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Abstract In this study, we propose a new magnetically actu-
ated anchoring system for wireless capsule endoscopes
(WCE) by employing the principle of a switchable magnetic
spring. A force model is derived to predict the magnetic force
needed to support the interaction between the anchors and the
intestinal lumen. The theoretical and experimental analysis
conducted shows that the magnetic spring is capable of pro-
viding the force needed to activate the anchoring mechanism,
which consists of four foldable legs. A prototype capsule with
a size comparable with the size of a commercial WCE was
designed, fabricated, and tested. The in-vitro tests with a real
small intestine show that the proposed anchoring mechanism
is able to raise the friction force between the anchoring legs
and inner wall of the intestine by more than two times after its
activation using an external magnetic field. Experimental re-
sults presented demonstrate that the proposed anchoring sys-
tem, which has a low foot-print not taking up too much space
on the capsule, can provide a reliable anchoring capability
with the capsule inside the intestinal lumen.
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1 Introduction

Since its advent in 2000 (Iddan et al. 2000), wireless capsule
endoscope (WCE) has been used as a routine procedure to
diagnose many gastrointestinal (GI) diseases (Moglia et al.
2009). Current commercial capsules, however, still appear as
purely diagnostic devices, though significant efforts have con-
tinuously been dedicated to developing relevant modules in
order to add interventional and therapeutic functionalities to
their diagnostic functionality (Sitti et al. 2015; Koulaouzidis
et al. 2015; Alici 2015; Slawinski et al. 2015a, b). Another
problem is that current commercial capsules are not capable of
monitoring a specific location at a specific time and this causes
constraints on the diagnostic functions and makes a follow-on
surgical or endoscopic intervention necessary. All these diffi-
culties stem from the fact that current capsules rely on the
natural peristalsis for moving inside the GI system, and this
cannot be controlled. Therefore, endowing a capsule with
movement which is remotely controllable is essential in order
to improve the WCE’s diagnostic functionality and develop its
therapeutic capability.

A number of active locomotion mechanisms have been
reported (Moglia et al. 2008; Kim et al. 2010; Valdastri et al.
2009; Zhou et al. 2013a, b; Koésa et al. 2012). All of these
approaches enable the capsules to move independently of the
peristalsis. Besides moving, stopping or grounding is the other
significant requirement when considering a controllable
movement for a WCE. Without the ability to stop the capsule
when needed, most promising therapeutic functionalities will
not be possible because they all require a capsule to remain at
a stable position before initiating interventional procedures
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such as biopsy, targeted drug delivery, and/or cauterizing
angiectasias. A further advantage of being able to stop the
capsule for a prolonged period of time is that longer-term
imaging and/or data-collection (e.g., temperature, pH level)
at specific sites can be performed and this reduces the possi-
bility of missing information necessary for diagnostic pur-
poses. Some locomotion mechanisms (e.g., inchworm-type,
legged-type, etc.) are actually based on repetitive attaching-
and-detaching inside the GI tract in order to generate the
planned propulsion. The ability to temporarily anchor the lo-
comotion mechanism is essential to make this kind of loco-
motion mechanism work effectively.

Some anchoring systems have been proposed to operate in
various sections of the GI system, i.e. the esophagus
(Tognarelli et al. 2009), the stomach (Lien et al. 2012), and
the intestine (Glass et al. 2008; Woods and Constandinou
2013). Due to the complex nature of the GI tract (e.g., irreg-
ular, slippery, physiologically active, etc.), no conventional
methods have been able to provide an endoscopic capsule
with long-lasting and effective anchoring onto the intestinal
wall without causing bleeding or damage to the GI system (La
Spina et al. 2005). So far, most of efforts have been made to
develop efficient adhesive materials that suit the feature of the
intestinal tissues by mimicking the adhesion mechanisms of
some living creatures such as leeches, snails, and geckos (Xie
etal. 2015; Dodou et al. 2005; Pensabene et al. 2011; Quaglia
et al. 2013; Song et al. 2013). Due to the intestine’s rough
texture, the high-density fibrillar adhesives significantly in-
creased the contact area. A high coefficient of static friction,
0.35, was reported after measuring the preload forces and the
static friction on a porcine intestine (Glass et al. 2008).
However, to anchor a WCE, adhesive structures cannot be
used on their own because a proper actuation mechanism is
also required to attach the adhesives to the intestinal lining and
detach them afterwards. Quaglia and the co-workers used a
mechanical spring structure to release adhesive patches
(Quaglia et al. 2013). The mechanism was triggered by a
shape memory alloy wire, which was powered by an onboard
battery. Beyond these experiments, the research in this area is
very limited. To the best of our knowledge, most anchoring
mechanisms reported in the literature use a miniaturized elec-
tric motor to open/close anchoring legs, without considering
the space consumption in the capsule or the energy consump-
tion. These two very important factors must be taken into
account when new modules or additional functions are de-
signed for WCEs.

The purpose of this study is to propose a compact and
effective anchoring system for a WCE. In particular, we focus
on designing and developing a magnetic actuation system
which can remotely provide sufficient preloading force
against the natural peristalsis to achieve anchoring in the GI
tract. A proof-of-concept capsule was designed and fabricated.
In vitro tests were conducted by inserting the prototype
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capsule with the anchoring mechanism inside a section of a
porcine small intestine and these showed the efficacy of the
proposed system in anchoring/releasing the capsule at will.
This mechanism is low foot-print, not requiring much space
or onboard power to endow the existing WCEs with an effec-
tive anchoring module. The mechanism works as an add-on
module for the capsules and therefore does not require any
modification in the current setups (including geometrical and
internal arrangements) of WCEs. The proposed mechanism
can also be used to establish a robotic capsule with fully con-
trollable locomotion, e.g., an inchworm-like endoscopic robot
equipped with such two anchoring mechanisms facilitating
the propulsion and subsequently locomotion.

2 Design of the anchoring mechanism

Safety is the primary requirement for any medical device. The
anchoring mechanism must be reliable and not increase the
risk of retention. It must not cause lumen perforation, or any
other tissue damage. The second requirement is related to
power consumption. A new mechanism needs to be self-
powered or externally powered so that the on-board battery
can still exclusively provide energy for the basic modules,
e.g., vision, signal-transmission, etc. In this regard, magnetic
actuation is preferable over an onboard mini electric motor.
The third requirement is that the volume should be minimal.
The current capsules are usually 11~13 mm in diameter and
24~32 mm in length (Slawinski et al. 2015a, b). Their size and
the arrangement of their internal modules are already opti-
mized to meet the volume requirement. Therefore, instead of
re-designing and re-arranging the whole capsule to provide
the ability to anchor, it is essential to establish an anchoring
mechanism which can work as an add-on component for the
current capsules. In this way, the existing capsules can easily
be given the ability to anchor. To achieve this aim, the anchor-
ing mechanism must not take up too much space so that the
whole size of the capsule robot can still be kept small enough
for effective operation within the GI tract.

In light of the design requirements described in this section,
we propose a leg-type anchoring mechanism coupled with a
magnetic actuator which can be remotely operated by an ex-
ternal magnetic field.

2.1 Actuation principle

We employ the concept of a magnetic spring (MS) (Simi et al.
2013) to activate the proposed anchoring mechanism. As il-
lustrated in Fig. 1, the MS configuration considered in this
study consists of two coaxial ring-shaped permanent magnets
(PM)s which are magnetized in the diametrical direction. One
of the PMs is free to rotate about their common axis. Without
an external magnetic field, the magnets are attracted to each
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Fig. 1 Two positions of a switchable magnetic spring

other due to the magnetic dipole-dipole interaction, and re-
main at this position (calling it Position 0). To pull one PM
away from the other in the axial direction, axial forces with an
identical magnitude but in the opposite directions need to be
applied on both PMs. In this state, the MS acts like a tensile
spring with a non-linear pseudo-spring constant. Once the
magnets are aligned by an external magnetic field, the attrac-
tive force is immediately replaced by a repulsive force because
of the same polarity of the magnets in a parallel configuration.
The MS suddenly behaves like a compressed mechanical
spring, ready to release its mechanical energy. The smaller
the gap (as shown in Fig. 1) between the two PMs, the stron-
ger the repulsive force produced on both magnets, which is
quite similar to the mechanical behavior of a compressive
spring. As soon as the external magnetic field is removed,
the MS switches back to a tensile spring and the attractive
force brings the magnets together again. Since both the attrac-
tive and repulsive forces are the internal forces of an MS, it
does not require any constraints from the external environ-
ment to support the relative movement between the magnets.
In this actuation concept, the orientation of the capsule needs
to be known in order to produce an external magnetic field
parallel to the magnetization of the permanent magnets, in
which the magnetic torque only activates the MS but not
changing its capsule’s orientation and subsequently twisting
the intestine. With the localization method proposed in our
previous study (Than et al. 2014a, b), the orientation and po-
sition of the capsule can accurately be predicted without inter-
fering with the magnetic actuation.

By utilizing this concept of the switchable magnetic spring,
we propose a legged anchoring mechanism to be added on a
capsule, as shown in Fig. 2. It is an add-on mechanism for the
capsule. Its base is a typical commercial capsule with the
dimensions of 11 mm in diameter and 26 mm in length. As
can be seen in Fig. 2, PMI is free to rotate but its linear
movement is blocked. At the same time, the rotation of the
PM?2 is constrained but free to move linearly. Once an external
magnetic field is applied, PM2 is repelled away from PM1 and

PM2
(constrained in rotatio
w

_PM1 .
(constrained in translation

Fig. 2 A legged anchoring mechanism assembled on an endoscopic
capsule

this linear motion opens the legs, which actuates the anchoring
mechanism. To detach the capsule, we can simply remove the
magnetic field. PM2 will be attracted back to PM1, bringing
the legs back to their ‘closed’ position. The whole capsule is
now free to move under the natural peristalsis.

2.2 Force analysis

To deploy a capsule inside the GI tract for the desired period of
time, the anchoring force must be strong enough to overcome
the natural peristalsis and other forces. From the literature
(Miftahof 2005), the amplitude of the peristaltic forces for
one centimeter length of an object is approximately to be
172 mN in the axial direction and 269 mN in the radial direc-
tion. For a commercial capsule with a length of 2.6 cm, the
corresponding peristaltic forces are approximately 450 and
700 mN in the axial direction and radial direction,
respectively.

For a single leg, its “closed” and “opened” positions are
schematically illustrated in Fig. 3(a) and (b), respectively. The
leg is comprised of two branches, which are jointed at Point C.
Figure 3 shows a half of the upper branch and the lower
branch consisting of a folding mechanism with three joints
of A, B, and C. The ‘soft” half (colored blue in Fig. 3) of the
upper branch is made of silicone- like materials such as PDMS
providing soft-on-soft contact with the intestinal wall. Once
the MS is triggered by an external magnetic field, Point B
starts to move upward in the axial direction. With Point A
relatively fixed, the whole mechanism depicted in Fig. 3 is
‘compressed’ in the axial direction but is extended in the radial
direction, and this makes the soft component contact the in-
testinal wall. As it moves, the soft component bends, and this
enlarges the contact area between the leg and the intestine.
With an adhesive pad attached onto the soft component, a
stronger static friction force can be generated to overcome
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Fig. 3 Interaction between the leg and the intestinal wall (a) before
anchoring; (b) after anchoring

the forces in the GI tract. For anchoring purposes, the com-
bined static friction from the four legs and any other
contacting surface of the capsule need to be greater than the
total axial peristaltic force.

In Fig. 3(b), F, is the repulsive force from the actuated MS.
F, is the supporting force from the capsule. Hence, for the
upper branch, there is F3, which is the combination of F,
and F,. N is the normal force from the intestinal wall.
Previous literature (Song et al. 2013) has shown that the co-
efficient of friction (COF) can reach 0.35 with adhesive pads
integrated on the legs. Though it is the combination of the total
static friction force that is required to be greater than 450 mN,
here we assume that four legs only are responsible for making
contact with the intestine in order to generate enough frictional
force for anchoring. Hence, each should provide a frictional
force f =450/4 = 112.5 mN. The corresponding normal
force from the intestinal wall is N = f/p = 321 mN. For
the upper branch in Fig. 3, the friction force and the axial
peristaltic force offset each other. To consider the moment
balance about Point A, F5 is obtained as:

F. — N(2q—d)sin®@ N(2q—d)
T gsin20 2qcosd

(1)

where, q is a half of the upper branch and d is the bent part of
the soft component. Consequently, the magnetic repulsive
force on a single leg can be determined from:

N(2g—d)

Fi=F 0=
1 3COS 2q

(2)

From Eq. 2, if the intestine’s diameter is large and there is
no bending for the soft component, then the required magnetic
force reaches its maximum value, equal to N=321 mN, for
each leg. Therefore, with four legs, the total force requirement
from the MS is 1284 mN. This extreme case can be avoided
by using a longer or larger soft component when confronting a
large intestinal diameter. Since the gastrointestinal tract is soft
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and collapsed, the other surface areas of the capsule (e.g., two
semispherical ends, etc.) always get in contact with the intes-
tinal wall to some extent and this means that less frictional
force from the legs is necessary for anchoring and subsequent-
ly less force from the MS for activating the legs.

2.3 Magnetic modelling

Using the required magnetic force estimated in the previous

section, we select the PMs for the MS to produce enough

force. In order to do this, we have conducted a finite element

(FE) analysis to quantify the magnetic interaction within a

single MS, and determine an acceptable size of the PMs.
According to Ampere’s Law (Jiles 1998)

VxH=J, (3)

where H is the magnetic field intensity and J is the current
density. Equation (3) can be written as

V x <ﬂio) _ . (@)

The magnetic vector potential A and the magnetic flux
density B are related with,

B=VxA. (5)
Together with the Gauss’s Law of
VeB=0 . (6)

the governing equation for the magnetostatic solver can be
derived as follows,

J(5p,0) =V x ( (v % A(x,y,z»). @

o

For J(x,y,z) given as an excitation, Eq. (7) is solved to
obtain the magnetic vector potential A. The magnetic flux
density can then be computed from Eq. (5).

We have used COMSOL software to perform all the FE
simulations based on Egs. (3)—(7). To fit the proposed anchor-
ing mechanism on a standard commercial capsule (11 mm in
diameter and 26 mm in length), two magnets are selected with
identical dimensions of 11.2 mm internal diameter and
15.2 mm external diameter. Both magnets are diametrically
magnetized and their magnetization intensity is equivalent to
that of a typical N45 Grade neodymium permanent magnet.
Increasing the magnets’ volume is a well-known approach
when a stronger magnetic force is required. In our application,
instead, we have altered the magnets’ height rather than their
diameter because of the capsule robot’s strict diametrical re-
quirement. Three sets of simulations were performed, with
different heights (2 mm, 2.5 mm, 3 mm) of the PMs. The
magnetic force is calculated between two magnets set in the
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range of 1~7 mm. To obtain a repulsive force of ~ 1 N, the
distance between the two PMs is approximately 4 mm. In this
case, a uniform magnetic field with the intensity of ~27 mT is
required to produce sufficient magnetic moment to overcome
the dipole-dipole coupling of the MS (~5 mNm) and align the
permanent magnets. Once the permanent magnets obtain
alignment, there exists no magnetic moment anymore no mat-
ter how high the external magnetic field is. Therefore, to the
functioning of the anchoring mechanism, there is no upper
limit for the required external magnetic field. For safety of a
human body, the maximum static field strength of 4 T is gen-
erally adopted in clinical use (Schenck 2000).

The efficacy of this FE analysis was evaluated experimen-
tally and this is presented in the next section.

3 Experiments to validate the magnetic model

To investigate the accuracy of the simulation results and mea-
sure the repulsive force generated by an MS, a testing appa-
ratus (see Fig. 4) was designed and constructed using a 3D
printer. The MS consists of two neodymium magnets with an
inner diameter (ID) of 8.5 mm, outer diameter (OD) of
18.4 mm, thickness of 2 mm and the remanence (Br) ~
1.21 T. As shown in Fig. 4, the ring-shaped permanent mag-
nets were maintained in a co-axial configuration by having a
plastic rod (diameter = 8 mm) through their inner diameter. A
cap which was placed on top of PM2 was able to move up-
ward along the rod. Once the MS was actuated, the PM2
acquired a repulsive force and pushed the cap up onto the
force sensor. The whole testing apparatus was located within
a Helmholtz coil system which produced a uniform magnetic
field to align the magnetization directions of the PMs and
subsequently activate the MS. The electrical current through
the coils was gradually raised to increase the intensity of the
external magnetic field until the magnetic moment exerted on

Fig. 4 A testing apparatus to measure the repulsive force of a magnetic
spring (red arrows: indication of the external magnetic field’s direction,
parallel and through the PMs’ diameter; purple arrow: the direction of
repulsive force on PM2)

the magnets is strong enough to overcome the dipole-dipole
coupling of the MS. Since the external field was uniform, the
environment exerted only a magnetic moment on the magnets
and had a negligible effect on the force in the vertical direc-
tion. The vertical magnetic force was caused almost complete-
ly by the magnetic repulsion between two PMs of the MS,
which makes it possible to use the force sensor to measure the
repulsive force.

The repulsive force of the MS was measured for a set of
different gaps between the magnets. Due to the limited power
of the electromagnetic system, this distance ranged from 6 to
15 mm. The corresponding magnetic simulations were also
obtained using COMSOL. The simulation and experimental
results shown in Fig. 5 indicate that the results are reasonably
consistent, especially when the gap is relatively large (11 ~
15 mm). As the gap becomes smaller, the discrepancy be-
tween the theoretical and experimental results increases slight-
ly but still remains in the same order of magnitude. With a 6-
mm gap between the two magnets, the difference between the
FE results and the measurements is only approximately
200 mN. This demonstrates that the FE simulations, which
provide an accurate indication of the magnetic force generated
by a magnetic spring (MS), can be used for the design and
optimization of the MS to be employed in the anchoring
mechanism of a capsule endoscope.

4 Experiments to validate the feasibility
of the prototype anchoring inside a real small
intestine

4.1 Experimental setup

To investigate the anchoring ability of the proposed mecha-
nism, a proof-of-concept prototype was designed and fabricat-
ed, as shown in Fig. 6. The capsule body is made of
acrylonitrile-butadiene-styrene (ABS) and fabricated using a
3D printer (Model: UP Plus 2, Manufacturer: 3D Printing
Systems). The four legs providing the anchoring force were
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Fig. 5 Comparison between the FE simulations and the experiments
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(a) (b)

Fig. 6 (a) The anchoring-type capsule together with a conventional cap-
sule endoscope (PillCam); (b) the anchoring-type capsule with the legs
half-opened by an external magnetic field

made of aluminum so that the legs could be thinner (0.5 mm)
but stronger than the legs made of the ABS plastic. The legs
were cut from a 0.5 mm thick aluminum sheet by using a wire
electrical discharge machining (EDM) technique. The diame-
ter of two semi-spherical heads of the capsule is 11 mm and
the length of the whole capsule is 28 mm. These dimensions
are quite similar to those of the commercial capsules. The
section where the PMs are assembled is slightly wider due
to the external diameter (15 mm) of the PMs.

The in vitro tests were conducted with the capsule moving
inside a section of a porcine small intestine. The intestinal
specimens, kept in a refrigerator, were unfrozen a few hours
before the experiments. Then they were immersed in physio-
logical saline to prevent tissue rupture. The small intestine
would dry out quickly once removed from the fluid but the
saline could not be sprayed on the intestine segment during the
experiment since it would change the frictional properties of
the intestine. Therefore, in order to keep the experimental
conditions as consistent as possible, each set of tests was fin-
ished quickly.

The intestine sample was mounted on a platform which
was positioned within a Helmholtz coil system. One end of
the capsule was connected to a force sensor to measure the
friction force between the capsule and the intestine. For sim-
plicity, the propulsion from the natural peristalsis was usually
simulated by externally pulling the capsule when determining
the friction inside the intestine in vitro (Kim et al. 2006, Glass
etal. 2008; Xie etal. 2015). In this study, two approaches were
employed to apply an axial pulling force to the capsule. The
first one used a stepper motor to apply an axial force and a
linear movement to the capsule, as shown in Fig. 7. As report-
ed in the literature (Kim et al. 2006; Zhou et al. 2013a, b,
2014), the sliding friction on tissue is velocity-dependent.
With this setup, the capsule moved with a constant speed
inside the intestinal tract and only the sliding friction was
measured. In the other approach, we replaced the motor with
a pulley-weight system to provide a pulling force. In this way,
the vertical load which was converted into a horizontal force
through the pulley was transferred to the capsule. By
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Fig.7 The general experimental setup (with a stepper motor); red arrow:
moving direction of the capsule

gradually increasing the weight, we recorded the change in
the static friction and measured the maximum static friction
force as soon as the attachment failed and the capsule started
slipping inside the small intestine.

In order to evaluate the performance of the anchoring
mechanism, all the force measurements were taken for two
states of the capsule: with the legs closed and with the legs
opened by switching on/off the external magnetic field.

4.2 Experimental results and discussion

The sliding friction of a dummy PillCam SB2 capsule (diam-
eter = 11 mm and length = 26 mm) with a smooth surface was
measured first to quantify the effect of adding the anchoring
structure on the anchoring force. The measurement was
~85 mN. Figure 8 shows the measurements of the sliding
friction force on the legged prototype capsule (shown in
Fig. 6) when it was pulled inside the intestine by the stepper
motor. The anchoring mechanism was activated in the middle
of the linear movement and then deactivated after a few sec-
onds. When the anchoring mechanism turned off, the friction
force was approximately 189 mN, which was approximately
2.2 times more than that of a dummy PillCam SB2 capsule.
Apparently, having the anchoring structure onboard made the
drag force increase, even when the anchoring system was off.
However, this impact was not critical because the increased
force due to the additional structure was still far smaller than
the peristaltic force, which was approximately 450 mN. After
turning on the anchoring system, the opened legs stretched the
intestine’s diameter and exerted more compression onto the
intestinal wall, which consequently increased the sliding fric-
tion force (seen in Fig. 8(a)). The friction force increased to
approximately 300 mN, giving an increase ratio (compared to
that with the legs closed) of approximately 1.59. The same
experimental procedure was repeated three times. All the re-
sults were consistent with an average increase ratio of 1.58. In
these tests, the tips of the capsule’s legs were pointing in the
opposite direction from the movement direction of the
capsule.
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Fig. 8 Friction force measurements for the anchoring mechanism with
the capsule pulled by a stepper motor

The second set of tests was carried out immediately after
the previous tests with the same intestine sample. In this set of
experiments, the capsule moved in the direction from which
the tips of the capsule’s legs were pointing. The variation in
the friction force shown in Fig. 8(b) can be easily seen as the
anchoring mechanism was turned on and off. The same pro-
cedure was then repeated three times. The average friction
forces before and after activating the anchoring mechanism
were 222 and 454 mN, respectively. Based on these measure-
ments, the average increase ratio is calculated to be 2.05,
which is larger than the one obtained from the previous set
of experiments. With the legs’ tips pointing in the direction of
the movement, the tissue in contact with the tips of the opened
legs produced larger drag forces on the capsule and made the
anchoring mechanism perform better (i.e. generates more fric-
tional force) in providing a higher anchoring force.

In the following tests, we employed a pulley-weight system
to provide an axial force to the capsule instead. A new intes-
tine sample was used. Initially, the capsule stayed still at a
specific position inside the intestine. We gradually increased
the weight until the capsule started moving so that we could
measure the maximum static friction force between the cap-
sule and the intestinal wall.

Figure 9(a) shows the measurements of the static friction
force with the legs’ tips facing the rear, opposite to the move-
ment direction. The results shown in Fig. 9(a) show that the
static friction force gradually increases until it reaches its max-
imum value (Point A and Point A’). As the weight increased
further, the static friction could not increase anymore and it
was not strong enough to hold the capsule’s position any lon-
ger. Therefore, the capsule started to slide and the data beyond
Point and Point A’ are the measurements of the sliding fric-
tion. In Fig. 9(a), it is clearly observed that the capsule exerted
a larger static friction force on the intestinal wall with the legs
opened by the anchoring system.

The static friction was also measured with the legs’ tips
facing the front and pointing in the direction of the capsule’s
movement. Figure 9(b) shows the experimental results. With
the anchoring mechanism activated, the opened legs gave rise
to a higher reaction force from the intestinal wall and conse-
quently resulted in a higher static friction force acting on the
capsule. The maximum static friction force is approximately
700 mN, which is larger than the peristaltic force presented in
Subsection 2.2. This indicates a successful stoppage of the
capsule endoscope with such an anchoring mechanism.
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Fig. 9 Friction force measurements for the anchoring mechanism with
the capsule pulled by a pulley-weight system
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Similar to the sliding friction experiments, the anchoring
mechanism generated a higher frictional force against the
movement direction of the capsule when the legs’ tips point
in the direction of movement, compared to that with the legs’
tips pointing opposite to the direction of movement.

Table 1 shows a summary of the friction measurements
presented above.

To further investigate the performance of the anchoring
mechanism, we conducted another test in which the legs were
activated first. Then we gradually raised the pulling force to
476 mN, higher than the average peristaltic force predicted.
As expected, the capsule remained still due to the higher static
friction caused by the opened legs. Considering the viscoelas-
tic nature of the intestine, this position was kept for five mi-
nutes and no slippage due to the tissue relaxation was ob-
served. Then we suddenly switched off the electromagnetic
system to deactivate the anchoring mechanism. The legs were
closed immediately and the capsule failed to overcome the
simulated peristaltic force and started moving forward. The
series of these actions are shown in the accompanying video
file. We repeated the same tests with pulling forces ranging
between 450 and 550 mN.

In the further tests, we let the deactivated anchoring mech-
anism allow the capsule to move under a pulling force. In the
middle of the capsule movement, the anchoring mechanism
was activated and this successfully stopped the capsule and
held its position inside the intestine. After a while, we turned
off the anchoring mechanism. Then the capsule was pulled
forward again, as illustrated in the accompanying video file.

With all these experimental results, one may argue that
in vitro condition of a real intestine is different than its
in vivo condition. It is true that friction measurements from
in vitro tests were usually slightly larger than those from
in vivo tests, as reported previously (Lyle et al. 2013). Their
study also quantitatively evaluated this difference, showing
that the mean value of COF from the in vivo tests was approx-
imately 90 % of those from the in vitro tests, which was not
critical at all since the maximum static friction was measured

Table 1

to be 700 mN in our study, much more than the peristaltic
force of 450 mN. Besides, considering the legs were made
of aluminum for this proof-of-concept prototype, there is still
room to increase the COF between the contact surfaces by
using better materials, such as micro/nano-patterned elastomer
adhesive patches (COF ~ 0.35), as introduced in the introduc-
tion. As reported by Kim et al., the mean value of COF be-
tween an aluminum surface and the intestinal wall was only
about 0.09 (Kim et al. 2006).

5 Conclusions and future work

In this work, we have proposed a new legged anchoring mech-
anism for wireless capsule endoscopes by employing the prin-
ciple of a switchable magnetic spring. A force model is de-
rived to predict the magnetic force required from the magnetic
spring. The theoretical analysis and experiments conducted
show that the magnetic spring is capable of meeting the an-
choring force requirement. Then, a legged anchoring mecha-
nism was designed, fabricated, and assembled onto a capsule
with a size comparable to the size of a commercial WCE. The
in-vitro tests conducted in the samples of a porcine intestine
demonstrated that such a capsule could attach to and detach
from the intestinal lumen smoothly by switching on and off
the external magnetic field, as shown in the accompanying
video files. The friction force measurements show that the
anchoring mechanism is able to provide more than double
the friction, hence providing reliable anchoring for the
capsule.

The anchoring legs are made of aluminum with smooth
metal surfaces. PDMS pads with micro-sized patterns are re-
ported to significantly increase the coefficient of friction
(Glass et al. 2008; Song et al. 2013). Future work will aim
to integrate such kinds of bio-inspired adhesives onto the sur-
faces of the legs and further improve the anchoring ability of
this mechanism. Further, a remotely-controlled locking/
unlocking mechanism will be developed and added to the

Summary of the friction measurements with or without the anchoring mechanism

Capsule configuration

Intestine sample Force measurements

Without anchoring mechanism

With anchoring mechanism (off) and legs’ tips pointing opposite to movement direction
With anchoring mechanism (on) and legs’ tips pointing opposite to movement direction
With anchoring mechanism (off) and legs’ tips pointing in the movement direction
With anchoring mechanism (on) and legs’ tips pointing in the movement direction
With anchoring mechanism (off) and legs’ tips pointing opposite to movement direction
With anchoring mechanism (on) and legs’ tips pointing opposite to movement direction
With anchoring mechanism (off) and legs’ tips pointing in the movement direction
With anchoring mechanism (on) and legs’ tips pointing in the movement direction

Sample 1 Sliding friction: 85 mN

Sample 1 Sling friction: 189 mN

Sample 1 Sliding friction: 300 mN

Sample 1 Sliding friction: 222 mN

Sample 1 Sliding friction: 454 mN

Sample 2 Maximum Static Friction: 230 mN
Sample 2 Maximum Static Friction: 285 mN
Sample 2 Maximum Static Friction: 240 mN
Sample 2 Maximum Static Friction: 700 mN
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anchoring system so that the anchoring status can be main-
tained without keeping the presence of the external magnetic
field. With this, the patient does not have to stay with the
external electromagnetic system for holding the endoscopic
capsule at the specified position, which will dramatically im-
prove the patient compliance and the energy consumption.
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