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ABSTRACT Laparoscopic surgery is a technique in which surgeons insert laparoscopic instruments into the
body through a small incision and conduct surgical operations. It offers a shorter recovery period, less blood
loss, and less postoperative pain than open surgeries. In order to maximize these benefits of this surgery
technique, it is important to localize the lesion accurately without palpation, minimizing the surgical area.
It is because surgeons cannot palpate the organ during laparoscopic surgeries. For accurate localization,
we propose a lesion localization system (LLS). This adopts an endoscopic clip with a small-size magnet as
a marker and an improved magnetometer as a probe for measuring the magnetic field from the magnet. The
magnetometer, which consists of two Hall sensors, can cancel out the fluctuating magnetic baseline mainly
caused by external environments so that it can detect a smaller change in the target magnetic field. As a
result, the LLS improves the detection range up to 40 mm while using a weak magnet with a small volume
of 17.1 mm3, which is compatible with the use of commercial clip appliers. An error of less than 0.1% is
achieved at a distance of 40 mm, and the maximum error is kept below 6% even when the rotation angle is
varied to ±90◦. This LLS does not cause discomfort to the surgery operation because it uses a marker small
enough and does not require external coils.

INDEX TERMS Baseline cancellation, endoscopic clip, hall sensor, laparoscopic surgery, lesion
localization, magnetometer, minimally invasive surgery, precision, small-sized magnet.

I. INTRODUCTION
Minimally invasive surgeries (MISs) have become a preferred
surgery method over conventional open surgeries, allowing
the surgeon to access the internal organs through small
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incisions [1].MISs have beenwidely adopted in various fields
of surgery with rapid developments [2]–[4]. Particularly,
laparoscopic surgeries, one of theMISs, have been applied for
gastrointestinal surgeries and have advanced with the devel-
opment of various surgical instruments [5], [6]. In laparo-
scopic surgeries, surgeons insert laparoscopic instruments
into the body through a small incision and conduct complex
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FIGURE 1. A surgical procedure using a lesion localization system for laparoscopic surgery.

operations within the chest cavity, abdomen, or pelvis [7].
This results in a shorter recovery period, less blood loss,
less severe postoperative pain, and better cosmetic outcomes
compared to open surgeries [5]–[9].

Although laparoscopic surgeries are beneficial to patients,
there are some challenges. One of the main challenges is that
it is difficult for the surgeon to localize the small lesion, such
as early cancer, because they cannot palpate the organ [5].
If the lesion is inaccurately localized, a further laparotomy is
necessary to respect the remaining lesion [10]. Therefore, it is
important to localize the lesion accurately during the surgery
to determine the correct oncologic resection range [5], [11].
As one of the conventional marking methods, an endoscopic
clip can be attached near the lesion by an endoscopic clip
applier during a preoperative endoscopy. Since the clips are
invisible from the outside of the serosal walls, however,
the surgeon needs to palpate to localize the clips [5], [12].
Therefore, several localization systems have been proposed
for laparoscopic surgery to localize the lesion accurately
without palpation.

Fig. 1 shows a surgical procedure using a lesion local-
ization system (LLS) for laparoscopic surgery. During the
preoperative endoscopy process, a marker is attached or
tattooed to the target lesion. When the marker is made based
on advanced techniques, a clip applier is used to inject the
marker through the working channel while localizing the
tumor by using the camera of the endoscope. Since the
working channel of conventional endoscopes has a diameter
of 2.8 mm [13], the marker should have a diameter less
than that of the working channel to be inserted without other
equipment. In the following laparoscopic surgery process,
the marker is identified by a laparoscopic probe (LP), and
then the lesion is resected or treated by laparoscopic surgical
instruments. Here the LP should have a diameter of less than
10 mm to insert the LP through a 10-mm laparoscopy trocar

port. It is in great demand for a small marker and a precise
localization method with small and simple hardware.

One of the popular conventional marking methods is
tattooing. India ink is injected near the target lesion
during the preoperative endoscopy or the first diagnostic
endoscopy [14]–[16]. The target lesion’s location can be
identified during laparoscopic surgery because India ink can
be visible outside the organ. However, several problems were
reported; this method would cause inflammation, perforation,
or inaccurate marking by washout and spreading of the
ink [5], [6], [17], [18]. Although safety-related issues can
be resolved by using the indocyanine green ink instead of
India ink [19], this method using indocyanine green has not
resolved the inaccurate marking issue by ink spreading [5].
Subsequently, endoscopic clips coated with indocyanine
green or other fluorescent dyes have been proposed to avoid
the spreading of the ink [20]–[22]. However, this method
requires a special light, cameras, or eyewear to identify the
fluorescent ink [18], [20].

As IT technologies advance rapidly, several types of LLSs
combining with various IT technologies have been proposed
to overcome the drawbacks of ink-based LLSs. It was
proposed to use an endoscopic clip attached with a radio
frequency identification (RFID) tag as a marker [6], [12],
[13]. The antenna in the corresponding LP supplies power to
the tag in the organ while the LP detects the signal strength
transmitted from the tag. The tag and the antenna are small
enough to use a commercial endoscopic-clip applier and a
10-mm laparoscopy trocar port. For example, the RFID tag
in [6] has a radius of 2.23 mm and a thickness of 9 mm,
and it was attached to the lesion with an endoscopic clip
as a maker. And an antenna with a radius of 9 mm was
used for localization [6]. However, these LLSs have a
limited detection range due to the small size of antennas.
The communication range between the tag and the antenna
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decreases as the antenna gain decreases [23]–[25]. The LLS
in [6] achieved a detection range of less than 22 mm. In order
to increase the detection range, a thoracoscopic surgery
support system using one more antenna was proposed [26].
Here the antenna inside the LP only detects the signal while
an additional antenna outside the body supplies power to
the RFID tag. This LLS achieved an improved detection
range of less than 30 mm by using the power-supplying
antenna. However, it could cause discomfort during the
surgery because the additional antenna should be placed just
outside the lesion to transmit the power.

Alternatively, an LLSwith an endoscopic clip that employs
a light-emitting diode (LED) and a small coiled antenna as
a marker was proposed [5]. The marker with the LED and
antenna has a radius of 2 mm and a thickness of 9 mm.
Due to this LED, the location of the clip can be identified
by a laparoscopic camera during surgery. Here, power for
the LED is delivered through the coiled antenna from an
external power source outside the body. To supply sufficient
power, the external power source should be placed close
to the surgery region of the patient. Although the external
power source using a coiled antenna of 200-mm diameter is
smaller than the additional antenna in [26], it may still cause
discomfort to the surgeons during surgery. When insufficient
power is provided to the LED due to a long distance or an
unmatched direction between two antennas, the LEDmay not
be turned on, leading to a failure of lesion localizing.

To avoid using additional external devices such as
antennas, an LLS using a magnet and a magnetometer was
proposed [27]. A magnet is attached to the endoscopic
clip, which is placed near the lesion during preoperative
endoscopy. The magnetometer on the LP measures the
magnitude of the B field from the magnet to localize the
clip. In a clinical study using a magnet with a maximum
B-field magnitude of 320-mT and a magnetometer with
10-mT detecting ability, this LLS achieved a detection rate
of 100% and 40% at distances of 10 mm and 50 mm,
respectively [27]. However, this LLS’s detection rate and
range decrease as the marker’s maximum B-field magnitude
decreases. For example, the detection rate of 40% at 50 mm
was reduced to 0% when a smaller magnet with a maximum
B-field magnitude of 130-mT was used. The maximum
B-field magnitude is determined by the dimension of the
marker. The size of the magnet is firstly limited by the
commercial clip applier, which is used to inject the magnet
and the endoscopic clip into the organ. Thus, with a given
small size of the magnetic marker, the detecting ability of
the magnetometer should be improved to achieve a better
detection rate and range.

To address this challenge, this paper proposes an LLS that
achieves a longer detection rangewith high precision by using
an improved magnetometer. The proposed magnetometer
consists of two Hall sensors to detect a much smaller
B-field change differentially by removing fluctuating base-
lines mainly caused by external environments in real-time.
As a result, the proposed LLS can improve the detection

range while using a much weaker and smaller magnet, which
is more suitable for using commercial clip appliers. The
conventional LLS based on a magnetometer in [27] had
difficulty in the attachment process because the diameter of
the magnet is larger than the working channel of conventional
endoscopes [13]. The diameter of its magnet is 4 mm [27],
whereas the diameter of the working channel of conventional
endoscopes is 2.8 mm [13]. On the contrary, the magnet
adopted in the proposed LLS has a diameter of 2.2 mm, which
is smaller than the working channel. Furthermore, the longer
detection range of the proposed LLS would be helpful for
localizing the tumor more quickly. The commercial Hall
sensors on themagnetometer have a sufficient sensitivity with
a small form factor.

The proposed LLS has the following advantages compared
to other types of LLSs. The proposed LLS does not have
the inaccurate marking issue by ink spreading or the safety
issue, both of which are the main concerns of ink-based
LLSs. According to the clinical results in [27], none of the
patients experienced complications from the magnetometer-
based LLS. Next, the proposed LLS does not require high-
cost external equipment like a special light or camera
which are required in LLSs based on ink-coated endoscopic
clips. At last, the proposed LLS does not employ any
external antenna, which is required in the RFID-based LLS
and LED-based LLS. The proposed LLS achieves an even
longer detection range than the RFID-based LLS without the
discomfort caused by the antenna. In addition, it does not have
the localization-failure issue of LED-based ones because it
does not require any external power supply for the clip.

The remainder of this paper is organized as follows.
Section II discusses the main challenges in detecting small B
fields in surgery room environments. Section III describes the
hardware implementation and the algorithm of the proposed
LLS. Section IV presents measurement results of the system,
followed by conclusions in Section V.

II. CHALLENGES IN MEASURING SMALL
MAGNETIC FIELDS
The B field from the magnet of the marker is too small
to be easily interfered by other magnetic fields from
the surrounding environment. The ambient environment
magnetic field (Benv) is a combination of a geomagnetic
field (Bgeo) and a B field from ferromagnetic objects (Bferro)
nearby [28]. This makes an unwanted baseline in the B field
of the LP, interfering with the small B field from the marker
indicating the target lesion’s location.
Bgeo has a constant magnitude within a range from 23 µT

to 66 µT and a fixed direction if confined in a small-scale
region [29]. Therefore, the magnitude of Bgeo (|Bgeo|) can
be compensated by measuring |Bgeo| with and without the
magnet and taking the difference. However, this process may
cause inconvenience for surgeons to some extent and does
not work well for cases with long surgery time. Moreover,
the magnitude of Benv (|Benv|) fluctuates not only by various
environment conditions such as surrounding objects and time
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FIGURE 2. (a) Experiment setup for measuring the ambient magnetic field
(Benv ) with varying rotation angle of the LP. The LP is rotated from –45◦

to 45◦. (b) Benv output of the Hall sensor. The data of each axis are
calibrated by subtracting the measurement value at 0◦ from the
measurement outputs.

but also by the vertical and horizontal positions and angles
of the LP [28]–[33]. The LP should be moved constantly
to localize the lesion, and the positions of surrounding
electrical instruments can be changed during the surgery.
Thus, it is difficult to compensate for such fluctuations by
using an initial background Benv measurement. Therefore,
these fluctuating baselines should be automatically removed
in real-time because it is not practical to calibrate periodically
during surgery.

To observe the fluctuation of Benv according to the
movement of the LP, the magnetic field was measured
with the B-field-sensing LP in the experiment setup shown
in Fig. 2(a). The LP has a Hall sensor at the inner end and was
fixed to a micro-stage. The LP was rotated in the micro-stage
from –45◦ to 45◦ with no magnet nearby while it was kept
parallel to the floor. Fig. 2(b) shows the measured results of
Benv in the x-, y-, and z-axes. The Benv measurements of the
three axes were calibrated by subtracting the measurement
value at 0◦ from the measurement outputs. As shown in
the figure, the measured B fields significantly fluctuate as
the rotation angle changes. This fluctuating baseline by the
rotation of the LP cannot be removed by the initial calibration.
Whenever the rotation angle changes, this varying baseline

is measured, which interferes with the measurement of the
target B field from the magnet of the marker.

III. PROPOSED LESION LOCALIZATION SYSTEM
The proposed LLS consists of a marker, an LP, and a position
indicator, as shown in Fig. 1. Among various markers,
the proposed LLS adopts an endoscopic clip with a magnet.
This kind of markers does not involve the inaccurate marking
issue by spreading of ink. In addition, the marker does
not need to receive power using an antenna or from a
battery.

Fig. 3(a) shows a block diagram of the magnetometer,
which is embedded at the inner end of the LP and the
signal processor inside the position indicator of the proposed
LLS. Fig. 3(b) shows pictures of the LP, the magnetometer
inside the LP, the position indicator, and the signal processor
board. Since only a tiny volume is allowed inside the LP,
the magnetometer consists of only two Hall sensors and
several passive components, including decoupling capacitors,
to minimize the volume. The magnetometer measures the
surrounding B field while the signal processor performs
all other processing functions. The Hall sensors (MPU-
9250, InvenSense), which include an integrated analog-to-
digital converter (ADC), have a sensitivity of 0.6-µT LSB
and a full-scale range of ±4800 µT with a small size
of 3.0 × 3.0 × 1.0 mm3. Other analog-output Hall sensors
may have a wider range and better sensitivity, but they require
external amplifiers and high-resolutionADCs. This requires a
large board area, so it is not suitable for small magnetometers.
ATMEGA2560 is used as a microcontroller of the signal
processor. It transmits commands to the magnetometer,
receives digital data from the magnetometer through I2C
communication, and indicates the distance using an LCD
monitor and a buzzer. As shown in Fig. 3(c), the LCD
monitor changes according to the distance between the LP
and the marker. A DC-DC converter and a low-dropout
(LDO) regulator generate the supply voltages for the whole
system. Using a USB-to-UART interface, the firmware of the
microcontroller can be updated, and the collected data can be
sent to the computer.

The proposed magnetometer consists of two Hall sensors
(SENSOR1 and SENSOR2) to remove any fluctuating Benv
baseline in real-time. As shown in Fig. 3(b), SENSOR1 is
located at the end of the LP, and the SENSOR2 is located
40mm apart from SENSOR1. When the LP is near the marker,
SENSOR1 simultaneouslymeasures aBfield generated by the
magnet (Bmagnet ) and Benv. SENSOR2 also measures Benv and
Bmagnet , but Bmagnet measured by SENSOR2 is much smaller
because of the two sensors’ position. The microcontroller
subtracts the measured outputs of SENSOR2 from those of
SENSOR1 by using the following equation:

1 =

√
(Bx1 − Bx2)2 + (By1 − By2)2 + (Bz1 − Bz2)2 (1)

where Bx1, By1, and Bz1 are measured outputs in x, y,
and z directions of SENSOR1 after an offset cancellation,
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FIGURE 3. (a) A block diagram of the magnetometer, which is embedded at the inner end of the LP, and the signal processor inside the position
indicator of the proposed LLS. (b) Pictures of the prototype: LP (top left), magnetometer board (bottom left), position indicator (top right), and
signal processor board (bottom right). (c) Position indicator displaying the distance of 0, 1, 2, and 3 cm.

FIGURE 4. Simplified configuration for calculation of the B field from a
ring-type magnet.

respectively. Bx2, By2, and Bz2 are results of SENSOR2. 1 is
converted to the distance between the magnet and the LP by
using a look-up table.

The closer the distance between SENSOR1 and SENSOR2
(dsens) gets, the more effectively Benv is cancelled out. It is
because two sensors receive more identical Benv from the
surrounding environments. However, if dsens is too close,
Bmagnet is also cancelled out. Thus, dsens should be large
enough for Bmagnet measurement. The magnitude of the B
field can be calculated using the Biot-Savart law in order to
determine dsens. Assume a ring-type magnet shown in Fig. 4,
which is suitable to be attached to the endoscopic clip. The
magnitude of the B field generated by the magnet at dm is

TABLE 1. The ratio between B fields at two different locations.

given as follows [34]:

|Bring(dm)| =
Br
2
×

[(
Dm√

R2 + D2
m

−
Dm√

r2 + D2
m

)

−

(
dm√

R2 + d2m
−

dm√
r2 + d2m

)]
(2)

where Br is a residual magnetic flux density depending
on the material of the magnet. This is the value when an
external field is not existed. Table 1 shows the ratio between
magnitudes of B fields at dm and dm + dsens obtained by
Eq. (2). When dsens is longer than 30 mm, |Bmagnet |measured
by SENSOR2 at dm + dsens (|B(dm + dsens)|) can be smaller
than 20% |Bmagnet | measured by SENSOR1 at dm. Based on
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FIGURE 5. Baseline cancellation results for (a) x-axis and (b) magnitude
of B field when the LP is rotated from –45◦ to 45◦.

this with a design margin, dsens of the prototype was set to be
40 mm.

IV. MEASUREMENT RESULTS
This section presents the experimental results about the
baseline cancellation and detection range of the proposed
LLS. The LP and the position indicator of the prototype
shown in Fig. 3(b) and (c) were used to detect the distance
between the LP and an endoscopic clip with a ring-type
magnet.

The same experiments shown in Fig. 2 with the magne-
tometer were performed to validate the real-time baseline
cancellation. Fig. 5(a) shows Bx1 and Bx2 measured by
SENSOR1 and SENSOR2, respectively. The micro-stage
rotated the LP from –45◦ to 45◦ while keeping it parallel to the
floor. Both Bx1 and Bx2 significantly fluctuate as the rotation
angle changes. However, Bx1 − Bx2 remains almost constant
regardless of the rotation angle. Fig. 5(b) shows 1 (Eq. (1))
of |Bsens1| and |Bsens2|, which are the B fields measured by
SENSOR1 and SENSOR2 after calibration to the angle 0◦.
As shown, the fluctuation of 1 is significantly reduced from
25µT to less than about 6µT across the rotation angle range.

This remaining baseline 1 limits the sensitivity of the
magnetometer. To ensure sound measurements, 1 from the
marker should be larger than this remaining baseline. Fig. 6

FIGURE 6. Measured 1 (the magnetic field difference) over dm (the
distance between the LP and the marker) for three different number of
unit magnets.

FIGURE 7. Histogram of measured 1 for distances at 40 mm and 39 mm.
Here 100 samples are averaged for each data point.

shows 1 measured by the LP over the distance dm. Here,
the number of unit magnets on the marker is changed from
one to three. The unit ring-type magnet has a dimension
of R = 1.1 mm, r = 0.6 mm, and L = 1.5 mm. As dm
increases, 1 decreases. All across the distance range of
interest (40 mm),1 is always higher than 6 µT. Because one
magnet consisting of three unit magnets is still small enough
and gives a higher B field, we determined to use three unit
magnets. The dimension of the magnet is still smaller than the
RFID tag in [6] and the LED with the coiled antenna in [13].
The beneficial effect from the baseline cancellation increases
as dm increases. For example, when 25 µT, which is the
maximum value of measured baseline in Fig. 5(b), is added
to the data at 40 mm due to lack of the baseline cancellation,
the data at 40 mm cannot be distinguished from the data
at 27.3 mm. When 15 µT, which is the minimum value of
measured baseline, is added, the data at 40 mm is difficult
to be differentiated from the data at 30.8 mm. As such,
the baseline can interfere with the detection severely when
dm is large. Thanks to the baseline cancellation technique,
detection at long dm can be significantly improved, thus
extending the maximum detection range.

Fig. 7 shows a histogram of the measured 1 for two
different distances, 39 mm and 40 mm. Each data was
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TABLE 2. Performance summary and comparison.

FIGURE 8. (a) 1 and (b) error over dm of the LP for different rotation
angles.

obtained by averaging 100 samples. When the number of
average, Navg, is higher than 100, 500 data at 40 mm and
500 data at 39 mm are completely distinguishable from each
other without error. This infers that the bit-error rate (BER)
for 1 mm resolution is lower than 0.2%. To perform this
average function, a data storage of 3 × 2 × Navg × 2 bytes
of is required. It is because 1 in Eq. (1) is obtained from
three axes of two sensors, and each data has a size of 2 bytes.
This amount of storage can be easily provided by the
microcontroller (ATMEGA2560), which includes an 8-Kbyte
SRAM.

Fig. 8(a) shows 1 for three different rotation angles of
the LP, i.e., 0◦, 90◦ and –90◦. For different rotation angles,
the baseline is different, as shown in Fig. 5. Thanks to the
baseline cancellation, the baseline is removed, so all these
three1s have a good agreement. Fig. 8(b) shows the1 error
of the cases with rotation angles of –90◦ and 90◦ compared
to 1 at 0◦. 1s at 40 mm of three cases are calibrated for
removing the offsets caused by inaccurate positioning during
experiments. The maximum error is only 6%. It is important
to know not only the location of the tumor but also the
precise distance between the tumor and the LP because the
operator needs to resect the tumor with a clinical margin
accurately. The marginal resection range may depend on the
operator and has been reported with a wide range [6]. The
National Comprehensive Cancer Network (NCCN) suggests
a margin of 40 mm or greater than the gross tumor [35].
The Japanese Gastric Cancer Association (JGCA) suggests
a margin of 20–30 mm for early gastric cancers [36]. In this
regard, the baseline cancellation can be helpful to precisely
resect the tumor with such margin, thanks to the increased
detection range. The detection range up to 40 mmmeets both
guidelines of NCCN and JCGA [35], [36].

The performances of the proposed LLS and other previous
LLSs are summarized and compared in Table 2. An endo-
scopic clip with a magnet, which has a 3.2-mT maximum
magnitude of Bmagnet , is used as a marker in this work. The
proposed magnetometer cancels out the fluctuating baseline
by utilizing two Hall sensors. A detection error of less than
0.1% was achieved at a distance of 40 mm. The maximum
error is only 6%when the rotation angle is at –90◦. Compared
to the previous LLS using a magnet [27], the proposed LLS
achieved an improved detection range even with a much
weaker magnet. This means that the magnet of the proposed
LLS can be a much smaller size than that of the LLS in [27]
when the magnets are composed of the same material and
have the same Br (Eq. (2)). The proposed LLS achieves a
longer detection range of 40 mm than other LLSs in [6]
and [26] based on RFID tags. It is because the detection range
does not depend on the dimension of the antenna inside of
the LP. In addition, the proposed LLS does not need a battery
in the marker unlike [5], enabling a small marker size. The
volume of our marker except the clip is compared to those of
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others, and it is the smallest. Moreover, it does not require any
external coil, which is likely to disturb the operation during
surgery unlike [5], [26].

Some magneto-based localization systems have been
developed for capsule endoscope localization by measur-
ing the magnetic field in multiple dimensions [37]–[41].
If a similar multi-dimensional detection of the marker is
developed, it is expected to be helpful for localizing the
lesion more precisely. However, since an array of many
hall sensors [37]–[40] or several large-sized coils for multi-
dimensional detection [41], they are not easy to be integrated
into an LP, whose dimension is strictly limited by 10-mm
laparoscopy trocar ports. In the development of multi-
dimensional lesion localization systems, miniaturization of a
hall sensor array or coils would be a challenge.

V. CONCLUSION
In this paper, we proposed an LLS achieving a longer
detection range with high precision by using an improved
magnetometer that performs baseline cancellation in real-
time. The proposed magnetometer, which includes two
Hall sensors, can detect small changes of the B field by
removing the fluctuating baseline mainly caused by external
environments. As a result, the proposed LLS achieved a
longer detection range of 40 mm even with a weak magnet,
which has a small size with radius= 2.2 mm and thickness=
4.5 mm. This marker is small enough to be handled by
commercial clip appliers. An error of less than 0.1% was
achieved at a distance of 40 mm, and the maximum error was
kept below 6% even when the rotation angle was changed.
The proposed LLS achieved a longer detection range than
previous LLSs based on RFID. In addition, the proposed LLS
does not require any battery, enabling further miniaturization
of the marker. It does not involve any external coil, offering a
simple setup for the use of LLS during surgery.
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