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For an active and precise diagnosis, we developed an active locomotive intestinal capsule endoscope (AL-
ICE), which can be wirelessly driven and controlled using an electromagnetic actuation (EMA) system.
Since then, there has been a need to develop a biopsy device integrated into ALICE which can take a
biopsy sample inside the gastrointestinal tract for a historical analysis of cancer disease. Toward this goal,
this paper proposes a smart-triggered biopsy device for the ALICE using a micro-reed switch, where the
integrated micro-reed switch is turned on using a strong magnetic field, and the biopsy device mecha-
nism is activated by a micro-reed switch. To execute the biopsy process, first, the ALICE with the biopsy
device is driven by an EMA system, where a moderate intensity magnetic field is used for driving the
ALICE to reach a target region on the intestinal wall. After that, by increasing the magnetic field above
a critical value, the ALICE is pushed hard against the target lesion, the micro-reed switch is turned on,
and the biopsy device is triggered. The biopsy process, therefore, is totally wirelessly controlled by the
external magnetic field of the EMA system, without an additional controller module. The prototype of the
biopsy device, with dimensions of 12 mm in diameter and 5 mm in length, was integrated into the ALICE
and the prototype of the ALICE, with the biopsy device having dimensions of 12 mm in diameter and
32mm in length. The working principle and mechanism of the proposed biopsy device are introduced
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and the feasibility of ALICE with the biopsy device is demonstrated through in-vitro experiments.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, the technology of the capsule endoscope (CE) has
emerged as a spotlighted solution for investigating and diagnos-
ing common diseases of the gastro-intestinal (GI) tract or celiac
disease. There are several commercialized CEs, including the Pill-
Cam (Given-imaging, Israel), OMOM (Jinshan, China) [1], MIRO (In-
tromedic, Korea) [2], and Endo capsule (Olympus, Japan) [3]. They
are untethered CEs the size of a pill, integrated with a high defini-
tion camera which can capture images of the gastrointestinal (GI)
tract, and transfer them to a portable receiver device through the
CE’s telemetry module. They can be swallowed and moved pas-
sively by the peristaltic motion of the digestive system. Because of
their passive locomotion, however, the diagnostic ranges of most
CEs are limited to tubular organs, such as the esophagus and small
intestine. In addition, valuable functions, such as pH sensing and
biopsies for the diagnosis of the GI tract, could not be integrated
into most CEs [4].
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Therefore, to have an active and precise diagnosis, an ALICE sys-
tem driven by EMA is developed [5]. The ALICE, containing a small
permanent magnet, can be manipulated by the magnetic field of
the EMA system, and can perform effective targeting movements
in the patient’s gut environment. Next, for the definitive diagnosis
of digestive diseases, there is a need to develop various functional
devices for sensing, drug delivery, and biopsy, which can be inte-
grated into the ALICE.

In this paper, a biopsy function for the ALICE is presented.
While recently, several research studies on biopsy modules have
been reported. First, Kong et al..et al., proposed a biopsy module
using a spring rotational mechanism with a tissue-cutting razor
triggered by a paraffin block [6]. The biopsy module can sequen-
tially operate a quick rotation to extract the tissue, sealing and fix-
ing the biopsy sample. Park et al., reported a micro-biopsy spike
to extract the biopsy sample [7], which was triggered by a shape
memory alloy (SMA) wire, and moved forward and backward using
a slide-crank mechanism. The above two biopsy devices have small
dimensions, and can be integrated into CEs; however, they could
not generate a sufficient reaction force for an effective extraction
process from their biopsy mechanisms acting on the tissue and
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intestinal wall and also it is not clear whether they could collect
sufficient volume of tissue for histological analysis. Kong et al., also
proposed an anchoring biopsy module, which was introduced with
complete visual guidance [8]. The anchoring biopsy module solved
the restriction of the reaction force, but the challenge of its huge
size of capsule endoscope (40 mm x 15 mm) and high power con-
sumption remains. Furthermore, the above three biopsy modules
need an additional controller module for their triggering signal via
radio frequency. Because the biopsy modules were not integrated
into CEs with locomotion function, it is very difficult for them to
extract a biopsy sample from the target lesion.

Second, M. Simi et al., proposed a wireless biopsy capsule trig-
gering system with an external permanent magnet, and solved the
problem of the restriction of an additional controller module [9].
The capsule, with one concentric couple of fixed and freely rotat-
ing cylindrical permanent magnets inside, created a magnetic tor-
sion spring to extract the biopsy sample. The biopsy module has
advantage of using external permanent magnet therefore it does
not consume internal power of capsule. However, there is a weak
point that the size of the biopsy module (9 mm in diameter and
24mm in length) is too large. The dimension is too large (more
than 2/3 size of normal CE) to be integrated to capsule endoscope
which has limited space due to storing others component: wire-
less module, battery and camera. In addition, the system of the
fixed and freely rotating cylindrical magnet of the biopsy module
could not maintain internal magnetized direction of the perma-
nent magnet; therefore, the biopsy module could not be able to
be integrated into ALICE to perform flexible motion in the external
electro-magnetic field.

Finally, an SMA based biopsy device for ALICE was reported
[10], in which an effective biopsy performance was demonstrated;
however, the size of the permanent magnet inside the ALICE is still
quite large, and it requires the modification of a telemetry module
to make it possible to receive the radio frequency of the trigger-
ing signal. Therefore, in this paper another approach of executing
biopsy tissue was studied and applied. The novel proposed biopsy
device for ALICE with small dimension is triggered by a micro-reed
switch and EMA system, without changing ALICE’s initial teleme-
try module. Through in-vitro experimentation, the feasibility of the
ALICE with the proposed biopsy device has been confirmed.

The remainder of this paper is organized as follows. In
Section 2.1, the working principle and the main components of AL-
ICE are provided. Section 2.2 describes the design specifications of
the biopsy device which could be integrated into the capsule en-
doscope. Section 2.3 and 2.4 explain the mechanism and design of
the biopsy device using the micro-reed switch. The fabrication re-
sults and the characteristics of the ALICE with the biopsy device
are reported in Sections 3.1 and 3.2. Finally, through in-vitro tests,
Section 3.3 verifies the feasibility of the ALICE with the biopsy de-
vice.

2. Materials and methods
2.1. Active Locomotive Intestinal Capsule Endoscope (ALICE)

As a powerful diagnostic tool for diseases of the stomach,
esophagus, and duodenum, CEs have been widely used by clinical
doctors. However, due to their passive locomotion which relies on
the peristaltic motion of the digestive organs, CEs can only work
effectively in small tubular digestive organs, such as the small in-
testine and esophagus, but ineffectively in larger organs like the
stomach or colon. To solve the current problem, an ALICE with
flexible targeting locomotion in the entire whole GI tracts was
proposed in [5]. The ALICE is a capsule endoscope with a small
permanent magnet, and is actuated by an EMA system. In addi-
tion, through various experiments, we demonstrated that the ALICE

showed effective locomotion and flexible motion, with 5 degrees of
freedom (DOFs), and could be a feasible tool for diagnoses in the
GI tract.

The EMA system, as it was introduced in [11], consists of two
parts: part 1 is three pairs of Helmholtz coils perpendicular to each
other in the x, y, and z-axes, while part 2 is composed of three
Maxwell coils that are also perpendicular to each other in three
coincident directions. Each coil pair was controlled by a PCI con-
troller with LabVIEW software (National Instruments) connected to
an MX12 power supply (3EA) (California Instruments).

2.2. Design specifications of the biopsy device

Most CEs have a shape of a large pill, and consist of one tiny
camera and a lighting system, integrated sensors, programmable
electronics, wireless communication, and a power supply [12]. In
this paper, a biopsy tool which could be integrated into the ALICE
is proposed to help a physician take a biopsy sample in parallel
with an endoscopic examination. Due to the unique characteristics
of CEs, the following requirements for the biopsy device for the
CEs must be satisfied. First, the biopsy device should be sufficiently
small enough to be integrated into swallowable CEs. In this paper,
the target dimension of the ALICE prototype with the biopsy de-
vice was a size similar to the PillCam COLON video capsule, with
a diameter of 12mm and a length of 32 mm, which has already
been approved by the US Food and Drug Administration (FDA) [16].
Second, the CE should have a targeting locomotive mechanism to
reach the target lesion during internal surgery. Third, the biopsy
device should have wireless activation ability, and cutting capabil-
ity with enough force or a cutting pressure of 20 MPa at the tool-
tissue interface [13]. Fourth, the biopsy procedures should be exe-
cuted with little energy consumption, and the CE with the biopsy
device should remain in a stable position during the sampling pro-
cess. Finally, the sampled tissue should have a sufficient volume
(1 ~ 5mm?3) for the histological analysis [14,15].

2.3. Mechanism of the biopsy device triggered by a micro-reed switch

Fig. 1(a) shows the conceptual design of the ALICE with a
biopsy tool. For the flexible targeting locomotion of the ALICE us-
ing the EMA system, two permanent magnets with different mag-
netization directions were included. Fig. 1(b) shows the schematic
diagram of the EMA system for the ALICE, where the EMA sys-
tem consists of three pairs of Helmholtz coils and three pairs of
Maxwell coils arranged perpendicular to each other in the x, y,
and z- axes. Fig. 2(a) depicts the schematic design of the proposed
biopsy device, which consists of an elliptical hole in the body, a
biopsy extracting razor connected to a spring, a smart triggering
module with a micro-reed switch, a polymer string, and an SMA
wire. Fig. 2(b) describes the operational mechanism of the biopsy
device. In advance, the biopsy extracting razor connected to the
torsional spring was fixed with a polymer string. After the micro-
reed switch was triggered, the SMA wire was heated up and the
polymer string was cut. Then, the biopsy extracting razor was ro-
tated using the torsional spring.

Fig. 3 describes the entire biopsy procedure in sequence. First,
the EMA system produced a magnetic field inside its region of in-
terest (ROI), at a medium level, to move the ALICE to the target
lesion. Second, the ALICE was driven to be attached to the target
and intestinal wall. Third, the magnetic field intensity was raised
to an excited level, which was greater than the pull-in value of
the micro-reed switch. The higher magnetic field turned the micro-
reed switch on, and gained the pushing force of the ALICE to the
intestinal wall. Finally, based on the tissue sampling mechanism in
Fig. 2(b), the cutting razor of the biopsy device in the ALICE could
extract a biopsy sample.
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Fig. 1. (a) Conceptual design of the ALICE with a biopsy tool, and (b) Schematic
diagram of the EMA for the ALICE.
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The reed switch is an electrical switch operated by an applied
magnetic field. This switch stays off in an environment with a
small magnetic field, and on when the intensity of the magnetic
field is increased to an excited level (the pull-in value of the reed
switch). We adopted an RI-80 Series ultra-micro dry-reed switch
(Shenzhen Fast Sensors Company), which is a single-pole, single-
throw type of switch, with normally open contacts containing two
magnetically actuated reeds with the dimensions of 1.8 mm in
diameter and 5mm in length. The original pull-in value of the
reed switch that completes the circuit of the triggering system is
20 ampere-turns, which is almost equal to 2 mT. By using the Mu
metal foil to cover the reed switch, we can adjust its pull-in value
up to 600 ampere-turns (60 mT). Due to the limitations in the bat-
tery energy for the biopsy process, the SMA wire should have a
low energy consumption. Therefore, we selected a nickel-titanium
SMA with a small diameter of 0.08 mm and a length of 5 mm. The
SMA wire needs a power of 19.57 Watts to be activated, and con-
sumes about 12.5 ~ 18 mWh, which is about 4.0% of the energy of
the CE’s cell battery (3.0 V, 160 mAh, 475 mWh).

2.4. Design of the biopsy device triggered by a micro-reed switch

Firstly, dimensions of the elliptical hole in the biopsy module
is focused to determine the volume of the extracted biopsy sam-
ple. For a histological analysis, a biopsy volume of 1 to 5mm?3
should be sufficient [14-15]. As shown in Fig. 4(a), several pro-
totypes of the biopsy module body, with various dimensions of
elliptical holes, were fabricated using rapid prototyping. The pro-
totypes of the biopsy module body were used to execute a fun-
damental test for optimizing the dimensions of the biopsy hole,
and the pushing force of the ALICE produced by the EMA system,
as shown in Figs. 4(b) and 4(c). The biopsy holes have elliptical
shapes in which the length of the major axis is fixed at 8 mm, and
the length of the minor axis is varied. A load cell and a high defi-
nition camera were installed to measure the pushing force and the
corresponding volume of the sampled tissue inside the biopsy hole,
respectively. From the camera image, the shape and volume of the
biopsy sample was determined by using image analysis software
(Image]). The experimental results are summarized in Table 1 and
we determined the dimension of the elliptical hole (5 mm minor
axis and 8 mm major axis) and the necessary pushing force for the

Polymer string

. SMA heating wire

Fig. 2. (a) Schematic design of the biopsy device (top view and bottom view) and (b) Operational mechanism of the biopsy device (Micro-reed switch was triggered — SMA
wire was heated up— Polymer string was cut— Biopsy cutting tool was rotated by torsional spring).
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Fig. 4. (a) Prototype of capsule body with elliptical biopsy hole, (b) Schematic design of experimental setup to optimize the elliptical hole dimensions, and (c) Real experi-

mental setup with pig intestine and load cell.

Table 1
Tissue volumes inside the hole for different dimensions and pushing forces.

Force (N) Minor axis (mm)

35 4 4.5 5 5.5
0.40 051 mm*  0.74mm?® 113 mm3 245mm®  3.28 mm?
0.60 063mm?>  172mm?®  350mm*® 589mm’®  7.64 mm?
1.00 1.25mm?  224mm’® 412 mm? 7.97 mm? 10.28 mm?

biopsy process (about 0.6 N), where the expected biopsy tissue vol-
ume was about 5.89 mm?3,

Next, the pushing force of the ALICE using the EMA system was
considered. The EMA system consists of three pairs of Helmholtz
coils and three pairs of Maxwell coils arranged perpendicular to
each other in the x, y and z-axes, as shown in Fig. 1(b). The propul-
sion force (Fyropuision) Of the ALICE, as in [5,11], can be expressed by
Eq. (3):

Hm =[-0.5gmx — 0.5gny gmz]T 1)
im X N

=0.641—— 2

& 2 )

Fprupulsion =8m /LoMVCOSQ (3)

where V and M are the volume and magnetization of the perma-
nent magnet in the ALICE; Hy, and g, are the generated magnetic
field and gradient of the magnetic field by each pair of Maxwell
coils; iy, is the current intensity and ry, is the coil radius; ny, is the
number of turns of the Maxwell coils in each axis, 6 denotes the
angle between the magnetization direction and the magnetic field,
and g is the permeability of the vacuum.

As shown in Fig. 1, two cylindrical shaped NdFeB permanent
magnets with a magnetization value of M = 2,700,000 A/m were
adopted, where the pushing force for the biopsy process was de-
termined by the magnet with the radial magnetization direction.

Fig. 5 shows the simulation results of the pushing force according
to the thickness and radius of the cylindrical permanent magnet.
In Fig. 5, the three surfaces denote the pushing forces of the AL-
ICE at three different applied currents (5, 7, and 10 Ampere). The
maximum pushing force of the ALICE to the lumen wall was cal-
culated by Egs. (1) and (3) and plotted as shown in Fig. 5. From
the simulation results, when a magnet which was magnetized in
the radial direction (10 mm diameter and 3 mm height) is used, a
pushing force of more than 0.6 N for the biopsy procedure can be
produced. In addition, the volume of the permanent magnet was
small enough to be integrated into the ALICE. Furthermore, for the
flexible motion of the ALICE, another magnet with dimension of
10 mm diameter and 1 mm height, which was magnetized in the
axial direction, was selected.

Finally, to extract the biopsy tissue, the razor tool should gen-
erate shear stress larger than the destructive stress of the tissue
(Tdes = 20 MPa) [14]. The resulting shear stress (Tex) induced by
the razor tool was calculated using the Egs. (4) and (5):

Tex = F > Tges = 20 Mpa (4)
txs
F>20Mpa xtxs (5)

where F denotes the cutting force acting on the tissue, and t and
s are the thickness and width of the razor, respectively. To reduce
the cutting force, the values of t and s need to be minimized; in
other words, a sharp razor with a small width should be designed
and fabricated. In this research, the selected razor tool have a
thickness of t=0.1 mm, and the razor width s=5 mm. Then, in the
proposed tissue sampling mechanism Fig. 2(b), the torsional spring
can generate at least 10N of cutting force (F > 20Mpa x t x s=
10N)
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supplied to EMA system.

L ,
o 4

me

Fig. 6. (a) Components of the biopsy device, (b) the assembled biopsy device, (c)
the bodies of ALICE prototype and the assembled biopsy device, and (d) ALICE pro-
totype with the biopsy device.

3. Experiments
3.1. Fabrication results of the ALICE prototype with the biopsy device

The prototype of the ALICE with the micro-biopsy device was
fabricated using commercialized components through conventional
methods. As shown in Fig. 6(a), the biopsy device consists of the
biopsy tool with the sharp razor, the micro-reed switch, and the
torsional spring. First, the chassis of ALICE and the body of the
micro-biopsy device were fabricated through a rapid prototyping
3D printing machine (Objet 30 Pro, Stratasys Direct Manufacturing
Ltd, USA) with the resins (VeroWhitePlus RGD835 and VeroClear
RGD810). Second, the torsional spring and the biopsy razor were
purchased from MISUMI Corporation (Japan), where the torsional
spring has the wire diameter of 0.5 mm and the outer diameter
of 3mm, and generates the force of 12.15N at 90 degree. In ad-
dition, the biopsy razor has the thickness of 0.1 mm. Finally, as a
reed switch, we adopt an ultra-micro dry-reed switch (RI-80 se-
ries, Shenzhen Fast Sensors Company, China) and the permanent
magnet (JL Magnet, Korea). Fig. 6(b) shows the assembled biopsy
device and Fig. 6(c) presents the bodies of ALICE prototype and
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Fig. 7. (a) Schematic design of the experimental setup to measure the pushing force
of the ALICE, (b) Real experimental set-up with an EMA system, and (c) Pushing
force of the ALICE using an EMA system according to various applied currents.

the assembled biopsy device. Finally, Fig. 6(d) shows the completed
ALICE prototype with the biopsy device, where the ALICE prototype
has the dimension of 12 mm in diameter and 32 mm in length.
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Fig. 8. In-vitro experimental results. (a) The targeting and triggering of the ALICE with the micro-reed switch and LED, (b) In-vitro biopsy procedure using the ALICE with

the biopsy device, and (c) The surface of the target lesion after the biopsy procedure.

3.2. Pushing force of the ALICE with the biopsy device

Before the feasibility test of the ALICE prototype with the
biopsy device, the pushing force of the ALICE prototype was mea-
sured. Fig. 7(a) and Fig. 7(b) show the schematic diagram and the
experimental setup for the pushing force measurement of the AL-
ICE prototype, respectively, in which we adopted a load cell (Ad-
vanced Digital Force Gauges Series 5, Mark-10). In addition, the
pushing force can also be estimated using Eq. (3). Furthermore,
Fig. 7(c) shows the pushing forces of the ALICE prototype accord-
ing to the various applied currents of the Maxwell coils. When we
applied 10 A to the Maxwell coil, the pushing force was measured
at about 0.73 N, and was estimated at about 0.83N. In addition,
we confirmed that the micro-reed switch came to the excited level
and triggered the proposed biopsy device. Because of the pushing
force (0.73 N) with the 10 A current, the input of the Maxwell coil
was larger than the required force of 0.6 N, and we expected that
the proposed ALICE with the biopsy device could obtain a large
enough biopsy sample in the biopsy module.

3.3. In-vitro tests of the ALICE prototype with the biopsy device

Since the activation process of EMA system to biopsy device is
invisible from outside, there is a need to do excitation test for the
biopsy device. In order to process the excitation test of the micro-
reed switch and confirm the wireless activated of EMA system on
the biopsy device of the ALICE prototype, we replaced the biopsy
mechanism with an LED circuit in the ALICE prototype, where the
LED was connected to a battery through a micro-reed switch. Then,
we placed the ALICE prototype with the LED on the intestinal tract
with a given target lesion. As shown in Fig. 8(a), through the con-
trol of the EMA system, the ALICE prototype could approach the
target lesion with the off-state of LED circuit, which is correspond-
ing to the non-activated state of the biopsy device. And, when the
magnetic field of the EMA system was increased above 60 mT, the

micro-reed switch was closed and the LED was turned on, which
is corresponding to the activation of the biopsy device. Therefore,
the feasibility of the smart triggering using the micro-reed switch
for the biopsy device was confirmed.

Second, we executed an in-vitro biopsy test using the ALICE
prototype with the proposed biopsy device. As shown in Fig. 8(b),
the ALICE prototype was placed in a segment of a fresh pig’s in-
testine in the ROI (region of interest) of the EMA system. Similar
to the described procedure in Fig. 3, the ALICE prototype was at-
tached to the target lesion on the intestinal wall. When the applied
current on the Maxwell coil was increased, the micro-reed switch
was excited, the SMA wire was heated, the heated SMA wire cut
the polymer string, and the razor tool was rotated by the torsional
spring. Then, the sampled tissue was extracted by the razor tool
and stored inside the biopsy device. As shown in Fig. 8(c), we con-
firmed that the sampled tissue was extracted from the target le-
sion, and that the ALICE with the biopsy device successfully ex-
ecuted its biopsy function. After the biopsy process was finished,
the biopsy device was disassembled from the ALICE and biopsy tis-
sue was taken out.

Finally, the taken out biopsy tissue was stored in a centrifuge
tube (Figs. 9(a) and 9(b). As shown in Fig. 9(c), the volume of the
biopsy tissue sample was about 5mm?3 (2.5mmx2 mmx 1 mm),
which is a sufficient volume for a histological analysis of the biopsy
sample. In addition, the biopsy function test of ALICE was executed
for 12 times. The success rate of the biopsy sampling was 100%
and the biopsy tissues obtained by the biopsy device has the aver-
age volume of about 4.55 mm3. For additional histological analyses
of the biopsy tissue sample, it was put into a tube of phosphate-
buffered saline (PBS) and homogenized via ultra-sonication. After
the sample tube was centrifuged, the supernatant was removed
and the tissue sample was suspended in a solution of PBS and
4’ 6-diamidino-2-phenylindole (DAPI) in a dark environment. We
obtained a tissue pellet, and removed the remaining solution from
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Fig. 9. Analysis of biopsy tissue. (a) Disassemble biopsy device after biopsy process,
(b) Storing the biopsy tissue in a micro-centrifuge tube, (c¢) Microscopic image of
the biopsy tissue, and (d) Fluorescent microscopic image of the biopsy tissue.

the tube. Then, the tissue pellet was suspended in PBS, and 1 mL
of the tissue suspension was placed on a glass side with a cover
slip, and investigated using a microscope. Fig. 9(d) shows the flu-
orescent microscopic image of the sampled tissue, and the blue
color denotes the fresh animal cells in the sampled tissues. Con-
sequently, the ALICE with the biopsy device can execute its biopsy
function to collect tissue samples was confirmed.

4. Conclusion

In this paper, an ALICE with a magnetically triggered biopsy de-
vice using a micro-reed switch was proposed. The ALICE prototype
was driven to do flexible investigation, and to approach the biopsy
target lesion. The EMA system can both manipulate the flexible
motion of the ALICE and trigger the biopsy module by adjusting
the direction and intensity of the magnetic field. The biopsy mod-
ule, with a small dimension of 5 mm in length, can effectively solve
the restriction problem of the reaction force, without changing the
ALICE capsule endoscope’s telemetry module. Therefore, the pro-
posed biopsy device has the potential to be integrated into ALICE
and execute the biopsy process using the EMA system. In future,
beside the biopsy device, we will develop and integrate several
functions, such as tattooing and position recognition. The tattoo-
ing function may mark the exact positon of a target lesion and is

necessary for an additional surgery. And, the position recognition
function will be used for an exact diagnosis and treatment using
ALICE. The additive functions including the proposed biopsy device
hopefully could bring a bright future in the evolution of the next
generation of active locomotive and multifunctional CEs. The pro-
posed biopsy device hopefully could bring a bright future in the
evolution of the next generation of active locomotive and multi-
functional CEs.
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