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Abstract—A simple way to mitigate the potential negative sideeffects associated with chemical lysis of a blood clot is to tear its
fibrin network via mechanical rubbing using a helical robot. Here,
we achieve mechanical rubbing of blood clots under ultrasound
guidance and using external magnetic actuation. Position of the
helical robot is determined using ultrasound feedback and used to
control its motion toward the clot, whereas the volume of the clots
is estimated simultaneously using visual feedback. We characterize the shear modulus and ultimate shear strength of the blood
clots to predict their removal rate during rubbing. Our in vitro
experiments show the ability to move the helical robot controllably
toward clots using ultrasound feedback with average and maximum errors of 0.84 ± 0.41 and 2.15 mm, respectively, and achieve
removal rate of −0.614 ± 0.303 mm3 /min at room temperature
(25 ◦ C) and −0.482 ± 0.23 mm3 /min at body temperature (37 ◦ C),
under the influence of two rotating dipole fields at frequency of
35 Hz. We also validate the effectiveness of mechanical rubbing
by measuring the number of red blood cells and platelets past the
clot. Our measurements show that rubbing achieves cell count of
(46 ± 10.9) × 104 cell/ml, whereas the count in the absence of
rubbing is (2 ± 1.41) × 104 cell/ml, after 40 min.
Index Terms—Blood clots, closed-loop control, helical robot,
magnetic, medical, rotating dipole, ultrasound imaging, RFT.

I. INTRODUCTION

B

LOOD clots can occur and travel to deep seated regions
of the human body and may cause significant problems as
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blood flow past the clot is decreased. Fibrinolytics and anticoagulant drugs have long been used to treat and prevent blood clots
within blood vessels. However, special medical precautions and
tests are necessary to avoid several side-effects such as excessive
bleeding. A simple way to mitigate these side-effects is through
the localization of the drug [1] or interaction with the clot via external magnetic field actuation of a microrobot. Vonthron et al.
have demonstrated steering, localization, and control of microrobots and microdevices using a clinical magnetic resonance
imaging system [2]. Servant et al. have controlled a swarm of
functionalized artificial bacterial flagella in vivo using rotating
magnetic field in millitesla range, and using feedback of an optical fluorescence imaging system [3]. Felfoul et al. have also
transported drug-loaded nanoliposomes into hypoxic regions of
the tumour using the magneto-aerotactic migration behaviour of
Magnetococcus marinus strain MC-1 [4], and demonstrated improvement in the therapeutic index during targeted drug delivery.
Srivastava et al. have also shown dual-functionality of creating
cellular incision together with site-directed drug delivery using
biotubes [5]. Very recently, drug-loaded magnesium micromotors have been used to demonstrate in vivo antibiotic delivery in
the gastric media of a mouse model [6]. The versatility of microrobots (driven by magnetic [7], [8], bubble [9], ultrasound [10],
electric [11], and electrophoretic propulsion [12]) has proven to
be unlimited and offer promise for diverse biomedical applications such as drug delivery [13], diagnostics [14], cell manipulation and sorting [15], biopsy, and precision nanosurgery.
Here, we focus on a potential medical application (removal of
blood clots) of helical robots driven by rotating magnetic fields
(see Fig. 1). In our previous work [16], an optimal rubbing
frequency of blood clots is determined using a hydrodynamic
model based on the resistive-force theory (RFT). In this work,
we achieve the following: (1) characterization of the mechanical
properties of blood clots using rheology test at room and body
temperatures (properties of blood clots are poorly known and it
is essential to provide our RFT-based model with the ultimate
shear strength to predict the removal rate of the clot); (2) design
of a closed-loop control system based on ultrasound feedback;
(3) validation of the effectiveness of the helical robot via removal rate and cell count throughout the interaction between
the robot and the clot. The remainder of this letter is organized
as follows: Section II provides characterization of the blood
clots. A hydrodynamic model of the rubbing behaviour is also
presented to calculate the removal rate of clots during rubbing.
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infinitesimal depth (δb c ) of the clot using
(| Tm ,x | − | Td,x |) ω ≈ 0.25πτ rh ωδb2 c ,

(1)

where Tm ,x and Td,x are the magnetic and drag torque exerted
on the helical robot during rubbing with respect to the long axis
of the helix. Further, ω is the angular velocity of the robot with
respect to the helix axis, and τ and rh are the ultimate shear
strength of the clot and the radius of the helix, respectively. We
consider the ultimate shear strength since the basic action of
the robot is to remove parts of the clot by rubbing or shearing
a layer of its material with respect to another underneath. In
(1), the magnetic torque is generated using two synchronized
rotating dipole fields. These dipole fields (B1 and B2 ) exert
the following magnetic torque (Tm ) on the magnetic dipole
moment (m) of the helical robot:

 

Fm
(m · ∇)(R1 B1 + R2 B2 )
=
,
(2)
m × (R1 B1 + R2 B2 )
Tm

Fig. 1. Rubbing against a blood clot is achieved using a helical robot driven
by two synchronized rotating dipole fields. (a) The robot is tracked using an ultrasound imaging modality (NOCTN340, HD5 Diagnostic Ultrasound System,
Philips and Neusoft Medical Systems, Amsterdam, The Netherlands), whereas
the volume of the clot is determined using 2 cameras throughout the rubbing.
(b) Clots are inserted into catheter segments filled with phosphate buffered
saline. The segment is contained inside a gelatin container to achieve air-free
coupling between the transducer and the catheter segment. (c) The helical robot
(white arrow) swims controllably towards the clot at average speed of 4 mm/s
(ω = 35 Hz), and starts rubbing at time t = 6 seconds.

Section III presents localization of the helical robot using ultrasound feedback, closed-loop control of the helical robot, and
in vitro rubbing of blood clots under ultrasound guidance. The
effect of body temperature on the removal rate of blood clots
and the influence of the mechanical rubbing on the red blood
cells (RBCs) and platelets past the clot are also analyzed in
Section III. A discussion pertaining to the difference between
our in vitro model and in vivo conditions is presented in Section IV. Finally, Section V concludes and provides directions
for future work.
II. MODELING AND CHARACTERIZATION OF RUBBING
Ischemic tissue deprived of blood will not survive indefinitely
and thus the relation between the clot removal rate and the
control inputs must be well understood to minimize the rubbing
time. We provide a physical picture of the rubbing behaviour
using our RFT-based hydrodynamic model to relate the removal
rate to the control and robot parameters.
A. Mechanical Rubbing of Blood Clots
Following our previous work [16], we model the interaction
between the tip of the helical robot and the three-dimensional
network of the fibrin fibers of the clot using conservation of
energy and momentum. The work done by the tip of the rotating tail is equal to the work done by the removed material.
Therefore, we approximate the net torque required to remove an

where Fm is the magnetic force. Further, R1 and R2 are rotation
matrices from frames of the first and second rotating dipole
fields to the frame of reference of the robot, respectively. The
drag torque (Td ) given in (1) is calculated using

  

−RCRT S
RCRT
Fd
dl
=
T
Td
−SRCRT S
l SRCR



Rch DRT
−Rch DRT
U + Uch
ch
ch S
+
,
SRch DRT
E
Ω
ch
(3)
where Fd is the drag force imparted to the fluid by the helical
robot. Further, U and Ω are the linear and angular velocities
of the helical robot, respectively, and Uch is the flow inside the
catheter segment that contains the clot. Further, R is the rotation
matrix between local Frenet-Serret frames and the reference
frame of the channel, and C is the resistance coefficient matrix.
Rch is a projection matrix of the cylindrical coordinates of the
channel to the Cartesian coordinates residing on the center of
mass of the robot, and S signifies local cross products. Matrix
D provides the fluid resistance coefficients of the magnetic head
for the translational rigid-body motion and E provides the fluid
resistance coefficients of the head for the rotational rigid-body
motion. In order to predict the rubbing behaviour between the
helical robot and the fibrin network of the clot using (1)–(3),
we characterize the mechanical properties of the blood clot to
estimate the material removal rate during rubbing.
B. Characterization of Blood Clots
Blood clots are prepared based on the protocol proposed by
Hoffmann and Gill [17] and approved by the local Institutional
Review Board. Donors’ written informed consent are obtained.
Blood is drawn from four healthy donors between the ages of
25 and 28. Fig. 2 shows a scanning electron microscopy (SEM)
image of a blood clot sample. It indicates that blood cells are
entrapped inside the fibrin network of the clot. Cines et al. have
also observed similar morphology of contracted blood cells inside the clots [18]. Therefore, their structure is similar to clots
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Fig. 3. Simulation of the rubbing behaviour between the helical robot and the
fibrin network of the blood clot is demonstrated for 40 minutes. The trajectory of
the robot is calculated using (1)–(3) for a 4-mm-long helical robot with diameter
of 346 μm, and a 7.5-mm-long blood clot with diameter of 4 mm in a medium
with viscosity of 0.8882 Pa.s and clot with ultimate shear strength of 1000 Pa.
The helical robot achieves a penetration with depth of 0.1 mm after 25 minutes
of rubbing at ω = 35 Hz. At approximately t = 27 min, the helical robot follows
a helical trajectory and achieves penetration with depth of 0.4 mm inside the clot.

Fig. 2. Morphology and mechanical properties of the blood clots are characterized using scanning electron microscopy (SEM) imaging and rheology test.
(a) An SEM image shows blood cells entrapped inside the fibrin network of the
clot. (b) Rheology test is done using a Bohlin Gemini instrument (Malvern Instruments, U.K.). The shear modulus of 1-hour-old samples is 40.5 ± 0.6 Pa and
41.4 ± 0.5 Pa at 25 ± 0.5 ◦ C and body temperature (37 ± 0.5 ◦ C), respectively.
(c) The shear stress-strain diagram of the clots indicates that the ultimate shear
strength (τ ) is 1 kPa. The inset shows a 1-hour-old clot samples fixed between
the lower and upper plates.

inside the human circulatory system. Characterization using rheology test, control, and rubbing are done using 1-hour-old blood
clot samples. The clots are placed between a lower plate with
diameter of 40 mm and an upper plate with diameter of 25 mm.
The clots are surrounded by oil with viscosity of 0.06 Pa.s to
avoid drying and denaturation of the samples. The gap between
the plates is 1.569 mm and oscillatory shear with maximum

shear stress of 0.1 Pa is applied at frequency of 1 Hz. At room
temperature (25 ◦ C) and body temperature (37 ◦ C), shear modulus is measured to be 40.5 ± 0.6 Pa and 41.4 ± 0.5 Pa, respectively, as shown in Fig. 2(b). Fig. 2(c) shows the stress-strain
relation of the blood clots for two representative trials. This
characterization experiment indicates that the ultimate shear
strength of 1-hour-old blood clots is approximately 1 kPa. This
value is used in (1) to predict the theoretical removal rate of the
clot during rubbing.
The rubbing behaviour between the tip of the helical robot
and the fibrin network of a clot is shown in Fig. 3. This trajectory is calculated for a 4-mm-long helical robot with diameter
of 346 μm. The helix angle is 45◦ and the wire diameter is
100 μm. We allow the helical robot to rotate at angular frequency (ω) of 35 Hz with respect to its long axis in phosphate
buffered saline (PBS) with viscosity of 0.8882 Pa.s. Although
the rheology test (see Fig. 2) indicates that the clot is relatively
soft, our simulation result show that the tip of the helical robot
does not drill through the fibrin network upon contact. For approximately 25 minutes, the tip of the helical robot grinds the
face of the clot and penetration of approximately 0.1 mm is
achieved. We observe that the tip of the robot follows a helical
trajectory inside the clot at time t = 28 minutes. After 40 minutes, the tip of the robot achieves a depth of 0.4 mm (10% of
the clot diameter) inside the clot while rotating. Therefore, the
simulation result in Fig. 3 provides two distinct responses for
the interaction between the helical robot and the clot. First, the
tip grinds the face of the clot and achieves relatively low penetration. Second, the helical robot drills through the clot with
a helical trajectory and relatively greater depth and achieves
removal rate of −0.5992 mm3 /min, at ω = 35 Hz.
Our simulation results show that the tip of the helical robot
cannot penetrate the blood clot upon immediate contact with its
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Fig. 4. Mechanical rubbing of a blood clot is achieved using a helical robot
under the influence of rotating dipole fields 
1 . The blood clot (1-hour-old) is
2 and the helical robot achieves helical
contained inside a catheter segment 
propulsion in phosphate buffered saline. The catheter segment is contained
inside a reservoir 
3 filled with gelatin. Position of the helical robot (inset) is
detected using an ultrasound probe 
4 (L12-3 broadband linear array transducer,
Philips and Neusoft Medical Systems, Amsterdam, The Netherlands), whereas
the size of the clot is measured using camera 
5 feedback. The helical robot 
6
has length of 4 mm and diameter of 346 μm.

surface. The surface has a resistance to the abrasive motion of the
tip due to the elastic behavior modeled based on conservation of
energy while removing material in infinitesimal amounts. The
total contact area between the helical tail and the clot increases in
all direction as the robot drills through the clot. The interaction
between the clot and the tip of the helical tail is modeled via a
spring force [16], and as a consequence, the robot is pushed back
upon contact with the surface of the clot in any arbitrary direction
(t < 28 min). Once a groove into the network of the blood clot
is created, the robot drills through the clot while rubbing its
fibrin network (28 < t < 40 min). Therefore, material removal
rate is increased owing to this action, as shown in Fig. 3. This
prediction can be further improved by numerically introducing
smaller slices and segments along the surface to represent local
material removal with relatively higher accuracy.
III. LOCALIZATION, CONTROL, AND RUBBING OF BLOOD
CLOTS USING ULTRASOUND FEEDBACK
In vitro rubbing of blood clots is achieved using a permanent
magnet-based robotic system and ultrasound feedback.
A. System Description
The permanent magnet-based robotic system consists of two
rotating dipole fields to exert magnetic torque on the magnetic
dipole of the helical robot (see Fig. 4). The helical robot is
fabricated using an aluminum spring with diameter and pitch
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of 346 μm and 581 μm, respectively. The spring is attached to
a cylindrical NdFeB magnet with axial magnetization oriented
perpendicular to the spring axis and magnetic flux density (Br )
of 1420 mT. Therefore, its magnetization
is approximated using

the volume integral as | m |= μ10 Br dv, resulting in | m | =
1.72 × 10−4 A.m2 , where μ0 is the permeability of free space.
The resultant magnetic field at the position of the helical robot
is 5.5 mT. Rotation of the permanent magnets is achieved via
two synchronized motors (2322 980, Maxon Motor, Sachseln,
Switzerland). The two rotating permanent magnets exert pure
magnetic torque only when the dipole of the helical robot is
positioned in the middle of their common centers [19]. Air-free
coupling between the transducer and the blood clot is achieved
using gelatin. The gelatin is prepared and contained inside a
rectangular reservoir with length, width, and depth of 6 cm,
4.5 cm, and 1.5 cm, respectively. This reservoir hosts a polyvinyl
chloride catheter segment filled with PBS and 1-hour-old blood
clot sample. The catheter segment is connected to a dual syringe
pump (Genie Plus, GT-4201D-12, Kent Scientific, Connecticut,
USA) to induce flow rate of 10 ml/hr against the direction of the
swimming helical robot. The PBS and blood mixture past the
clot and the helical robot is contained inside eppendorf tubes
and collected each 5 minutes. This mixture is analyzed using
hemocytometer for cell count.
B. Localization of the Robot Using Ultrasound Feedback
An ultrasound system (HD 5 Diagnostic Ultrasound System, Philips and Neusoft Medical Systems, Amsterdam, The
Netherlands) with maximum depth of field of 16 cm is integrated to our permanent magnet-based robotic system to visualize the helical robot. The transducer (NOCTN340, Philips
and Neusoft Medical Systems, Amsterdam, The Netherlands)
of the system is mounted on the surface of the gelatin at hight
of 7.5 mm from the catheter segment, as shown in Fig. 4.
The depth of the catheter segment can be increased to localize the robot at relatively deeper distances from the surface
[see Fig. 5(a)]. However, the wavelength and frequency of the
propagating ultrasound waves are inversely proportional. Therefore, high-frequency ultrasound waves generate images with
higher resolution and can only be used to localize superficial
structures. The high-frequency ultrasound waves are attenuated
as the depth increases and therefore low-frequency ultrasound
waves are more suitable for relatively deep clots. The ultrasound
system is set to motion mode (M-mode) to display a sequence
of rapidly acquired scans during helical propulsion inside the
catheter segment. The thermal index score and the mechanical
index are 0.2 and 0.9, respectively. All scans are acquired for
gain setting, frequency, and depth of 43, 10 MHz, and 3 cm,
respectively. Fig. 5(b)–(i) show the implemented steps of image
processing to localize the helical robot.
The feedback provided by the ultrasound system is used to
track the helical robot. However, the level of echogenicity of
our blood clots does not enable visualization using ultrasound
feedback. We attribute the low echogenicity of the clots to their
age. 1-hour-old blood clot samples are used in our trials as it
is essential to achieve early intervention in the beginning of the
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Fig. 5. On-line localization of the helical robot (white arrow) is conducted using ultrasound feedback. Parameters: Thermal index score (TIS) 0.2, mechanical
index (MI) 0.9, gain settings (Gn) 43, frequency 3-12 MHz, and depth 1 cm (depth of the catheter segment from the transducer). The insets show representative
localization trials at depths of 2 cm, 3 cm, and 4 cm. (a) The catheter segment is contained inside gelatin container and the robot is localized. (b) Image acquisition
is done using motion mode. (c) Color subtraction: The RGB color is transformed into luminance Y [21]. (d) Color plane extraction: Extracting green plane
(luminance component Y) from RGB components. (e) Gray morphology - proper opening: Erosion followed by dilation are implemented for noise removal.
(f) Thresholding: A threshold is set to remove the background. (g) Convex hull: The shape of the robot is detected by constructing a convex polygon. (h) and (i)
Removal of objects and robot detection: Objects smaller than a specified number of pixels are removed and the robot is localized.

clot formation. In addition, the rubbing time is limited to 40
minutes as it is essential to remove the clot within a biologically
meaningful time. Therefore, two cameras are used to determine
the size of the blood clot during rubbing. The two cameras are
oriented with 45◦ with respect to the horizontal plane and have
90◦ with respect to each other. The ultrasound feedback is used
in the design of a closed-loop motion control system for the
helical robot, whereas the camera feedback is used to calculate
the volume of the clots during rubbing.
C. Closed-Loop Control Using Ultrasound Feedback
We use a proportional control input to move the helical robot
towards the clot owing to the over-damped characteristic of
r
=
our system based on its low Reynolds number (Re = ρ|U|L
μ
0.089, where ρ and μ are the density and viscosity of the
medium, respectively, and Lr is the characteristic length of the
robot). The robot position (xr ) is detected using the ultrasound
system (see Fig. 5) and used to calculate the control input
u1 = k1 (xc − xr ) ,

(4)

where u1 is the control input to the first rotating dipole field and
xc is the position of the edge of the clot from the side of the
helical robot and represents the reference position. Further, k1
is a positive proportional gain. This control input is supplied to
the first DC motor of the rotating dipole fields as follows:
   b
   
k
0
−J
ωi
d ωi
J
=
+ 1 ui for i = 1, 2,
k
R
Ii
−L −L
dt Ii
L

A

(5)
where ωi and Ii are the angular velocity and input current of the
ith DC motor, respectively. Further, b, J, and k are the motor

viscous friction constant, moment of inertia of the rotating magnet and the rotor of the motor, and torque constant, respectively.
L and R are the electric inductance and resistance of the motor,
respectively. To ensure that the second rotating dipole field is
synchronized with the first, we calculate u2 based on the angular
positions of the two motors
u2 = k2 (θ1 − θ2 ) + k3 (ω1 − ω2 ) ,

(6)

where k2 and k3 are the proportional and derivative positive
gains, respectively. Control law (4) provides zero output for zero
position tracking error. Therefore, the angular velocity of the rotating dipole fields decreases as the helical robot approaches the
reference position. The angular velocity of the rotating dipole
fields will ultimately be zero since A is a Hurwitz matrix. The
low Reynolds number characteristic and the control input (4)
enable the helical robot to approach the reference position without overshoot. The angular velocity of the rotating dipole fields
is the output of the state-space equation (5). This angular velocity is equal to that of the helical robot below its step-out
frequency in the absence of interaction with the clot and contact
with the channel wall. Therefore, the angular velocity of the
motors decreases as the input to the state-space representation
(5) decreases with error, and the linear velocity of the robot
decreases as it approaches the reference position.
Fig. 6(a) shows a representative closed-loop motion control
trial of a helical robot towards a reference position (red dashed
line). The robot achieves helical propulsion in PBS at average
speed of 2.4 mm/s, and is positioned at the reference position with maximum error of 0.2 mm in the steady-state. We
conduct 30 closed-loop control trials and calculate the control characteristics, as shown in Fig. 6(b). The average risetime and maximum steady-state error are 4 ± 0.2 seconds and
2.15 mm, respectively. The average steady-state error of all
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Fig. 6. Closed-loop control of a 4-mm-long helical robot is achieved using ultrasound guidance and under the influence of two rotating dipole fields. (a) The
robot swims in phosphate buffered saline inside a catheter segment with inner diameter of 4 mm. The catheter segment is contained inside gelatin container and
the ultrasound probe is mounted on its surface. The distance between the probe and the catheter segment is 10 mm. (b) The average speed of the robot is 5.32 ±
1.17 μm/s and the average and maximum steady-state errors are 0.84 ± 0.41 mm and 2.15 mm, respectively. Please refer to the Supplementary video.

trials is 0.84 ± 0.41 mm (n = 30). Although the control input
(4) achieves stable positioning of the helical robot, it is essential
to design more intelligent control strategies and observers based
on the physiological conditions of the clots and the technological
constraints of the ultrasound system to enhance the robustness
and accuracy of the motion control system [20]. Please refer to
the Supplementary video.
D. Mechanical Rubbing of Blood Clots
Closed-loop motion control of the helical robot is followed
by mechanical rubbing of the clots. Rubbing is achieved against
flow rate of 10 ml/hr. This flow is devised based on the infusion
rates of anticoagulation agents. We allow the helical robot to
rotate at ω = 35 Hz during the mechanical rubbing. Mechanical
rubbing is not efficient below and above this frequency owing to the relatively large drag force due to the induced flow
rate and the increased damping at relatively high frequency,
respectively. Once the helical robot approaches the clot using
control law (4), the dipole fields rotate at ω = 35 Hz and we
calculate the size of the clot using the two cameras shown in
Fig. 4. The volume of the clot (v) is determined and used to calculate the nondimensional ratio (v/v0 ), where v0 is the initial
volume of the clot, as shown in Fig. 7. We observe that the tip
of the helical robot penetrates the clot with an average depth
of 0.329 ± 0.46 mm (n = 6), whereas our simulation results
[see Fig. 3(b)] predict penetration of 0.4 mm after 40 minutes
of mechanical rubbing. The depth of penetration of the tip of
the helical robot is measured based on the overall length of the
robot during rubbing since the tip is not visible by the camera
feedback. While the predicted penetration depth of the helical
robot agrees with our experiment, the helical trajectory inside
the clot is not observed experimentally due to the relatively low
numbers of frames captured per second (15 frames-per-second)
provided by our cameras. In addition, the tip of the robot becomes invisible after a few minutes of interaction with the clot.
Therefore, the behaviour predicted by our RFT-based hydrodynamic model is not validated experimentally through visual
feedback. However, the difference between the measured and
calculated penetration depth shows agreement between experiments and theoretical prediction of our model.

Our ultimate goal is to achieve in vivo clearing of blood clots.
Therefore, the interaction between the helical robot and the clot
is tested at room and body temperatures (25 ◦ C and 37 ◦ C).
Although our rheology test [see Fig. 2(b)] indicates that there
exist a slight difference in the shear modulus of blood clots at
25 ◦ C and 37 ◦ C, we calculate the removal rate of the clot at
each temperature to study its influence. At 25 ◦ C and 37 ◦ C,
mechanical rubbing achieves average removal rate of −0.614 ±
0.303 mm3 /min (n = 6) and −0.482 ± 0.23 mm3 /min (n = 6),
respectively. Our hydrodynamic model predicts removal rate
of −0.5992 mm3 /min. This removal rate is in agreement with
the trials conducted at temperature of 25 ◦ C. We attribute
this observation to the characterized parameters entered to the
model. Characterization of the clots is done at 25 ◦ C. Therefore, mechanical rubbing results at 25 ◦ C are in agreement with
our theoretical prediction. This experimental result also show
that mechanical rubbing of blood clots remains efficient under
37 ◦ C. Therefore, our in vitro model (see Fig. 4) mimics essential
in vivo conditions. Please refer to the Supplementary video.
The interaction between the rotating tip of the helical robot
and the blood clot enables RBCs and platelets to break free from
its fibrin network. To validate this observation, we use a hemocytometer to measure the concentration of RBCs and platelets in
the mixture past the clot and the robot. This mixture is collected
every 5 minutes and the concentration of RBCs and platelets
is calculated, as shown in Fig. 8. First, concentration of RBCs
and platelets is calculated in the absence of mechanical rubbing
for 40 minutes against flow rate of 10 ml/hr [see Fig. 8(a)].
After 5 minutes, the cell count is (113 ± 16.7) × 104 cell/ml
(n = 4), and we observe that the cell count converges to less than
3 ×104 cell/ml after 15 minutes. After 40 minutes the cell count
is (2 ± 1.41) × 104 cell/ml. The cell count is relatively high in
the first 5 minutes owing to the forces exerted on the blood clot
samples during insertion. After this transient response, the number of cells is drastically decreased and cells are trapped within
the fibrin fibers of the clot. Second, the concentration of the
RBCs and platelets is measured during rubbing at ω = 35 Hz
against the same flow rate [see Fig. 8(b)]. In contrast to the
previous idle test, the cell count during mechanical rubbing
with the helical robot indicates that RBCs and platelets break
free from the fibrin network of the clot throughout the whole
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Fig. 7. Influence of the mechanical rubbing on the removal rate of clots is
characterized at room temperature of 25 ◦ C and body temperature of 37 ◦ C.
1-hour-old blood clot samples are used during rubbing. (a) Mechanical rubbing
achieves removal rate of −0.614 ± 0.303 mm3 /min (n = 6) at 25 ◦ C. 7.5-mmlong blood clot samples with diameter of 4 mm are used during the rubbing trials
with rotating magnetic field at ω = 35 Hz. (b) Mechanical rubbing achieves
removal rate of −0.482 ± 0.23 mm3 /min (n = 6) at 37 ◦ C. Please refer to the
Supplementary video.

rubbing test. After 5 minutes of mechanical rubbing, the count of
RBCs and platelets is (211 ± 131.6) × 104 cell/ml (n = 4), and
converges to approximately 120 ×104 cell/ml (n = 4) throughout the rubbing trials, as shown in Fig. 8(c). Finally, after
40 minutes of mechanical rubbing, the cell count is calculated to
be (46 ± 10.9) × 104 cell/ml (n = 4). The continuous interaction between the helical robot and the clot enables more RBCs
and platelets to break free from the fibrin network with time.
Therefore, effectiveness of mechanical rubbing is demonstrated
by the removal rate of clots (see Fig. 7) and the blood cells count
past the clot (see Fig. 8). The measured volume ratio (v/v0 ) and
the total cell count indicate that 40 minutes of rubbing result in
the removal of 24.56 ± 12.1 mm3 and 7.49 ± 1.86 mm3 , respectively. We attribute the difference between these techniques to
the dissolution of fibrin. The fibrin fibers have average diameter
of approximately 328 nm [see Fig. 2(a)]. These fibers are not
taken into consideration during cell count, and thus the measured volume using visual feedback provide relatively larger
rate compared to cell count.
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Fig. 8. Number of red blood cells (RBCs) and platelets is analyzed to study
the influence of rubbing on blood clots. Interaction between the tip of the helical
robot and the fibrin network of the clot allows RBCs and platelets to break free.
Mixture past the clot (1-hour-old clot samples) and the helical robot is collected
every 5 minutes and analyzed using a hemocytometer. Averages and standard
deviations are calculated for 4 idle and rubbing rials. (a) RBCs and platelets
are counted for input flow of 10 ml/hr without rubbing. (b) RBCs and platelets
are counted during mechanical rubbing at ω = 35 Hz, and against flow rate of
10 ml/hr. (c) The cell count indicates that rubbing allows more RBCs and
platelets to break free from the fibrin network with time.

IV. DISCUSSIONS
The formation of blood clots starts with the activation and
aggregation of tiny blood cells (platelets) followed by the activation of blood coagulation factors generating strands of fibrin
surrounding the platelets. More platelets and red blood cells
are then entrapped inside the fibrin network. The mechanical
rubbing of the blood clot enables the entrapped blood cells to
break free from its fibrin network as evidenced by the variation in the cell count in the solution past the clot throughout
the experiments. However, there exist several challenges that
have to be overcome to translate this technique into in vivo
experiments. The echogenicity of fresh clots (approximately
1-hour-old) has to be enhanced to enable localization. Our ultimate goal is to clear clots in vivo, thus localization of the helical
robot and the clots in the blood vessels is crucial. Under the
current experimental conditions, the clots could not be clearly
visualized. This observation is in agreement with previously
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reported properties of fresh blood clots being isoechoic to flowing blood and become more echogenic with increasing age [22].
It is also essential to coat the helical robots with biocompatible or drug-delivery coatings (gold-coated vascular stents yield
less macroscopic and histopathological changes in vessels than
those coated with silver, copper, or silicon [23]) to inhibit coagulation around the robot and prevent releasing ions that will
lead to inflammatory reactions.
Our cell count analysis (see Fig. 8) indicates the presence of
RBCs and platelets only in the mixture past the helical robot.
Small fragments of blood clots are not observed in any of our
mechanical rubbing trials. Therefore, the interaction between
the tip of the helical robot and the fibrin fibers of the clot does
not lead to disintegration of smaller clot fragments in our trials.
However, clot-to-clot variability in properties and shape during
formation could possibly result in fragments upon interaction
with the helical robot. Formation of these small clot fragments
could cause significant problems if they are carried with the
blood flow to a smaller vessel. Although we do not observe
formation of clot fragments in our in vitro experimental results,
this risk can be mitigated by the integration of chemical lysis
(with relatively small dose) with mechanical rubbing.
V. CONCLUSION AND FUTURE WORK
We demonstrate closed-loop motion control of helical robots
towards blood clots and mechanical rubbing under ultrasound
guidance. First, we move the helical robot controllably towards
the clot at an average speed of 5.32 ± 1.17 μm/s using a proportional control input without overshoot. This control input
is designed using ultrasound feedback and enables the helical
robot to achieve average and maximum steady-state errors of
0.84 ± 0.41 mm and 2.15 mm, respectively, and average settling
time of 4.5 ± 0.1 seconds. The closed-loop motion control of the
helical robot is followed by mechanical rubbing to decrease the
size of the clots. We show that mechanical rubbing at ω = 35 Hz
achieves average removal rate of −0.614 ± 0.303 mm3 /min
(n = 6) and −0.482 ± 0.23 mm3 /min (n = 6) at temperature
of 25 ◦ C and 37 ◦ C, respectively. We also validate the effectiveness of the mechanical rubbing in tearing the fibrin network of the clots by measuring the average number of RBCs
and platelets past the clot. The helical robot achieves cell
count (RBCs and platelets) of (832.91 ± 206.6) × 104 cell/ml
(n = 4), whereas the cell count in the absence of rubbing is
(162.75 ± 81.25) × 104 cell/ml (n = 4).
As part of future studies, we will increase the blood clots
echogenicity to enable position and size detection using ultrasound feedback. The clots will be functionalized using
echogenic liposome compositions to enhance the ultrasound
detection. We will also study the influence of rubbing in combination with chemical lysis at different doses of a fibrinolytic
agent. The comparative study between mechanical rubbing, rubbing in combination with different percentages of fibrinolytic
agent, and pure chemical lysis is essential to optimize the integration between mechanical rubbing and chemical lysis. Our
experimental results are conduced against flow rate of 10 ml/hr.
This flow rate is greater than blood flow in small arteriole,
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capillaries, and venule only. Therefore, it is essential to modify
our system to enable mechanical rubbing against greater flow
rates comparable to medium arteries and veins.
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