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Wireless Tissue Palpation:
Proof of Concept for a Single Degree of Freedom

Marco Beccani, Christian Di Natali, Mark E. Rentschler, Pietro Valdastri

Abstract—Palpating tissues and organs to identify hidden
tumors or to detect buried vessels is not a viable option in
laparoscopic surgery due to lack of force feedback. So far,
research toward restoring tactile and Kinesthetic sensations in
minimally invasive surgery has focused on the distal sensing
element or on the proximal rendering of haptic cues. In this
work we present a pilot study to assess the feasibility of wireless
tissue palpation, where a magnetic device is deployed through a
standard surgical trocar and operated to perform tissue palpation
without requiring a dedicated entry port. The setup consists of a
wireless intra-body device and an external robotic manipulator
holding a load cell and a permanent magnet. Embedded in the
wireless cylindrical device (12.7 mm in diameter and 27.5 mm
in height) is a sensing module, a wireless microcontroller, a
battery and a permanent magnet. This preliminary study assessed
the precision in reconstructing the indentation depth based on
magnetic field measurements at the wireless device (i.e., 0.1 mm
accuracy). Experimental trials demonstrated the effectiveness of
wireless vertical indentation in detecting the elastic modulus of
three different silicone tissue simulators (elastic modulus ranging
from 50 kPa to 93 kPa), showing a maximum relative error below
3%. Finally, wireless palpation was used to identify differences
in tissue stiffness from a lump embedded into a porcine liver.
The reported results have the potential to open a new paradigm
in the field of palpation devices, where direct physical connection
across the abdominal wall is no longer required.

I. INTRODUCTION

ODAY minimally invasive surgery (MIS) is a popular

and widely accepted clinical practice, with more than
two million procedures performed in the United States an-
nually [?]. Robotic MIS is also increasingly common with
more than 2,000 of Intuitive Surgical’s da Vinci platforms
installed worldwide [1]. Despite the clear benefits in terms
of patient recovery time, pain and scarring after the surgery,
both MIS and robotic MIS prevent the surgeon from directly
manipulating tissues and organs as is done in open surgery [2].
In particular, laparoscopic instruments used in MIS severely
compromise any haptic cues because of friction against the
surgical port (i.e., trocar) and the fulcrum effect at the insertion
point [3]. The situation gets even worse when considering
commercially available robotic MIS platforms, where zero
haptic force feedback is available, since the surgical instru-
ments are teleoperated from a remote console. Therefore, in
MIS and robotic MIS the surgeon has minimal, or no, chance
to leverage tactile and kinesthetic sensations in preventing
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Fig. 1. Principle of operation for wireless tissue palpation using a wireless
palpation device (WPD).

accidental tissue damage or to explore non-visible tissue and
organ features by palpation.

Restoring tactile and kinesthetic sensations in MIS and
robotic MIS has been an active research topic for more
than two decades [4], [5], with one of the first systems
used in a human dating back 1994 [6]. A relevant number
of MIS instruments with force and/or tactile sensors have
been developed to acquire in vivo data for tissue modeling
and simulation [7]-[10], to improve the outcomes of the
surgical procedure — preventing excessive forces from being
applied to the tissues [3], [11]-[14], or to explore tissues and
organs by palpation [2], [15]-[17]. This last functionality is
particularly relevant whenever location and boundaries of a
hidden tumor must be located — registration with pre-operative
imaging is not effective for soft tissues [2], [16], or to identify
buried structures (e.g., nerves or blood vessels) that must be
avoided during the surgical procedure. MIS devices for tissue
palpation developed to date exploit different approaches, such
as grasping [5], [9], [12], rolling indentation [2], or vertical
indentation [7], [8], [10], [15], [16].

However, the fact that no commercial MIS instruments
with embedded force and/or tactile sensors have been adopted
clinically so far [18] illustrates that there exists a significant
roadblock preventing the translation of potentially transfor-
mative prototypes into clinical practice. Focusing on MIS
palpation devices, a possible barrier may be that surgeons are
not yet willing to devote a surgical port to an instrument whose
sole purpose is to palpate tissues. Therefore, providing a tissue
indenter that does not require port space may overcome this
potential adoption barrier.
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In this spirit, we propose a wireless approach to tissue in-
dentation, where a magnetic palpation device can be deployed
through a standard trocar and operated without requiring a
dedicated entry port. In other instances, the patient could
swallow a wireless capsule that is used to remotely palpate
organs through the gastrointestinal tract. Given the novelty of
the approach, this work aims to demonstrate the feasibility of
wireless indention for a single direction, leaving the extension
to multiple degrees of freedom to future studies.

II. MATERIALS
A. Principle of Operation

Referring to Fig. 1, the approach we propose takes ad-
vantage of an external magnetic field source and an intra-
body wireless palpation device (WPD) — embedded with a
miniature permanent magnet and wireless electronics. The
WPD can be introduced into the abdominal cavity through a
standard trocar and positioned on the target by a laparoscopic
grasper. Then, tissue indentation can be obtained by properly
modulating the gradient of the external magnetic field. In order
to generate kinesthetic data, the indentation depth and the
pressure applied on the tissue must be known at any given
time. In this pilot study, we restricted the investigation to a
single degree of freedom (i.e., vertical indentation) as a first
step toward proving the feasibility of the proposed approach.

A permanent magnet mounted at the end effector of a
robotic manipulator was adopted as external magnetic field
source. Considering the two magnets (i.e., the one inside the
WPD and the one at the external manipulator) oriented as in
Fig. 2, we studied the indentation of a tissue sample along
the vertical direction by cyclically translating the external
magnet along the Z axis. Neglecting gravity and assuming
a pure vertical motion for the WPD, the pressure exerted
on the tissue is provided by the ratio of the intermagnetic
force along the Z axis, F., and the area of the WPD face
in contact with the tissue. At the equilibrium, the intensity
of F, can be measured by placing a load cell in between
the external permanent magnet and the end effector of the
manipulator, as suggested in [19]. For vertical indentation as
represented in Fig. 2, gravitational force acting on the WPD
can be considered as a preload on the tissue and factored out as
an offset in the indentation trial. For any other configuration,
an accelerometer can be embedded in the WPD to provide the
inclination, thus allowing to quantify the exact contribution
of the gravity force, should this vary during indentation. In
this work, the inertial sensor is primarily used to verify the
assumption of pure vertical motion for the WPD.

The indentation depth §(¢) can be evaluated by measuring
the Z component of the magnetic field at the WPD. In
particular, referring to Fig. 2 and focusing on the tissue loading
phase, it is possible to express the distance between the
external magnet and the internal magnet at the generic instant
t as:

d(t) = d(to) — 0(t) — dr(to, ) (1)
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Fig. 2. Schematic diagram for wireless vertical indentation at the initial time
to (left) and at a generic time ¢ (right) during the loading phase.

where dg(to,t) is the vertical distance traveled by the robotic
manipulator since the beginning of the loading phase occurred
in tg. Since the motion of the external magnet is limited to the
Z axis and the WPD is aligned on that same direction in virtue
of magnetic coupling, we can assume that the Z component of
the magnetic field at the WPD, B, (t), is an univocal function
of d(t) [20]:

B.(t) = @[d(t)] 2

that can be numerically quantified through experimental cali-
bration. Therefore, the indentation depth 6(¢) can be expressed
by merging Eq. 2 with Eq. 1 and rearranging the terms as:

5(t) = ®[B.(to)] "' — ®[B. (1) — dgr(te.t). (3)

Since the value of dg(to,t) is available from the robotic
manipulator encoders and B, (t) can be measured by placing
a Hall effect sensor in the WPD, the total indentation depth can
be computed at any given time during the loading phase. The
same mathematical formulation applies — mutatis mutandis —
to the tissue unloading phase.

A relevant assumption for the proposed approach consists
of considering all the tissue deformation occurring at the
interface with the WPD. This holds true for the schematization
represented in Fig. 2 — where the tissue being tested is laying
on a rigid support. However, it may not be valid during in
vivo conditions, where a stiffer organ may lay on a softer
tissue. This approximation is, however, well accepted in the
field of in vivo tissue indentation, as long as the indentation
depth is relevantly smaller (approximately 10-15% of the total
thickness) than the organ under test.

B. Experimental Platform Overview

The experimental platform used to assess wireless tissue
palpation for a single degree of freedom is represented in Fig.
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Fig. 3. Robotic platform for wireless vertical indentation. The four edges
of the rigid support lay on a black supporting frame. The conoprobe laser is
used for indentation depth validation.

3. It mainly consists of the WPD, the robotic manipulator, and
the tissue being tested.

The WPD cylindrical shell is embedded with a permanent
magnet, a sensing module, a wireless microcontroller, and
a battery (Fig. 4). We selected an off-the-shelf cylindrical
NdFeB permanent magnet (K&J Magnetics, Inc., USA), 11
mm in diameter and 11 mm in height, with N52 axial
magnetization (magnetic remanence of 1.48 T). The sensing
module consisted of a Hall effect sensor (CYP15A, ChenYang
Technologies GmbH & Co. KG, Germany) to measure B,,
and a triaxial accelerometer (LIS331AL, STMicroelectronics,
Switzerland) — to verify that the WPD motion during inden-
tation was limited to the Z direction.

An analog signal conditioning stage connected to the Hall
effect sensor output allowed for canceling out the offset due to
the onboard permanent magnet (i.e., 100 mT), for applying a
low-pass filter (cut-off frequency of 30 Hz), and for amplifying
the magnetic field signal (x29), resulting in a resolution of
0.32 mT and a sensing range of 130 mT. An analog to
digital converter (ADC) (ADS8320, Texas Instrument, USA)
was used to acquire this voltage with a sampling rate of 1 kHz
and a resolution of 16 bits. The result of the conversion was
then transmitted through a serial synchronous interface to the
wireless microcontroller (CC2530, Texas Instruments, USA).
The signals generated by the accelerometer — that did not
required a 16-bit resolution for the sake of their purpose — were
acquired directly by the microcontroller through its embedded
12-bit ADC at 100 Hz. Accuracy results after digitalization
were 0.35 mT for the Hall effect sensor and 1.4 degree
for the accelerometer used as inclinometer. Real-time clock
timestamps were associated with each single measurement to
enable synchronization with signals acquired by the external
platform. The data were transmitted over a 2.4 GHz carrier
frequency to a receiving unit located in the same room and
connected to a personal computer, where data were unbundled,
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Fig. 4. Picture (a) and schematic view (b) of the wireless palpation device.

(b)

displayed, and stored. The use of a 2.4 GHz carrier frequency
was demonstrated to be effective in transmitting data through
living tissues in [21], [22]. The wireless microcontroller was
integrated into a custom-made 9.8 mm diameter printed circuit
board, together with radiofrequency components. A digital
switch driven by the microcontroller was placed between the
battery and the sensing circuitry, to save battery power when
measurements were not required.

A 15 mAh, 3.7 V rechargeable LiPo battery (030815,
Shenzhen Hondark Electronics Co., Ltd., China) was used as
the onboard power supply. The battery layout (originally 8 mm
x 15 mm x 3 mm) was reduced to fit the cylindrical shell.
Considering that data acquisition and transmission requires an
average of 33 mA, battery lifetime was almost 30 minutes.
Operational lifetime can easily be extended to fit application
requirements by maintaining the WPD in sleep mode (average
current consumption of 1.5 pA) and waking up the system by
remote triggering whenever a palpation task is going to be
performed.

As represented in Fig. 4, all the components were integrated
inside a cylindrical plastic shell fabricated by rapid prototyping
(OBJECT 30, Object Geometries Ltd, USA). Thanks to its
small size (12.7 mm in diameter and 27.5 mm in height), the
WPD can be introduced through a 12-mm surgical trocar (e.g.,
the 5-12 Vesaport Plus, Covidien, USA has an inner diameter
of 13 mm). An axial-symmetric design was pursued in order
to keep the WPD center of mass along its main axis, thus
guaranteeing an uniform pressure on the tissue. Considering
vertical indentation, the WPD surface area in contact with the
tissue was 113 mm?2, while the total weight was 117 mN (i.e.,
WPD mass was 12 g). It is worth mentioning that a tether can
be connected to the WPD, should the surgeon feel the need
for a fast retrieval of the palpation device in case of failure.

Concerning the external part of the platform — represented in
Fig. 3 — an off-the-shelf cylindrical NdFeB permanent magnet
(50 mm in diameter and 50 mm in height, weight 772 g),
with N52 axial magnetization (magnetic remanence of 1.48
T), was adopted. Considering an average thickness of the
abdominal wall upon insufflation of 30 mm [23], this magnet
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was selected on the basis of numerical analysis [24] to operate
at a distance along Z ranging from 35 mm to 75 mm away
from the WPD. In this region, the simulated absolute values of
the field gradient range from 3.75 T/m to 0.6 T/m, respectively.
Considering the features of the magnet embedded in the WPD,
the expected intermagnetic force spans from 4.7 N to 0.75
N. Should the required working distance be increased due
to specific patient constraints (e.g., larger body mass index),
an external magnet with different features can be selected by
running numerical simulations again.

The magnet was embedded in a plastic holder connected
to a 6-axis load cell (MINI45, Ati Indutrial Automation, Inc.,
USA), having a resolution of 65 mN for the Z component
of the force. The magnet-load cell assembly was mounted
at the end effector of a six degrees of freedom industrial
robot (RV6SDL, Mitsubishi Corp., Japan), presenting a mo-
tion resolution of 1 um along the Z direction. It is worth
mentioning that the holder was designed so to space the
magnet enough from the load cell and the manipulator to
prevent electromagnetic interferences. Data from the load cell
were acquired by a dedicated acquisition board (NI-PCI 6224,
National Instruments, USA) at a sampling frequency of 10
kHz, and merged with the manipulator position and the signals
coming from the WPD.

The tissue sample being tested — silicone samples (M-
F Liquid Plasticc MF Manufacturing, USA) with different
stiffnesses or porcine liver, depending on the trial — was placed
on a 2 mm thick rigid support, as represented in Fig. 3.

Finally, the algorithm described by Eq. 3 was implemented
in Matlab (Mathworks, USA) upon experimental calibration.
In particular, the numerical function ®~! was evaluated by
placing the WPD directly on the rigid support and by recording
B, (t) while moving the external magnet at a constant speed
(i.e., 3.12 mm/s) from a starting position 75 mm away from
the rigid support along the Z axis (i.e., dr varying from 0
mm to 75 mm, where for dr = 75 mm the top part of the
holder was almost in contact with the lower side of the rigid
support). This measurement was performed for five loading-
unloading cycles, and the values were averaged. Given the
exponential decay of the magnetic field with distance, a fifth-
order polynomial function was used to fit ®~*, thus obtaining:

d(t) =@ ' [B.(t)] = > _a;- B.(t)’ )
=0

with ap = 185.6 mm, a; = —6.95-10%> mm/T, ap = 1.57-10*
mm/T?, a3 = —2- 107 mm/T3, ay = 1.31 - 107 mm/T%, a5 =
—3.51 - 107 mm/T®. The square of the correlation coefficient
for the proposed fitting was R? = 0.99998.

Since we are proposing a novel method to quantify the
elastic modulus of the material being tested, it is interesting to
analyze in detail the error we should expect. Assuming vertical
indentation, the error in measuring the stress straightforwardly
depends on the accuracy of the load cell (i.e., 65 mN).
Concerning the indentation depth, the polynomial function
in Eq. 4 is applied to a sensor reading affected by a given

uncertainty AB,. Considering J(t) as expressed in Eq. 3, we
can write its absolute error as a function of AB, and Adg:

12121800

Considering Eq. 3 and a negligible error in dp — a
reasonable assumption given the high manipulator position
resolution, we then have

|- [AB:| + |Adg]. (5

5
A8 =1 i-a;- Bo(t)""!| - |AB.]. 6)
=1

This equation clearly shows how the accuracy of the pro-
posed method depends upon the strength of the magnetic field
at the WPD, which, for the proposed platform, is a function of
the distance between the external magnet and the WPD. Thus,
higher accuracy is obtained in a stronger magnetic field (i.e.,
the shorter the distance between the WPD and the external
magnet).

III. EXPERIMENTAL RESULTS

Experimental validation of single degree of freedom wire-
less palpation consisted in three different trials. First, the
effectiveness of the algorithm in reconstructing the indentation
depth from magnetic field values was assessed. Then, three
silicone tissue samples, each with a different elastic modulus,
were indented with the proposed approach, and the results
compared with standard indentation. Finally, a lump was
embedded in a porcine liver and wireless palpation was used
to identify differences in tissue stiffness.

1.8r

---CONOPROBE LASER
—WPD /

1.6+

% 5 10 15 20 25 30 35 40 45
dR (mm)
Fig. 5. Tissue indentation depth plotted as a function of dr and measured

via the conoprobe laser and via the proposed WPD approach.

A. Indentation algorithm assessment

An optical conoscopic holography sensor (Conoprobe, Opti-
met, USA) was adopted as reference measurement system. The
conoprobe laser was pointed at the upper circular surface of the
WPD, as shown in Fig. 3. The indentation test was performed
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Fig. 6. Tissue indentation depth error A¢ as a function of d for the WPD
approach. The two dashed lines represent the envelope of the maximum
measurement error for the tissue indentation depth, Ad, as a function of the
distance d.

on a squared silicone tissue sample (elastic modulus 64.49
kPa, thickness 35 mm, lateral side 75 mm) for dr varying at
a constant speed (i.e., 3.12 mm/s) from 0 mm to 41 mm, where
for dg =41 mm the top part of the external magnet holder was
almost in contact with the lower side of the rigid support. Five
loading-unloading trials were completed and error analysis
was performed on the acquired data. Accelerometer output
confirmed that WPD motion was only occurring along the Z
direction.

A typical loading plot for §(¢) acquired with both the
reference system and the proposed approach is represented
in Fig. 5 as a function of dgr. Considering the tissue sample
thickness, the rigid support, and the recorded indentation
depth, the distance d from the external magnet to the WPD
varied from 75 mm to 35 mm during the trials.

Concerning the error, the Hall effect sensor measurements
presented a maximum error of £0.3 mT. By using this value in
Eq. 6 as AB,, it is possible to plot an envelope of the expected
maximum measurement error of the tissue indentation depth
0 as a function of the distance d (Fig. 6). For all of the
acquired measurements, the difference between the conoprobe
laser reading and the reconstructed § always fell within the
envelope. One example is given in Fig. 6. From the same plot
it is possible to see that the measurement error for § is &+ 0.1
mm at 35 mm, and increasing to £ 0.5 mm at 75 mm.

B. In vitro trials

In order to validate the effectiveness of wireless palpation to
detect the elastic modulus like done when using a traditional
indenter, three squared silicone tissue simulators (thickness
35 mm, lateral side 75 mm) were fabricated, each with a
different proportion of hardener (i.e., 20%, 25%, and 30%),
thus resulting in different elastic moduli E1, E2, and E3 [25].
A traditional vertical indenter was obtained by replacing the
magnet holder with a cylindrical probe at the interface with
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Fig. 7.  Experimental data acquired by standard indentation (a) and by
wireless indentation (b) for three different silicone tissue samples.

the load cell. The probe was designed to have the same contact
area as the WPD. The indenter probe was first driven to touch
the surface of the tissue layer with a preload of 0.2 N. Five
loading-unloading trials — reaching an indentation depth of 3
mm — were performed for each tissue sample at a constant
speed of 3.12 mm/s. Stress-strain plots obtained from a single
loading are represented in Fig.7a. Elastic moduli obtained by
least square fitting were E1 = 50.75 kPa (R? = 0.9973), E2 =
64.49 kPa (R? = 0.9935), and E3 = 93.92 kPa (R? = 0.9972).

Wireless palpation was then performed on the same three
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samples. Five loading-unloading trials were performed by
following the same protocol described for the assessment of
the indentation algorithm (see Sec. III-A). The results are
reported in Fig. 7b. Also in this case, accelerometer data
confirmed that WPD motion was always occurring along the Z
direction. Indentation force reached 1.26 N, while indentation
depth ranged from 0.85 mm for the stiffer sample to 1.57
mm for the softer sample. Elastic moduli obtained by least
square fitting were E1 = 51.51 kPa (R?> = 0.9825), E2 =
63.75 kPa (R? = 0.9802), and E3 = 91.43 kPa (R? = 0.9608).
Considering all the performed trials, the average relative error
for wireless palpation in measuring the elastic module was
1.5%, 1.1% and 2.8% for the tissue samples having El, E2,
and E3, respectively. The largest relative error occurred for the
stiffer tissue sample. This can be explained by considering that
the indentation depth for this sample was the smallest, thus the
distance between the WPD and the external magnet was the
largest among the trials, leading to the largest error.

C. Ex vivo trials

A freshly excised porcine liver (maximum length 250 mm,
maximum width 140 mm, maximum thickness 40 mm, weight
450 g) was used for the ex vivo trials to verify whether the
WPD was able to detect a stiffer area in the organ. Since
in this study the motion of the WPD was not constrained to
the vertical axis, but the sensing technique was limited to the
vertical direction, we decided to use a squared lump instead of
a spherical nodule — as suggested in [3] and [15], in order to
minimize lateral motions of the WPD. The squared lump was
made from hard material (Objet VeroWhite material, elastic
modulus stiffer than 1100 MPa) using a rapid prototyping
machine; the lump was 2 mm thick and 16 mm in side, so to
cover a larger area than the WPD. The lump was embedded
10 mm beneath the tissue surface so as to simulate a hidden
malignant liver tumor, usually stiffer than the surrounding
healthy tissue.

Wireless indentation was performed 20 mm on the left from
where the lump was embedded (i.e., position A in Fig. 8a —
WPD during palpation represented in Fig. 8b) and directly on
top of the lump (i.e., position B in Fig. 8a). The same protocol
described for the assessment of the indentation algorithm (see
Sec. III-A) was followed and the accelerometer data confirmed
that WPD motion was occurring along the Z direction. The
results are reported in Fig. 9. Indentation force reached 3 N,
while maximum indentation depth was 3.5 mm. Elastic moduli
obtained by least square fitting at the two positions were E 4 =
46.01 kPa (R? = 0.9622) and Ep = 67.50 kPa (R? = 0.9669).

IV. CONCLUSIONS AND FUTURE WORK

While most research has focused either on providing force
and tactile sensing at the end effector, or enabling haptic
rendering at the user interface, the proposed approach tackles
the physical connection between the two sides of the palpa-
tion instrument. The reported results lead to the conclusion
that wireless vertical indentation is feasible in a laboratory
setting, showing comparable results to traditional indentation

Fig. 8. Liver sample where A and B highlight the positions where wireless
palpation was performed. The squared lump was embedded 10 mm beneath the
tissue in position B, as represented by the squared overlay. Distance between
position A and B is 20 mm (a). Side view of the porcine liver with the WPD
above position A (b).
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Fig. 9. Experimental data acquired by wireless vertical indentation on on

the liver surface in positions A and B.

techniques. Given the absence of a rigid link between the
palpation probe and the external platform, vibrations and
patient’s respiration will likely affect the measurement when
moving to in vivo operations. These artifacts can be potentially
filtered out thanks to the onboard accelerometer. Undesired
magnetic interaction with surgical tools can be prevented by
using non-magnetic or plastic instruments.

Given these encouraging — yet preliminary — results, the next
step is to demonstrate wireless palpation in a more realistic
setting, where the motion of the palpation device is not limited
to a single axis. This further step requires real-time pose (i.e.,
position and orientation) detection for the WPD [26], that can
be used together with three-dimensional manipulation [27]—

708



[29] to explore organ surfaces. The inertia of the external
magnet will likely hamper the measurement of the intermag-
netic force by the external load cell. Therefore, alternative
techniques should be pursued to detect indentation pressure,
such as measuring the magnetic field gradient at the WPD
or integrating a tactile skin [30] on the external surface of the
WPD. Rolling indentation [2] is also a possible future direction
that can be addressed by adopting diametrically magnetized
magnets and ad hoc tissue-device interaction models [31].
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