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Understanding Robustness of Magnetically Driven Helical
Propulsion in Viscous Fluids Using Sensitivity Analysis

Roberto Venezian and Islam S. M. Khalil*

Magnetically-actuated helical microrobots can propel themselves in fluids and
tissues-like mediums with a wide range of Reynolds numbers (Re). The
properties of physiological fluids and input parameters vary in time and space
and have a direct influence on their locomotion along prescribed paths.
Therefore, understanding the response of microrobots to variations in
rheological properties and input parameters become increasingly important to
translate them into in vivo applications. Here, a physical framework is
presented to understand and predict key parameters whose uncertainty affect
certain state variables most. A six-degree-of-freedom magneto-hydrodynamic
model is developed based on the resistive force theory (RFT) to predict the
response of robots swimming through different fluids and examine their
response during transitions into Newtonian–viscoelastic interfaces.
Performance of the robot, while swimming in a fluid with a fixed viscosity, is
quantified using sensitivity analysis based on the magneto-hydrodynamic
model. The numerical results show how abrupt changes in viscosity can affect
their ability to rotate with the rotating field in synchrony. The sensitivity
analysis shows that the states of the robot are mostly sensitive to variations in
the actuation frequency. Open-loop experiments are performed using a
permanent-magnet robotic system comprising a robotic arm and a rotating
permanent magnet to actuate and control a helical robot at the
Newtonian–Viscoelastic interface and validate the theoretical predictions of
the RFT-based sensitivity analysis.

1. Introduction

Over the past decades, manmade microrobots have been de-
signed and developed to move in a variety of ways under the
influence of an external stimulus to perform certain tasks in a
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tetherless fashion. In particular, the use
of untethered microrobots in medical
applications is a promising method for
targeting hard-to-reach locations and for
their potential impact in minimally in-
vasive medicine.[1–5] These microdevices
hold promise to reduce the invasiveness of
surgical treatments and their effectiveness
has been investigated to perform a wide
range of non-trivial tasks such as biopsy,[6,7]

drug delivery,[8–10] diagnostic sensing,[11,12]

revasculatization of clogged vessels,[13] and
cell transplantation.[14] These tasks have
been executed using functionalized mi-
crostructures mostly in the shape of a helix
or a filament driven by external stimuli.
Magnetically driven helical microrobots
are one of the most promising designs for
in vivo applications since they can swim
under the influence of a relatively weak
time-periodic magnetic field in the mil-
litesla range (<10 mT) which is harmless
to cells and tissues.[15] Furthermore, this
combination of design and power source
has been adopted to perform motion in
Newtonian and viscoelastic mediums
for a wide range of Reynolds numbers
(Re), thus increasing their potential range
of applications.
The magnetic actuation of helical

microrobots can be implemented by
applying uniform or nonuniform fields generated using elec-
tromagnetic and permanent-magnet systems.[16–18] The first
method uses configurations of electromagnetic coils that are
powered independently such that their superimposed field exerts
a magnetic torque to align and rotate the helical microrobot. The
second method makes use of rotating permanent magnet (RPM)
that are position controlled using serial link manipulators. Foun-
tain et al. have addressed the use of RPM to actuate helical bod-
ies in a fluid characterized by low-Re (Re < 10−1),[19] to increase
the size of the workspace that is most likely to be limited by the
configuration of electromagnets. They have studied two funda-
mental control strategies for a single RPM actuator: axial con-
trol, with the microrobot located along the rotation axis of the
magnet, and radial control with the microrobot positioned per-
pendicular to the magnet. Despite the intrinsic inhomogeneities
of the controlled fields that are generated using these systems,
the relatively large workspace and the open-configuration make
them desirable in wireless actuation of magnetic microrobots. It
has also been demonstrated that combining multiple RPMs can
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generate time-periodic fields that are more uniform, thereby in-
creasing the size of the gradient-free workspace.[20]

Once equipped with an external stimulus, the response of he-
lical robots can be predicted using hydrodynamic models to esti-
mate the time-dependent velocities of the swimmers and the flu-
ids. Rondeborn et al.[21] have experimentally tested the resistive
force theory (RFT)[22] on macroscopic swimmers in silicone oil
by tuning geometric parameters of the helix, and compared mea-
surements to numerical results. Lin et al. have theoretically stud-
ied and optimized the swimming performance of double curved
conical microhelical robots and presented optimal geometric pa-
rameters (helicity angle, helical length, helical wire diameter,
cone angle, and the number of threads) in terms of swimming
speed.[23] Tabak has implemented anRFT-basedmodel for helical
swimmers and validated the theoretical predictions with experi-
ments. The proposed strategy improves the RFT-based analysis
by the incorporation of correction coefficients based on hydro-
dynamic impedance analysis of the time-dependent solution of
Navier–Stokes equations. Themotion in a confined environment
(lumen) filled with glycerin has been predicted by the model
and the step-out frequency has been also estimated.[24] Addi-
tionally, a control technique has been defined to account for the
flow near the boundaries of the lumen by modifying the resis-
tance matrix; incorporating an additional stiffness correction fac-
tor. Recently, Tang et al. have wirelessly controlled nanorobots
and demonstrated precise maneuvers within complex in vitro
and in vivo environments, and investigated their kinetic behav-
ior based on the geometric properties of their body and the ef-
fects imparted by nearby solid boundaries.[25] Khalil et al. have
utilized a permanent-magnet robotic system consisting of two
synchronized RPMs that are able to achieve gradient-free region
within the workspace of the system and control a helical micro-
robot while approaching and rubbing a blood clot.[13] They have
used the RFT to predict the response of helical robots in a con-
fined environment filled with biological fluids and the removal
rate of unwanted cells using an in vitro thrombus model. Gómez
et al. have characterized the motion of helical swimmers in well-
characterized shear-thinning inelastic fluids, and observed that
the swimming speed scales linearly with the actuation frequency
similar to that of a Newtonian fluid.[26] They have concluded that
the swimming speed increase originates from confinement-like
effect due to viscosity stratification and not a direct consequence
of a local decrease of the flow viscosity around the helical swim-
mers.
The complexities of physiological fluids (different flow pat-

terns, near wall effects,[27] heterogeneous rheological properties,
and concentrated cells[28]) poses some challenges to translate in
vitro experimentation into in vivo applications. Untethered de-
vices are likely required to performmotion in environments with
heterogeneous rheological and structural properties, inwhich the
local forces vary in time and space based on the biological compo-
sition of fluids and stiffness of soft tissues.[29] The heterogeneous
structural properties of the environment can also be a direct con-
sequence of the interface between twomediums like Netwonian–
viscoelastic interface. Such interface is likely to require the helical
robot to maintain a swimming behavior along a prescribed path
or a straight-run trajectory toward a target. Thus, it is necessary to
understand the influence of variations in the surrounding envi-
ronment to develop robust locomotion strategies in an open-loop

environment. Consequently, the hydrodynamics of helical robots
must be investigated over a range of rheological properties theo-
retically and experimentally, and the ability of helical swimmers
to drill through these interfaces must be addressed.
In this paper, a 6-degrees-of-freedom (6-DOF) RFT-based

magneto-hydrodynamic model is presented to simulate the mo-
tion of helical robots in heterogeneous viscous fluid with space-
varying viscosity. The relative importance of each input parame-
ter (actuation frequency and relative distance between the helical
robot and the actuating magnet) is quantified using global sen-
sitivity analysis. Furthermore, a permanent-magnet robotic sys-
tem consisting of a serial manipulator with an RPM attached to
its end-effector is used to validate the numerical results in an
open-loop fashion. The experimental setup is used to demon-
strate the ability of helical robots to drill through the Newtonian–
viscoelastic interface between mediums, while the numerical re-
sults aim to define control strategies to robustly control helical
robots for space-varying rheological properties.

2. Modeling of Helical Propulsion and Magnetic
Actuation

Consider a helical robot of diameter dr, length L, and magnetic
dipolemomentmr ∈ ℝ3×1, moving under the influence of a time-
periodic magnetic field B(p) ∈ ℝ3×1 inside a medium with vari-
able viscosity 𝜂 characterized by Reynolds numberRe = 𝜌fUrL∕𝜂,
where 𝜌f is the density of the medium and Ur is the swimming
speed of the robot. The robot is actuated such that it transitions
from low-viscosity to high-viscosity fluids with ratio of 𝜂0 = 𝜂2∕𝜂1,
where 𝜂1 and 𝜂2 are the low- and high-viscosity of the fluid, re-
spectively, as shown in Figure 1a. It is also possible to predict
the behavior of the robot between Newtonian and viscoelastic
medium, in a manner analogous to the variable viscosity case.
In this case, the second medium can be considered as a non-
Newtonian medium with elastic modulus E. Prediction of the
hydrodynamic response when the robot transitions between the
fluids involves modeling of magnetic and hydrodynamic forces
and torques in 3D space.

2.1. Magnetic Actuation of the Helical Robot

The magnetic force and torque, generated at the position of the
helical robot p ∈ ℝ3×1 from the field source, depend on the mag-
netic flux density B(p) and the magnetic dipole of the microrobot
mr as follows(
Fm
𝝉m

)
=
(
(mr ⋅ ∇)B(p)
mr × B(p)

)
(1)

where Fm ∈ ℝ3×1 and 𝝉m ∈ ℝ3×1 are magnetic forces and
torques, respectively. Themagnetic flux density can be accurately
modeled using the magnetic dipole approximation,[30] such that

B(p) =
𝜇0

4𝜋‖p‖3(3p̂p̂T − 𝕀
)
Mact =

𝜇0

4𝜋‖p‖3ℍMact (2)

where 𝜇0 = 4𝜋 × 10−7 N A−2 is the permeability of free space, p
is the vector from the center of the field source and position of
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Figure 1. Helical propulsion works by rotating a helix about its long axis using an external magnetic field. a) Kinematics of the helical body is described
using the moving Frenet–Serret frame, {t, n, b}, along the arc length, with respect to a material frame of reference {e1, e2, e3}. Position and orientation of
the helical robot are represented by r and (𝛼, 𝛽, and 𝛾) with respect to a reference frame {x,y,z}. The transparent plane represents an imaginary interface
between low-viscosity (𝜂1) and high-viscosity (𝜂2) mediums or Netwonian–viscoelastic interface. b) The external magnetic field is produced using a
rotating permanent magnet (RPM) fixed to a robotic manipulator to control the direction of its magnetic dipole moment, Mact. The axis of rotation of
the RPM, �̂�act, and the long axis of the helical robot, �̂�h, are coupled and enable helical propulsion.

the helical robot, Mact ∈ ℝ3×1 A m2 is the dipole moment of the
actuator magnet and 𝕀 ∈ ℝ3×3 is the identity matrix. This expres-
sion gives an effective method to generate the desired field B(p)
at a distance p by controlling the actuator magnet’s poseMact, as
shown in Figure 1b. Furthermore, the position-dependent ma-
trix ℍ ∈ ℝ3×3 defines the mapping between the rotation axis �̂�act
of an RPM and the axis of rotation of the magnetic field �̂�h at a
point p. Mahoney and Abbott have developed a control strategy
to actuate untethered magnetic devices using a single RPM.[31]

These methods are based on the point dipole model presented in
Equation (2). Given the rotation axis of the RPM, it is possible to
calculate the axis of rotation of the magnetic field, and vice versa,
we have

�̂�act = ℍ̂�̂�h, and �̂�h = ℍ̂−1�̂�act
(3)

This actuation strategy allows steering of helical robots by con-
trolling the rotation axis of the actuator magnet �̂�act, and in this
case the viscous drag force and torquemust balance themagnetic
force and torque to complete the dynamics.

2.2. Helical Propulsion through Newtonian–Viscoelastic Interface

In low-Re, the inertial forces are negligible and the response of
the helical robot to an externally applied magnetic field is gov-
erned by the balance between magnetic, viscous drag, and gravi-
tational forces and torques, thus we have(
Fm + Fg + Fvisc

𝝉m + 𝝉g + 𝝉visc

)
= 0 (4)

where Fvisc ∈ ℝ3×1 and 𝝉visc ∈ ℝ3×1 are the viscous drag force
and torque, respectively. Further, Fg ∈ ℝ3×1 and 𝝉g ∈ ℝ3×1 are the

force and torque exerted on the robot due to gravity and are given
by(
Fg

𝝉g

)
=

(
V(𝜌r − 𝜌f )R

T
Labg

(rCoV − rCoM) × Fg

)
(5)

where V is the volume of the swimmer, 𝜌r and 𝜌f are the density
of the swimmer and the fluid in which the microrobot swims, re-
spectively. The vectors rCoV ∈ ℝ3×1 and rCoM ∈ ℝ3×1 describe the
position of the center of volume (CoV) and center of mass (CoM)
of the swimmer, while g ∈ ℝ3×1 is a vector representing gravita-
tional acceleration and RLab ∈ ℝ3×3 is the time-dependent rota-
tion matrix between the material frame of reference of the robot,
{e1, e2, e3}, and a fixed frame of reference, as shown in Figure 1a.
The rotation matrix RLab is obtained by quaternion integration as
the robot experiences complex rigid-body rotations.[32] One di-
rect consequence of the negligible inertia force is that the hy-
drodynamics of the helical body is linear. Therefore, the viscous
drag on the magnetic robot is calculated based on the RFT as
follows[32](
Fvisc

𝝉visc

)
= −

⎛⎜⎜⎝
𝓁

∫
0

[
RCRT −RCRTStail

StailRCR
T −StailRCR

TStail

]
ds +

[
A B

BT D

]⎞⎟⎟⎠
(
Ur

𝝎r

)

(6)

where 𝓁 is the counter length of the tail,Ur ∈ ℝ3×1 and𝝎r ∈ ℝ3×1

are the rigid-body linear and angular swimming velocity vectors
of the robot, respectively. Further, R ∈ ℝ3×3 is the rotation matrix
between local Frenet–Serret frames and the reference frame of
the robot, and Stail ∈ ℝ3×3 is the local cross-product that couples
linear translation to rotation. The viscous drag coefficient ma-
trix C ∈ ℝ3×3 is calculated as, C = diag(Ct, Cn, Cb), where Ct, Cn,
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andCb are the local resistance coefficients along the Frenet-Serret
frames of the tail.[33] The two matrices presented in Equation (6)
represent the resistance matrix of the tail, integral form, and the
magnetic head of the swimmer. Due to linearity of Stokes flow of
Equation (6), the resistance matrix of the swimmer,M ∈ ℝ6×6, is
calculated by superimposing the resistance matrices of its head
and helical body, and we have

M = Mtail +Mhead (7)

where Mtail ∈ ℝ6×6 and Mhead ∈ ℝ6×6 are the resistance matrices
of the helical tail and magnetic head, respectively.[34] Note that
the these matrices contain the geometric parameters of the heli-
cal body (helix diameter, filament thickness, length, helicity an-
gle, pitch) and the head. These parameters affect the swimming
velocity through the relationship between Ur and 𝝎r, given by
Equation (3) The RFT-based model can be adjusted to simulate
themotion of helicalmicrorobots whilemoving from one viscous
fluid to another or through a Newtonian–viscoelastic interface.
This concept is implemented by modifying the resistance matrix
to account for the property of the two fluids separately. The inte-
gral operator in Equation (6), allows dividing the finite segments,
ds, into two separate integrals using an intermediate point 𝛿(s, t)
which represents the position of the interface between the two
fluids with respect to the counter length 𝓁 of the helical tail, such
that

Mtail =
𝛿

∫
0

[
RC1R

T −RC1R
TStail

StailRC1R
T −StailRC1R

TStail

]
ds

+
𝓁

∫
𝛿

[
RC2R

T −RC2R
TStail

StailRC2R
T −StailRC2R

TStail

]
ds

(8)

where C1 and C2 are the viscous drag coefficient matrices of the
low- and high-viscosity fluids, respectively. The resistance ma-
trixMtail can be redefined over each iteration based on the time-
dependent value of penetration depth 𝛿(s, t), as shown in Fig-
ure 1a. Note that the penetration depth 𝛿(s, t) is defined for each
arc length location s, 0 ≤ s ≤ 𝓁. The resistance matrix Mhead can
be updated when the swimmer completely crosses the interface
using the viscosity of the second fluids. Therefore, Equations
(1) and (4)–(6) completes the hydrodynamic model of the mag-
netically driven helical microrobot inside a heterogeneous vis-
cous fluid with space-varying viscosity. In the case helical propul-
sion between Newtonian and viscoelastic medium, the viscous
torque can be replaced by the torque of the viscoelastic medium
stiffness,[35] which depends on the elastic modulus E and the sec-
ond integral in the right-hand side of Equation (8) has to be re-
placed with stiffness forces and torques.
Despite the linearity and time-independence of the viscous

drag force and torque, nonlinearities resulting from the exter-
nal magnetic actuation will govern the translational and rota-
tional dynamics of the helical microrobot. This fact can be seen
from Equations (1) and (2), by invoking the gradient of the mag-
netic field. The field falls off approximately as the inverse cube of
the distance, whereas the gradient falls off as the inverse fourth
power. Therefore, the dynamics of the helical robot is rewrit-

ten in a nonlinear state-space form, where the states (x ∈ ℝ6×1)
of the system are the 3D position of the CoM of the swimmer
r = {x, y, z} and the three angles (𝛼, 𝛽, 𝛾) which represent its ori-
entation with respect to the global frame of reference in terms of
rotations around the x-, y-, and z-axis, respectively (Figure 1a).
They are the integral of the angular velocities 𝝎r and used to
define the rotation matrix from the local swimmer frame to the
global frame of reference as follows

RLab = Rz(𝛾)Ry(𝛽)Rx(𝛼) (9)

where Rx(𝛼) ∈ ℝ3×3 is a rotation matrix describing a rotation of
an angle 𝛼 about the x-axis. The modeled actuation strategy is
ideal radial control. The relation depends on parameters (𝝀) such
as distance from the magnet (p) and actuation frequency (f ). The
state-space model is given by

ẋ = g(x,𝝀, t), x(t0) = x0 (10)

where g : ℝn×1 → ℝn×1, x ∈ ℝn×1 is the state vector of the system,
𝝀 ∈ ℝk×1 is the vector of parameters, and x0 ∈ ℝn×1 is a vector of
the initial position and orientation of the helical microrobot.

2.3. Numerical Solutions of Helical Propulsion between Viscous
Fluids

Numerical solutions for the magneto-hydrodynamic model de-
scribed by Equations (1)–(10) are found in order to study the in-
fluence of the magnetic, geometric, and rheological parameters
on the overall behavior of the helical microrobot. Figure 2a shows
the 3D trajectory of a helical robot, actuated at frequency of f =
5 Hz, swimming from low- to high-viscosity fluids (𝜂1 = 5 Pa s
and 𝜂2 = 2𝜂1 Pa.s). The simulations are performed using ideal ra-
dial control[19] prescribing a linearmotion along the x-axis, which
means that the RPM is aligned with the magnetic head of the
untethered helical robot in the x–y plane and at a constant dis-
tance along the z-axis. We consider three distinct parameters (f ,
p, and 𝜂0) to predict the response of the helical robot. The actu-
ation frequency is varied for a range between 2 and 10 Hz, and
the distance between the RPM and the helical robot is varied be-
tween 7.5 to 8.5 body lengths of the helical robot. The viscosity
ratio is varied for a range between 1.3 to 2.3. The actuation fre-
quency range is chosen based on theminimumpropulsive thrust
that can lead to propulsion and the step-out frequencywhich limit
theminimum andmaximum actuation frequencies, respectively.
The relative distance ‖p‖ is selected such that the magnitude of
the rotating magnetic field is limited for a range between 1.5 and
2.5 mT. Finally, the ratio 𝜂0 is selected based on the dependence
of the human blood viscosity on temperature for a fixed shear
rate. The viscosity of blood plasma decreases by 10% for a 5 ◦C
increase in the temperature.[36]

Figure 2a shows the trajectory taken by the helical robot be-
tween two fluids at actuation frequency of 5 Hz. At 𝜂1 = 5 Pa s,
the average swimming speed is 5.02 mm s−1 and it decreases
to 3.16 mm s−1 after crossing the interface of the second fluid
(𝜂2 = 10 Pa s). The evolution of the CoM in the y–z plane (Fig-
ure 2b) shows wobbling and drifting while swimming forward
along the x-axis of the global reference frame. Once the tip of the
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Figure 2. Trajectory of the center of mass (CoM) of the helical robot is calculated during motion between two fluids with viscosity of 𝜂1 = 5 Pa s and
𝜂2 = 10 Pa s, under the influence of a time-periodic rotating magnetic field (f = 5 Hz). a) At the low-viscosity fluid, Ur = 5.02 mm s−1. At the high-
viscosity fluid, Ur = 3.16 mm s−1. The transparent plane represents the interface between the low- and high-viscosity fluids. b) The evolution of the CoM
in the y–z plane shows that the amplitude of the periodic solution decreases as the helical body transitions through the interface. The periodic solution
with smaller amplitude is observed after completely crossing the interface between the two fluids.

Figure 3. The angular velocities of the robot, 𝜔r, and the actuating field 𝜔h, and their corresponding power spectra reveal the influence the viscosity
ratio, 𝜂0 = 𝜂2∕𝜂1, and actuation frequency, f , on the ability of the helical robot to rotate in sync. The angular velocity of the helical robot 𝜔r, with respect
to the x-axis, is plotted with the field rotational speed 𝜔h when the swimmer reaches the interface between two fluids with viscosity 𝜂1 = 5 Pa s and
𝜂2 = 1.8𝜂1 at t = 2 s. a) At f = 3 Hz, the power spectra of the helical robot and the field, Sr and Sh, are identical regardless of the viscosity. b) At f = 5
Hz, the power spectrum Sr is less than Sh by 0.5%. c) At f = 7 Hz, the power spectrum Sr is less than Sh by 6.2%. d) At f = 10 Hz, the power spectrum
Sr is less than Sh by 32.0% for 𝜂1, and when the robot transitions to the high-viscosity fluid the power spectrum at 2.7 Hz is decreased by 80.5%.

helical body comes into contact with the interface between the
two fluids (𝛿 = 0), the amplitude of the periodic wobbling of the
CoM decreases and the motion becomes irregular until the heli-
cal body transitions into the high-viscosity fluid (𝛿 > L). In this
case, the amplitude of the wobbling CoM is decreased with the
swimming speed while drifting along the y-axis.

A simple approach to understanding how transitioning be-
tween two fluids affects the trajectory is to predict the response
at actuation frequency range of 2 ≤ f ≤ 10 Hz. Figure 3 shows
the angular velocities of the microrobot and the actuating field
for all the frequencies and for ratio between the viscosity of the
mediums 𝜂0 = 1.8. At f = 3 Hz, the abrupt change in rheologi-
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Figure 4. The root-mean-square error (RMSE) between the simulated angular velocities of the swimmer 𝝎r and field 𝝎h are calculated for each com-
bination of actuation frequencies (f = [3, 5, 7, 10] Hz), relative position of the RPM (p = [75, 80, 85] mm) and viscosity ratios between the two fluids
𝜂0 = 𝜂2∕𝜂1 = [1.3, 1.5, 1.8, 2, 2.4]. The RMSE increases with p and 𝜂0 since higher values of these parameters reduce 𝜔so and the response of the helical
robot to higher f results in 𝜔r > 𝜔so.

cal properties does not seem to affect the ability of the swimmer
to rotate in sync with the field, as shown in Figure 3a, using the
power spectra (right panel) corresponding to the time series of
the angular velocities (left panel). In this case, the helical micro-
robot rotates with the same frequency of the field as reflected by
the corresponding power spectra Sr and Sh of the microrobot and
the field, respectively, for all fluid viscosities. The power spectrum
Sr is identical to the power spectrum Sh for the two viscosities. As
the actuation frequency increases to f = 5 Hz, the difference be-
tween Sr and Sh increases to 0.5%, as shown in Figure 3b. Note
that as the actuation frequency of the magnetic field increases
the frequency of the helical robot must also increase in order to
increase the propulsive thrust based on Equation (6). The power
spectra in Figure 3a,b indicate that motion enhancement is pos-
sible below actuation frequency of 5 Hz because of the magneto-
hydrodynamic synchronization. At f = 7 Hz (Figure 3c), a reduc-
tion of 6.2% is calculated between the power spectra of the robot
and the magnetic fields as reflected by the Fourier peaks at 7 Hz
for the low- and high-viscosity fluids. At f = 10 Hz, we observe a
reduction of 80.5% at the low-viscosity fluids as reflected by the
Fourier peaks at 10 Hz in Figure 3d, whereas the Fourier peak at
frequency 2.7 Hz (small blue arrow) is associated with the angu-
lar velocity of the helical robot in the high-viscosity fluid. At this
actuation frequency, the helical microrobot cannot rotate in sync
with the field and thus reaching step-out frequency𝜔so. The step-
out frequency is proportional to the applied magnetic torque by a
viscous drag coefficient c, which varies with surface friction, fluid
viscosity, and microrobot geometry,[37] as follows

‖𝝎so‖ =
1

c
‖mr‖‖B(p)‖ (11)

To compare the results of the simulations, the root-mean-
square error (RMSE) between the magnetic field angular velocity
𝜔h and swimmer𝜔r, with respect to the x-axis, is calculated using

RMSE =

√√√√√√ N∑
n=1
(𝜔h − 𝜔r)

2

N
(12)

where N is the number of samples of the calculated angular fre-
quencies. The error increases with the viscosity ratio (𝜂2∕𝜂1), ac-
tuation frequency (f ), and actuation distance (‖p‖) as expected
from Equation (11). Increasing the distance ‖p‖ decreases the
magnetic field and the corresponding magnetic torque, while c
increases with the viscosity. For f = 5 Hz, the errors are already
substantial (≈20 rad s−1) suggesting that the helical robot is not
rotating in sync with the field, as shown in Figure 4.

3. Sensitivity Analysis of the RFT-Based Model

Sensitivity analysis can identify key parameters whose uncer-
tainty affects the outputs. It reveals priorities of each parame-
ter, in terms of their influence on the states, thereby making the
precise identification and control of some parameters more criti-
cal and establish priorities during design and experimental work.
Using the state Equation (10), we have[38]

S(t) =
𝜕x

𝜕𝝀
(t,𝝀) (13)

where S(t) ∈ ℝn×k is the sensitivity function. To define Equa-
tion (13), the integral form in time domain of Equation (10) gives
relevant information about the initial conditions of the sensitivity
function S(t0). The integral form in the time domain is given by

x(t) = x0 +
t

∫
t0

g
(
s, x(s,𝝀),𝝀

)
ds (14)
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Differentiation with respect to 𝝀 yields

𝜕x

𝜕𝝀
(t,𝝀) =

t

∫
t0

𝜕g

𝜕x
(s, x(s,𝝀),𝝀) +

𝜕g

𝜕𝝀
(s, x(s,𝝀),𝝀)ds,

S(t0) =
𝜕x

𝜕𝝀
(t0,𝝀) =

𝜕x0
𝜕𝝀

= 0

(15)

Equation (15) defines the initial values of the sensitivity function
at t = t0 to be zero since x0 is independent of 𝝀. To determine the
evolution of the sensitivity function, matrices of partial deriva-
tives presented in Equation (15) are defined as follows

A(t,𝝀) =
𝜕g

𝜕x
(t, x(t,𝝀),𝝀)

||||x=x(t,𝝀),
B(t,𝝀) =

𝜕g

𝜕𝝀
(t, x(t,𝝀),𝝀)

||||x=x(t,𝝀)
(16)

where A ∈ ℝn×n and B ∈ ℝn×k are the matrices of partial deriva-
tives of the function g calculated with respect to the state vari-
ables x and the parameters 𝝀, respectively. Differentiating Equa-
tion (15) with respect to time, we obtain

𝜕

𝜕t

𝜕x

𝜕𝝀
(t,𝝀) = A(t,𝝀)

𝜕x

𝜕𝝀
(t,𝝀) + B(t,𝝀) (17)

The sensitivity function S(t) is the unique solution of Equa-
tion (17), then substituting Equation (13) into Equation (17), we
have

Ṡ(t) = A(t,𝝀)S(t) + B(t,𝝀) (18)

The sensitivity functions provides first-order estimates of the
effect of parameter variations on the state variables of the system
using the sensitivity Equation (18). The elements of the sensitiv-
ity function Sij(t) are used to create an augmented state-space sys-
tem and its dynamic evolution is studied with the initial states by
integrating Equation (18). The sensitivity functions are defined
based on the state variables and the input parameters such that
the indices i and j indicate the ith state variable and jth input pa-
rameter. These new states show the effect of uncertainty in the
parameters on the original states. For example, if the sensitivity
function Sij has a constant value of zero then the state variable
xi is not sensitive to variations in the input parameter 𝜆j, and If
the sensitivity function Sij varies with time then it is sensitive to
uncertainty in the input parameter 𝜆j. Note also that for multiple
nonzero time-varying sensitivity functions, we can identify states
that are affected by an input parameter more than other states.

3.1. Numerical Solutions of the Sensitivity Analysis

After defining the sensitivity function of the RFT-based model,
nominal values are given to the parameters and the evolution of
the augmented system over time is estimated. The analysis is im-
plemented using a nominal viscosity of 𝜂 = 5 Pa s and the nom-
inal values given to the parameters are f = 3 Hz and p = 7.5 cm.

Note that the helical robot is rigid and its geometric parame-
ters have constant values, and its magnetic moment is effectively
constant with respect to the body regardless of the applied field.
Therefore, the geometric and magnetic parameters of the heli-
cal robot are fixed. The results of the sensitivity equation can
be nondimensionalized and normalized in order to compare the
effect of each input parameter on a state variable. For example,
S21 = yf and S22 = yp are the new sensitivity functions describing
the effect of 𝜆1 = f and 𝜆2 = p, respectively, on the state variable
y (transverse displacement). To compare them, all augmented
states and sensitivity functions are normalized using their max-
imum value over time, thereby nondimensionalized for a range
between 0 and 1. Therefore, the nondimensionalized and nor-
malized sensitivity functions, Ŝ(t), are calculated using

Ŝ(t) =
S(t)

max(S)
(19)

where max(S) is the maximum of the function S. Figure 5 shows
the results of the augmented state model which includes six state
variables and twelve sensitivity functions corresponding to two
input parameters.
Figure 5a shows the wobbling and drifting response of the

CoM of the helical robot. The wobbling and drifting (in the x–
y plane) is accompanied with an increase of the state variable x
with time. The angular rotations about the y-axis, 𝛽, and z-axis, 𝛾 ,
show a small-amplitude periodic orbit in time, as shown in Fig-
ure 5b. Similarly, Figure 5c shows a small-amplitude periodic or-
bit for the angular rotations about the x-axis, 𝛼, and z-axis, 𝛾 . The
transverse velocities of the helical robot,Uy andUz, demonstrate
periodic limit cycle motion that depends on the frequency of the
actuating magnetic field, as shown in Figure 5d. The transna-
tional speed,Ux, and the angular velocities �̇� and �̇� also converge
to their respective limit cycles as the robot swims under the influ-
ence of the periodic input torque of the rotating magnetic field,
as shown in Figure 5e,f, respectively.
The sensitivity functions of the helical robot are shown in

Figure 5g–l. The sensitivity function S11 = xf of the first state
variable (position along the x-axis) with respect to the actuation
frequency 𝜆1 = f is shown in Figure 5g. S11 has a time-periodic
pattern with an increasing envelop signifying the sensitivity of
the state variable x to the actuation frequency. Likewise, S12 = xp
is time-periodic with small-amplitude and an increasing envelop.
Therefore, this state variable is also sensitive to the relative dis-
tance, p, between the helical robot and the actuatormagnet. How-
ever, it is more sensitive to variation in actuation frequency than
to variation in the relative distance p. The second state variable y
of the helical robot is as sensitive to the actuation frequency as
the first state variable x, as shown in Figure 5h, where S21 = yf
oscillates increasingly with time. Similarly, the sensitivity func-
tion S22 = yp indicates the transverse displacement of the helical
robot is less sensitive to the relative distance than the actuation
frequency. The transverse displacement along the z-axis has sen-
sitivity functions similar to the transverse displacement along the
y-axis, as shown in Figure 5i. Again, S31 = zf and S32 = zp indi-
cate that the transverse displacement z is more sensitive to actu-
ation frequency than the relative distance p.
Unlike the transnational states of the helical robot, the sensitiv-

ity functions corresponding to angular orientations have unique
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Figure 5. Solutions of the nonlinear state Equation (10) and the time-varying sensitivity Equation (18) highlight the influence of input parameters. The
nominal value given to the parameters are p = 7.5 cm, f = 3 Hz, and 𝜂 = 5 Pa s. a–f) State variables show time-periodic behavior. The small red circle
indicates the initial state. g–l) Nondimensionalized and normalized sensitivity functions vary in time, showing the sensitivity of the ith state to the jth
input parameter.

patterns. Figure 5j shows that the sensitivity function, S41 = 𝛼f ,
of the angular orientation with respect to the x-axis oscillates in-
creasingly with time, while S42 = 𝛼p periodically vary in time with
small-amplitude. Therefore, the state variable 𝛼 is more sensitive
to variations in actuation frequency f than to variations in the
relative distance p. Note that the state variable 𝛼 describes the
rolling motion of the helical robot about its long axis. Such mo-
tion is highly sensitive to the actuation frequency and is less in-

fluenced by the relative distance p. If the relative distance p is
high enough for the magnetic field to become uniform at the
position of the helical robot, then the robot will be affected by
torques about the y- and z-axis, resulting in yawing and pitch-
ing motion, respectively. The influence of the input parameters
f and p on the yawing motion and pitching motion is shown in
Figure 5k,l, respectively. The sensitivity functions S51 = 𝛽f of the
yawing motion and S61 = 𝛾f of the pitching motion to the actua-
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Figure 6. Helical propulsion is achieved using rotating dipole fields generated by a permanent-magnet robotic system. a) The rotation axis of the
permanent magnet is controlled to steer the helical robot in 3D space. b) A robotic manipulator ① (KUKA KR-1100-2) controls the pose of a DC motor
② and a permanent magnet ③. The helical robot is contained inside a viscous fluid container ④ and its motion is tracked using two cameras ⑤. c) The
robot consists of a helical body with length L and diameter dr attached to a small permanent magnet with magnetization perpendicular to its long axis.

tion frequency are quite similar. Both functions oscillate increas-
ingly in time, indicating that the state variables 𝛽 and 𝛾 are sen-
sitive to variations in the actuation frequency. However, yawing
motion and pitching motion are more sensitive to the relative
distance p than to variations in the actuation frequency f . Note
also that the geometric and magnetic parameters of the helical
robot have constant values due to the rigidity of the structure and
the permanently magnetized head. In the case of a soft-body and
a soft-magnetized head, the body will deflect due to the viscous
drag encountered and the magnetization will vary as a nonlinear
function of the applied field; the sensitivity functions would be
significantly more complex.

4. Motion Control Experimental Results

A permanent-magnet robotic system is used to experimentally
test the sensitivity of the helical robot to input parameters. The ac-
tuation frequency and the relative distance between the actuator
magnetic and the helical robot are critical parameters in wireless
manipulation using external magnetic fields.

4.1. Permanent-Magnet Robotic System

The permanent-magnet robotic system consists of a 6-DOF se-
rialmanipulator (KUKAKR-1100-2, KUKA,Augsburg, Germany)
to control the displacement of the RPM (Figure 6).[39] The per-
manent magnet is an axially magnetized disk (NdFeB Grade-
N45) with a diameter of 35 mm and a height of 20 mm and its

Table 1. Geometric and magnetic parameters of the helical robot used in
experiments and numerical analysis. The geometric parameter of the rigid
helix are the length L, pitch 𝜆, diameter dr, and filament thickness dt.

Property Value Property Value

Helical body L [mm] 11.7 𝜆 [mm] 3

dr [mm] 1.2 dt [mm] 0.12

Magnetic head Type disk NdFeB d [mm] 1

mr [A m2] 6.23 × 10−4 h [mm] 1

magnetization has been experimentally measured to be ‖Mact‖ =
18.89 A m2. A Maxon 18 V brushless DC motor with Hall-effect
sensors, encoder, and a planetary gearbox with a gear ratio of
3.7:1, is used to actuate the permanent magnet. The motor is
controlled using an EPOS4 Compact 50/5 CAN, digital position
controller. The continuous rotation of the permanent magnet en-
ables the robot to achieve helical propulsion. The helical robot
consists of a cylindrical permanent magnet (NdFeB Grade-N52)
with 1 mm diameter and 1 mm height, attached to a helical body
such that the helix axis is perpendicular to the dipole moment.
The helix has length L, pitch 𝜆, and radius dr∕2 of 11.7 mm,
3 mm, and 0.6 mm, respectively, see Table 1. The size of the
helical robot is in the millimeter range and low-Re on the or-
der of 10−4 is approached through the use of high-viscosity flu-
ids. Therefore, the experimental results qualitatively captures the
characteristics of the flowwhen the helical robot is downscaled to
submillimeter range and microscale. The geometric parameters
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of the helical body and the head provides maximum swimming
velocity based on the relationship between the transnational and
rotational velocities in Equation (6).
The motion of the helical robot is recorded by two FLIR Black-

fly cameras (Teledyne FLIR LLC, Willsonville, Oregon) in the x–
y and y–z planes. Both of these cameras are fitted with a Fu-
jinon lens of 6 mm fixed focal length producing submillime-
ter tracking accuracy at 60 frames per second. The entire sys-
tem is programmed andmodeled usingMatlab (TheMathWorks,
Inc., Natick, MA, USA) and custom-made Matlab routines. To
implement real-time control of the robotic manipulator, a con-
nection between RoboDK (RoboDK Inc., Montreal, Canada) and
the robotic manipulator is established to move it automatically
using RoboDK’s user interface. The connection was realized
through a standard Ethernet connection (TCP/IP). For this pur-
pose, a KUKAVARPROXY (Imts Srl, Taranto, Italy) server is in-
stalled on the KRC4 controller (KUKA, Augsburg, Germany) of
the robotic manipulator. This server allows the global variables
from the robotic arm controller to be exchanged with the remote
RoboDK’s user interface. The workspace consists of a plexiglass
box (100 × 100 × 50 mm3) filled in equal volume with silicone oil
(𝜌f = 971 kg m−3 and 𝜂 = 5 Pa s) and tissue-mimicking gelatin
phantom.[40] The dry-weight concentration ratio of the gelatin
and water is 2%, resulting in a minimum and maximum viscos-
ity of 0.77 ± 0.1 and 4.39 ± 0.01 Pa.s for a frequency range (strain
rate) between 2 and 25 Hz, respectively. The maximum elastic
modulus of the medium was measured to be E = 688 Pa. The
mechanical properties of the phantoms were stable after the ad-
dition of the silicone oil throughout the period of each motion
control trial. In each trial, the helical robot performs a motion
of ≈70 mm along the x-axis, crossing the interface positioned at
≈48 mm. The transverse displacement along the y-axis is similar
with a value of≈20mm. At f = 3Hz, the initial distance from the
permanentmagnet is p = 7.5 cm and the helical robot reaches the
interface at 12 mm with respect to the z-axis, while for f = 2 Hz,
p = 8.2 cm and it crosses the interface at a height of 7 mm.

4.2. Motion between Newtonian and Viscoelastic Mediums

To test the sensitivity of the helical robot to variations in actua-
tion frequency and variations in the rheological properties of the
medium, propulsion is achieved between silicone oil and gelatin
using a single RPM. Linear motion along the x-axis is prescribed
to the end-effector while keeping the rotation axis �̂�act in a par-
allel configuration with the x-axis, resulting in the same uni-
directional motion of the helical robot by aligning with the ro-
tating magnetic field in synchrony about �̂�h ∥ �̂�act. The linear
velocity of the end-effector is adjusted experimentally for each ac-
tuation frequency to perform radial control of the helical robots.
Figure 7a shows the position of the helical robot over time

during a representative open-loop motion control experiment
at actuation frequency of f = 2 Hz (66% of the limiting step-
out frequency), and the velocity is calculated by postprocessing
the recorded motion. The helical robot is radially actuated and
reaches maximum swimming speed of 2.5 mm s−1 at t = 7 s
(Re = 10−4). The robot follows a path with nonzero curvature as
a consequence of the asymmetric transverse viscous drag forces
and torques, Equation (6), along the helical body, as shown in Fig-

ure 7b. Note that the curvature of the trajectory of the helical robot
in the silicone oil is greater than that in the gelatin. Associated
with the transitioning between the two environments is a change
in the ratio of magnetic torque to viscous drag, ‖mr‖‖B‖∕‖𝝉visc‖,
and magnetic torque to gelatin stiffness, ‖mr‖‖B‖∕d3rE. This
transition leads to different curvatures between the taken path-
ways for the same actuation parameters. Before the silicon–
gelatin interface, the curvature of the trajectory is relatively high
and it decreases significantly when the robot transitions in the
gelatin. The difference in curvature is attributed to two key rea-
sons. First, the torque balance in silicone oil differs from that in
gelatin in that the first is between the magnetic and viscous drag,
whereas the second is between the magnetic and the stiffness of
the viscoelastic medium. Second, the force balance in the two en-
vironments affects the transnational velocity and their frequency
response. Figure 7c shows the instantaneous swimming veloci-
ties of the helical robot throughout the nonzero curvature path.
The speed decreases significantly as the robot approaches and
crosses the interface. The average swimming speed decreases
from 2.5 mm s−1 in silicone oil to 0.5 mm s−1 in gelatin. Nev-
ertheless, the robot maintained its forward swimming direction
under the open-loop action of the rotating magnetic field.
Sensitivity analysis suggests that the state variables of the he-

lical robot are more sensitive to variation in actuation frequency
than to variation in the relative distance between the robot and
the actuator magnet, as shown in Figure 5g–l. Therefore, we in-
crease the frequency of the rotating magnetic field to 100% of the
limiting step-out frequency and repeat the open-loop actuation,
in a manner similar to the experiment before. Figure 8 shows
the position of the helical robot over time under the influence of
a rotating magnetic field with frequency of f = 3 Hz. The robot
is radially actuated in an open-loop fashion and reaches maxi-
mum speed of 2.71 mm s−1 at t = 7 s (Re = 10−4). At t = 10 s, the
helical robot is propelled while it is not aligned with �̂�h ∥ x-axis
and the angle between this axis and the long axis of the helix re-
mains constant after crossing the interface. The magnetic head
reaches the interface at t = 20 s, and swims along a path with rel-
atively small nonzero curvature in the direction of the orientation
of the helix axis from t = 30 s when the helical body is completely
immersed in the gelatin phantom. Minimum speed of 0.2 mm
s−1 is measured at t = 34 s, while the robot is drilling inside the
stiffer portion of the gelatin phantomwhich is not in contact with
the silicone oil. At this time, the forward speed increases and the
helical robot becomes able to swim in the viscoelastic medium.
The maximum speed in the gelatin phantom is 1.44 mm s−1 (at
t = 77 s).
Open-loop motion control results show that the robot remains

within a smaller domain in the y–z plane as it swims forward
along the x-axis when actuated at 66% of its step-out frequency.
In this case the robot wobbles and shifts within a rectangular re-
gion with edge length of Δy = 22.1 mm and Δz = 7.2 mm along
the y-axis and z-axis, respectively, as shown in Figure 7b. This area
increases toΔy = 19.2mm andΔz = 11mm along the y-axis and
z-axis, as shown in Figure 8b, respectively, when the robot is ac-
tuated at its step-out frequency. The area in which the robot wob-
bles and drifts while swimming forward increased by 32% when
the actuation frequency is increased by 1 Hz. All sensitivity func-
tions of the helical robot to variation in the actuation frequency
indicate that the state variables are affected by the actuation fre-
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Figure 7. Low-actuation frequency at 2 Hz enables helical propulsion between a Netwonian fluid and viscoelastic medium using rotating magnetic
fields. a) Top- and side-views (x–y plane and x–z plane) of the swimming path of the helical robot. The robot transitions from silicone oil to tissue-
mimicking gelatin phantom. b) Despite the difference in rheological properties, the measured 3D trajectory of the robot shows its capability to maintain
its swimming direction. The magnetic head reaches the interface between the two mediums at t = 30 s (in blue). c) The swimming speed decreases
near the interface between the two mediums, starting at 2.5 mm s−1 and reaching 0.5 mm s−1 in the Newtonian and viscoelastic fluids, respectively
(Re ≈ 10−4).

quency. Although it is straightforward to understand and relate
the actuation frequency to the instantaneous swimming veloci-
ties based on the relationship between the viscous drag force and
velocities using Equation (6), our sensitivity analysis captures ad-
ditional physical aspect of the actuation using rotating magnetic
fields. The sensitivity functions S51 and S61 (Figure 5k,l) reveals
that the yawing motion and pitching motion are sensitive to the
actuation frequency. Therefore, a slight increase in the actuation
frequency can affect not only the swimming velocity of the helical
robot, but also the nonzero curvature of the swimming path.
Finally, it is possible to use the results of the sensitivity analysis

to identify key control variables and geometric features, and then
apply open-loop control in situations where we cannot introduce

feedback. This approach has the potential for improved wireless
actuation response, even with open-loop control system.

5. Discussions

Magnetically-actuated helical robots are promising as untethered
devices for medical applications since they can perform 3D nav-
igation under the influence of low-strength rotating magnetic
fields.[41,42] Their motion at low-Re is simulated using an RFT-
based model, allowing us to calculate instantaneous velocities
and displacements in 3D space. This model is used to charac-
terize the motion of helical robots while swimming from low to
high viscosity. The simulations show how abrupt changes in rhe-
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Figure 8. Low-actuation frequency of 3 Hz enables helical propulsion between Netwonian fluid and viscoelastic medium using rotating magnetic fields.
a) Top- and side-views (x–y plane and x–z plane) of the swimming path of the helical robot. The robot transitionsfrom silicone oil to tissue-mimicking
gelatin phantom. b)Despite the difference in rheological properties, themeasured 3D trajectory of the robot shows its capability tomaintain its swimming
direction. The magnetic head reaches the interface between the two mediums at t = 20 s (in blue). c) The swimming speed decreases near the interface
between the twomediums, reachingmaximum speed of 2.7mm s−1 and decreasing to 0.75mm s−1 in the Newtonian and viscoelastic fluids, respectively
(Re ≈ 10−4).

ological properties can affect the motion when the helical robot
rotates close to step-out frequency. Furthermore, the proposed
sensitivity analysis shows the impact of the input parameters p
and f on the overall motion. The states of the system are more
sensitive to variations in frequency than in actuation distance.
In fact, when the helical robot rotates at 𝜔r < 𝜔so, variations in p
do not have a strong impact on the states as long as the applied
field is strong enough to set𝜔so > 𝜔r.With these experiments, we
demonstrate the ability of helical robots to propel both in New-
tonian fluid and viscoelastic medium while being actuated using
a single RPM attached to a serial manipulator in an open-loop
fashion. The presented setup can actuate helical robots both in
Newtonian and viscoelastic mediums. The presented model and

the sensitivity analysis have shown which parameters must be
controlled owing to its influence on the state variable. The two
analyses converged to a common solution to controllably actuate
helical robots. Decreasing the actuation frequency and increasing
magnetic field strength, if applicable, can decrease the sensitivity
of the helical robot to physical surroundings. In fact, the robot
must rotate below 𝜔so which changes based on the rheological
properties and the applied field.
Straight runs of the helical robot in the non-Newtonian or vis-

coelastic mediums (bodily fluids and soft-tissue environment)
cannot be achieved without feedback control and noninvasive
imaging systems. The localization and tracking is very difficult
for some noninvasive imaging methods in challenging environ-
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ment inside the human body such as regions with air-pockets,
bony structures, and other wave reflectors.[43,44] The localization
is more difficult for the majority of noninvasive imaging systems
when the robot’s size is decreased. In this case, the contrast-
to-noise ratio decreases and impairs accurate and stable local-
ization. Therefore, feedback control systems are likely to be af-
fected by the increased sensory uncertainty during in vivo tri-
als. The RFT-based sensitivity analysis provides a framework to
investigate the sensitivity of the state variables to variations in
input parameters. These parameters include the control inputs
(actuation frequency and magnetic field strength), the parame-
ters of the physical surroundings (viscosity and tissue stiffness),
and the robot parameters (helix parameters, magnetic properties,
andmaterial). Following such a framework, considering the com-
plexity of the magneto-elastic hydrodynamics in viscous fluids, is
an important step to choose an optimal set of control inputs that
yield a swimming behavior with minimal deviation from the pre-
scribed trajectory.
It is also possible to combine the benefits of the sensitivity

analysis and feedback control systems. The implementation of
feedback control system capitalizes on directing the rotation axis
of the helical robot toward a prescribed target using the orienta-
tion of the RPM as given by Equation (6). The position-dependent
mapping, which maps the rotation axes of the RPM and the he-
lical robot, is entirely dependent on position feedback. Below the
step-out frequency, position of the helical robot is only needed
as the orientation can be determined based on that of the RPM,
then feedback control can be implemented on the joints of the
serial manipulator. In this case, the sensitivity functions will pro-
vide optimal actuation variables and geometric features, whereas
feedback will correct the swimming direction, enabling accurate
robot trajectories.
If helical microrobots are to find biomedical and real world

applications there is the possibility of moving between environ-
ments with heterogeneous rheological and structural properties.
Nearly every location inside the human body can be accessed
by bodily fluids. Therefore, transitions through the interface be-
tween two environments are likely to be required to navigate con-
trollably inside a bodily fluid and then target a specific location.
Consider, for example, a helical microrobot designed to restore
the blood flow by drilling through the fibrin network of a throm-
bus that is inaccessible in a tethered fashion (current catheter-
based clinical techniques cannot be used).[13] In this case, the mi-
crorobot can be inserted and controlled to swim toward the site
of the thrombus for intervention by mechanical and/or chem-
ical means. In either case, the helical microrobot would trans-
duce the rotating magnetic field of the RPM into swimming in
blood and screwing through the viscoelastic thrombus. This is
an important medical application in which the microrobot may
be required to transition between non-Newtonian and viscoelas-
tic mediums, thereby providing access to peripheral vascular dis-
eases that are inaccessible by catheter-based interventions. Note
that the example described above represents helical propulsion
in confined environments of fluid-filled lumen. In our model,
the drag coefficients can be modified to account for the hydrody-
namic interactions near walls by incorporating the influence of
the medium gap between the robot and the wall. Note also that
for the example described above, blood has non-Newtonian rheol-
ogy and the dependence of its viscosity on the strain rate must be

considered in the sensitivity analysis. However, there are several
regions in which we can find a Newtonian–Viscoelastic interface
in vivo. Nelson et al. has presented an extensive review with ad-
ditional medical applications that involves moving through two
mediums such as the urinary system and the prostate.[1] In these
applications, the microrobot may transition from urine to soft-
tissue environment in the kidney or the bladder to deploy local-
ized therapies.

6. Conclusions

Controlled magnetic fields can be generated in such a manner,
that the disturbances caused by variable input parameters in the
physical surrounding do not yield relatively large deviation of the
swimming path under open-loop action. On the basis of an RFT-
based magneto-hydrodynamic model and global sensitivity anal-
ysis, we show that the low-frequency disturbance rejection is a
result of the sensitivity of all the state variables that character-
ize helical propulsion to actuation frequency. In particular, when
helical robot is actuated in low-Re flow using a single RPM, its
states are more sensitive to variations in the actuation frequency
than to variations in the separation distance between the magnet
and the robot. This predicted behavior by the sensitivity analysis
is compared with directly measured instantaneous states (posi-
tions and velocities) during helical propulsion between two fluids
and actuation by two frequencies that are relatively close to one
another. The presented framework is necessary to predict the in-
put parameters that enable helical propulsion in a medium with
unknown characteristics or in environments with varying param-
eters in time and space.
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