
Bioinspiration & Biomimetics

PAPER

To cite this article: Anuruddha Bhattacharjee et al 2022 Bioinspir. Biomim. 17 065001

 

View the article online for updates and enhancements.

You may also like

Soft and smart modular structures
actuated by shape memory alloy (SMA)
wires as tentacles of soft robots
Hu Jin, Erbao Dong, Min Xu et al.

-

Review of soft x-ray laser researches and
developments
Hiroyuki Daido

-

Soft robot with a novel variable friction
design actuated by SMA and
electromagnet
Junfeng Li, Wenkai Chang and Qiyu Li

-

This content was downloaded from IP address 155.98.131.4 on 14/09/2022 at 20:34



Bioinspir. Biomim. 17 (2022) 065001 https://doi.org/10.1088/1748-3190/ac870f

RECEIVED

13 March 2022

REVISED

15 June 2022

ACCEPTED FOR PUBLICATION

4 August 2022

PUBLISHED

12 September 2022

PAPER

Bacteria-inspired magnetically actuated rod-like soft robot

in viscous fluids

Anuruddha Bhattacharjee1 , Mehdi Jabbarzadeh2 , Gokhan Kararsiz1 ,

Henry C Fu2 and Min Jun Kim1,∗

1 Department of Mechanical Engineering, Southern Methodist University, Dallas, TX 75205, United States of America
2 Department of Mechanical Engineering, The University of Utah, Salt Lake City, UT 84112, United States of America
∗ Author to whom any correspondence should be addressed.

E-mail: mjkim@lyle.smu.edu

Keywords: magnetic swimmer, hydrogel soft robots, low Re propulsion

Supplementary material for this article is available online

Abstract

This paper seeks to design, develop, and explore the locomotive dynamics and morphological
adaptability of a bacteria-inspired rod-like soft robot propelled in highly viscous Newtonian fluids.
The soft robots were fabricated as tapered, hollow rod-like soft scaffolds by applying a robust and
economic molding technique to a polyacrylamide-based hydrogel polymer. Cylindrical
micro-magnets were embedded in both ends of the soft scaffolds, which allowed bending
(deformation) and actuation under a uniform rotating magnetic field. We demonstrated that the
tapered rod-like soft robot in viscous Newtonian fluids could perform two types of propulsion;
boundary rolling was displayed when the soft robot was located near a boundary, and swimming
was displayed far away from the boundary. In addition, we performed numerical simulations to
understand the swimming propulsion along the rotating axis and the way in which this propulsion
is affected by the soft robot’s design, rotation frequency, and fluid viscosity. Our results suggest that
a simple geometrical asymmetry enables the rod-like soft robot to perform propulsion in the low
Reynolds number (Re ≪ 1) regime; these promising results provide essential insights into the
improvements that must be made to integrate the soft robots into minimally invasive in vivo
applications.

1. Introduction

The incorporation of soft and flexible materials into

conventional robotics has garnered much excitement

over the years, promising to overcome many chal-

lenges inherent to conventional rigid robots [1–6].

Flexible structures allow soft robots to be morpho-

logically adaptable in complex environments and

swim at a low Reynolds number (Re), where vis-

cous force dominates over inertia [7]. Moreover,

miniature soft robots that can perform bioinspired

locomotion modes, such as swimming [4, 8–10],

rolling [1, 11], crawling [2, 12–14], jumping [15,

16], and climbing [17], have great potential for tar-

geted drug release [18], endoscopy [19, 20], and

minimally invasive surgery [21, 22]. In recent years,

a lot of exciting research has been conducted to

develop wireless miniature soft robots powered by

external stimuli, which include magnetic [2, 4, 8,

10, 12, 13, 17, 23, 24], acoustic [25, 26], light

[16, 18, 27], thermal [15], and chemical [28].

Among these, magnetic stimuli-based control sys-

tems are prominent and well suited for biomed-

ical applications, as the actuating magnetic fields

can easily and harmlessly penetrate most biological

materials [29, 30]. Although recent advances have

shown great promise and developed state-of-the-art

soft robotics at mesoscale (milli-/microscale), only a

few demonstrated locomotion in the unique hydro-

dynamic environment of highly viscous Newtonian

fluids (Re ≪ 1). Therefore, we seek to explore the

locomotive dynamics of a newly developed magnet-

ically actuated rod-like soft robot (a tapered hydrogel

soft body with embedded permanent micro-magnets)

at low Re propulsion conditions. Table 1 summa-

rizes recently reported soft magnetic swimmers at

mesoscale, along with the contributions of our cur-

rent work.

© 2022 IOP Publishing Ltd
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Table 1. A summary of recently reported magnetically actuated soft swimmers at mesoscale.

Type/shape Robot size Material Test fluid Contributions

Tubular body and helical tail [8] Length < 3 mm Poly (ethylene glycol) diacrylate and Sucrose solution (viscosities of 3 mPa s Robot design and

N-isopropyl acrylamide hydrogel and 15 mPa s) locomotion at low Re (10−2 to 10−4)

layer with magnetic nanoparticles

Sheet-shaped [9] Length 2 to 4.5 mm, thickness 0.03 Ecoflex 00-50 and permanent Water Deformation modeling of a magnetic

to 0.1 mm magnetic microparticles sheet for under-water swimming

Jellyfish-like [4] Diameter 3 mm Ecoflex 00-10 and NdFeB magnetic Water Lappet kinetics and object

microparticles manipulation

Sheet-shaped [24] Length 3.5 to 10.5 mm, width 1 mm, Ecoflex 00-10 and NdFeB magnetic Viscous fluid (glycerol with viscosity, Motion dynamics in fluid-filled

thickness 0.24 mm microparticles µ = 6 cSt, 343 cSt, and 720 cSt) and confined spaces

shear-thinning fluid (hyaluronic acid

sodium solution)

Shuttle-shaped (Zebrafish-like)[10] Length of major axis: 15 mm Ecoflex 00-30 and NdFeB composites Water Robot design, fish-like swimming, and camouflage ability

Tapered, hollow rod-like (this work) Length 10 mm, diameter 1 to 1.2 mm Polyacrylamide hydrogel and Viscous fluids (glycerin with Robot design and swimming kinetics

neodymium (Nd) permanent µ = 1000 cSt and silicone oil with at low Re (0.0002 to 0.07)

micro-magnets µ = 10 000 cSt)
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Figure 1. Design and fabrication of a tapered rod-like soft robot. (a) A schematic showing design concept of a rod-like soft robot
with a tapered soft body and embedded micro-magnets at both ends. (b) A tapered soft body with embedded magnets of
alternating polarity at ends can change its shape (by reversible bending) under an external magnetic field. (c) A fabricated soft
robot (10 mm long) made of polyacrylamide hydrogel and embedded with three micro-magnets at each end.

It is necessary to comprehend the fluid dynamics

of small-scale locomotion to understand the bio-

physics of swimming microorganisms. For example,

the motility of bacteria, such as Escherichia coli

[31], Borrelia burgdorferi [32], and Vibrio species

[33], affects their ability to colonize and infect

our bodies. Microorganisms are small and slow

enough that their fluid dynamics occur in the low

Reynolds number regime (Re = 10−6 for E. coli, and

Re = 10−4 for sperm) [7, 34]. In such a low Reynolds

number (viscosity-dominated regime), Purcell [7]

showed that for microorganisms to swim, they must

perform non-reciprocal strokes that do not follow

the same sequence of configurations going forward

and backward in time. Microscale robotic systems

(microbots) inspired by swimming microorganisms

have been designed to use flexibility to induce non-

reciprocal motions [23, 35, 36], even from reciprocal

actuating forces such as a planar oscillating magnetic

field. However, actuation by a rotating external mag-

netic field is inherently non-reciprocal since rotation

reverses direction under time reversal. For such non-

reciprocal rotary actuation, it has been discovered that

certain geometric requirements prevent straight rod-

like microbots from achieving propulsion along the

rotation axis [37]. In that case, adding flexibility to

a straight rod can allow the microbot to deform into

geometries that are capable of such propulsion.

Taking design inspiration from bacteria such as

Bacillus [37, 38] and Spirochetes [39, 40], we formed

a polyacrylamide-based hydrogel polymer into a flex-

ible, tapered rod-like structure and embedded micro-

magnets at each end to allow the structure to be

actuated by a rotating magnetic field. We demonstrate

two types of propulsion in highly viscous Newtonian

fluids (with viscosities 1000 cSt (centistokes) and

10 000 cSt): rolling near a boundary and swimming

far away from any boundary. We apply numerical sim-

ulations of the swimming motion along the rotation

axis to understand the design requirements for such

rod-like soft robots to be capable of swimming and

how their swimming propulsion (along the rotation

axis) is affected by the taper dimension, rotational

frequency, and fluid viscosity. Our results provide

interesting insights into how such soft robots may be

improved in the future for potential applications.

2. Methods

2.1. Design and fabrication process

Informative aspects of the rod-like soft robot with

embedded micro-magnets at both ends can be

viewed in figure 1, which displays its design con-

cept [figure 1(a)], its shape-changing capability that

includes a reversible bending by an external magnetic

field [figure 1(b)], and a fabricated version of the soft

robot made of polyacrylamide hydrogel [figure 1(c)].

3
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Figure 2. (a) A schematic of the experimental setup, including the main controller, DAQ board, three power supplies, the
Helmholtz coil system along with a soft robot in a glass beaker at the core, and a high-speed camera. (b) A schematic showing
applied rotating magnetic field in the XYZ coordinate system.

Figure 3. A schematic of the rod-like soft robot described as an inextensible Kirchhoff rod.

The proposed design has a hollow and tapered rod-

like soft body with varying diameters along its length.

Cylindrical micro-magnets embedded into both ends

of the soft body allow for an alternating magnetic

polarity that enables an external magnetic field to

reversibly control the bending of the body by turning

the field on and off, as shown in figure 1(b).

The rod-like soft scaffolds were fabricated using

polyacrylamide-based hydrogel following a robust

and economic molding technique. First, the hydrogel

polymer was prepared by combining a gel mixture

with a precursor mixture. The gel mixture consisted

of 23 µL of bis-acrylamide (OmniPur® Acrylamide:

Bis solution 29:1 40% solution, calbiochem), 12 µL

of 1.5% APS (ammonium persulfate), and 2 µL of

SDS (sodium dodecyl sulfate). The precursor mix-

ture consisted of 0.2 µL of TEMED (tetramethyl

ethylenediamine) and 32 µL of 1 M HEPES solution.

A borosilicate glass Pasteur pipet (FisherbrandTM,

14.6 cm long) was used to draw the combined gel

and precursor mixture through capillary action. The

mixture was then cured into a flexible polymeric

structure inside the pipet, which functioned as its

mold. The shape of the glass pipet dictated variation

in the diameter of the rod-like soft scaffold. Therefore,

before drawing the polymeric mixture into the glass

4
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Figure 4. Estimation for optimal bending stiffness from the static experiments. (a) Top panel: steady state deformed shapes of the
soft robot under different external magnetic fluxes, B = (3.6, 7.3, 11.2, 15.0, 18.7, 22.4, 26.1, 29.6) mT for corresponding cases 1
to 8. The orange line represents the centerline of the robot used for comparison with simulations. Bottom panel: simulated shapes
for the centerline of the soft robot using Kirchhoff rod model under external magnetic field, with associated errors (er) obtained
by using (16) corresponding to different cases in the top panel. (b) Bending stiffness as a function of curvature. The square
symbols represent estimated bending stiffness and curvature for different cases in (a), and the solid line describes second order
polynomial fit for the calculated data.

pipet, a thin and straight copper wire (with a diameter

of 0.45 mm) was placed at the center of the pipet

(using 3D-printed fixtures); its later removal formed

the micro-channel at the core of the soft scaffold.

Once the hydrogel mixture was cured inside the glass

pipet for 10 min, compressed air from a fume hood

outlet was used to blow the rod-like soft scaffold

out of the glass pipet. Then the copper wire was

removed, and the hydrogel scaffold was preserved in

deionized water for swelling. After 30 min of swelling

in water, the rod-like scaffold was taken out of the

water and was cut to a 10 mm long flexible rod with

a diameter (d) varying from 1 to 1.2 mm along its

length. At both ends, three cylindrical nickel-coated

permanent micro-magnets were embedded into the

micro-channel, each having a diameter of 0.3 mm, a

height of 0.5 mm, and the strength of neodymium 52.

A fabricated hydrogel soft body is typically transpar-

ent; therefore, blue food dye was added to its water

bath before/during the swelling phase to increase

visibility and enable tracking. A fabricated hydrogel

soft robot with embedded cylindrical micro-magnets

at both ends is shown in figure 1(c).

2.2. Magnetic control system and experimental

procedures

A large-scale nested, triaxial Helmholtz coil system

was utilized to generate the magnetic fields while con-

ducting experiments. Figure 2(a) shows a schematic

of the experimental setup, including the main con-

troller, National Instruments data acquisition (DAQ)

board, three power supplies, the Helmholtz coil sys-

tem along with a soft robot in a glass beaker (VWR®,

capacity: 400 mL, height: 106 mm, outer diame-

ter: 77 mm) at the core, and a high-speed cam-

era. The triaxial Helmholtz coil system was designed

following the specifications that are listed in [38].

The coil system has three pairs of coils labeled

as X-coils, Y-coils, and Z-coils based on the cen-

terlines of the coil pairs. Each coil pair is con-

nected to a power supply (Kepco, BOP 50-20 MG).

A customized C++ program was used to control

signal outputs to the interfaced DAQ board, which

directs the signals to the attached power supplies to

create a uniform rotating magnetic field at the core

of the coils with time-dependent magnitude and fre-

quency. A uniform rotating magnetic field generated

5



Bioinspir. Biomim. 17 (2022) 065001 A Bhattacharjee et al

Figure 5. Motion trajectories of a rod-like soft robot for boundary motion/rolling and swimming in viscous fluids. (a) A top
view showing boundary rolling of the soft robot in glycerin for a rotating magnetic field of 26 mT at 1 Hz about the positive
X-axis. (b) A boundary motion of the soft robot (different than rolling) is observed in silicone oil. In this case, a rotating magnetic
field of 26 mT at 1 Hz about the negative X-axis creates propulsion along the negative Y-axis. (c) A side view showing trajectory
while swimming in silicone oil under a magnetic rotation about the positive X-axis. (d) A soft robot swimming in ‘V’ trajectory
under open-loop control. (e) Top and side views showing swimming trajectories in glycerin with increasing rotational frequencies
(i.e., from 1 to 10 Hz) under a uniform rotating magnetic field at 26 mT about the positive X-axis. The axis and sense of rotation
of the applied magnetic field are depicted in figures by either red arrow or dot/cross and blue arrow, respectively. Reynolds
number (Re) for the experiments was calculated by using (3) and was found to be in the range of 0.0002 to 0.07, ensuring a low
Re propulsion condition. See the attachment for videos of these demonstrations.

by the Helmholtz coil system can be described by

B =









BX

BY

BZ









=









B sin(θ) cos(ωt)

B cos(θ) cos(ωt)

B sin(ωt)









, (1)

k =
[

− cos(θ) sin(θ) 0
]

, (2)

where B is the magnetic field vector, BX, BY, and BZ

are the three-dimensional components along the

X-, Y-, and Z-axes, respectively, B is the amplitude

of the rotating magnetic field, ω is the frequency

(rad s−1), t is the time (s), θ is the angle (rad) between

the Y-axis and the plane of rotation, and k is the vector

along the rotation axis [figure 2(b)].

The first set of experiments involved static bend-

ing tests under incrementally increasing magnetic

fluxes, applying static magnetic fields to an initially

straight rod-like soft robot submerged in deionized

water. Data from these experiments were used to opti-

mize the numerical model’s bending stiffness (EI).

Next, several experiments were performed to observe

and analyze the propulsion characteristics of a 10 mm

long, rod-like soft robot in highly viscous fluids,

such as glycerin and silicone oil that maintain the

propulsion conditions at a low Reynolds number

(Re = Intertial forces
Viscous forces

≪ 1). Re for different experiments

can be calculated by

Re =
ρrmaxωL

µ
, (3)

where ρ is the density of the experimental fluid, rmax

is the maximum deflection from the axis of rotation,

ω is the rational frequency (rad s−1), L is the length

of the soft robot, and µ is the fluid viscosity. For

different experiments, the calculated Re was in the

range of 0.0002 to 0.07. A rotating magnetic field

was applied with increasing field frequency to create

motion for propulsion experiments. The magnitude

of the rotating magnetic field was kept constant at

26 mT, while the frequency (ω) was incremented from

6
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Figure 6. Propulsion velocity along vs rotating magnetic field frequency for boundary rolling in glycerin solution. At least five
trials were performed for each rotating frequency. Data are presented as mean ± standard deviation.

+1 Hz to +10 Hz at 1 Hz increments
(

ω = 2πf ,

where f is the frequency in Hz). A high-speed camera

(Photron, FASTCAM SA3 Model 60 K) was used

to capture videos from the top at 125 fps (frames

per second), while another digital camera (Logitech,

C922 Pro) was used to capture videos from the sides

at 30 fps. In the videos, the centroid of a soft robot (in

motion) was tracked through binary image process-

ing using MATLAB, and propulsion velocities were

calculated by dividing the displacement of the cen-

troid between frames by the sampling time (1/125 s

and 1/30 s for videos from the top and front cameras,

respectively).

2.3. Numerical inextensible model

Since the fluid flows occur in the low Reynolds

number regime, we model them using the Stokes

equations,

0 = −∇p +∇
2
v. (4)

All equations in this section 2.3 are written in

nondimensional form, with lengths measured in units

of the rod length L, velocity field (v) measured in units

of ωL, and fluid pressures and stresses measured in

units of µω, where µ is the fluid viscosity. We solve

the hydrodynamics using the method of regularized

Stokeslets [39, 40]. In this method, we discretize the

rod into cylindrical segments of length ∆s, and then

discretize the outer surface of each segment with

64 regularized Stokeslets. Each regularized Stokeslet

exerts a force on the fluid, and the total flow is

the superposition of the flows arising from all the

regularized Stokeslets. This method was previously

used to simulate the biolocomotion of the bacteria

B. subtilis [41], V. alginolyticus [42], H. pylori [43],

and H. suis [44], as well as microrobots [37, 45].

Details about our implementation of the method of

regularized Stokeslets can be found in the literature

[41, 46, 47].

We model the bending of the rod-like soft robot

as an inextensible Kirchhoff rod [figure 3], which has

a centerline described by the position r(s), where s

is the arclength (measured in units of rod length L)

along the rod centerline, and an orthonormal triad at

each cross-section that rotates with the material of the

rod, d1, d2, d3. The third member of the triad, d3
=

∂sr(s), is the unit vector tangent to the centerline.

The Kirchhoff rod equations express force and torque

balance on the rod

0 = ∂sF(s) + f(s), (5)

0 = ∂sN(s) + d
3
× F(s) + n(s), (6)

where F(s) is the elastic force (measured in units of

µωL2) exerted by material with larger s on material

and smaller s at the cross-section at a position s, f(s)

is the external force per unit length (measured in

units of µωL) exerted on the rod by the fluid, N(s)

is the torque (measured in units of µωL3) exerted by

material with larger s on material and smaller s at the

cross-section at a position s, and n(s) is the external

torque per unit length (measured in units of µωL2)

exerted on the rod by the fluid. The cross-sectional

torques are determined by the constitutive laws as

follows,

Sp4N1 = ∂sd
2
· d

3, (7)

Sp4N2 = ∂sd
3
· d

1, (8)

Sp4N3 = γ∂sd
1
· d

2. (9)

The parameter γ is the ratio of torsional stiffness

(GJ) to bending stiffness (EI) of the rod, where G

is the shear modulus, E is Young’s modulus, and J

and I are the second moments of area of the rod’s

7



Bioinspir. Biomim. 17 (2022) 065001 A Bhattacharjee et al

Figure 7. Effect of rotating frequency and fluid viscosity on swimming velocity. (a) Propulsion velocity vs rotating magnetic field
frequency for swimming in glycerin solution. Propulsion velocity vs rotating magnetic field frequency for swimming by a soft
robot (with 5% taper) in glycerin (viscosity µ= 1000 cSt) and silicone oil (viscosity µ= 10 000 cSt) along the (b) X-axis,
(c) Y-axis, and (d) Z-axis. At least five trials were performed for each rotating frequency. Data are presented as mean ± standard
deviation.

cross-section with respect to the rod’s centerline and

diameter of the rod, respectively. Throughout the

paper, we assume that γ = 1. The other parameter is

the Sperm number,

Sp =

(

µL4ω

EI

)
1
4

, (10)

which varies in our experiments and simulations.

The no-slip boundary condition at the surface of

the rod (specified by positions rs) requires that

v(rs) = u(rs), (11)

where u(rs) is the dimensionless velocity of the rod

surface. The hydrodynamic force and torque per unit

length on a cylindrical segment are

f(s) =
1

∆s

∫ ∫

τ · dA, (12)

n(s) =
1

∆s

∫ ∫

r× τ · dA, (13)

where τ is the fluid stress tensor, and the expres-

sions are integrated over the surface of the cylinder.

Together (11)–(13) couple the fluid and bending

equations.

Finally, the rod-like soft robot is actuated by

magnetic torques exerted on the first and last cross-

sections at the very ends of the rod,

MaNend = (m̂× B̂), (14)

where B̂ is a unit vector in the direction of the

magnetic field. The magnetic dipole at each end

has a direction specified by m̂, which takes a fixed

orientation relative to the tangent vector of the end

segment. In (14), the parameter which appears is the

Mason number,

Ma =
µωL3

mB
, (15)

that varies in our experiments and simulations. Here,

B is the magnitude of the magnetic field, and the

magnitude of the magnetic dipole at each end is

m = 122 A mm2.

These coupled equations were previously used to

describe the deformation of bacterial flagella [44].

The results in this paper are obtained by solving

the coupled set of equations numerically using the

implementation described in detail in [47]. At each

8
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time step, this method determines each rod segment’s

translational and angular velocities from the current

deformed configuration of the rod and the direction

of the magnetic field, which we integrate forward in

time to obtain the time-evolution dynamics of the soft

robot. As a result, the soft robot’s overall translational

and angular velocities are obtained simultaneously

and specified uniquely once a total force-free condi-

tion is applied.

2.4. Determination of bending stiffness

We used the observed bending of the rod-like soft

robot under the application of a static magnetic field

[5] to determine its bending stiffness. We used our

numerical model with a constant non-rotating mag-

netic flux with an initially straight rod. We solved

for the time evolution of the rod’s shape until a

steady state was reached. For each case (magnetic

fluxes of 3.62 mT, 7.30 mT, 11.21 mT, 15.00 mT,

18.71 mT, 22.44 mT, 26.06 mT, and 29.64 mT),

we tested different values of the bending stiffness

and chose the optimal bending stiffness that mini-

mized the error between the observed and simulated

deformed shapes. Figure 4(a) shows the observed

shapes overlaid with the simulated centerline of the

optimal stiffness, as well as a comparison between

the observed and simulated centerlines and the error

between them,

er =

n
∑

i=1

∣

∣X
i
sim −X

i
exp

∣

∣

L
. (16)

Finally, we calculated the curvature of the sim-

ulated shape and plotted the optimal stiffness as a

function of curvature in figure 4(b). The bending

stiffness increases from about 1.4 mN · mm2 to

2.2 mN · mm2 as the curvature increases from about

0.16 mm−1 to 0.26 mm−1, i.e., the rod-like hydrogel

polymer displays strain stiffening behavior. However,

for simplicity, we use a constant EI = 2.11 mN · mm2

for the remainder of the paper since this is the value

of EI for case 7 at B = 26.1 mT, the value of magnetic

field magnitude that all the swimming experiments

used.

3. Results and discussion

3.1. A rod-like soft robot with a variation in

diameter is asymmetric enough for propulsion

A rod-like soft robot, as shown in figure 1(c), was

observed to translate while exposed to uniform rotat-

ing magnetic fields in highly viscous Newtonian flu-

ids (i.e., 1000 to 10 000 times more viscous than

water), such as 99% glycerin solution with a viscos-

ity of µ0 = 1000 centistokes (cSt) and silicone oil

with a viscosity of 10 000 cSt (10µ0). As shown in

figure 5, when a rotating magnetic field at a specific

Figure 8. Swimming velocity vs rotating magnetic field
frequency for swimming in glycerin solution with varied
taper dimension ( ∆d

d
). At least five trials were performed

with each robot for each rotating frequency. Data are
presented as mean ± standard deviation.

frequency is applied about the X-axis, an initially

straight rod-like soft robot bends and rotates its body

(or only the ends) following the rotating field that cre-

ates propulsion. Motions both perpendicular (trans-

verse) to and along the magnetic field’s rotation axis

(X-axis) were observed within both Newtonian flu-

ids. However, propulsion trajectories [figure 5] and

velocities [figures 6–8] were affected by the magni-

tude of the rotating frequency, fluid viscosity, and

boundary conditions. When a soft robot is located

close to a boundary (i.e., at a distance <5 mm from

the workspace boundary or the boundary of the

air–fluid interface) and actuates under a uniform

rotating magnetic field, the motion is defined as

boundary rolling [figure 5(a)] or boundary motion

[figure 5(b)]. On the other hand, when a soft

robot is located far away from the boundary (i.e.,

at a distance >15 mm), the motion under a uni-

form rotating magnetic field is defined as swim-

ming propulsion [figures 5(c)–(e)]. Although the

boundary motion (or rolling) is well understood and

expected to occur due to the rotation of the soft

robot along the boundary, the swimming motion

being observed in such highly viscous fluids is inter-

esting. During the swimming propulsion, vertically

downward motion (sedimentation due to gravity)

along the Z-axis was also observed [figures 5(c) and

(e), side views]. In summary, with a rotating magnetic

field about the X-axis, a tapered rod-like soft robot

located far away from any boundary can swim in

viscous fluids, with simultaneous translations along

the X-axis, Y-axis (by soft body rotation), and Z-axis

(by gravity-driven sedimentation). We will describe

all these motions as well as the near boundary propul-

sions in detail in the following two sections based on

experimental observations.

9
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Figure 9. Symmetrically rotating shapes cannot have swimming translation. The steady state deformed shapes of the soft robot
are shown in different views for different non dimensional numbers (Ma, Sp, Re) for (a) (0.68, 1.64, 0.06), (b) (2.03, 2.15, 0.02),
(c) (6.76, 2.91, 0.006), and (d) (68, 5.17, 0.002). Trajectories of the soft robot (orange lines) indicate that there are no net
translations in the X-direction.

3.2. Propulsion near a boundary: boundary

rolling

Figures 5(a) and (b) show the motion trajectories of

the soft robot (with 5% taper) for near boundary

propulsions in glycerin and silicone oil, respectively.

When a soft robot is located at the bottom of the

workspace (i.e., at a distance <5 mm away from the

boundary), and a positive rotation about the X-axis is

applied at 1 Hz, the soft robot bends and rolls to create

propulsion along the Y-axis [figure 5(a)]. In this case,

there is no motion along the Z-axis (sedimentation),

as the soft robot is located at the boundary. Figure 6

shows propulsion velocity vs frequency plots for the

boundary rolling in glycerin solution. As the rotating

magnetic field is applied about the X-axis, both the X-

and Y-velocities increase with the increasing rotating

frequency up to 4 Hz, then decrease. However, the

Y-velocity is observed to be 5× higher than the X-

velocity. The rotating frequency of 4 Hz can be inter-

preted as the step-out frequency [48], beyond which

the soft robot cannot rotate in synchrony with the

external rotational magnetic field. Above the step-out

frequency, the liquid-induced viscous torque (T ≈

−16π2µf3, where µ and f are the viscosity and rotat-

ing frequency, respectively) exceeds the maximum

torque that the rotating magnetic field could supply.

Under a rotational magnetic field, a soft robot in

glycerin would induce boundary rolling by bending

and rolling its entire body [figure 5(a)]; however,

a soft robot in silicone oil goes through a complex

deformation where only the ends appear to be rotat-

ing to create propulsion [figure 5(b)]. The reason may

be due to the middle of the soft robot remaining

almost straight along the X-axis while only the ends

bend, so it appears that only the ends are rotating.

A negative rotation of the magnetic field at 1 Hz

about the X-axis causes the propulsion of the soft

robot along the negative Y-axis [figure 5(b)]. The

propulsion velocity of the boundary motion at 1 Hz in

silicone oil (0.04 mm s−1) is much smaller than it is for

boundary rolling at 1 Hz in glycerin (1.02 mm s−1).

Moreover, increasing the rotating frequency from 1 to

2 Hz had no significant effect on the boundary motion

in silicone oil, and no propulsion was observed for

frequencies over 3 Hz.

3.3. Propulsion far away from any boundary:

swimming

A tapered rod-like soft robot (∆d
d

= 5% or 10%) in

highly viscous fluids (i.e., silicone oil and glycerin)

and located far away from any boundary (i.e., at a

distance >15 mm from any boundary) is observed

to translate in 3D-space under a uniform rotating

magnetic field [figures 5(c)–(e)]. However, the rotat-

ing frequency and fluid viscosity affect the motion

trajectories [figures 5(c)–(e)] and velocities [figures 7

and 8]. We define the propulsion along the X-axis (the

rotation axis) as swimming propulsion. During the

swimming propulsion, the motions along the Y- and

Z-axes are expected to occur due to the interaction

of the rotating soft body with the (relatively distant)

boundary and gravity-driven sedimentation, respec-

tively. Moreover, the swimming propulsion occurs

towards the thick end of the soft robot and is indepen-

dent of the sense of rotation (i.e., positive or negative

rotation).

As shown in figures 5(d) and (e), trajectories at

1 Hz (in glycerin) are observed to be aligned with
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Figure 10. Tapered rods are asymmetric and can have swimming translation. (a) Schematic representation of linear thickness
(diameter) variation along the length of a rod-like soft robot. The steady state deformed shapes of the soft robot are shown in
different views for different non dimensional numbers (Ma, Sp) for (b) (0.68, 1.64) and (c) (6.76, 2.91). Re values are 0.07 and
0.0002 for (b) and (c), respectively. Trajectories of the soft robot (orange lines) indicate that there are net translations in the
X-direction.

the rotation axis. In this case, the soft robot translates

only on the X–Z plane [figure 5(e)], and the Y-

velocity is insignificant [figure 7(a)]. However, as the

rotating frequency increases stepwise from 1 to 10 Hz

(with a 1 Hz increment in each step), the trajectories

keep shifting towards the Y-axis. The resultant direc-

tion of the trajectory comes from the superposition

of rolling and swimming motion. Above 4 Hz, the

influence of rolling becomes significant [compare

X- and Y-velocities in figure 7(a)], so the soft robot

goes more diagonally. As a result, the propulsion

velocity along the Y-axis increases linearly, almost

7× with the increasing rotating frequency from 1 to

7 Hz [figure 7(a)], then it begins to decrease. On

the other hand, the swimming velocity along the X-

axis changes much less, increasing only slowly (from

0.25 mm s−1 to 0.45 mm s−1) up to 4 Hz before

dropping. At the same time, the Z-velocity decreases

slightly (from 0.62 mm s−1 to 0.55 mm s−1) up

to 4 Hz but then proceeds to fluctuate at random.

Experiments demonstrated in figure 5(e) and the

velocities reported in figure 7 utilized a soft robot with

a 5% taper (∆d
d

= 5%).

To investigate the influence of the taper dimension

in the swimming propulsion, we conducted addi-

tional swimming experiments (in glycerin) with a

soft robot having 10% taper and compared that with

the previous results. We found that a rod-like soft

robot with 10% taper can achieve higher swimming

velocity (along the rotation axis) than a soft robot

with 5% taper [figure 8]. As the frequency of the rota-

tion is increased up to 4 Hz, the swimming velocity

increases slowly for both robots (from 0.25 mm s−1

to 0.45 mm s−1 for ∆d
d

= 5%, and from 0.32 mm s−1

to 0.61 mm s−1 for ∆d
d

= 10%).

As the soft robot is deployed in silicone oil, which

has a viscosity of 10 000 cSt (10µ0), it is observed

to be swimming with a positive rotation at 1 Hz

about the X-axis [figure 5(c)]; however, the velocities

along the X-, Y-, and Z-axes are much smaller com-

pared to what we observed in the glycerin solution

[figures 7(b)–(d)]. The velocity decreases because a

higher viscosity in silicone oil affects bending in the

soft body, ultimately affecting the swimming perfor-

mance. Moreover, with an increase in the rotating

frequency from 1 to 2 Hz, the propulsion velocity

in silicone oil only slightly increases along the X-axis

[figure 6(b)] while decreasing along the Y- and Z-axes

[figures 7(c) and (d), respectively]. In addition, no

propulsion is observed for rotating magnetic fields

with frequencies over 3 Hz.

Since the gravity-driven sedimentation and rolling

(or soft body rotation) are more typical behaviors and

do not depend on flexibility to occur, we focus on

understanding how the swimming propulsion along

the rotation axis is made possible by the flexibility

of the soft robot and interesting differences in its

dependence on frequency vs viscosity.

3.4. Numerical modeling of the swimming

propulsion

To understand how the deformations of rod-like soft

robots allow swimming propulsion at low Reynolds

numbers, we simulated rods being rotated by an

external magnetic field (26 mT) far away from any

boundary. The bending stiffness of the rod was chosen

to be EI = 2.11 mN · mm2, as indicated by our mod-

eling in section 2.2. Following the experiments, the

length of the rod was kept at 10 mm. Magnets with the

strength of neodymium 52 (each having a diameter of

0.3 mm and a height of 0.5 mm) were placed at each

end, with their south poles oriented towards the ends

of the rod.

First, we tested whether a deformation of a sym-

metric rod with a constant diameter could perform

swimming propulsion (i.e., propulsion along the

rotation axis). Our simulations using a soft rod of

constant diameter 0.8 mm along its length showed

that because the two ends of the rod were actuated

identically by the magnet, the deformed shape was

symmetrical with respect to a plane perpendicular to

the rotation axis [figure 9].

However, such a symmetrically rotating shape

cannot have an average swimming translation along

the rotation axis since both directions along the axis

are equivalent. Therefore, a symmetric rod with a

constant diameter cannot have swimming propulsion
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Figure 11. Swimming velocity for different viscosities,
rotation frequencies, and taper dimensions.

even if it is soft and deforms. Achieving swimming

propulsion requires breaking this symmetry.

One way we found to break the symmetry was to

include a taper in the rod from one end to the other

[figure 10(a)]. Our simulations showed that including

a taper of 5% or 10% in diameter (∆d
d

= 5% or 10%)

yielded shapes that deformed so that the shape was no

longer symmetric relative to a plane perpendicular to

the rotation axis [figure 10]. The observed swimming

propulsion was always towards the thicker end of

the soft rod, reminiscent of a sperm cell that swims

towards the thicker cell body and midpiece of its

flagellum. The swimming velocities predicted by our

simulations (in a fluid of viscosity µ0 = 1000 cSt)

ranged from 0.2765 mm s−1 to 0.5118 mm s−1 and

from 0.3621 mm s−1 to 0.7222 mm s−1 for 5% and

10% tapers, respectively [figure 11]. These are on the

same order of magnitude as experimentally observed

swimming propulsion velocities [figure 8].

A second way we found to break the symmetry

of a constant diameter rod was to orient the mag-

nets within the ends of the rod at different angles

[figure 12]. We found that in a fluid of viscosity µ0 =

1000 cSt, even without taper, changing the align-

ment of one end magnet by 30◦ led to swimming

with a propulsion velocity of 0.650 mm s−1, while

changing the alignment of both end magnets by

30◦ led to swimming with a propulsion velocity of

0.584 mm s−1. Again, both velocities are on the same

order of magnitude as experimentally observed swim-

ming propulsion velocities [X-velocity in figure 7(a)].

Our analysis can also explain the observed behav-

ior of swimming propulsion as a function of rotation

frequency and viscosity. According to dimensional

analysis [49], since the governing equations (4)–(14)

only depend on the variables, Ma and Sp, the dimen-

sionless velocity U
ωL

must be some function of those

two variables. Thus, a dimensional analysis implies

that the swimming propulsion velocity (U) should

obey the relation,

U = ωLŨ(Sp, Ma), (17)

Figure 12. For a constant diameter rod, the magnets at the
ends are oriented in different angles to break the symmetry.

where Ũ is a dimensionless function of the two inde-

pendent dimensionless parameters. However, since

Ma and Sp both depend only on the product of

viscosity and frequency (µω), and not viscosity nor

frequency separately, changing either viscosity or fre-

quency changes Ũ in the same way. If the frequency

is fixed while the viscosity varies, the changes in the

dimensional swimming velocity U will reflect the

changes in the dimensionless Ũ. In our experiments,

these reveal a roughly 10× decrease in Ũ as the

viscosity increases by 10×. On the other hand, if

the viscosity is fixed while the frequency increases by

10×, we expect Ũ to change in the same way, i.e.,

to decrease by 10×. However, in this case, U is also

affected by the prefactor of ω in (17), which cancels

the decrease in Ũ to result in a small change in U.

Our simulations show the same behavior [figure 11].

For example, for a 5% taper (∆d
d

= 5%), increasing

the viscosity by 10 × (from µ0 to 10µ0) at a fixed

frequency of 1 Hz leads to a 7.5× decrease in velocity

at a fixed frequency of 1 Hz (blue data). However,

increasing the frequency from 1 Hz to 10 Hz at a fixed

viscosity of µ0 leads to only a 1.3× decrease in the

velocity. Similarly, we found that for a soft rod with

no taper but with magnets at one or both ends and

misaligned by an angle of 30◦, increasing the viscosity

10 × (from µ0 to 10µ0) at a fixed frequency of 1 Hz

decreased the velocity by 19× and 22×, respectively;

but increasing the frequency from 1 Hz to 10 Hz at

fixed viscosity decreased the velocity by only 1.9× and

2.2×, respectively.

4. Conclusion and future work

In this study, we have designed, fabricated, and tested

tapered rod-like soft robots which can be actuated by

a uniform rotating magnetic field to be propelled by

both boundary rolling (perpendicular to the rotation

axis) and swimming propulsion (parallel to the rota-

tion axis) in highly viscous Newtonian fluids. Given

that rigid rod-like robots would only be capable of

boundary rolling propulsion, we used a numerical

model to show how the deformation of the rod-like

soft robots produces the swimming propulsion.
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We showed that the swimming propulsion

requires an asymmetry in the rod-like soft robot,

such as via a taper in the diameter of the rod (which

our soft robots do have) or via a misalignment of

the magnets at the end of the rod. Furthermore,

dimensional analyses explained why fluid viscosity

strongly affects swimming propulsion velocity while

changing the rotation frequency has a smaller effect.

Our results suggest possible routes for the

improvement of rod-like soft robots. In general, any

asymmetry along the rod should lead to swimming

propulsion. Therefore, we numerically investigated

both an asymmetric soft rod with a taper along its

length and with misalignment of the magnets at

the ends. Although we cannot observe or control

the orientation of the magnets at the ends of the

soft robot, we could experimentally validate the

effect of the tapered geometry of the rod-like soft

robot on the swimming propulsion at low Reynolds

numbers. Thus, creating asymmetry in ways other

than misaligning the magnets is more practical. For

example, embedding magnets at only one end of the

rod would create asymmetry that is more extreme

than misaligning the magnets at either end. Other

promising routes to asymmetry include making

one end of the rod thicker or stiffer than the other.

Interestingly, biological soft rod-like swimmers

naturally have similar geometrical asymmetries, such

as sperm cells with a cell body at one end and variable

stiffness along their flagella.
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