J Micro-Bio Robot
DOI 10.1007/s12213-015-0081-8

RESEARCH PAPER

MRI-based communication for untethered intelligent
medical microrobots
Azadeh Sharafi1 · Nina Olamaei1 · Sylvain Martel1

Received: 27 March 2015 / Revised: 1 June 2015 / Accepted: 4 June 2015
© Springer-Verlag Berlin Heidelberg 2015

Abstract Miniaturization is a major challenge in fabricating medical microrobots designed to operate inside the
human body. Current microrobots lack an adequate embedded communication system to transmit sensory data due to
a shortage of power. In this paper, we propose a communication method, using the susceptibility effect in MRI, to
overcome the size and power constraints in microrobots.
The proposed method relies on a binary communication
scheme in the form of a frequency alteration in the electrical current circulating along a miniature coil embedded in
a microrobot. The frequency of the electrical current could
be regulated by a predetermined sensory threshold input
implemented in the microrobot. Such a frequency provides
information on the level of sensory information gathered by
the microrobot, and it is determined using single-shot EPIGE MR images. The proposed method is independent of the
microrobot’s position and orientation. Moreover, the experiments showed that MRI is sensitive enough to detect the
change in magnetic field if we scaled the coil to an appropriate size for embedding into the microrobot. The proposed
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method could potentially apply to microrobots for monitoring and mapping specific physiological conditions within
the body.
Keywords Wireless communication · Echo-planar
imaging · Medical microrobot · Magnetic resonance
imaging

1 Introduction
Recent developments in the design and fabrication of integrated circuits allow us to build advanced microrobots for
different medical applications such as targeted tumor therapy and minimally invasive surgery [1, 2]. Different tasks
that cannot be performed using traditional technologies,
such as targeted drug delivery and the clearing of clogged
blood vessels, may be accomplished by navigating microrobots through complex structures (e.g., blood vessels) [3,
4].
However, the great majority of the studies on microrobots
for interventions in the human body focus on the actuation
and control of the microrobots [5–14]. Potential applications
of the microrobots can be considerably expanded by embedding an integrated circuit capable of sensing, processing,
and communicating environmental variables (e.g., pH , O2 ).
The first requirement for implementing such a circuit is the
power supply. The miniaturization of microrobots prevents
the implementation of an embedded power source; hence,
the electrical power must be provided from an external
source using wireless approaches such as radio-frequency
(RF) induction [15, 16] or photovoltaic cells [17]. The second requirement is to design a communication method to
transfer data from the microrobot inside the human body to
the external control system. Martel and André [18] proposed
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Fig. 1 The current induced
alternative magnetic field of the
coil was sampled by taking
successive single-shot EPI
images from the same slice

a microrobot with an integrated photovoltaic cell as a power
supply with an overall dimension of 300μm × 300μm.
However, the embedded photovoltaic cell could not provide enough power to communicate with this microrobot
through common wireless transmission methods. Since a
magnetic resonance navigation technique was used to navigate the microrobot, as a part of a previous study [19], we
proposed exploiting the same system (MRI) and its sensitivity to the susceptibility artifact as a communication mean
to overcome size and power constrains. The proposed onoff scheme in the communication method is based on the
detection of changes in the magnetic field generated by the
microrobot in MR images. An electrical current passing
through the transmitting coil embedded in the microrobot
generates a magnetic field that interferes with the homogeneous static magnetic field of MRI (B0 ), and appears in the
MR images as a susceptibility artifact. The direction of the
electrical current could be regulated based on a predetermined sensory threshold input, which leads to a change in

the form of the magnetic field. We showed that the shape of
the artifact in MR images is affected by the form of the magnetic field, and as a result, by the direction of the current in
the transmitting coil.
However, the shape of the artifact is also dependent on
the orientation of the microrobots. For example, it is not
possible to differentiate between the shape of the artifact
in a MR image taken from the microrobot when there is
a 180o rotation relative to its initial orientation, and the
image taken when there is a change in the direction of the
electrical current with no change in the orientation. As a
result, knowledge of the microrobots orientation relative to
its initial orientation is essential to interpret the images.
In this paper, we demonstrated how we addressed this
problem by overcoming the aforementioned limit through
the development of a new communication method based
on the detection of variations in the electrical currents frequency using the same principale that is presented in [20,
21] for direct mapping of neuronal activity. We showed that

Fig. 2 a Schematic of the planar coil. b Planar coil. c Suspending the coil in gelatin for imaging purpose
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the frequency is independent of the rotation of the transmitting coil, and hence, it can be interpreted without any initial
knowledge of the microrobots orientation. We also showed
that MRI is sensitive enough to detect changes in the magnetic field of a miniaturized transmitting coil embedded into
a microrobot.
The remainder of this paper is organized as follows:
Section 2 describes the theory behind the MR imaging and
the applied method for detecting the current induced magnetic field using a clinical MR sequence. Section 3 describes
the methodology and experiment setup to test the proposed
communication system, followed by the result in Section 4,
and by the discussion, and conclusion in Sections 5 and 6
respectively.

2 Theory
The current induced magnetic field of the microrobots transmitter coil causes an inhomogeneity in the local magnetic
field of the MRI scanner. This inhomogeneity impacts the
formation of MRI images and results in image artifacts that
are called susceptibility artifacts [22, 23]. The susceptibility effect is the source of two types of artifacts in MR
images [24]: 1) geometrical distortion, and 2) intensity distortion. The first distortion corresponds to a misregistration
of spin positions due to field variations during frequency
encoding [24, 25]. Thus, the misregistered signals appear
in a wrong location because of the change in the Larmor
frequency of the affected spins.
ω(r) = γ (B0 + Bm (r))

(1)

when γ is the gyromagnetic ratio and Bm (r) is the parallel or anti-parallel component of the microrobot generated
magnetic field to the main magnetic field B0 of the MRI
scanner.
The position error due to the misregistration is calculated
as:
Bm (r)
x́ = x +
(2)
GR
while x is the readout direction, x́ is the position generated from the MRI data, and GR is the magnitude of the
readout gradient [26]. The second distortion is only limited
to GRE sequences due to the lack of 180o refocusing pulse.
Because of the presence of a background gradient (e.g.,
magnetic field generated by microrobot), an additional position dependent phase term is added to the echo signal, which
leads to a signal loss. The measure signal in the presence of
the background gradient can be written as [26]:

s = ρ(x, y, z)e−iϕ ,
with
ϕ = γ Bm (r)T E
(3)

while ρ is the spin density, ϕ is the phase dispersion across
the voxel and T E is the echo time.
As shown in Eq. 3 an alternative magnetic field generated by a transmitting coil, Bm (r) , leads to an alternative
MR signal variation over time, the frequency of which
can be exploited by applying a Fourier transform after
sampling the signal over time. Single-shot Echo-Planar
Imaging (EPI) is a very fast imaging method that can
acquire a complete image in a fraction of a second [27].
As a result, the alternative signal can be sampled using
real-time EPI images. The sampling rate is equal to the
sequences repetition time, T R, (Fig. 1). The Fourier transform of the identical pixels on different images acquired
over time reveals the frequency of the alternative magnetic field of the coil.Note that for the single-shot EPI, we
define the T R as the total acquisition time for one complete
image.
Considering the Nyquist criteria, the maximum frequency detectable by this method (fmax ) is limited by the
minimum allowable T R in the sequence:
fmax =

1
2T Rmin

(4)

3 Material and method
3.1 Simulation of the coils magnetic field
The schematic of the planar coil placed in x − y plane is
depicted in Fig. 2a. The magnetic field of the planar coil
was simulated by applying Biot-Savart law for each wire
segment of the coil using commercial software (MATLAB
7.1.1, The MathWorks Inc., Natick, MA, United States).
The magnetic field components for the wire segments parallel to the x − z plane were obtained by:
Hx = 0
Hy = −

zI
4π



x2

dl

3
(x − l)2 + (y − a)2 + z2

zI
x2 − x
× 

= −
2
2
2
4π (a − y) + z
(x2 − x) + (a − y)2 + z2
x1



x1 − x
− 
(x1 − x)2 + (a − y)2 + z2

(y − a)I x2
dl
Hz = −

3
4π
x1
2
(x − l) + (y − a)2 + z2

x2 − x
(a − y)I
× 

= −
4π (a − y)2 + z2
(x2 − x)2 + (a − y)2 + z2
x1 − x
− 
2
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(5)
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Fig. 3 Detecting frequency
using MRI. 1mA, 1Hz AC
current was applied to the coil in
axial plane. a Simulated
magnetic field b Simulated
frequency map c Coronal
single-shot EPI image of the coil
d Experimental frequency map.
The yellow pixels have a
frequency of 1Hz which is equal
to the applied current’s
frequency

while x, y, z are the positions at which the magnetic field
is calculated. x1 and x2 are the x coordinates at the end of
the straight wire, I (t) is the electrical current circulating in
the coil at time t, dl is the differential spatial element on the
wire segment, and a is the distance between each wire and
the center of the coil as depicted in Fig. 2a. The magnetic
field of the wire parallel to y − z plane can be calculated in
a similar manner [28, 29].
The magnetic field of the coil in an arbitrary position
(x, y, z) is calculated by superposition of the field vectors
Fig. 4 Detecting frequency
using MRI. 1mA, 0.5Hz AC
current was applied to the coil in
axial plane. a Simulated
magnetic field b Simulated
frequency map c Coronal
single-shot EPI image of the coil
d Experimental frequency map.
The red pixels have a frequency
of 0.5Hz which is equal to the
applied current’s frequency

of all straight wires. Subsequently, the magnetic flux, Bm
is calculated as:
Bm = μ0 μr H

(6)

where μr is the relative permeability of the material in
which the field has been calculated and μ0 = 4π × 107 is
the free space permeability.
The effect of the coils magnetic field on the MRI signal
was simulated using Eq. 3. The specifications of the coil in
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the simulation model were identical to the ones fabricated
for the MRI experiment.
3.2 Experiment setup
A three turns double layer planar coil was built from copper using a milling machine (LPFK ProtoMat 95s/II, LPKF
Laser and Electronics AG, Germany) as the microrobot’s
transmitting coil. The square planar structure was selected
due to the ease of miniaturization and embedding in the
microrobot using CMOS technology. The specifications
of the coil were: outer diameter =3mm, inner diameter
=1.4mm, track width =200μm, gap size (space between
adjacent conductors) =200μm (Fig. 2b).
A commercial signal generator (Agilent 33220A, Agilent
Technologies, USA) was used to generate electrical currents with various frequencies in the coil during the imaging
sequence.
During imaging, the signal generator was placed in the
control room and connected with wires to the coil inside
MRI through the penetration panel. To acquire MR data,
the coil was suspended inside a solution made of gelatin
(Fig. 2c).
3.3 MRI experiments
To detect changes in the magnetic field at different frequencies, a susceptibility-sensitive sequence with a high
temporal resolution was required. Gradients echo sequences
are known to be sensitive to the susceptibility artifact due
to the lack of 180o RF pulse [30, 31]. A single-shot gradient echo, echo planar (EPI-GE) sequence with a temporal
resolution of 220ms was applied to acquire the images. In
a single shot sequence, one image was acquired during one
repetition time. So the acquisition time is determined by the
duration of T R. On the other hand, the maximum detectable
frequency is limited by the acquisition time. As such, the
T R was set to the minimum value allowed according to the
sequence parameters. According to the parameters of the
imaging sequence and the Nyquist criteria, the maximum
detectable frequency was fmax = 2.27Hz.
To have the largest artefact, T E was set to the maximum
value (105ms) allowed according to the sequence parameters. The rest of the parameters were set as follows: imaging
matrix = 128 × 128, FOV = 120mm, flip angle = 90o , and
slice thickness = 5mm. Two arbitrary frequencies lower than
2.27Hz were chosen (0.5Hz, 1Hz) to show two states of
binary communication. The amplitude of the electrical current was held fixed, and the frequency was set to 1Hz in
the first set, and then changed to 0.5Hz in the second set
of the experiments. In each set of experiments, fifty images
were obtained from the same slice. Afterward, a frequency
map was built by applying the Fourier transform on each

pixel for all the 50 slices prior to the detection of the peak
frequency.
In the next step, the minimum magnetic field detectable
by this method was calculated by mapping the simulated
magnetic field on the experiment results.
To examine the effect of the microrobots rotation on
the proposed communication method, the coil was initially
placed on the axial plane, and MR images were acquired
while a current was applied. Then, the coil was rotated 90o
and MR images were taken while a current with the same
frequency and amplitude was applied. Finally, the same procedure was repeated while the coil was positioned in the
sagittal and in the arbitrary planes.

4 Results
4.1 Frequency detection
Figure 3 shows the simulated and experimental results when
the coil was placed in the axial plane and an alternative
electrical current with maximum amplitude of 1mA and
frequency of 1Hz was applied. Figure 4 shows the results
when the frequency was set to 0.5Hz. In these tests, a coronal image was taken as a plane perpendicular to the coils
surface. As shown in Fig. 3 and Fig. 4, the frequencies
of applied current were successfully determined using MR
images in both experiments. In the frequency maps, it is possible to identify a group of adjacent pixels with the same
frequency. This frequency is equal to the frequency of the
current applied to the coil. We refer to this group of adjacent
pixels as ”detected area” in the rest of the paper.
Any arbitrary frequency under fmax was detectable with
this method. Figure 5 shows the frequency maps of two sets
of experiments with two different frequencies.
4.2 Possibility of miniaturization
To investigate whether the MRI is sensitive enough to detect
changes in the magnetic field of a miniature coil embedded in the microrobot, the minimum magnetic field detected
in the above experiment was first calculated. Subsequently,
the possibility of generating such a magnetic field using a
miniature coil was shown. To calculate the minimum magnetic field, the magnetic field of the coil was simulated and
mapped (as a contour) on the frequency maps acquired from
MR images (Fig. 6). The amount of magnetic field on the
contour line at the edge of the detected area indicated the
minimum magnetic field. As shown in Fig. 6, a change in
the magnetic field as small as 350pT is detectable using our
proposed method.
To differentiate those areas representing a false frequency
from the areas representing the real one, the experiment was
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Fig. 5 Detecting arbitrary
frequencies using MRI.
Frequency map resulting from
an experiment set with 1mA and
a 1.3Hz b 2Hz AC current

repeated several times with various known frequencies and
all the pixel ensembles indicative of a specific frequency
were investigated. We observed that the number of adjacent
pixels with the same frequency did not exceed five pixels
where the source of the frequency was noise. In addition,
the areas indicative of the real frequencies included a minimum of 30 pixels. Therefore, only an area containing a
minimum of 30 pixels was considered as a ”detected area”.
Figure 7 shows the simulated magnetic field generated from
70μA current passing through a double layer coil with an
outer diameter of 350μm in a plane perpendicular to its surface. Each square is equal to a pixel in the MR image (0.5
mm). Figure 7b shows the simulated frequency map after
considering the 350pT threshold. As shown in Fig. 7b, the
detected area has more than 30 pixels, and as a result, the
frequency of the magnetic field produced by the microrobot
with a miniaturized transmitter coil will be detectable by our
proposed method.

Fig. 6 Detecting the minimum
magnetic field by mapping the
simulated magnetic field on the
experiment field map. a Field
map. The frequency in the
detected area is 1Hz in the first
and 0.5Hz in second row
respectively. b For better
visualization, a mask was
applied to remove other
frequencies on the field map.
The area inside the dashed
square is magnified. The change
in the magnetic field as small as
350pT can be detected with our
proposed method

4.3 Rotation and displacement
As stated in Eqs. 1 and 3, only a magnetic field parallel to
B0 affects MR signals. Hence, only the part of coils magnetic field which is parallel to B0 determines the magnetic
field affecting the MR images. For instance, when the coil
is in the axial plane, its Bz is parallel to the B0 and appears
in the MR image. Rotating the coil to the coronal plane (90o
rotation around the x axis in Fig. 2a) causes By to become
parallel to B0 , and affects the MR images.
Equation 5 shows the relationship between the three magnetic field components and the current passing through the
coil. Let us assume that an alternative current with amplitude A and frequency f , I (t) = Asin(2πf t), will pass
through the coil. As stated in Eq. 5, the current has the
same amplitude and frequency in all three components of
magnetic field. Moreover, it is a scalar value, and thus independent of the coils orientation and position. This implies
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Fig. 7 a Simulated magnetic
field of a coil with an outer
diameter of 350μm by applying
70μA current with f =1Hz b
The frequency map shows the
frequency equal to the frequency
of applied current. More than 30
pixels are affected by the
magnetic field higher than
350pT

that the frequency can be detected without initial information on the position of the microrobot. The detection of the
frequency is also independent of any rotational movement.
Figure 8 shows the frequency maps of the coil in axial, coronal, sagittal, and an arbitrary plane while a 1mA current with
two different frequencies passes through the coil. As shown
in Fig. 8, the frequency was correctly determined in all four
configurations.

In this work, we demonstrated the basis for a new form
of binary communication that can be used to communicate with a microrobot for in-vivo medical applications. We
mapped two arbitrary frequencies to two states of binary
communication, and showed that it is possible to detect and
distinguish between two frequencies using the susceptibility

effect in MR imaging. Moreover, we demonstrated that the
method is not limited to two specific frequencies, and that it
can be expanded to communicate with more than one microrobot, or to obtain the states of more than one sensor in a
microrobot. For instance, as shown in Fig. 5, it is possible to
detect f =1.3Hz and f =2Hz. These frequencies can be used
to communicate with another microrobot, or two different
sensors (e.g., pH and oxygen) on the same microrobot.
This method might also be used for measuring a parameter instead of binary communication. For example, each
pH level can be mapped into a specific frequency. The resolution of MRI to distinguish between two frequencies, and
the maximum frequency detected by this method limits the
accuracy of measurement. The range of frequencies to be
detected using this technique is limited by minimum T R.
Hence, in our future work we will investigate the effect of
imaging parameters, or the use of different methods such as
compressed sensing [32] to decrease the T R.

Fig. 8 The effect of the rotation on the communication method. MR
images were taken from the coil with current of I =1mA and a frequency of f = 1Hz, and a frequency map was built when the coil was
placed in a axial, b sagittal, c coronal, and d arbitrary plane. The coil

was in the middle of FOV, and in all experiments the MR images were
taken in a plane perpendicular to the coils surface. In the first row, an
electrical current with the frequency of f =1Hz was applied to the coil,
while in the second row, the frequency was set to f =0.5Hz

5 Discussion
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As we showed in Fig. 6, it is possible to detect a change
in a magnetic field as small as 350pT. However, in the simulation we did not consider the geometrical distortion caused
by field inhomogeneity in EPI MR Images. This effect
should be considered in the simulation for more accurate
mapping of the simulated field on the MR images.
Since only the magnetic fields parallel to B0 affect
the MR images, the amount of effective magnetic field
varies by rotating the microrobot. As a result, the current must be strong enough to generate a magnetic field
larger than the threshold in all directions. This limits
the level of miniaturization, as it requires more power.
Hence, we will investigate different topologies, other than
planar, for the transmitting coil to generate an equal
magnetic field in all directions, making such a communication method completely independent of rotational
motions.
Moreover, due to the geometrical distortion in EPI
images, this sequence cannot be used for positioning and
tracking purposes, and other sequences such as gradientecho must be applied to locate the microrobot prior to the
communication which uses the proposed EPI-based method.
The main focus of this paper was to exploit MRI as a sensitive receiver for communication with a microrobot. In our
future work, we plan to design and fabricate an integrated
circuit to be embedded on the microrobot for sensing an
environmental variable.

6 Conclusion
In this research, the basis for a new approach in communication for an untethered intelligent medical microrobot
was introduced and demonstrated. In the proposed method,
the frequency of the current circulating through a miniature planar coil embedded in the microrobot was designed
to change relatively to the sensory input level. The AC current produces AC magnetic field inhomogeneity, which is
detectable in MR images independent of the microrobots
orientation. The minimum magnetic field detectable by this
method is decreased to 350pT compared to 50nT in previous attempts [19]. This allows us to achieve a higher level
of miniaturization where the power source, and as a consequence, the generated magnetic field would be very limited.
Moreover, the ability to detect several frequencies makes
it possible to use the binary communication method for
more than one sensor on the microrobot, or to use several
microrobots by associating each sensor or microrobot to two
specific frequencies which differ from the others.
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Martel S, André W (2009) Embedding a wireless transmitter
within the space and power constraints of an electronic untethered
microrobot. In: Joint IEEE North-East workshop on circuits and
systems and TAISA conference, 2009. NEWCAS-TAISA’09, pp
1–4. IEEE
Sharafi A, Olamaei N, Martel S (2013) A new communication method for untethered intelligent microrobots. In: 2013
IEEE/ASME international conference on advanced intelligent
mechatronics (AIM), pp 559–564. IEEE
Bodurka J, Jesmanowicz A, JS Hyde HX, Estkowski L, Li SJ (1999) Current-induced magnetic resonance phase imaging. J
Magn Reson 137(1):265–271
Bodurka J, Bandettini PA (2002) Toward direct mapping of neuronal activity: Mri detection of ultraweak, transient magnetic field
changes. Magn Reson Med 47(6):1052–1058
Balac S, Caloz G (2000) Mathematical modeling and numerical
simulation of magnetic susceptibility artifacts in magnetic resonance imaging*. Comput Meth Biomech Biomed Eng 3(4):335–
349
Wortmann T, Dahmen C, Geldmann C, Fatikow S (2010) Recognition and tracking of magnetic nanobots using mri. In: 2010 international symposium on optomechatronic technologies (ISOT), pp
1–6. IEEE
Wortmann T, Dahmen C, Fatikow S (2010) Study of mri susceptibility artifacts for nanomedical applications. J Nanotechnol Eng
Med 1(4):041002–041002–5

25. Guio FD, Benoit-Cattin H, Davenel A (2007) Quantitative
study of signal decay due to magnetic susceptibility interfaces: Mri simulations and experiments. In: 29th Annual international conference of the IEEE engineering in medicine
and biology society, 2007, EMBS 2007, pp 1607–1610.
IEEE
26. Olamaei N, Cheriet F, Beaudoin G, Martel S (2010) Mri visualization of a single 15 navigable imaging agent and future
microrobot. In: 2010 Annual international conference of the IEEE
engineering in medicine and biology society (EMBC), pp 4355–
4358
27. Poustchi-Amin M, Mirowitz SA, Brown JJ, McKinstry RC, Li
T (2001) Principles and applications of echo-planar imaging:
A review for the general radiologist 1. Radiographics 21(3):
767–779
28. Beyzavi A, Nguyen N-T (2008) Modeling and optimization of planar microcoils. J Micromech Microeng 18(9):
095018
29. Fernández-Seara MA, Wehrli FW (2000) Postprocessing technique to correct for background gradients in image-based r* 2
measurements. Magn Reson Med 44(3):358–366
30. Chavhan GB, Babyn PS, Thomas B, Shroff MM, Haacke EM
(2009) Principles, techniques, and applications of t2*-based mr
imaging and its special applications 1. Radiographics 29(5):1433–
1449
31. Czervionke LF, Daniels DL, Wehrli FW, Mark LP, Hendrix LE,
Strandt JA, Williams AL, Haughton VM (1988) Magnetic susceptibility artifacts in gradient-recalled echo mr imaging. Am J
Neuroradiol 9(6):1149–1155
32. Lustig M, Donoho DL, Santos JM, Pauly JM (2008) Compressed
sensing mri. IEEE Signal Proc Mag 25(2):72–82

