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Tracking and Control of Soft, Self-folding Miniaturized Agents using

Ultrasound Images.

by Krishna Kumar

The usage of micro-sized agents in magnetic based drug delivery systems could be made

a lot more affordable if it is possible to control these agents wirelessly based on feedback

obtained from the ultrasound clinical images. However, since the image is of ultrasound

type, the most common edge detection techniques used in digital image processing has to

be modified and adapted in such a way, the control of the micro agent is made possible.

The main reason is due to absence of sharp edges with the obtained image. The thesis

mainly focuses on solving this problem. Also Control algorithms were written to control

and drive the robot across various scenarios and motion profiles for performing pick and

move operations.

Thus the goal of this assignment is to track and control hydrogel micro-grippers using

two-dimensional ultrasound images. In the initial step a tracker is designed which is

evaluated with the collected datasets. The tracker is then implemented to detect the

miniaturized gripper and to track it in the presence of occlusions. Following it, an

experimental validation of the proposed technique is performed. After the evaluation,

the proposed algorithm is used in the experimental setup to control the motion of the

miniaturized agent along a defined path. Various motion experiments were performed

in order to evaluate the performance of the proposed technique. Finally, with the help

of proper motion profiles and control algorithms, the hydrogel gripper is made to reach

a bead, grasp it and transport it to a specified target area.

Also in order to evaluate clinically relevant scenarios, algorithms and advanced computer

vision techniques were selected and compared for exploring the best possible features

from the ultrasound images and eventually based on the results, a specialized tracker

was formulated with aim of tracking the micro gripper in real tissue type of environment.
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Chapter 1

Introduction

Robotic minimally invasive surgery aims to benefit medicine by improving clinical out-

comes, minimize patient trauma, and enable treatment of inoperable patients. In par-

ticular, micro-sized agents can benefit robotic minimally invasive surgery since they can

be inserted into the human body and use natural pathways such as arteries and veins

or the gastrointestinal tract, to reach their target for drug delivery or diagnosis.

Since micro-robots can be controlled with high precision they are also interesting for

micro-manipulation tasks. Micro-robots can be used as carriers for transportation and

assembly at micro-scale. Sanchez et al. demonstrated micro-manipulation with micro-

robots by using catalytic micro-bots for transportation of animal cells to desired targets

[9]. Furthermore, clusters of micro-particles and swarms of flagellated bacteria [10], [11]

have been demonstrated to perform micro assembly tasks. The above mentioned micro-

robots are scarce in option since their ability is limited only to push and move objects

while performing trivial micro-manipulation tasks. On the other hand, agents with

the ability to grip, provide significant advantages in achieving complex tasks. Precise

micro-assembly, targeted drug delivery (as the drug can be released), biopsy (tissue

sample can be grabbed), micro-manipulation (objects can be grabbed and delivered at a

target location), minimally invasive surgery, genetics, cell manipulation and mechanical

characterization are few of the application that has been made possible by the use of

small scale shaping changing micro grippers [5]-[8].

Recent advancements in chemical and bio-molecular engineering allowed us to produce

micro-robots with shape-changing and gripping capabilities, thus providing significant

advantages in achieving complex manipulation tasks. Such grippers with grabbing func-

tionality have been used in in vivo experiments [12]-[14], however they are relatively

large (cm scale). Down-scaling is a challenge and in order to overcome this problem,

Gracias et al. introduced self-folding grippers based on capillary forces, thin film stress

1
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mismatch, and swelling [15]-[18]. These grippers consist of different layers which either

expand or contract, based on temperature or pH-levels eventually leading the gripper

to either open or close. It also makes it essential for the grippers to be safe enough to

navigate through our body without damaging any tissues. Therefore for this study we

make use of grippers that are made from soft, bio-degradable, safe material. The soft

grippers are made of shape changing material, hydrogel paired with a rigid non-swelling

polymer that are patterned with iron-oxide. Hydrogel is a soft bio- degradable material

which changes volume with changing temperature. The bio-degradable swelling prop-

erty of the hydrogel, along with its ferro-magnetic property, makes it the best pick for

gripping purposes.

The usage of micro-sized agents in magnetic based drug delivery systems could be made

a lot more affordable if it is possible to control these agents wirelessly based on feedback

obtained from a clinically viable imaging modality. MRI and ultrasound are the most

commonly used clinical imaging modalities. Magnetic Resonance Imaging (MRI) has

been used in the previous researches to detect and control magnetic drug carriers, nano-

robots, and magnetotactic bacteria [19],[20]. However, a major drawback in using the

MRI based tracking and actuation is the possibility of a delay being induced due to

communications between the various modules of the interventional platform. For a bio-

medical application, it is highly essential to have a real time tracking and realization of

control and such a time delay, could cause instability in the closed loop control system.

On the other hand, ultrasound (US) is one of the few cost efficient imaging modalities

that has been used in the healthcare diagnostic industry for a long time, that could be

used as an effective replacement for the camera. Factors like safe, positive effects to

human health, adequate resolution and high frame rates, makes US a favorable choice

[21]. However, if the image is of ultrasound type, the most common detection techniques

used in digital image processing has to to be modified and adapted in such a way, control

of the micro agent is made possible. It is mainly due to absence of sharp edges with

the obtained ultrasound image. The thesis mainly focuses on solving this problem. Also

Control algorithms were written to control and drive the robot across various scenarios

and motion profiles for performing pick and move operations.

Thus the goal of this assignment is to track and control miniaturized hydrogel grippers

using ultrasound images. The first part of the thesis evaluates the performance of

the gripper in performing pick-and-move tasks. The gripper is controlled using the

feedback from ultrasound images. The grippers are employed and evaluated across

different motion profiles and autonomously maneuvered to reach the target position

avoiding simulated static obstacles. The grippers were also used as carriers for pick-

and-move of a polystyrene micro-bead. These experiments demonstrate the soft nature,

grabbing and positioning capabilities of the grippers and control abilities of ultrasound
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image guided magnetic system. Furthermore these experiments also demonstrate the

magnetic systems tracking, positioning and thermal control capabilities.

The second part of the thesis is dedicated for the investigation of a tracker model that

could be used to detect and track the gripper inside the human body. This is the first

attempt to investigate and propose a tracker to track a miniaturized agent in real tissue

environment. In order to evaluate such clinically relevant scenarios, algorithms and

advanced computer vision techniques are selected and compared for exploring the best

possible features that can be obtained from the ultrasound images. This eventually led

to the proposal of a specialized tracker that was formulated with aim of tracking the

miniaturized gripper in a real tissue environment. For this purpose, synthetic datasets

were developed from real tissue samples and the tracker was trained and tested with

those datasets.

The thesis report is organized as follows: Chapter 2 presents the necessary background

knowledge that is required for a better understanding of the study. Chapter 3 is paper

that presents the results of the grippers in performing pick and move operation that

is controlled using ultrasound images. Chapter 4 presents the initial results and idea

towards a sophisticated tracker that could be used for tracking the miniaturized gripper

in real tissue medium. Then follows Chapter 5 that discusses the overall results and

contributions of the thesis. The report finally concludes with the conclusion chapter.



Chapter 2

Background Introduction

The small scale untethered robots has been proven to be used in a broad variety of ap-

plications, such as manipulation, assembly and micro-actuation [2]-[4]. However, these

traditional small robots are often passive with no shape-changing capabilities. This lim-

its the robots in performing complex challenging tasks. On the other hand, agents with

the ability to grip, provide significant advantages in achieving complex tasks. Precise

micro-assembly, minimally invasive surgery, genetics, cell manipulation and mechanical

characterization are few of the application that has been made possible by the use of

small scale micro grippers [5]-[8]. For instance, Gultepe et al. demonstrated the feasi-

bility of an in vivo biopsy of the porcine bile duct using thermally-responsive grippers

[22]. Ichikawa et al. demonstrated the enucleation of bovine oocytes using untethered

millimeter-scale grippers [7].

Size reduction and untethered actuation are critical to enable maneuverability of small-

scale grippers in hard-to-reach environments. Conventional robotic approaches with elec-

trical motors and actuators do not allow for significant miniaturization of the electronic

components and on-board batteries. Hence, the use of wirelessly powered self-folding

robots have drawn interest and shown promising results [23]-[29]. A family of prominent

self-folding structures are composed of hydrogels that have several attractive proper-

ties of relevance to untethered small robots. Many grippers can be constructed with

bio-compatible and even bio-degradable polymer chains or cross-linkers making them

attractive for biomedical applications. They can function in aqueous media of relevance

to biology and medicine. Their soft and squishy nature allows them to mimic the touch

and feel of biological and even human appendages. Finally, they can be photopatterned

into definite shapes so that they can change their shape on swelling and shrinkage [30].

4
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2.1 Soft, untethered, Miniaturized grippers

In this research, we used and exploited such soft, untethered, miniaturized gripper that

have magnetic and shape changing characteristics to transport micro-sized objects with

an aim of using them in drug delivery systems and in performing clinical biopsies. A stiff

polymer (SU-8) in combination with the hydrogel is used for achieving self-folding. As

previously demonstrated, microtools, that could have significant strength and capability

to be used in grasping applications, could be created using the combination of the stiff

polymer and reversibly swelling hydrogel. In a related study, open-loop control of soft

grippers was demonstrated by Breger et al., who doped the polymer with magnetic

nano-particles [31]. We utilize similarly designed grippers to realize closed-loop control

and obtain greater levels of precision and reliability that are not achievable in open-loop.

Fusco in et al. [25], [26] has also reported the closed-loop control of the hydrogel grippers.

The main differences between [25], [26] and our study are: (a) In [25], [26], the magnetic

control was possible only when a magnetic object was gripped, since the grippers used

were not magnetic themselves; (b) Previously near-IR radiation was used to heat the

grippers whereas here we use a Peltier element; (c) The accuracy of previously reported

tasks remains unclear since the numerical results and analysis of the closed-loop motion

control and pick-and-move tasks were not reported whereas we have recorded, analysed

and reported all the results for the closed-loop controlled motion experiments.

In the following subsections, the main characteristics of the miniaturized gripper, which

are exploited in our experiments to fulfill the tasks, are explained in detail. We begin

the explanation with the fabrication of the miniaturized grippers followed by explaining

their magnetic and thermal characteristics.

2.1.1 Fabrication of Miniaturized Grippers

The fabrication process of the segmented SU-8 continuous poly-N-isopropylacrylamide

(pNIPAM-AAc) bilayer grippers begins with the spin coating of hydrolyzed polyvinyl

alcohol (PVA)[90%] sacrificial layer onto a silicon (Si) wafer, which is baked for 5 minutes

at 115◦ C (Fig. 2.1). SU-8 is then spin coated on the PVA at 2000 rpm followed by a

pre-bake process at 70◦ C for 1 minute, 115◦ C for 3 minutes, and 70◦ C for 1 minute.

In order to formulate crosslinking, 21 µm-thick photopatterned SU-8 film is exposed to

180 mJ/cm2 365 nm ultraviolet (UV) light. Following the crosslinking, the post-baking

process is initiated at 70◦ C for 1 minute, 115◦ C for 3 minutes and 70◦ C again for 1

minute. Commercial SU-8 developer is used for 1 minute and is washed with acetone

and isopropyl alcohol for a few seconds and finally dried using compressed air to remove

uncrosslinked portions of the SU-8. To make the 34 µm- thick magnetic second layer,
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Figure 2.1: The schematic explaining the fabrication process of the micro grip-
pers. SU-8 is spin-coated on a polyvinyl alcohol (PVA) sacrificial layer.(b) The SU-8
film is photopatterned and exposed to ultraviolet (UV) light. (c) A 95% poly- N-
isopropylacrylamide (pNIPAM-AAc) and 5% bio-compatible Fe2O3 layer is deposited
on the SU-8 layer. (d) The coated surface is photopatterned and exposed to UV light
to obtain segmented, multi-fingered, bilayer grippers with rigid phalanges and flexible
joints. (e) Schematic images of the untethered grippers in open and closed (grasping)

configurations. Also shown is a side-view of a single hinge.[1]

pNIPAM-AAc stock solution is made of 5% w/w bio-compatible iron (III) oxide (Fe2 O3,

Sigma-Aldrich, St. Louis, USA) 50 nm nanoparticles [31]. This synthesised pNIPAM-

AAc solution is patterned on the previously photopatterned SU-8 segments using a

second dark field mask that is oriented in non-contact mode using spacers. Following

the depositing and alignment process, pNIPAM-AAc is subjected to an exposure of 40

mj/cm2 UV light that initiates cross linking. Before drying using compressed air, the

acetone and IPA wash is repeated to remove uncrosslinikings. The PVA sacrificial layer

is dissolved by immersing the the final wafer in DI water overnight. The grippers have

an hexagram shape with a tip-to-tip diameter of 4 mm when fully open. When fully

closed, the gripper becomes sphere shaped with a diameter of 0.4 mm diameter.

2.1.2 Magnetic Characterization of miniaturized Grippers

The grippers are characterised based on the result of the fabrication process evaluation

for their magnetic dipole moment and thermal behaviour. The entire control model

of the proposed system is based on the magnetic dipole moment of the grippers (mg

∈ R3×1). Now it makes it essential for us to evaluate the mg, for which we consider
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Figure 2.2: The figure denotes the U-turn experiment and the corresponding tra-
jectories of the two-tip dipole. Left inset: shows the graphical representation of the

magnetic dipole moment in regards to the two tip dipole moment.

that the grippers have a uniform Fe2O3 distribution. Now we have a six tip gripper and

thus divide them into three pairs of counter posed two-tip dipoles. Now the magnetic

dipole moment of the separate pairs (mtips ∈ R3×1) can be superimposed to calculate

mg. The magnitude of the mtips can be experimentally measured using the U-turn

technique, by removing four tips from the gripper to obtain a two-tip dipole [34]. The

two-tip dipole would force itself to align the magnetic field lines and reversing the field

direction suddenly, would cause them to make a U-turn whose diameter (D) is given by

D =
απ|Ṗ|

|mtips||B(P)
(2.1)

where Ṗ ∈ R3×1 is linear velocity of the dipole, and α is its rotational drag coefficient.

The value of α is calculated to be 2.2 × 10 −11 Am2sT which approximates the two-tip

dipole by a cylinder [35]. To estimate the dipole moment, an uniform magnetic field

of 3.5 mT is applied. U-turn is then initiated by reversing the fields. This process is

repeated for over 20 times. The average U-turn diameters and velocity as calculated

from the experiments are 0.19± 0.05 mm and 0.73± 0.13 mm/s, respectively. Using the

equation 1, |mtips| is obtained, which is equal to 3.5×10 −8 Am2. The direction of mtips

is determined using mtips = pd = |mtips|
d
|l| where p ∈ R is the magnetic pole strength

and d ∈ R3×1 is the vector separating the two poles [36]. Finally the superposition of
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Figure 2.3: Results of the opening and closing characterization of the soft grippers
(15 experimental trials): The red and blue lines show the average configuration of the
grippers when they are heated and cooled, respectively. The corresponding shaded ar-
eas depict the standard deviations. The coefficient C is an indicator of the configuration
of the grippers and varies from 1 (for an open configuration) to 0 (for a closed config-

uration). The value is computed as C = D(T )−Dclosed

Dopen−Dclosed
, where D(T) is the diameter of

the contour of the gripper at temperature T, Dclosedand Dopen are the diameter values
for the completely closed and open gripper, respectively. The scale bar is 0.8 mm.

three rotated two-tip dipoles is used to calculate the magnetic dipole moment of the

gripper. The orientation in comparison to gripper is shown in figure (Fig. 2.2) while

the mg was computed as 7×10−8 Am2. It was also evident that the magnetic dipole

moment of the central part was overestimated by this method. But since the d is small,

this portion has minimal effect on the overall magnetic dipole moment.

2.1.3 Thermal Characterization

For the purpose of exploiting the grippers for manipulation tasks, it is essential to

study and characterize the thermal response of the gripper, that attributes to its shape

changing abilities. In order to close the gripper the temperature of the water was

increased until the gripper closes completely, and the temperature was reduced to room

temperature to open it back. In this process, the star shaped gripper changes its shape

gradually and becomes a sphere when completely closed and again back to star shaped

when open (Fig. 2.3). The configuration of the gripper is therefore evaluated using the

diameter of the gripper. The above explained closing and opening cycle experiments
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was repeated for a fixed number of times for many different grippers and the analyzed

results are as shown in Fig. Based on the results, the grippers were completely open

below 24◦C and were fully closed above 27◦C. As shown in (Fig. 2.3), we were also able

to find a variance in the boundaries which was mainly due to the temperature dynamics.

One other interesting characteristic is that the open grippers closed at a temperature

lower than the same gripper when closed, open. This due to the fact the heating rate

was attributed to be higher than the cooling rate.

2.2 Ultrasound Imaging

The Ultrasound (US) is one of the most predominately used imaging modalities in medi-

cal diagnostics procedures. The theory behind the working principles of the US is almost

similar to a SONAR. A concentrated and calculated frequency of the sound wave is fo-

cused onto the target, and based on the properties of the target object, certain parts

of the sound wave are reflected back. This reflected sound wave carries necessary in-

formation that is used to reconstruct the targeted object. In case of medical imaging,

an Ultrasound transducer (probe) is used both to focus and receive back the reflected

ultrasound beam. Thus the field of view with such an ultrasound probe, is limited to a

thin plane as shown in (Fig. 2.4).

Figure 2.4: Vertical and horizontal imaging plane as seen from the ultrasound probe

The thickness of the plane depends on the thickness of the ultrasound probe. There

are various available transducers with different bandwidth frequencies that defines the

quality of the imaging. In our experiments, Siemens Acuson S2000, (Siemens Healthcare,

Mountain View, USA) ultrasound system with a 18L6HD probe is used for ultrasound

imaging. The probe has a maximum bandwidth frequency of 18 MHz with a high quality

HD reconstruction. Also the probe has a thickness of 4 mm which makes the ultrasound
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plane thickness to also be 4 mm. The 4 mm thickness of the ultrasound plane would

be sufficient enough to image both the gripper and the bead. The ultrasound system

also has a frame rate of 60 fps. The gain of the signal is adjusted properly to obtain the

clearest possible rendering.
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Tracking and Control of Soft, Self-folding, Hydrogel Grippers
Using Ultrasound Images

Krishna Kumar T. Chandrasekar, Stefeno Scheggi, Gert van de Steeg and Sarthak Misra

Abstract— For small scale agents, it is essential to possess
untethered control in order to use them in hard to reach
environments. This is now made possible by the advances in
robotics and material science. Soft, self-folding, miniaturized
hydrogel grippers have been developed that has the ability
to perform several different pick and place tasks. In this
paper, we exploit this feature of the hydrogel gripper for its
potential use in bio-medical applications. Previous works on
control of miniaturized grippers employed cameras equipped
with microscopic lenses as feedback modality. However, the use
of cameras might not be suitable for localizing miniaturized
agents that navigate within the human body. We use the most
common clinical imaging modality-ultrasound for knowing the
position of the gripper. Accurate control has been performed
by altering the magnetic field gradient and temperature of
the workspace, thereby allowing us to control the position and
grasping ability of the soft, self-folding magnetic grippers. The
gripper was evaluated on different scenarios and motion profiles
and it was found to achieve maximum accuracy with an average
error of 0.42±0.12 mm without the payload. The micro sized
payloads could be picked and moved with an average tracking
error of 0.36±0.05 mm. The positioning accuracy achieved
using our ultrasound based control system, proves the ability
to control the miniaturized grippers in situations where digital
camera feedback cannot be provided.

I. INTRODUCTION

The fabrication and production of miniaturized grippers
has now reached an all new level mainly due to the
advances in material sciences. There has been experimental
evaluations that prove these grippers could be used to
pick-and-place small objects. Such agents with gripping
abilities are advantageous in achieving complex tasks
like precise micro-assembly, minimally invasive surgery,
genetics, and cell manipulation [2]-[5]. Their tiny size are
also compatible with the major vascular conduits, such
that they can be used to safely grasp, manipulate and
transport biological material [6],[7]. Recently, grippers
have been demonstrated to autonomously pick-and-place
biological material in a dynamic environment by the
combination of tracking and closed-loop control [8],[9].
These works used images acquired by a camera. However,
for these grippers to be used in clinical conditions, it is
essential to design wireless magnetic based control, that
could be controlled using clinically viable imaging modality.

Magnetic Resonance Imaging (MRI) has been used in
the previous researches to detect and control magnetic drug
carriers, nano-robots, and magnetotactic bacteria [10],[11].
However, a major drawback in using the MRI based tracking
and actuation is the possibility of a delay being induced
due to communications between the various modules of

Fig. 1. The miniaturized gripper is placed in transparent reservoir, that
is placed at the center of magnetic system. The magnetic system consists
of three coils on a fixed frame, an Ultrasound transducer 18L6HD on the
fourth direction and a peltier element on the bottom of the reservoir. The
tracking and control of the grippers are performed on the image frames
obtained from the ultrasound system (Siemens ACUSON S2000, Siemens
Healthcare, Mountain View, USA)

the interventional platform. It is highly essential for the
tracking and realization of control to be in real time and
such a time delay, could cause instability in the closed
loop control system. On the other hand, Ultrasound (US)
is one of the few cost efficient imaging modalities that
has been used in the healthcare diagnostic industry for a
long time, that could be used as an effective replacement
for the camera. Factors like safe, positive effects to human
health, adequate resolution and high frame rates, makes US
a favorable choice [12]. US in the form of a high frequency
ultrasound scanner had been used in the evaluation of of
the motion of super paramagnetic iron oxide nanoparticles
[13],[14]. Quadrature detection and phase gating at the
frequency of interest formed the core algorithm behind
it which provided the necessary feedback to control the
motion of nanoparticles using US feedback. In [15] the
author reports the results on closed-loop position control
of paramagnetic microparticles under US guidance. Finally,
Sanchez et al. tracked and controlled self-propelled, fast-
moving microrobots using ultrasound feedback [16].

In this work, the performance of soft, miniaturized
hydrogel grippers that can be precisely localized and
positioned in two-dimensional space using closed-loop
ultrasound guided motion control, is demonstrated and
analyzed. The US device is integrated to our magnetic based
manipulation system for the purpose of feedback (Fig. 1)
and the position of the grippers is determined from the
obtained US images. Through the synergy of magnetic and



temperature control, the ability of the grippers to perform
pick-and-move of micro-sized objects is demonstrated.
Finally, the grippers are moved towards the reference
position using a Proportional-Integral-Derivative (PID)
magnetic-based control scheme.

The following chapters would explain the miniaturized
gripper, its features and properties, followed by the experi-
mental design, set up and finally walk through the experi-
ments and their results.

II. MICROGRIPPERS

The small scale untethered robots has been proven to be
used in a broad variety of applications, such as manipulation,
assembly and micro-actuation [17]-[19]. However, these
traditional, small robots are often passive with no shape-
changing capabilities. This limits the robots in performing
complex challenging tasks. On the other hand, agents
with the ability to grip, provide significant advantages in
achieving complex tasks. Precise micro-assembly, minimally
invasive surgery, genetics, cell manipulation and mechanical
characterization are few of the application that has been
made possible by the use of small scale micro grippers
[20]-[23]. For instance, Gultepe et al. demonstrated the
feasibility of an in vivo biopsy of the porcine bile duct
using thermally-responsive grippers [24]. Ichikawa et al.
demonstrated the enucleation of bovine oocytes using
untethered millimeter-scale grippers [22].

The studies mentioned above reveals and substantiates the
idea of utilizing the small size of the miniaturized grippers
in order to perform those tasks that would not have been
possible through normal methods. But for the grippers to
be used in medical applications, the following challenges
are to be conquered. (1) The untethered operation has to
be achieved in a much more smaller scale; (2) Accurate
control of motion along with grabbing of the grippers has
to be realized; (3) The grippers have to reliably manipulate
micro-sized objects; (4) The grippers are to be made of
biocompatible materials that can operate inside the persons
body without posing any risk.

Size reduction and untethered actuation are critical to
enable maneuverability of small-scale grippers in hard-to-
reach environments. Conventional robotic approaches with
electrical motors and actuators do not allow for significant
miniaturization of the electronic components and on-board
batteries. Hence, the use of wirelessly powered self-folding
robots have drawn interest and shown promising results
[25]-[31]. A family of prominent self-folding structures
are composed of hydrogels that have several attractive
properties of relevance to untethered small robots. Many
grippers can be constructed with bio-compatible and even
bio-degradable polymer chains or cross-linkers making them
attractive for biomedical applications. They can function in
aqueous media of relevance to biology and medicine. Their
soft and squishy nature allows them to mimic the touch and

feel of biological and even human appendages. Finally, they
can be photopatterned into definite shapes so that they can
change their shape on swelling and shrinkage [32].

A. Contribution

Our approach is validated using three different
experiments. In the first one, the ability of the micro
grippers to be localized and positioned in two-dimensional
space using closed loop control is demonstrated. In the
second scenario, obstacle free paths for the grippers are
generated by adapting Linear Quadratic Gaussian Motion
Planner (LQG-MP), by considering motion and sensing
uncertainties. By using LQG-MP, we demonstrate that
motion errors of the gripper can be taken into account
during the planning phase, and proper obstacle-free paths
can be computed in order to avoid collisions with the
environment, e.g., sensitive organs or tissues. Finally
with a synchronous magnetic and temperature control, we
demonstrate the picking and moving of minute objects,
which is tracked and controlled using Ultrasound images.
To the best of author’s knowledge, the reported results for
the closed loop control of soft flexible micro grippers using
US images to perform manipulation tasks, is the first of its
kind.

The paper is organized as follows: Section III presents the
electromagnetic system. Section IV-A describes the model
and control techniques used in the experimental set up.
Section IV- B discusses the image segmentation and tracking
algorithms used. Section V presents and discusses the exper-
imental results. Finally, Section VI concludes and provides
directions for future work.

III. MODELING OF ULTRASOUND BASED CONTROL
SYSTEM

A. Magnetic and Thermal Systems

Our magnetic system consists of three electromagnets
and an ultrasound probe, orthogonally placed surrounding
the specially made container as shown in (Fig. 1). The
Peltier element is attached bottom of the container as shown
in (Fig. 1) [34]. The electromagnets are controlled using
a proportional-integral-derivative (PID) controller [25][1].
Each electromagnet is powered by an Elmo Whistle 1/60
servo controller (Elmo Motion Control, Petach- Tikva, Is-
rael). The system can generate magnetic fields with max-
imum magnitude of 15 mT with 60 mT/m gradients [1].
These magnetic fields are safe in clinical applications, where
fields of up to 1.5 T are used daily in magnetic resonance
imaging. The gripper can be successfully operated in three
directions due to the presence of ultrasound probe in place
of the fourth electromagnet. The motion control experiments
with this system are deemed acceptable for the following
reason: If the entire magnetic system could be expanded and
recreated on a larger scale it would eventually provide much
more space to accommodate both the electromagnet (coil)
and the ultrasound probe. By this way, we would recreate a



Fig. 2. Flowchart depicting the tracking process: From left to right, a B-mode image is obtained from the US machine. In the detection phase, only the
Red channel of the Image is considered. (1) For proper detection of the gripper, a threshold is employed to the image. (2)Small blobs or blobs that are too
far from the previous position of the gripper are removed, while merging the remaining adjacent blobs for further consideration. (3) The contours of the
segments are computed. (4) A circle fitting is applied on the contour of the segmented area in order to detect the pose p = [x̂, ŷ]T of the gripper. Finally,
state x of the gripper is estimated using a Kalman Filter, where v̂x, v̂y represent the estimated velocities of the agent. Previously estimated state of the
gripper is used in the current frame to speed up the detection procedure. The scale bar is 4 mm.

magnetic control system as demonstrated in [1], that would
also work with ultrasound feedback.

The Peltier element is used for the purpose of temperature
regulation of the water in which the grippers float. The
element is attached to the bottom of the container using a
conductive paste in such way that the temperature of the
container could be maintained by the process of conduction.
This setup of the peltier element could heat the water at an
average rate of 10 ◦C/min [1].

B. Modeling and Control

The motion of the grippers are controlled by the use of
magnetic based wireless control technique. This is entirely
based on our currents that are used to control the electro-
magnets into producing the right amount of electromagnetic
forces to be exerted on grippers based on the function,

F(P) = (mmg.5)B(P) = ∧(mmg,P)I (1)

where F(P) are the forces exerted on the grippers by
the electromagnets, B(P) ∈ R3×1 and I ∈ R6×1 are
the magnetic field produced by the electromagnets and
their currents respectively and ∧(mmg,P) ∈ R3×6is the
activation matrix, which converts the incoming currents into
magnetic forces [39]. The magnetic forces are then managed
and balanced accordingly using a two-input, three-output
Multi-Input Multi-Output (MIMO) PID controller. The x
and y co-ordinates of the gripper are fed as the two inputs
to the controller. The output F is subsequently mapped into
I using the pseudo-inverse of ∧(mmg,P) [15][1].

The knowledge of B(P) and mmg is essential for comput-
ing the force-current map (∧). The B(P) of our setup has been
evaluated in previous studies, using a finite elements model
analysis, and successively verified using a calibrated three-
axis Hall magnetometer [25]. The value of mmg is estimated
as explained Chapter II-B using the U-Turn experiments
whereas the tracking procedure to obtain P is presented in
Sec. IV [1].

IV. TRACKING OF HYDROGEL GRIPPERS

The entire motion control experiment depends mainly
on the tracking accuracy of the tracker and the time taken
by the algorithm to process each frame. The following

section, describes the tracking algorithm used to estimate
the position of the gripper.

Algorithm 1 Tracker algorithm
1: function Tracker(input, output, center, T )
2: frame← GetInputFrame
3: for t = 1 to T do
4: Crop frame to just the information area;
5: Split frame Into RGB;
6: Perform BINARY thresholding on R channel;
7: Calculate Initial Center using Blob detection and

Centroid method
8: Using a Kalman Filter estimate center;
9: Display the image back in the RGB channel.

10: output← frame

11: Display the center with the frame & save it

Let p = [x,y]T ∈ R2×1 be the position of a gripper
in 2D space and v = [vx,vy]T ∈ R2×1 its velocity. The
state of the gripper is defined as x = [p,v] ∈ R4×1. Let
the miniaturized gripper be considered as a second order
system controlled by applying suitable force inputs. The
state x̂ of the gripper is estimated during run time by the
tracking algorithm. (see Fig. 3). Initially the position p̂ =
[x̂, ŷ]T of the gripper is estimated. In the first step, The
RGB image is split into the separate R, G, B channels and
only the R channel is considered by the algorithm. Then,
binary thresholding is applied to the Red channel. Following
it, the connected components concept is applied, wherein
small blobs or blobs that are too far from the previous
position of the gripper are removed, while merging the
remaining adjacent blobs for further consideration. Finally,
the contours of the remaining blobs are computed and the
centroid of this contour is found out. The estimated position
of the gripper p̂ corresponds to the center coordinates of
the centroid estimated.

A standard Kalman filter [42] is implemented to consider
the second order model of the gripper and control-inputs
for estimating the state x̂ from the position estimates p̂.
Assuming a constant sampling time ∆t of the system, the



Fig. 3. Magnetic-based closed-loop motion control of an hydrogel gripper using ultrasound feedback. The gripper moves along the green path under the
influence of the magnetic field gradients generated using a Proportional-Integral-Derivative controller coupled with the force-current map (2). The diameter
of the gripper is approximately 4 mm. Top: step path. Bottom: sinusoidal path. Please refer to the accompanying video that demonstrates the path following
control of a soft gripper using ultrasound feedback.

Kalman filter provides an estimation of the current state
x̂ as well as a one-step ahead prediction of x̂. The zero
mean multivariate Gaussian distributions N(0,Q) and N
(0, R) are used to estimate the process and measurement
noises, respectively, where Q ∈ R4×4 and R ∈ R2×2 are
the empirically determined covariance matrices.

Temporal continuity is exploited to track the grippers in
a sequence of frames, to speed up the detection procedure.
Given the estimated state x̂ of the tracked gripper from the
previous frame, only a preset window of pixels around the
estimated center are considered, discarding the rest. The
proposed tracker runs at an average frame rate of 100 frame
per second on a PC that has an Intel Xeon CPU 3.2 GHz
processor and 8 GB of RAM.

A series of image sequences were used to test and evaluate
this method. Three video sequences were considered, which
report the common motion of the miniaturized grippers
during manipulation and transportation tasks. In particular,
the first two sequences motions of the miniaturized gripper
are reported, while in the last sequence the folding of the
grippers for the manipulation tasks are captured (see Fig.
4). The video sequences have 1298, 927, and 2229 frames,
respectively. Every frame of the three sequences is manually
labeled by marking the approximate center position of the
gripper in each frame, in order to generate ground truth data
for the evaluation of the tracker. This is the most appropriate
approach followed by most relevant literatures, since ground
truth data for such motion actions are hard to obtain. The
evaluation shows a tracking error of 0.51 ± 0.33 mm, 0.49
± 0.26 mm, and 0.26 ± 0.13 mm, for the three sequences,
respectively. The tracking errors correspond to 12.7±8.25
%, 12.25±6.5 %, and 6.5±3.25 % of the body length of the
miniaturized gripper.

V. EXPERIMENTAL VALIDATION

In this section we assess the capabilities of the grippers.
We report three different experiments in order to show the

possibility for the soft grippers to: (1) follow a predefined
path, (2) autonomously move in a cluttered environment, and
(3) firmly grasp an object and transport it to a target area.

A. Motion Control

In this experiment, we evaluate the performance of
control and accuracy of tracking the motion for point-to-
point motion and few other pre-defined motion profiles,
namely the Step motion and Sine motions. The experiments
were repeated for 10 times each over grippers chosen from
5 different batches. These experiments were performed
without any non-magnetic payload. The mean and standard
deviation of the motion of the gripper are plotted and shown
in figure [Fig. 6]. For the plots the ultrasound probe is
placed on to the left side of the plot and the gripper is made
to trace the path from left to right.
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Fig. 6. Sine and step plots that has the mean and Standard deviation of 10
trials. The Black line denotes the reference path, the red line denotes the
average path traced by the gripper and the red smudge denotes the Standard
deviation of the gripper. Fig 5 shows the Step plot. Fig 6 denotes the Sine
plot.

The gripper has a average positioning error of 0.3 ±0.03
mm and 0.48±0.1 mm with an average velocity of 0.33±0.1
mm/s and 0.41±0.14 mm/s for the step and the sine trajecto-
ries respectively. Kindly refer to the video evidence for better
understanding. With respect to the body size of the gripper,



we have calculated that the average error was 7.5±0.75 %
and 10 ± 2.5 % respectively. These errors occur partly due
to the lack of coil 4 and partly due to partial or noisy
measurements of the agents state. Since the pull is only in 3
directions, a lowest acceptable error threshold is found using
various trails to filter and control the gripper efficiently. The
threshold was calculated from a series of motion experiments
and this acceptable threshold is found out to be 2 mm, below
which the gripper overshoots and stops moving and above
which the error tends to be very high.

B. Motion planning with motion uncertainty and imperfect
state information

The next important feature required by the miniaturized
agents to successfully complete a desired task, is its abil-
ity to move autonomously towards the target by choosing
an obstacle free path that is also short and safe. Results
presented in Sect. V-A show that motion uncertainty, e.g.
due to un-modeled external influences on the motion of the
agent, and imperfect state information due to partial or noisy
measurements of the agents state, generate positioning errors.
The amount of motion and sensing uncertainty depend on
: (1.) The particular motion executed by the gripper; and
(2.) The state of the agent. Thus different trajectories of
the agent would have different uncertainties associated with
them. However, since safety and accuracy are of critical
importance for many medical tasks, these uncertainties would
have a significant impact on best path chosen for the task
at hand. Thus path planning algorithms were developed in
order to successfully perform the task minimizing these
uncertainties. The algorithm that is used to generate a set
of paths by utilizing Rapidly exploring Random Tree (RRT)
is shown below.

Algorithm 2 Planner algorithm
function RRT(xinit, T, δt,Xgoal)

2: τ.add(xinit)
for t = 1toT do

4: xrand ← RandomState();
xnear ← NearestNeighbour(xrand,τ );

6: ut ← SelectInput(xnear, xrand);
xnew ← NewState(ut, xnear, δt);

8: τ.add(xnew);
if xT ∈ Xgoal then

10: return reached
else

12: return failed

return τ

Following the generation of paths, the a-priori variances
is computed and the most optimal path is estimated. This
evaluation is based on the Linear Quadratic Gaussian Motion
Planning (LQG-MP) algorithms. By this, various possible
scenarios were simulated and evaluated. These were ex-
perimentally verified with the miniaturized gripper. The
gripper was tested over 10 iterations for a specifically chosen

scenario. The experimental example with estimated paths
is shown in (Fig. 7). The algorithm runs for 3 seconds
and generates 30 successful motion plans. The final plan
was selected using the LQG-MP approach by maximizing
the distance from the obstacles (minimizes the chances of
collision). The gripper was demonstrated to reach the target
location from an initial location using the selected final
plan Please look up for the added video evidence for better
understanding.

Fig. 7. Path planner showing the estimated path. The green circle
denotes the target location, The blue lines represent the boundary and static
obstacles, the green lines are all the possible paths estimated and the red
path denotes the most optimum chosen path.

C. Pick and Move

In this section, the ability of the grippers to perform pick
and move tasks (transportation) is highlighted. The gripper
is positioned above a 500 µm spherical plastic bead, which
serves as the object to be picked and moved. Now the
distance between the bead and position of the gripper above
it has to be exactly 3 mm. The ultrasound has a very narrow
field of vision, that extends to a plane of thickness of 4
mm and thus the distance between the gripper and the bead
should not be more than 3 mm to successfully image both the
bead and the gripper using ultrasound. The distance between
the gripper and bead below should not be less than 3 mm.
This is due to the fact that the a fully open gripper has a
diameter of 4 mm, which makes it difficult for the gripper
to successfully grab the bead.

When the experiment is started, the gripper is controlled,
moved from the initial position and positioned over the
bead. Once the gripper is positioned above the bead, the
temperature is increased to 30◦ C. This forces the gripper
to close and the placement of the gripper, allows the bead
to be picked by it. Therefore the micro-sized payload is
captured within the gripper, which makes it possible to
carry and transport the bead to the desired location. An
L trajectory path is planned for the gripper to moved to
the desired location. The experiment is repeated for ten



Fig. 8. Video snapshots of the gripper during manipulation and transportation of a 0.5 mm bead. The gripper is moved from the initial position towards the
bead. Once the bead is reached, the temperature is increased until the system classifies the gripper as closed. The gripper is then guided to the target area
through a predefined trajectory. Temperatures (T) are shown on the top-right corner of each snapshot. Top: video sequence acquired using an ultrasound
probe. Bottom: in order to facilitate the readers understanding of this experiment, we provide the video sequence acquired with a microscopic camera. Please
note that the magnetic controller uses only the feedback provided by the ultrasound probe. Please refer to the accompanying video for this experiment.

times and the average positioning error was 0.36±0.05 mm.
The micro-sized payload was successfully transported and
moved in the specified path for a distance of 14.5 mm
with an average velocity of 0.39±0.06 mm/s. The video
accompanying this document explains the process much
more elaborately.

VI. DISCUSSION AND CONCLUSION

In this paper, we make use of the characterized soft,
self-folding grippers and analyze their capabilities and
performance using medical imaging modality, ultrasound.
The gripper could be localized and could follow trajectories
(sine and step) with a maximum average positioning error
of 0.48 with a variance of 0.1 mm. The grippers were being
autonomously maneuvered through simulated environments
with the presence of static obstacles. The gripper was found
to assess the environment, simulate upto 30 different paths
in 3 seconds and move along the most optimum selected
path to reach the target location. Finally the pick and
move experiments were completed with an average error
of 0.36±0.05 mm with an average velocity of 0.39±0.06
mm/s. For our study, sine and step trajectories are the
best possible trajectories that could be demonstrated in a
magnetic system that could operate in three directions. With
the obtained results it is possible prove that the grippers
could be controlled and positioned in two dimensional
space to perform manipulative tasks successfully. Also,
if this magnetic system is expanded and recreated on a
larger scale, there would be enough space to accommodate
both the electromagnet and the ultrasound probe, thereby
recreating a magnetic control system as demonstrated in
[1]. By this way, it is possible to generalize the system for
other scenarios. The most important factor is the built of
the miniaturized gripper, that makes it possible to visualize,
track and control them using ultrasound images. These

experiments are also made possible by the following two
most important advances in field of robotics and material
science; (1) The development in the production of soft,
reversible micro grippers that does not require external
sources of energy for their activation owing to their shape
changing by swelling property; (2) The possibility to control
with precision the local temperature and magnetic field
using closed loop operations.

As a part of future work, the control of the grippers will
be studied to implement three dimensional control. Also
more advanced scenarios will be developed and tested which
would eventually be used pick and move experiments. Fur-
ther more, cooling system will be designed and implemented
for pick and place experiments. More intricate path planning
methodologies for a system with both static and dynamic
obstacles, will be developed for more realistic scenarios. This
presented system will be extended to clinical experimentation
for clinically relevant applications.
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Abstract— The usage of miniaturised agents in magnetic
based drug delivery systems and clinical biopsies could be made
affordable if it is possible to control them wirelessly based
on the feedback obtained from the common clinical imaging
techniques such as the ultrasound(US). But since the image
from US does not have sharp edges, the most common detection
techniques used in digital image processing has to to be modified
and adapted in such a way, the control of the micro agent is
made possible. In order to evaluate such clinically relevant
scenarios, algorithms and features descriptors such HAAR
and HOG were selected and compared for exploring the best
possible features from the ultrasound images and eventually
based on the results, a specialized tracker was formulated
with aim of tracking the miniaturized gripper in real tissue
type of environment. For this purpose, synthetic datasets were
developed from real tissue samples and the tracker was trained
and tested with those datasets. The proposed tracker had a
tracking accuracy of 81%.

I. INTRODUCTION

The fabrication and production of micro sized tiny grippers
has now reached all new level basically due to the advances
in material sciences. The previous experiments prove that
these grippers could be used for pick and place objects
relative to the size of the grippers. For these grippers to
be used in clinical conditions, we have to come up with
more cost efficient and proven ways to track and control the
grippers. Ultrasound is one of the few cost efficient imaging
modalities that has been used in the healthcare industry for
years now, which could be an effective replacement for the
camera. The basic principle of ultrasound imaging is very
similar to that of a sonar where a concentrated beam of
ultrasound waves is focussed on to the target direction and
the reflected wave processed as the image. From the obtained
image, based on the material and frequency of the ultrasound,
the basic shape of the object could be obtained. Thus this
imaging method could used to locate and control of gripper.
Yet, taking it closer towards the clinical conditions has a few
problems that are to be addressed that are listed as follows

• Gripper classification has to extremely precise and ac-
curate,

• In clinical condition, there would be the real tissues
imaged along with the gripper and the classifier has to
effectively track the gripper in those complex condi-
tions,

• The computation time per frame has to be as low as
possible for better control.,

Most of the detecting methods comprise of two basic steps:
Hypothesis Generation (HG) and Hypothesis Verification
(HV) (Sun et al., 2006). HG approaches are very simple

low level algorithms that are used to locate potential object
locations and can be classified in three categories:

• - knowledge-based: symmetry (Bensrhair et al., 2001),
colour (Xiong and Debrunner, 2004; Guo et al., 2000),
shadows (van Leeuwen and Groen, 2001), edges (Del-
laert, 1997), corners (Bertozzi et al., 1997), texture
(Bucher et al., 2003), etc.,

• - stereo-based: disparity map (Franke, 2000), inverse
perspective mapping (Bertozzi and Broggi, 1997), etc,

• - stereo-based: disparity map (Franke, 2000), inverse
perspective mapping (Bertozzi and Broggi, 1997), etc,

The HG step outputs the Region of Interest that is
validated using the HV approaches. The HV approaches
can be grouped in two categories: template-based and
appearance-based.

• Template-based methods maps the relationship between
a predefined pattern of the object class and the input
image: horizontal and vertical edges (Srinivasa, 2002),
regions, deformable patterns (Collado et al., 2004) and
rigid patterns (Yang et al., 2001).

• Appearance-based methods usually train the system
with the knowledge of the classes The Object and
Nonobject from a set of training images. Each
training image is represented by a set of local or
global descriptors (features) (Agarwal et al., 2004).
Following this, the classification algorithms would
estimate the decision boundary between the two classes.

Object recognition and tracking is one of the prime
researched topics pertaining to computer vision. Various
techniques have been developed over the years that could
effectively track different types of objects. Template based
methods has always been of great help in object tracking.
Deformable patterns (Collado et al., 2004) and rigid
patterns (Yang et al., 2001) are highly successful in many
object identification approaches. However, in our case,
we have a soft hexagonal shaped gripper that has the
ability to change its orientation and shape according to its
condition. Finding a pattern out of such a shape changing
ultrasound imaged gripper is extremely time consuming.
Thus template based methods would not be an efficient
idea to be implemented in this scenario. On the other
hand, appearance based methods, train the system with
the knowledge of the classes, just once during the training
phase. This makes it extremely efficient for utilizing them
in real time tracking applications. In [14] is described a



novel method, where an carotid artery is detected using
the grammar-guided genetic programming (GGGP). The
GGGP combines simple image processing methods and
chooses the best possible combination that results in highest
detection precision. Another work for object detection is
presented in [15]. In this work, animal heads were detected.
The method was based on the Viola-Jones detector, which
used Haar of Oriented Gradients (HOOG) as a weak
classifier. HOOG is combination of Haar-like features and
Histograms of Oriented Gradients (HOG) method [16].
Therefore it benets from both, for the shape recognition
Haar-like features are used and for the texture recognition
HOG method is used. [17] explained a trained Viola-
Jones detector for the detection of rotated faces in image.
Detected faces were shown with value of rotation in degrees.

The HAAR and HOG feature descriptors are widely
used mainly on pedestrian and faces classification. The
HAAR classifier, predominantly uses the features that
could eventually classify based on the shape while the
HoG descriptor would use the texture of the object for
classification. For the input ultrasound image we study and
compare the performance parameters of the two feature
descriptors using the different testing datasets and thereby
suggesting a micro agent tracker model.

The following section explains briefly the HAAR and HoG
features. Section 3 demonstrates the Learning algorithms -
AdaBoost used for the training of weak classifier. The paper
concludes with a comparison of the descriptors based on its
performance and our suggested tracking model.

II. FEATURES

The common reasons why features are chosen instead of
pixels values are that features can code high level object
information (segments, texture, ...) while intensity pixel
values based system operates slower than a feature based
system. This section describes the features used to train the
Adaboost cascade.

A. Haar filters

Papageorgiou et al. (Papageorgiou and Poggio, 1999) in-
troduced the use of set of 2D wavelets and demonstrated the
detection vehicles in static images. (Fig. 1) shows the basic
Haar filters: two, three and four rectangle features, where the
sum of the white pixels is subtracted from the sum of grey
pixels in the rectangles. In the original paper, Papageorgiou
had made use of only the two and three rectangle features
due to the logical reason that these two features define most
of the vehicles information and the diagonal feature would
only be an extra information of the same definition conveyed
by the other two features. In our case since the gripper is
star shaped, the diagonal feature would also provide new
information and we would these features as well.

Viola and Jones in 2001 (Viola and Jones, 2001)
introduced the concept of Integral Image, an intermediate

Fig. 1. 2-D HAAR wavelet sets

representation for the input image, which reduces the
computation tremendously. As per the idea of Integral
Image, the sum of the rectangular region in the image can
be calculated with as low as four Integral Image references.
In a similar way, the difference between two adjacent
rectangles can be computed with only six references, eight
in the case of the three-rectangle feature. The rectangular
filters obtained from various scales of the image results
in the formation of the Haar feature set. The important
subtraction values are denoted by the lightness pixels (the
result is always calculated in modulus).

The complete set of Haars features utilizing the three
rectangular filters (see fig. 1) in a 90x90 pixel image at
2,4,8,16 scales is 11378. Every single feature j in the set
could be defined as: fj = (xj ,yj ,sj ,rj), where rj is the
rectangular filter type, sj the scale and (xj ,yj) are the position
over the 32x32 image.

B. Histogram of Oriented Gradient

The Histogram of Gradients (HoG) can be defined as an
yet another method that can be utilized to obtain a vector
of visual descriptors by encoding the input image. The
local descriptor makes use of the orientation and gradient
magnitude around a key point location thereby constructing
the resulting histograms. This method is based on Scale
invariant Feature Transform (SIFT). The number of bins in
the histogram quantizes the orientations (four orientations
is sufficient). For every histogram bin, the magnitudes of
similar orientations are grouped and added together.

Following the addition, in order to get the values between
0 and 1, the histogram values are normalized using overall
total energy value of all orientations. For a two class
problem, Gepperth (Gepperth et al., 2005) trained the
first neural network classifier using the HoG features. The
method used by the author was pretty simple wherein fixed
number of regions called the Receptive Fields was defined
by subdividing the ROI from which oriented histogram
feature was obtained individually. The HoG feature set
comprises of the histograms that calculated from this
rectangular region defined in the original image. To get the
gradient magnitude and orientation, Sobel filters is used for
the evaluation of the gradient of the image.

There are three types of rectangle regions: r1 square
l*l, r2 vertical rectangle l*2l, r3 horizontal rectangle 2l*l.
Considering l : 2,4,8,16 scales, we have a total of 4678
features. A single histogram j in the set could be defined



as: hj = (xj ,yj ,sj ,rj), where rj is the rectangular filter type,
sj the scale and (xj ,yj) are the position over the 90x90 image.

III. ADABOOST

With respect to the previous sections, we have seen that
the Haar and HoG are vector representations of the image in
the form of visual descriptors. The total number of features
calculated is clearly more than total number of pixels in the
image, which makes it computationally very intensive to use
all the features to perform the classification. This is mainly
because there are a lot of these features without quality
information, thereby forcing alternative methods for better
and faster classification. Some of the methods that are used
to limit the number of features are statistics (Schneiderman
and Kanade, 2000), PCA, genetic algorithms (Sun et al.,
2004), etc.

Out of these, one form of ensemble learning that improves
the performance of any algorithm is Boosting (Freund and
Schapire, 1996). It finds precise hypothesis by combining
several weak classifiers, which on average, have a moderate
precision. The weak classifiers are then combined to create
a strong classifier:

G =





N∑

n=1

αngn ≥
1

2

N∑

n=1

αn = T

0 otherwise

(1)

Where G and g are the strong and weak classifiers
respectively and α is a coefficient, weighing each feature
result. T is the strong classifier threshold. There are
different variants of boosting such as Discrete Adaboost
(Viola and Jones, 2001), Real AdaBoost (Friedman et al.,
2000), Gentle AdaBoost, etc. The procedures (pseudo-
code) of any of this variants are widely developed in
the literature. We need, however, to study the construction
of the weak classifier for both cases: Haar and HoG features.

A. Haar Weak classifier

We define the weak classifier as a binary function g:

g

{
1 if pjfj < pjθj

0 otherwise
(2)

where fj is the feature value, θj the feature threshold and
pj the threshold parity.

B. HoG Weak classifier

This time, instead of evaluating a feature value, we es-
timate the distance between an histogram hj of the input
image and a model histogram mj . The model is calculated
like the mean histogram between all the training positive
examples. For each histogram hj of the feature set, we have
the corresponding mj . A vehicle model is then constructed
and AdaBoost will find the most representative mj which
best separate the vehicle class from the non-vehicle class.
We define the weak classifier like a function g:

g

{
1 if d(hj ,mj) < θj

0 otherwise
(3)

where d(hj(x),mj) is the Bhattacharyya distance (Cha
and Srihari, 2002) between the feature hj and mj and θj is
the distance feature threshold.

IV. TRAINING

A. Dataset

In order to obtain a detector that could successfully
classify the miniaturized gripper, it is essential to have a spe-
cialized dataset, that could be used to train the detector. Thus
Dataset plays a crucial role in the overall performance of the
detector. Since, the dataset forms the backbone of training, it
forms the core of the entire solution. To move closer towards
real-time clinical conditions, a complex synthetic dataset
was synthesized by super imposing the normal miniaturized
gripper dataset with dataset from a human tissue.

Fig. 2. This image explains how a synthetic dataset, that mimics the
miniaturized gripper to be operating in a real tissue medium is created. The
image has three parts a, b and c of which (a.) is the miniaturized gripper
imaged using ultrasound in experimental conditions; (b.) is the sample of
the belly tissue and (c.) The final dataset that was created by superimposing
(a.) over (b)

This was mainly done due to the inability to obtain an
dataset by imaging the operation of the gripper in a real-
time tissue medium. There were 5 different hydrogel gripper
datasets and 4 different types of tissue samples obtained from
hand and belly of two different people. The datasets were
super imposed as shown in (Fig. 2) to obtain 20 synthetic
datasets that were used for the purpose of training and
testing. The synthetic datasets were split into 14 training
and 6 testing sets. The datasets were carefully split to
avoid overfitting. From the training datasets, positive and
negative samples of the object to be tracked, in this case
the star shaped micro gripper, was collected. There are 300
positive and 1300 negative samples. The size of each positive



Fig. 3. Snapshots showing an example frame from each test set used for testing the tracker. Test sample 1 has a free moving microgripper superimposed
on a belly tissue medium. It video has has 1290 frames. Test sample 2 that is 2193 frames has a micro gripper closing and moving that is superimposed
over a similar belly tissue medium. Test sample 3 has 926 frames that has a different free moving gripper super imposed on a tissue sample taken from
the forearm.

and negative sample is 90×90 pixels. The positive samples
include various orientations and shapes of the miniaturized
gripper collected across various different datasets. The nega-
tive samples include background and different types of tissue
samples except the gripper. Since the obtained image frames
only consist of two main colours, it becomes obvious to
train the system with the right negative examples so that
the classification accuracy of the system increases.

B. Training

The system is trained with HoG and HAAR features
using the Adaboost boosting algorithm. For the purpose of
training, we use 300 positive and 1300 negative samples. A
20 stage cascade classifier is used to train the system. By
altering the values for the negative samples factor [number
of negative samples to be used at every stage of training] and
false alarm rate [number of negative samples mis classified
as positive] we have different trained models, of which the
best is chosen. The training of the HAAR classifier usually
takes days together while the training of HoG classifier
comparatively takes a lot lesser time. Both the HAAR and
HoG classifiers were trained with the same system Mac pro
with Ghz processor and 4 GB RAM. The training for HAAR
took six and half days, while that for the HoG features, took
around 15 hrs. Since the training is done only once, the above
mentioned time does not have any significant effect on the
overall performance of the classifier.

V. TESTS AND RESULTS

A. HAAR vs HoG

We have two different classifiers trained using the HAAR
and the HoG features. For the purpose of evaluation,
groundtruth containing the position of the micro grippers in
the test set is made manually. The position values in the
groundtruth corresponds to the center of the gripper. The
trained classifiers are tested on the test set and the results
were tabulated. Error per frame, average error, standard de-
viation and time taken to process each frame, are calculated
and compared for both the classifiers on the same test set.

Fig. 4. The classification error per frame, with frame on x-axis and error
in y axis. tested against the groundtruth for both HoG and Haar features.

The test set has an interesting mix of complexity. It has three
different tissue samples obtained from belly and forearm. The
corresponding test samples are named as test 1, test 2 and
test 3 as shown in (Fig. 3) where the first two test sets have
two different types of belly tissue sample and test 3 has a
tissue sample from the forearm respectively. It was observed
that the HAAR classifier performed way better with standard
deviation of 43 for test sample 1 while HoG performed better
with test sample 3 with a standard deviation of 59 pixels. The
test sample 3 was relatively tougher to even manually plot
the center since in many frames, the micro gripper and the
tissue would relatively seem like one. In such a challenging
case, when it is difficult to find a HAAR feature, the basic
principle of HoG makes it perform better.

B. Tracker implementation

Based on the above obtained results, a tracker was devised
combining the effects of cascade classifier, blob exclusion



Fig. 5. Flowchart depicting the tracking process: From left to right, a single frame from the synthetic video is taken. The cascade classifier is used for the
initial tracking. In the detection phase, based on the initial tracking, a window of 150X150 pixels is considered and only the Red channel of that window
is considered. (1) For proper detection of the gripper, a threshold is employed to the window. (2) Small blobs or blobs that are too far from the previous
position of the gripper are removed, while merging the remaining adjacent blobs for further consideration. (3) The contours of the segments are computed.
(4) A circle fitting is applied on the contour of the segmented area in order to detect the pose p = [x̂, ŷ]T of the gripper. Finally, state x of the gripper
is estimated using a Kalman Filter, where v̂x, v̂y represent the estimated velocities of the agent. These information are projected back on to the original
image. Previously estimated state of the gripper is also used in the current frame to speed up the detection procedure. The scale bar is 4 mm.

based segmentation techniques and a Kalman filter to accu-
rately map the position of the tracker. Both the Haar and HoG
features were successfully able to locate the approximate
position more than 65-70% of the time, i.e., the gripper is
somewhere within the final bounding box, rather being at the
center of the box, after the classification. Thus in order to be
used for control purposes in real time systems, more accurate
localization of the gripper becomes essential. Therefore an
algorithm was devised as shown in (Algorithm 1) to solve
this problem.

Algorithm 1 Tracker algorithm
1: function Tracker(input, output, center, T )
2: frame← GetInputFrame
3: Crop frame to just the information area;
4: Apply Cascade classifier on the input frame.
5: Based on the output of the classifier define a infor-

mation window in the frame.
6: Split he obtained window Into RGB;
7: Perform BINARY thresholding on R channel;
8: Calculate Initial Center using Blob exclusion and

Centroid method
9: Using a Kalman Filter estimate center;

10: Display the image back in the RGB channel.
11: output← frame
12: Display the center with the frame & save it

Let p = [x,y]T ∈ R2×1 be the position of a gripper
in 2D space and v = [vx,vy]T ∈ R2×1 its velocity. The
state of the gripper is defined as x = [p,v] ∈ R4×1. Let
the miniaturized gripper be considered as a second order
system controlled by applying suitable force inputs. The
state x̂ of the gripper is estimated during run time by the
tracking algorithm. (see Fig. 5). Initially the position p̂ =
[x̂, ŷ]T of the gripper is estimated. In the first step, The
RGB image is split into the separate R, G, B channels and
only the R channel is considered by the algorithm. Then,
binary thresholding is applied to the Red channel. Following
it, the connected components concept is applied, wherein
small blobs or blobs that are too far from the previous
position of the gripper are removed, while merging the
remaining adjacent blobs for further consideration. Finally,

the contours of the remaining blobs are computed and the
centroid of this contour is found out. The estimated position
of the gripper p̂ corresponds to the center coordinates of
the centroid estimated.

A standard Kalman filter [32] is implemented to consider
the second order model of the gripper and control-inputs
for estimating the state x̂ from the position estimates p̂.
Assuming a constant sampling time ∆t of the system,
the Kalman filter provides an estimation of the current
state x̂ as well as a one-step ahead prediction of x̂. The
zero mean multivariate Gaussian distributions N(0,Q)
and N (0, R) are used to estimate the process and
measurement noises, respectively, where Q ∈ R4×4 and R
∈ R2×2 are the empirically determined co-variance matrices.

The tracker was tested as before on the same three
datasets. The average error was found to be 21 pixels with the
HAAR classifier with test set 1 and was found to be 39 pixels
for test set 3 with the HOG classifier. The tracking accuracy
was greatly improved with an accuracy of over 80%.

VI. DISCUSSION AND CONCLUSION

In order to take the first step towards developing a tracker
for tracking the miniaturized gripper inside our body, a
special dataset was synthesized with an aim of posing a
real tissue like example for a tracker to be trained on. The
initial datasets were all imaged under the same conditions,
which makes it likely for the gripper to look like the
final dataset when injected inside our body. Two different
features(HAAR, HoG) were studied on these datasets, in
order to utilize the right feature for the purpose of tracking.
Based on the initial test results, the final tracker was
devised, that had a performance accuracy of nearly 81%.
The HAAR classifier performs the best with belly tissue,
whereas the HOG’s performance with the arm tissue dataset
was better. This is due to basic working principle of both
the features. HoG works on the orientation of the gradients,
which explains how, it was able to work better with the
most difficult dataset.

This is an introductory work towards developing a tracker
that could accurately map the grippers under any biological



circumstances using ultrasound. As a part of future work, the
two features could be combined in a way to use a positive
attributes of both the features that could result in one strong
feature descriptor. Self thought and deep learning methods
would be worked on. Future state predicting estimators such
as particle filters would be studied and applied for estimating
the position of the gripper, in scenarios of faulty imaging.
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Chapter 5

Discussion

For better understanding, the thesis was split into two major parts. The first part

discussed the possibility of using the soft grippers in clinical applications by performing

motion control experiments and the second part demonstrated the first step towards

developing a tracker for tracking the miniaturized gripper inside our body.

In order to explore new micro-robotic opportunities soft, magnetic micro-robots with

shape changing ability was employed and several manipulative tasks were performed

using them. To demonstrate its clinical applications, the grippers were imaged and

controlled using a clinical imaging modality, ultrasound. In order to show the variety

of opportunities with the untethered grippers we started with motion control exper-

iments and performed autonomous motion planning and pick-and-move experiments.

These experiments were executed to demonstrate the ability of the grippers to perform

such complex manipulation tasks, exploiting its soft properties and approaching more

practical purpose in clinical domain.

The motion control experiments consisted of point-to-point motion control and path-

following for sine and step trajectory. During these experiments, the gripper was local-

ized and could follow the trajectories (sine and step) with an average positioning error

of 0.48 mm with a variance of 0.1 mm. These were the results obtained when the gripper

was close to the surface of the water. This condition was essential since the gripper has

to have a minimum clearance of atleast 4 mm (thickness of the probe) from the bottom

of the container for proper noise-free imaging. This is a little disadvantageous for more

complicated and practical experiments which require the folding functionality of the

grippers. This is because when the gripper is near the surface, it takes a slightly longer

time to close due to the effect of surface tension forces. For our study, sine and step

trajectories are the best possible trajectories that could be demonstrated in a magnetic

system that could operate in three directions. With the obtained results it is possible
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prove that the grippers could be controlled and positioned in two dimensional space

to perform manipulative tasks successfully. Also, if this magnetic system is expanded

and recreated on a larger scale, there would be enough space to accommodate both the

electromagnet and the ultrasound probe, thereby recreating a magnetic control system

as demonstrated in [1]. By this way, it is possible to generalize the system for other

scenarios.

Results from the motion control experiments show that motion uncertainty, e.g. due to

un-modeled external influences on the motion of the agent, or imperfect state information

due to partial or noisy measurements of the agents state generates positioning errors.

Thus Linear Quadratic Gaussian Motion Planner (LQG-MP) was adapted to generate

a motion plan which minimized the probability of collisions between the gripper and the

environment by considering the motion and sensing uncertainties. The grippers were

being autonomously maneuvered through simulated environments with the presence of

static obstacles. The gripper was found to assess the environment, simulate upto 30

different paths in 3 seconds and move along the most optimum selected path to reach

the target location.

During the pick-and-move experiments 500 m micro-bead was transported for a distance

of approximately 14.5 mm with an average velocity of 0.39±0.06 mm/s and positioning

error of 0.36±0.05 mm. The experiment was performed out to depict the grasping

capabilities of the grippers. Due to the problem with the surface tension forces, the

grippers required extra heating to grasp the micro-bead successfully. Also the grippers

required strong magnetic field gradients for pulling the gripper with the bead. Patterning

the grippers with a higher concentration of iron-oxide would enable the system to apply

more magnetic force. Interestingly, the grippers were found to be really sturdy to float

near the surface resisting the surface tension forces even after grasping the micro bead.

This shows the ability of the grippers to be navigated along the surface of the fluid, that

would eliminate most of the obstacles found at the bottom.

In order to take the first step towards developing a tracker for tracking the miniaturized

gripper inside our body, a special dataset was synthesized with an aim of posing a real

tissue like example for a tracker to be trained on. The initial datasets were all imaged

under the same conditions, which makes it likely for the gripper to look like the final

dataset when injected inside our body. Two different features (HAAR, HoG) were stud-

ied on these datasets, in order to utilize the right feature for the purpose of tracking.

Based on the initial test results, the final tracker was devised, that had a performance ac-

curacy of nearly 81%. The HAAR classifier performs the best with belly tissue, whereas

the HOG classifier’s performance with the arm tissue dataset was better. This is due

to basic working principle of both the features. HoG works on the orientation of the
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gradients, which explains how, it was able to work better with the most difficult dataset.



Chapter 6

Conclusion

So far we have seen and exploited the miniaturized grippers shape changing ability

to pick and move objects using ultrasound images. This is by far the first attempt

towards taking these miniaturized grippers towards using them in clinical bio-medical

applications. The motion planning and control experiments resulted with an almost

equivalent results as controlled using digital camera feedback. The difference in the

results is attributed to the worse resolution of the obtained US images. This we believe

is a small step towards using these micro agents in untethered surgical operations.

The motion experiments along with pick and move has less than 0.5 mm average posi-

tioning error that is a great sign for successful utilization of these grippers in variety of

clinical applications. The initial study on developing a tracker mimicking these minia-

turized grippers operation in real tissue environment has also interesting insights that

could lead to significant contribution to the scientific community. The comparison of

HAAR and HoG features to be used in combination with object tracking using ultra-

sound images is also another important contribution of this thesis.

As a part of future work, three dimensional tracking and control of the grippers would

be studied. Visualizing and controlling the micro grippers using current VR/AR (Vir-

tual Reality/Augmented Reality)and haptic modalities would also be studied. An im-

proved heating and cooling system for a quicker cooling and heating to perform more

sophisticated open and close scenarios would be developed. Moreover, advanced control

techniques (e.g., cascade control) will be used to optimize the tracking of more intri-

cate paths. Further-more, motion control and planning of miniaturized grippers will be

achieved in fluidic micro-channels with time-varying flow rates based on the feedback

provided by the ultrasound system.
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