
IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 2, NO. 2, APRIL 2017 727
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Abstract—Recent advances in smart materials and microfab-
rication techniques lead to the development of microrobots for
on-demand and targeted therapy. Self-folded hydrogel tubes are
particularly promising vehicles as they provide relatively large sur-
face area-to-volume ratio and cargo space for therapeutic agents.
In this paper, we decorate these microstructures with an artificially
approximated bacterial flagellum to enable efficient swimming in
fluidic environments. Flexibility enhances overall motility of the
soft microrobot through synergistic propulsion generated by the
tubular body and the flagellum, a feature that has not been ob-
served in conventional microrobots manufactured from rigid ma-
terials. While the flagellum is applying forward thrust, a precession
is induced on the body due to wobbling of the tail that can provide
extra speed depending on the tail design. A simple model based on
resistive force theory explains the direction-dependent changes in
swimming motility and the role of tail geometry.

Index Terms—Biomimetics, microrobots, soft matter and soft
robotics.

I. INTRODUCTION

M ICROBOTS have the potential to revolutionize medicine
by navigating within the human body and perform-

ing minimally invasive diagnostic and therapeutic operations
[1]–[3]. One application area that has shown great progress in
recent years is targeted delivery and controlled release of thera-
peutics using wirelessly powered microrobots [4]–[7]. Although
therapeutic cargo can be incorporated directly on polymeric or
metallic structures through surface functionalization [4], [8],
encapsulating them within stimuli-responsive hydrogel based
devices enables on-demand and tunable delivery [9], [10]. We
have recently introduced a microfabrication technique based on

Manuscript received September 8, 2016; accepted December 13, 2016. Date
of publication January 10, 2017; date of current version February 2, 2017.
This paper was recommended for publication by Associate Editor E. D. Diller
and Editor S. Yu upon evaluation of the reviewers’ comments. This work was
supported by the European Research Council Advanced grant project BOTMED.

H.-W. Huang and B. J. Nelson are with the Multiscale Robotics Lab-
oratory, ETH Zurich, Zurich 8092, Switzerland (e-mail: hhuang@ethz.ch;
bnelson@ethz.ch).

Q. Chao is with the School of Computer Science and Technology, Xidian
University, Xi’an 710071 China (e-mail: chaoqianwen15@gmail.com).

M. S. Sakar is with the Institute of Mechanical Engineering, EPFL, Lausanne
1015, Switzerland (e-mail: selman.sakar@epfl.ch).

This paper has supplemental downloadable multimedia material available at
http://ieeexplore.ieee.org, provided by the authors. The Supplementary Mate-
rials contain a video describing the soft microrobots with various body plans
showing different locomotion and motility. This material is 9.2 MB in size.

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LRA.2017.2651167

Fig. 1. A schematic of the soft microrobots with different body plans showing
different motility. The flagellum driving a large tubular body enables swimming
at low Reynolds number along helical trajectories. The motility of soft flagellated
microrobots is directly related to the amplitude of the helical trajectory they
follow.

programmable self-folding for building soft microrobots from
thermoresponsive magnetic hydrogel nanocomposites [11].
Selective alignment of magnetic nanoparticles (MNPs) controls
the bending direction and magnetic anisotropy of individual
compartments, leading to the formation of compound mobile
microrobots with multiple interconnected parts. Formation of
multiple body parts with different mechanical and material prop-
erties paves the way for realizing optimal mobility and cargo
transport on the same system [12], [13].

Multi-layered hydrogel tubes have the capability to release
encapsulated molecules through designated pathways in a sus-
tained or triggered manner [14]. Following a compartmentaliza-
tion concept, these wirelessly actuated tubes can be loaded with
cell-laden microgels for on-demand cell therapy [5]. However,
non-deformable structures with symmetric shapes cannot gen-
erate propulsion at small scale [15], so navigating these tubes
in a controllable fashion is challenging. Mimicking the behav-
ior of bacterial or eukaryotic flagella in microrobots enables
microscale swimming [16], [17]. By incorporating a magneti-
cally actuated synthetic flagellum to an optically actuated tubu-
lar body, mobility and pharmacotherapy can be combined in
a single microrobot. If this microrobot were manufactured us-
ing conventional techniques, the only contribution of the body
to propulsion would be fluidic drag that would slow down the
motion. However, experiments with flagellated bacteria have
shown that the mechanical coupling between the flagellum and
the body plays an active role in the hydrodynamics of swimming
due to the presence of a flexible hook [18], [19].

In this work, we present a systematic analysis of the effect
of propeller geometry on the locomotion of soft microrobots
driven by rotating uniform magnetic fields (Fig. 1). Flagellated
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Fig. 2. The origami designs of the self-folding microrobots based on the
magnetically programmed system were shown on the left panel and optical
images of the fabricated microrobots were shown on the right.

soft microrobots with curved, helical or straight tails are fabri-
cated through an origami-inspired self-folding process (Fig. 2).
Our theoretical analysis and experimental results show that the
three-dimensional (3D) trajectories and the velocity of the robots
depend on the torque-induced precession of the body, which in
turn is determined by the design and structure of the soft micro-
robots. Understanding the interplay among machine architecture
and hydrodynamic forces is critical for building microrobots
with optimal performance in medical applications.

II. METHODS

A. Design and Fabrication of Flagellated Soft Microrobots

The microrobots were fabricated by sequential patterning
of swelling and non-swelling hydrogel nanocomposite layers
using photolithography. The bilayered compartments have a
non-swelling layer made out of poly (ethylene glycol) diacrylate
(PEGDA, MW 575) doped with MNPs (30 nm Fe3O4, 2.5 wt%),
and a swelling layer made out of N-isopropylacrylamide (NI-
PAAm) hydrogel doped with MNPs (5 wt%). The monolayer
compartments consist of a single non-swelling hydrogel layer.
The autonomous folding of a bilayer structure is driven by the
differential expansion of coupled layers during swelling in water
[20]. To generate folding in monolayer structures, we formed
gradients of MNPs during photopatterning, which led to dif-
ferential swelling along its depth. The folding conditions of
the monolayer and bilayer structures were investigated in our
previous work [11]. The final 3D morphology of the compart-
ments was programmed through particle alignment within non-
swelling layers. The fabrication process of the multi-layered
soft microrobots is shown schematically in Fig. 3. The magnetic
anisotropy of the entire structure was encoded in the swelling
nanocomposite layer by aligning the MNPs along the out-of-
plane direction. The geometric parameters are listed in Table I.
The flagella were fabricated mainly from PEGDA solution to
ensure that they do not deform during locomotion. Experiments
with rigid helical propellers driven by a magnetic head have
shown that helical swimmers wobble around their helical axes
at low frequencies [21]. The wobbling motion depends on the
helix geometry, viscosity of the fluid and the magnetic torque

Fig. 3. The fabrication processes of the hybrid self-folding structures.
Encoding the origami design and magnetic anisotropy in 2D compound
layered structures.

TABLE I
DESIGN PARAMETERS

2D designing parameters Defined dimensions

LH 1500 μm
WH 500 μm
LT 750 μm
WT 50 μm
Thickness of the supporting layer 10 μm
Thickness of the responsive layer 30 μm
α 0o and 45o

applied on the structure. Mason number (Ma) is the ratio of
viscous torques to magnetic torques.

Ma = ηωΛ3/HB (1)

where Λ = λ/cosθf , λ is the wavelength of helix, θf is the
helix angle, ω is the rotating frequency, B is the amplitude of
applied magnetic fields, H is the induced magnetic moment,
and η is the dynamic viscosity of medium. A theoretical and
numerical study [22] of wobbling of rigid helices actuated by a
rotating magnetic field has given the asymptotic behavior of the
wobbling angle for small values of Ma as

β ≈ 9 [ln (2q/a) − 1/2]
π3

θf

n5Ma
(2)

where q is 0.09λ, n is number of helical wavelength, θf is the
helix angle, and ω is the rotating frequency. We took the radius
of the helical filament a as

√
t · WT (where t is the thickness and

WT is the width of the fabricated helices) to approximate the
rectangular cross-section with an equivalent circular profile.

B. Experimental Setup

The platform for programing the morphology and mag-
netic anisotropy of the robots is composed of one solenoid
in the horizontal direction, one pair of Helmholtz coils in the
vertical direction, and one pair of UV lamps integrated in-
side the solenoid [20]. For the locomotion experiments, we
used an eight-coil electromagnetic manipulation system called
Octomag [23]. Two cameras on the top and side observed the
workspace. Magnetic hysteresis loops of the self-folded bilayer
tubular structures were measured at 302.3 K using a vibrating
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sample magnetometer (VSM, Oxford Instruments 1.2, and UK)
by applying a magnetic field in the range of −30 mT to 30 mT.

C. Theoretical Analysis of Microrobot Motion

The robots swim in a sucrose solution with a viscosity of
10 cP at low Reynolds number regime (Re < 10−2). Inertial
forces are neglected and the flow is time-reversible. Therefore,
micro-swimmers need to perform a non-reciprocal movement
to produce a displacement [24]. In this work, we experimentally
and theoretically analyzed the steady-state motion of soft mi-
croswimmers. We assumed that the hydrodynamic interactions
between the body and the flagellum do not play a significant role
in propulsion and the fluid at distance is quiescent. These as-
sumptions were used before by other researchers in modeling of
flexible microswimmers that are propelled by the deformation
of their flagella [25], [26]. Furthermore, in our experiments, we
did not observe a measurable distortion in the flagella. Under
these assumptions, the velocity of each segments of tail can be
represented as u = ω̂ × r.

To perform corkscrew motion at low Reynolds number, the
externally applied forces and torques have to balance the drag
forces on the helical swimmer. Purcell presented a simplified 1D
model using resistive force theory (RFT), where the corkscrew
motion of the tail is described only by the rotation and translation
along the helical axis [24]. The head and tail both move with
speed, U and rotate at a rate, ω. The forces, F and torques, T
acting on the head and tail (subscripts H and f, respectively) are
linearly related to their translational and rotational speeds by
RFT matrices. (

Ff

Tf

)
= −

(
σf εf

εf τf

)
·
(

U

ω

)
(3)

(
FH

TH

)
= −

(
σH εH

εH τH

)
·
(

U

ω

)
(4)

Note that the off-diagonal term in the RFT matrix for the
head, εH , represents the contribution to propulsion due to the
helical motion of the head. The motility contributed by the head
precession is related to the precession angle of the head. The tail
deformation induced by viscous stresses can be determined from
the parameter μUd2 l/A, where A is the bending stiffness and d
and l are the diameter and length of the flagellum, respectively
[27]. The non-dimensional parameter of the monolayer tail is
∼ 10−2 at relatively low frequency, suggesting that the tail could
be considered as rigid at these conditions and maintain its ge-
ometry regardless of moving directions. The coefficients σf , τf ,
and εf are functions of geometric parameters and fluid viscos-
ity only and could be considered as constant during locomotion
[21]. While the coefficients σH , τH , and εH are not only func-
tions of geometric parameters and fluid viscosity but also the
trajectory of helical motion on the head [18].

σH = LH

(
ξ‖cos2θ + ξ⊥sin2θ

)
(5)

τH = R2 · LH

(
ξ⊥cos2θ + ξ‖sin2θ

)
(6)

εH = R · LH · sin θ cos θ
(
ξ⊥ − ξ‖

)
(7)

where R is the radius of the helical trajectory with 2R∼ LH ·
sin θ, LH is the length of the tubular head, and θ is the precession
angle of the tubular head. The anisotropic translational drag
coefficients in parallel and normal direction are given by [28]

ξ‖ =
2πη

ln (δ) − 0.5
and ξ⊥ =

4πη

ln (δ) + 0.5
(8)

where δ = 2q/a for helix, and δ = 2LH /r for the tubular head,
η is the dynamic viscosity of medium and r is the radius of the
tubular head.

Since the head and tail move synchronously in the same di-
rection and at the same speeds, the overall propulsion matrix
of the flagellated microrobots performing helical motion can be
rewritten as(

F

T

)
= −

(
σH + σf εH + εf

εH + εf τH + τf

)
·
(

U

ω

)
(9)

The magnetic force and torque applied on the microrobots is

F = 0, and T = V · M × B (10)

There is no magnetic gradient applied on the robots and, thus,
force free actuation. V is the volume of the magnetic material. B
is the amplitude of the applied magnetic field. The overall for-
ward speed of the microrobots is contributed by the movements
of the head and tail together and described as

U =
(

εH + εf

σH + σf

)
ω (11)

Flagellar motility is a dimensionless parameter that is com-
monly used to quantify the swimming performance of flagellated
microorganisms. The motility of the flagellated microrobots
enhanced by the precession is given by

κ+ =
U

LH · ω =
1

LH
· εH + εf

σH + σf
(12)

Substituting (11) into (9) reveals the relationship between the
step-out frequency and the magnetic torque:

ω =
σf + σv

(εf + εv )2 + (τf + τω ) (σf + σv )
T ∼ 1

η
T (13)

If the magnetic field is rotated at a speed higher than the step-
out frequency, the robot can no longer move in-sync with the
field and the velocity drops immediately. Increasing the magne-
tization or decreasing the drag coefficients of the microrobots
raises the step-out frequency.

III. RESULTS AND DISCUSSION

The enhancement of motility due to the helical motion of
the cell body, which is denoted by εH in (2), is experimentally
observed in the uniflagellated bacteria Caulobacter crescentus
[18] and halophilic archaeon Halobacterium salinarum [29].
The cell body precession is associated with the flexibility of the
hook that connects the flagellum to the cell body. We hypoth-
esized that coupling a flexible flagellum with a tubular head
can show a similar enhancement in artificial micromachines.
To quantitatively elucidate the contribution of head precession,
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Fig. 4. Programming the folding-invariant magnetic anisotropy in the machine
head. (a) The measured magnetic hysteresis loops of a folded bilayer tube in
the short and long axis. (b) Independent of their shape, all five prototypes align
their short axis along with the applied uniform magnetic field (20 mT).

we fabricated five different microrobots with different body
plans. Helical microrobots perform a non-ideal motion called
wobbling when the preferred direction of magnetization is not
perfectly aligned with the radial axis [21]. To verify that the
precession of the flagellated microrobots is not coming from a
misalignment in magnetic anisotropy, the preferred direction of
magnetization must be tightly controlled during the fabrication
process.

A. Magnetic Anisotropy in Self-Folded Structures

Magnetic anisotropy of polymer-based micro-actuators can
be intuitively programmed through the alignment of embedded
MNPs [8, 30]. However, programming the magnetic anisotropy
in an autonomously folding and reconfigurable machine requires
a detailed understanding and control of the folding conditions.
In our previous work, we presented a folding invariant mag-
netic anisotropy scheme for self-folded structures by aligning
the MNPs in the out-of-plane direction [20]. The self-folding
process transforms the out-of-plane magnetization of 2D layers
into a 3D machine with a preferred magnetization in the radial
direction. Therefore, the magnetic properties of the microrobots
can be tuned independent of their final form.

The magnetic characterization of self-folded bilayer tubes
measured along the short and long axis is given in Fig. 4(a).
The hysteresis loops were measured by applying magnetic
fields between −30 mT and 30 mT, which covers the range
of the magnetic field strength applied during manipulation
experiments. The coercivity and remanence along the short axis
are significantly higher than the long axis, which shows that
the magnetic anisotropy is set along the short axis. Fig. 4(b)
shows the alignment of microrobots with different body
plans under a uniform magnetic field. Once again this data
demonstrates that they are all magnetized along the same axis
despite their dissimilar shapes. Upon application of a rotating
uniform magnetic field, the microrobots began to rotate around
their folding axis and the flagellated prototypes performed a
corkscrew motion without wobbling.

B. Precession of Tubular Head

The precession is induced by devising an asymmetric geom-
etry along the rotating axis between the head and tail of the
artificial microswimmer. When the swimmer is rotated around

Fig. 5. (a) The measured precession angle of the self-folded microrobots.
(b) The motility versus the precession angle. The solid and dashed lines are
calculated by (12). Three identical devices were used to test each design and the
experiments were repeated at least three times.

its long axis, the tail generates a forward thrust and starts to
push the head, while itself wobbling. The head being pushed
by the wobbling helix, becomes tilted with respect to the di-
rection of motion and precesses tracing out a helical trajectory.
Fig. 5(a) shows how the precession angle changes with increas-
ing frequency of the external magnetic field at 30 mT. The data
shows that microrobots with helical or curved tails have rela-
tively higher precession angles at lower frequencies, and this an-
gle gradually decreases with increasing frequency. Microrobots
with straight tails as well as tubular and helical microrobots
do not exhibit head precession as expected. The precession an-
gles monotonically decrease with increasing frequency because
non-uniform hydrodynamic forces attenuate the precession and
wobbling motion at high rotating speed, a phenomena com-
monly observed in helical microswimmers [21]. The results in
Fig. 5(a) are in accordance with (2) [22], which reveals that the
precession of the head is associated with the wobbling motion
of the tail.

The measured and calculated motility of the microrobots en-
hanced by the precession are shown in Fig. 5(b). We measured
the precession angle from the recorded videos by measuring the
angle between the axis of forward direction and the long axis
of the tubular head. The solid and dashed line are the calculated
motility of flagellated microrobots with and without tail propul-
sion, respectively by (12). As we assume in the method section
that the tail is not deformed during rotation at low rotating fre-
quency, the coefficients in the RFT matrix of the tail is invariant.
The overall motility is only a function of the precession angle
of the head. In order to simplify the motility comparison among
different tail geometries, we used a single turn helix model
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Fig. 6. The measured (filled) and calculated (open) forward (a) motility and
(b) speed of various types of microrobots. Three identical devices for each type
of microrobots were used in the experiments, and the experiments were repeated
at least three times.

(n = 1). The calculated and measured motility show the same
tendency, i.e., that the motility is proportional to the precession
angle of the machine head. The measured motilities of vari-
ous microrobots are located between the solid and dashed lines,
which shows that the head precession generates the bulk of the
overall motility. The microrobot with a straight tail shows very
small motility due to the precession-free motion. The micro-
robot without tail cannot generate propulsion and display zero
net displacement as shown in supplementary video, which also
proves that the propulsion is not coming from forces generated
by a magnetic field gradient.

C. Frequency Response of Various Microrobots

The forward speed of rigid microrobots driven by corkscrew
motion is linearly proportional to the angular speed, and their
motility does not depend on the rotating frequency [21]. How-
ever, the motility of the soft microrobots with precession
depends on the rotating frequency, as the precession angle
changes with frequency and the forward velocity is not lin-
early proportional to the angular velocity anymore. Fig. 6(a)
shows the non-linear relationship between the forward motility
and the rotating frequency. The calculated speeds and motility
were obtained from (11) and (12) using the measured precession
angles that were shown in Fig. 5(a). The motility of the flagel-
lated microrobots decreases with increasing rotating frequency
due to the decrease in precession at higher frequencies. On the
other hand, the helical microrobots show a constant motility
before reaching the step-out, which happens at 5 Hz. Fig. 6(b)
shows the forward speed of the same microrobots. The forward
speed of the microrobots with a curved or helical tail increases
with rotational frequency up to 2 Hz as expected. However, the

speed starts to decrease gradually until reaching step-out due
to the decrease in motility. The speed of helical microrobots is
linearly proportional to the rotating frequency as expected.

The speed and motility of the microrobots with a curved tail
are significantly higher than the rest due to the large amplitude
of precession. The calculated results show that there is an ex-
pected increase in speed at higher rotating frequencies as the
tail starts to provide higher thrust. The motility and speed of
the flagellated microrobots would eventually be smaller than
the helical microrobots at higher frequencies because the head
precession starts to lose its effectiveness and the head becomes
a source of drag slowing down the machine. Enhancing the ap-
plied magnetic torque by increasing the magnetic nanoparticle
concentration or magnetic field strength will move the step-out
frequency up and, as a result, the speed of microrobots will
increase again with the rotating frequency. Microrobots with
a straight tail exhibit almost no motility as neither the tubular
head nor the symmetric rigid tail can generate propulsion at low
Reynolds number.

D. Enhanced and Attenuated Motility by Helical Motion

The helical motion of the head does not always enhance the
overall motility. When the head and tail propel in opposite di-
rections, the motility is attenuated. The interactions between
the head and tail results in three different scenarios; they work
together during forward motion, they work against each other
during forward motion, or they work against each other during
backward motion. They work together when the helical trajec-
tory of the head has the same chirality as the tail, which is math-
ematically described in (12). The forward motility is disrupted
when the helical trajectory has an opposite chirality compared
to the tail. The entire machine can still move forward as long as
the head precession dominates the overall motility. Finally, when
the robot moves backwards, the tail propulsion overcomes the
forward thrust generated by the head but with a relatively lower
motility (see Supplementary Video). The attenuated motility in
forward and backward motion is given by

κ− =
U

LH · ω =
1

LH
· εH − εf

σH + σf
(14)

This measured difference between forward and backward mo-
tion in flagellated microrobots has also been reported for the
motility of the uniflagellated bacteria [18]. The tubular head
displays no chirality and always generates enhancement in mo-
tion in the forward direction independent of the direction of
rotation. Therefore, the direction of motion is determined by
the chirality of the tail. In this work, the curved and heli-
cal tails as well as the helical microrobots have right-handed
chirality, which generates forward propulsion upon rotation in
counterclockwise (CCW) direction.

Fig. 7 shows the speeds of the flagellated microrobots with
a curved tail rotating in clockwise (CW) and CCW directions.
The microrobot moves forward regardless of the direction of
rotation at relatively low frequencies, because the head pre-
cession dominates the overall motility. At higher frequencies,
the microrobot starts to move backward while rotating in the
CW direction as the tail starts to dominate overall motility. The
transition frequency between the forward and backward motion
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Fig. 7. The forward and backward speed analyses of the microrobot with
the curved tail rotating in CCW and CW direction. The open and filled points
indicate calculated and measured results, respectively.

is associated with the amplitude of head precession. A larger
amplitude gives rise to a higher transition frequency. In our
experiments, the transition frequency of the microrobot with a
curved tail was 4 Hz, while this value was 3Hz for the micro-
robot with a helical tail. The time-invariant version of the RFT
model closely matches the forward and backward motility of
the microrobots. The backward motility is always smaller than
the forward motility, which is in line with the characterization
of bacterial motility [18].

IV. CONCLUSION

The head of the microrobots have been treated as pas-
sive cargo propelled by the flagellum before, but our work
demonstrates that it does in fact play an important role in en-
hancing motility. We used an origami-based platform to fab-
ricate microrobots with various body plans for analyzing the
kinematics of mobility of flagellated microrobots. Our results
show that the wobbling motion of helical tails is the key factor
for generating precession on a tubular head. The presented pre-
cession on a tubular head can significantly enhance the forward
motility and speed at relatively low rotating speed. Finally, we
show that this type of motility can be not only enhanced but also
attenuated by the precession depending on the chirality of the
helical trajectory and the flagellum.
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