g are low.

Furthermore, for a fixed ribbon length, L, increasing the

widths of patterns, either w or g (figure 7), too much reduces

the efficacy of patterning, and the rolling direction cannot be

controlled as gradually and smoothly, since each section

behaves as an individual component.

Optimal g and w values are obtained for the cases when

l/w and l/g are moderately high and w/g is low as discussed

and predicted for grated single layer and bilayers as well

[26, 59]. Accordingly, the effects of patterning depths and

angles are elucidated in figures 7(f)–(h) excluding the high

values of w/g. At lower depths (H/T= 0.15), even if the w/g
ratio is low, the effect of the patterning is not notable enough,

and, hence, the ribbon tends to roll with a limited helical bias.

Increasing the depth ratio to H/T= 0.25 gives further bias in

the direction and results in better helices. Further increasing

the ratio to H/T= 0.35 results in a higher difference between

the strain gradients and the curvatures of the patterned and

unpatterned regions than that of H/T= 0.25 leading to pre-

dominantly irregular helices [60, 61]. When the pattern angle

is 60°, where the aspect ratios of the l/w and l/g are high

enough, higher percentage of the structures roll perpendicu-

larly to the long edge of the patterns and higher percentage of

smooth helices are formed upon release at optimal patterning

values (i.e. low w/g, medium depth, and high angles). In

video S1 in supplemental material, the formation of a uniform

helix is shown at optimal pattern values.

Figure 7. (a) Top and front views of the sandwiched nanolayers; optical microscopic images of the deformed structure as (b) compacted helix,
(c) regular helix, and (d) irregular helix; (e) the percentage of generated regular helices for wide islands; and (f)–(h) the scatter graph of
resulting helical shapes for 45°, 50°, and 60° pattern angles, respectively. Red dots are for compacted helices, purple dots show irregular
helices and blue ones indicate regular helices.
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3.2. FEM results

This section provides the validation of the FEM model with

various structures obtained from the microfabrication

experiments. FEM results are validated quantitatively with the

diameters of the rolled-up structures and their wavelengths.

Furthermore, we provide qualitative comparisons for the non-

helical geometries obtained in experiments. Figure 8(a)

depicts the comparison between the helices obtained from

experiments and simulations for H/T= 0.25 and 0.35,

w/g= 1, and θ= 45°, 50° and 60°. The average diameter of

the helices remains constant as predicted by simulations as

well with an average error of around 5%. Helical pitch angle,

β, increases with the orientation angle as in the case of

monolayers [26]; thus, the helical wavelength, λ, increases

with the pattern orientation, θ, satisfying the relationship

between the geometric parameters of the helix, l p b= D tan ,

where D is almost constant since the geometric parameters of

the tri-layer thin film are fixed. Moreover at higher grating

depth, H/T= 0.35, the thickness of the top layer varies

considerably more between the grated and untouched por-

tions than for H/T= 0.25. As a result, the final ribbons

have about 10% smaller diameter and helical wavelength

for H/T= 0.35 than for H/T= 0.25. Overall, simulation

results agree well with experimental observations with an

average error of around 7%. Additional comparisons are

shown in figures 8(b)–(d) for further confirmation of the

agreement between experiments and simulations; uniform

helices with varying pitch angles are shown in figure 8(b),

irregular helices in figure 8(c), and compacted helices where

the edges overlap are illustrated in figure 8(d).

3.3. Swimming experiments

The micro-helices are placed in a magnetic actuation setup as

described in section 2.3 and the swimming trajectories are

recorded with different fm, ranging from 1 to 20 Hz. Each

swimming experiment is repeated three times for consistency

Figure 8. (a) Comparison between experimental and simulation results for patterning parameters of w/g= 1 and two depths of H/T= 0.25,

and 0.35; (b) w/g= 1 while H/T= 0.25; (c) w/g= 3 while H/T= 0.35; and (d) w/g= 5 while H/T= 0.25. The size of the scale bars is

200 μm.
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and reproducibility. As demonstrated by the time-lapse ima-

ges in figure 9(a), the microswimmer moves alongside the

axis of the channel in the vicinity of the wall similar to the

behaviour of biological microswimmers [62]. Average

swimming velocities from the experiments along the chan-

nel’s long axis (U) are shown in figure 9(b) and compared

with the CFD model results for a swimmer located at 0.5 mm

away from the centerline of the channel and rotated around

the y- and x- axes by 10° each based on a rough estimate on

the swimmerʼs position and orientation (see section 2.4).

Error bars for the experiment results are obtained from the

standard deviations. The model agrees well with the experi-

ments for the selected position and orientation of the swim-

mer. Typically, helical microswimmers demonstrate three

modes of swimming: wobbling at low rotation frequencies,

followed by cork-screw-like motion at higher frequencies

[43, 45, 63]; and step-out when the swimmer fails to rotate

synchronously with the magnetic field when the rotation

frequency is increased further [46, 51, 63]. As shown in

figure 9(b), the swimmer velocity increases linearly with the

rotation frequency for up to 17 Hz, reaching a maximum

velocity of 110 μm s−1; and, finally, the swimmer enters the

step-out region in which the rotation of the swimmer becomes

irregular, resulting in a reduced velocity. The three modes of

motility at 1 Hz, 7 Hz, and 20 Hz are demonstrated in video

S3 in supplemental material and the wobbling trajectory of

the swimmer is depicted in figure 9(c). Lastly, the CFD model

is used to study the effects of the width and helical

wavelength on the stroke of the ribbon swimmer as shown in

figure 9(d); the stroke is defined as the distance travelled by

each rotation of the helix, and given by U/f. In the plot, W0

and λ0 are the width and the wavelength of the helix used in

the experiments. Increasing λ decreases swimming speed,

whereas increasing W has an opposite effect due to increased

resistance of the swimmer. A more comprehensive analysis

on the effects of various geometric parameters of helical

ribbons on the swimming performance is available in [64].

4. Conclusion

In conclusion, magnetic helical ribbons consisting of a

sandwiched nickel nanolayer between two LF-SiNx and

HF-SiNx layers are successfully manufactured by the strain-

induced patterned self-assembly method. The method has key

benefits for microswimming applications including improved

rigidity, biocompatibility and controllability. Experiments are

carried out by varying four geometric parameters of the pat-

terns, which are, width (w), gap (g), depth (H), and the

orientation angle (θ), of the patterns, while the ribbon width

(W), and length (L) and thicknesses of the layers are kept

constant. There is not a straightforward combination that

produces desired smooth helical shapes, but for a w/g ratio

near 1, low w/L and g/L ratios and high θ give desired results

for most of the H/T ratios tested. The rolling process of the

top-layer patterned ribbons during etching is modeled using

Figure 9. (a) Time-lapse image of the swimmer in a narrow tube under a rotating magnetic field of 5 Hz. (b) The swimming velocities with
respect to magnetic rotation frequency. (c) The wobbling trajectory of the swimmer for a magnetic rotation frequency of 1 Hz. (d) Effects of
the helical wavelength and the ribbon’s width on the swimming stroke, U/f in millimeters.
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FEM for the solution of linear elastic equations with moving

boundary conditions and large deformations: experiments and

model results agree very well even for the cases where the

final shape is non-helical. A rotating magnetic field is gen-

erated by two pairs of Helmholtz coils to rotate the magnetic

helix inside a capillary glass tube filled with isopropyl alcohol

to demonstrate the swimming capabilities of the microribbon.

The swimming velocity increases steadily up to a rotation

frequency of 17 Hz. The similarity of the proposed swimmer

design to those used in practical applications should enable

easy adoption of the proposed design.

The lifetime of the swimmers, magnetization strength,

oxidation resistance and exact measure of biocompatibility

could be interesting to study as future work. Moreover, some

other methods including magneto acoustic actuation could

reduce the wall effects and improve the controllability of the

swimmer in various environments. Lastly, to improve the

insulation of the magnetic metal from corrosive effects of the

aqueous environment, the step coverage method could be

incorporated in the PECVD process.
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