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Abstract—The aim of this study is to contribute to the ad-
vancement of the mechatronic implantable artificial organs field
by demonstrating the feasibility of a mechatronic refilling mod-
ule to be used with implantable artificial organs (and particularly
suitable for an artificial pancreas), and permitting a completely
noninvasive refilling procedure without the need for dedicated sur-
gical interventions. We described a refilling module, chronically
interfaced with the duodenum wall, based on a magnetic switch-
able device, and able to reversibly dock an ingestible insulin carrier,
whenever required. The capsule was provided with sensors in or-
der to reveal its approach. A punching system was also developed
with the aim of assuring a safe transfer of the insulin from the
capsule to an implanted reservoir. The key components of the sys-
tem were developed and tested. Finally, they were integrated in a
preliminary prototype.

Index Terms—Artificial biological organs, biomedical engineer-
ing, drug delivery systems, magnetic device.

I. INTRODUCTION

S EVERAL advanced drug delivery interfaces are currently
under investigation, with the aim of addressing different

unmet clinical needs [1]. Although some examples of implanted
and wirelessly controlled devices for a timely drug delivery
have been recently introduced [2], [3], the issues related to
their long-term use remain widely open. This is mainly due to
implant safety and stability, long-term power supply, and also
the inability of assuring, at present, a noninvasive periodical
refilling of the implanted reservoirs. A paradigmatic example
of this research field concerns the development of implantable
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pancreas substitutes that represent a promising technological
alternative to daily exogenous insulin injections (most common
solution) in the treatment of type-1 diabetes (T1D) [4]. T1D is a
disorder of glucose homeostasis characterized by autoimmune
destruction of pancreatic β cells that results in insulin deficiency
and hyperglycemia [5].

A therapeutic strategy can be considered efficient if it is able
to reproduce physiological-like insulin profiles and if it does
not hamper patients’ daily activities. One of the most promising
solutions for diabetes treatment seems to be the recourse to an
implantable artificial pancreas (AP).

An AP is a device which aims at substituting the endocrine
pancreas, by sensing blood glucose levels, determining the cor-
respondent amount of insulin needed, and finally delivering the
appropriate amount of insulin in the body. It is sometimes de-
fined as a mechatronic puzzle made up of three main blocks:

1) Blood Glucose Level Sensor: From the first miniature
electrical transducer of glucose proposed in 1967 [6],
electrochemical glucose sensing evolved until the devel-
opment of the first commercial continue glucose moni-
toring (CGM) system, namely the CGMS, by MiniMed.
Other commercial sensors, approved by the Food and
Drug Administration, are the Guardian, Guardian RT,
REAL-Time, STS, SEVEN PLUS, and FreeStyle Navi-
gator, whose accuracy was demonstrated in several stud-
ies [7]. They are generally enzymatic sensors that ex-
ploit glucose-oxidase action and reveal the concentration
of H2O2 (produced by glucose oxidation process). Typ-
ically, commercial CGM systems exploit subcutaneous
(SC) sensors that measure interstitial glucose as a marker
of changes in blood–glucose concentration. However, sub-
cutaneously implanted sensors have inherent limitations,
especially during rapidly changing conditions, e.g., after a
meal or during a hypoglycemic episode, when interstitial
glucose and blood glucose can be markedly different [8],
[9]. The achievement of a long-term implanted glucose
sensor is one of the main challenges related to the devel-
opment of a fully automated AP, above all for the critical
environmental conditions in which these sensors have to
work.

2) Control Algorithm: Whose aim is to determine the amount
of insulin to be injected according to sensor input, thus
closing the loop between glucose level sensing and insulin
infusion. The substantial advantage of a closed-loop con-
trol in the treatment of T1D is the opportunity to decouple
the treatment (that becomes automated) from patient’s
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daily life, and also the possibility to reduce severe com-
plications, such as retinopathies, cardiovascular problems,
and kidney failure, due to severe and repeated hyper- and
hypoglycemic events, more frequent in traditional (nonau-
tomated) therapies. The main adopted control approaches
are proportional integrative derivative (PID) and model
predictive control (MPC) [10]–[12], and also more ad-
vanced nonlinear models, as fractal ones, are currently
under investigation [13]. The PID approach [14]–[17] is
relatively straightforward, and is able to mimic many typ-
ical islet response phases by means of its three compo-
nents, but system optimization is often difficult and re-
quires manual tuning. On the other hand, MPC algorithms
[18]–[20] rely on an internal model used to predict future
outcomes from past and current states and on a mathe-
matical model, called cost function minimization, which
makes it possible to find a sequence of control inputs to
reach the desired future outcomes.

3) Insulin Infusion Pump and Delivery System: Insulin de-
livery can be performed using the following three ap-
proaches: intravenous route, SC insulin infusion, or in-
traperitoneal (IP) insulin delivery. The debate on which
is the most appropriate delivery route to be used by an
insulin infuser is still open. Indeed, the answer must take
into account both pharmacokinetic and dynamic factors,
but also the feasibility and the availability of the infusing
devices, so that an ambulatory use of the artificial β-cell
can be sustained safely and at an affordable cost [21].

The gold standard of commercial AP is represented by in-
terstitial CGM combined with continuous SC insulin infusion
[22]. Pros of the SC delivery route for the artificial β-cell in-
clude an easy management and wide availability, whereas cons
are mainly related to a poor compatibility with rapid changes
in insulin needs. On the other hand, the IP supply route, which
implies the infusion of insulin into the peritoneal cavity, allows
the direct absorption of the hormone into the portal circulation,
thus mimicking the physiological insulin profiles [23], [24].

AP systems can be classified as wearable or implantable, de-
pending on the exploitation of an external or implanted insulin
pump. An example of a commercial wearable AP exploiting the
IP supply route is the DiaPort System by Roche Diagnostics,
provided with a transcutaneous access allowing direct insulin
injection into the peritoneum by using an external portable de-
vice. The strong limitation of these kinds of systems is that
T1D patients are obliged to constantly pay attention to such de-
vices, avoiding certain daily-life behaviors (sport activity, show-
ers, etc.) or modifying them. Furthermore, carrying devices (or
transcutaneous gate accesses) on the body can raise body image
issues, thus causing negative feelings of shame and embarrass-
ment. This is also an important factor, especially in children and
adolescents [25].

The only commercial device exploiting a fully implantable IP
insulin pump is the Minimed 2007 system by Medtronic [26].
This pump features a reservoir which can be refilled by exploit-
ing a transcutaneous access to the refill port. This procedure
must be performed at a hospital every 6–8 weeks by surgical
equipment, resulting in significant human time cost. This issue,

together with the costs associated with the device itself and with
the maintenance of a reliable insulin delivery, makes this tech-
nology too expensive to be exploited in the clinical practice.
Furthermore, it is necessary to take into account frequent sur-
gical burdens related to catheter obstruction, periodical pump
replacement due to battery depletion, and high risk of insulin
aggregation in the reservoir which requires the use of a specific
insulin formulation (e.g., the Insuman U400, prepared by Sanofi
Aventis) [21].

The need of periodical and frequent surgical interventions
to refill the implanted reservoir represents a high cost for the
healthcare system and a huge psychological burden for the dia-
betic patient.

The idea proposed in this paper aims at addressing the limita-
tions of current AP refilling procedures. The paper describes a
prototype of a mechatronic refilling system, devised to be a part
of an implanted AP. It is interfaced with the gastrointestinal (GI)
tract, in order to selectively dock insulin capsule-shaped carriers
periodically swallowed by the patient. This noninvasive refilling
concept has been recently proposed by the authors [27], [28],
but the feasibility of this strategy has not been demonstrated yet.

Even if some swallowable capsules (mainly endoscopic ones)
have been proposed for targeted drug delivery [29]–[31], a cap-
sule able to interact with a chronically implanted device along
the GI tract, and to transfer its content to an implanted reservoir,
has not been designed and developed yet.

The aim of this paper is to demonstrate the feasibility of a
mechatronic module allowing the noninvasive refilling of im-
planted artificial organs, by exploiting swallowable capsules
acting as insulin cargos.

II. SYSTEM OVERVIEW

The mechatronic refilling device must be interfaced with the
duodenum wall and the refilling procedure is divided in the fol-
lowing steps (Video S1 available at http://ieeexplore.ieee.org).

1) The implantable system is switched OFF, in its rest con-
figuration [see Fig. 1(a)].

2) The patient swallows the insulin pill which is passively
carried along the GI tract [see Fig. 1(b)].

3) When the capsule is a few centimeters away from the im-
plant area, the device reveals its approach [see Fig. 1(c)].

4) The reversible docking mechanism is switched ON [see
Fig. 1(e)].

5) The capsule is attracted by the implanted device and stably
docked [see Fig. 1(f)].

6) After a fixed time lapse, a linearly actuated needle punches
the capsule through a unidirectional passive valve which
acts as an interface between the implanted device and
tissue wall, and extracts the insulin from the pill [see
Fig. 1(g)].

7) When all the insulin has been collected in the dedicated
reservoir [see Fig. 1(h)] (the sequence of actions is prop-
erly temporized by considering pump parameters and cap-
sule volume and by assuring a safety margin), capsule
undocking is commenced, and the carrier is naturally ex-
creted [see Fig. 1(l)].
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Fig. 1. System operation sequence. (a) Device implant site. (b) The patient
swallows the insulin pill. (c) When the capsule is at a certain distance from the
implant area, the device reveals its presence. The docking system switches from
its rest configuration (d) to the activated one (e) to allow capsule docking. (f) The
capsule is attracted and stably docked. (g) A linearly actuated needle punches
the capsule. (h) The insulin contained in the pill is extracted and transferred to
a dedicated reservoir. (i) The capsule is undocked and naturally excreted.

The device is composed of three main blocks: 1) a docking
system, 2) a sensorized swallowable capsule, and 3) a refilling
module (see Fig. 2). Concerning the docking mechanism, there
was a clear need of choosing a strategy which could be easily
miniaturized, characterized by a low energy consumption but
without extreme positioning requirements, since the capsule is
passively carried along the GI tract and precise control of the
capsule location is not possible.

The refilling module has the role of transferring insulin from
the capsule to an implanted reservoir. This module includes
a unidirectional valve, acting as an interface between the im-
planted device and body tissues, an insulin needle actuated
through a linear servomotor for capsule punching, and an aspi-
ration system connected to a dedicated reservoir. With regards
to the refilling module, specifications mainly concerned dimen-
sional constraints, to be taken into account during valve design
and motor choice, and motor force output, which have to be
enough to punch the insulin cargo.

The last block of the mechatronic system is the sensorized
swallowable capsule, which essentially acts as a refilling means,
by carrying insulin along the GI tract toward the implanted de-
vice. Capsule sensorization is necessary to allow the implanted

Fig. 2. System overview. (a) Implant site and main components of the envi-
sioned system. (b) Block diagrams of the sensorized swallowable capsule (left)
and of the docking/refilling mechanism components (right). (c) Device CAD
representation.

device to reveal capsule approach and to consequently activate
the docking mechanism. The insulin carrier design requirements
mainly focused on size, which had to respect the anatomical
constraints and at the same time maximize the internal volume
for insulin storage. Another key aspect obviously concerned its
constitutive material, which had to be biocompatible, robust and
relatively soft, in order to be easily punched by the aspiration
needle.

The prototype described in this paper includes all the com-
ponents shown in the blue blocks of Fig. 2(b). Such elements
are the most critical ones and determine the feasibility of the
described approach for noninvasive insulin refilling. The other
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Fig. 3. CAD representation of the docking system. (a) MSD circuit, with its
key dimensions and constitutive materials. (b) MSD possible configurations.
(c) Complete docking system, including the MSD circuit and the mechanism
needed for its activation/deactivation.

components (gray blocks) could be easily integrated in future
generations of the prototype, without changing its overall work-
ing principle and functionality.

III. SYSTEM DESIGN AND EXPERIMENTAL PROCEDURE

A. Docking System

A miniaturized docking system was designed in order to re-
versibly attach the insulin carrier and to release it when empty.
Among the different possible docking strategies, we decided to
use magnetic switchable devices (MSDs). They are ferromag-
netic circuits containing permanent magnets in which a rotation
or a translation of the magnet can turn ON or OFF the attraction
forces between the circuit active surface and a ferromagnetic
target [32]. These magnetic devices have been exploited so far
in traditional industry, to develop holding systems, as well as
in modular and inspection robotics applications [33]–[35]. The
advantages of a MSD-based docking strategy lie essentially in
1) miniaturization possibilities, 2) rapid ON/OFF transition, 3)
limited positioning precision requirements, and 4) low power
consumption. In fact, contrary to electromagnets, energy is re-
quired only to switch OFF and switch ON and not in rest position.
A classical parallel single-magnet configuration was exploited
[see Fig. 3(a)]: The moving element (rotor) was a diametrically
magnetized cylindrical magnet turning along a revolution axis
parallel to the substrate. A 90° rotation of the magnet causes
streamline redistribution within the ferromagnetic circuit, thus
turning ON or OFF the attraction force exerted on a ferromag-
netic target [see Fig. 3(b)]. The fixed part of the circuit (stator)
consisted of two ferromagnetic u-shaped parts soldered together
with a diamagnetic material, namely brass, in order to limit flux
leakages. Leakages only occur through a chosen air-gap that,
as a rule of thumb, should be less than half the distance be-
tween the two iron-guides and as small as possible to minimize
the activation torque required for magnet rotation. To this aim,
it is necessary to minimize the magnetic permeability differ-
ence encountered by the streamlines alongside their path, thus
minimizing the air-gap between the rotor and the stator. Dur-

Fig. 4. Streamlines distribution in FEM environment, with the capsule at-
tached to the stator. ON (left) and OFF (right) configurations are shown.

ing MSD design, another key specification was attraction force
maximization, which can be achieved by maximizing the contact
area between the stator and the ferromagnetic ring surrounding
the capsule.

The designed MSD was provided with a concave adhesion
surface allowing a perfect match with the swallowable insulin
carrier; the curved design had the advantage to favour stream-
lines closure across the target in the ON configuration, whereas
it provided the system with a certain gap below the magnet, thus
avoiding target attraction, in the OFF configuration.

Finite-element method (FEM) simulations were carried out
through COMSOL Multiphysics by exploiting ac/dc Module
and static magnetic field conditions. Simulation aims were: 1)
to study how magnetic field streamlines oriented into the MSD;
2) to evaluate how they differently intercepted the ferromagnetic
target in the ON and OFF configurations; 3) to measure the attrac-
tion force generated by the MSD docking system on the insulin
carrier ferromagnetic ring; 4) to identify the best performing
set of conditions in terms of ferromagnetic material and magnet
grade.

As highlighted in Fig. 4, when the MSD is ON, streamlines
cross the device active surface, thus generating an adhesion force
on the ferromagnetic ring surrounding the capsule. In the OFF

configuration, streamlines go directly through the two u-shaped
stator parts without crossing the active surface, thus without at-
tracting the ferromagnetic target. Quantitative data concerning
the attraction force exerted by the MSD on the capsule were col-
lected in Table I. This allowed us to assess if the magnetic force
was sufficiently strong to attract the carrier and firmly dock it
in the ON state and sufficiently weak to allow capsule undock-
ing in the OFF state. Five commercial ferromagnetic materials,
each characterized by a different relative magnetic permeabil-
ity value, and two NdFeB magnet grades (N45 and N52), were
considered in the simulations. Furthermore, ON and OFF config-
urations were studied both when the capsule was attached to the
ferromagnetic stator and when it was at a distance of 10 mm.
This distance value is justified if we consider that the device is
devised to be interfaced with the duodenum, a virtual channel
with a diameter of about 25 mm. Capsule external diameter is
14 mm, thus it is reasonable to think that the carrier should fall
at a maximum 10-mm distance from the device active surface.
By analyzing in detail force values reported in Table I, it is
evident that optimal results could be achieved by exploiting an
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TABLE I
CALCULATED ADHESION FORCE

N52 magnet in association with F10 or Efi Alloy 50. In both
cases, the force produced in the ON configuration (about 11 N)
is 1000 times higher than the one produced in the OFF condition,
thus ensuring docking state transition occurring when desired.
With these materials, when the capsule is placed 10 mm from
the MSD surface, an attraction force of about 0.1 N is expected
in the ON configuration, while a negligible one is obtained for
the OFF configuration. If we consider that the insulin-filled cap-
sule has a mass lower than 6 g (thus subjected to a weight force
<0.06 N), we can reasonably assume that capsule attraction
will occur also when the capsule is 10 mm from the docking
station, whereas undocking will occur once the MSD is switched
OFF.

Simulation results obtained by using F10, which is a
Manganese–Zinc ferrite, are slightly better than those achieved
by using Efi Alloy 50, a Ni–Co–Fe alloy. Nevertheless, Efi Al-
loy 50 was chosen because, despite producing slightly lower
adhesion forces, it is more ductile, enabling the exploitation of
traditional and precision machining techniques for manufactur-
ing, rather than sophisticated methods such as diamond point
cutting as required by ferrites.

The combination “N52 + Efi Alloy 50” is preferable to
the “N52 + F10” one, also because it implies a lower at-
traction force in the OFF configuration, thus favoring capsule
undocking.

After the design phase, all the components of the bimetallic
stator were manufactured in our internal workshop by exploit-
ing both a computer numerical control machining center for
microfabrication (KERN HSPC) and a wire electric discharge
machine (WEDM) (SODIC AP200L). Ferromagnetic and dia-
magnetic components were then glued together in order to obtain
the assembled structure.

Once the magnetic circuit was designed and developed, it was
necessary to provide the device with a dedicated mechanism, to
allow 90° rotation of the magnet and thus triggering the two
different docking states (ON and OFF) [see Fig. 3(b)]. The mech-
anism [see Fig. 3(c)] consisted of a DC-micromotor (Faulhaber
DC-Micromotor 1224A012SR, output torque 1.8 mNm, pro-
vided with Planetary Gearheads series 12/4 and Magnetic En-
coder EN-30B201), a pair of spur gears (Misumi GEAHB0.5-
16-8-K-3 and GEAHB0.5-40-2-B-3), a ball-bearing (Misumi
FL673ZZ), and a shaft necessary to transmit the motion to the
magnet. The actuator was chosen by taking into account litera-
ture data [35] and a slight overdesign for the required task.

B. Swallowable Capsule

Concerning the insulin cargo design, the main reference was
represented by wireless capsule endoscopy [36], a technology
that exploits small vectors able to wirelessly communicate with
an external control unit [37] and to perform diagnosis and ther-
apy across the GI tract by exploiting active or passive locomotion
capabilities [38].

The swallowable carrier is a passive component with an em-
bedded wireless sensor for capsule approach detection, and an
external ferromagnetic ring, manufactured from the same mate-
rial as the docking circuit, for cargo docking. The simplicity of
a passive carrier results in a low-cost insulin capsule available
for large-scale distribution, similar to other insulin-based prod-
ucts. Furthermore, the passive nature of the carrier simplified
the overall system, thus limiting its structural complexity and
power consumption.

A tradeoff between structural stability, internal volume max-
imization, and punching force minimization was pursued.
Polydimethilsiloxane (PDMS, SYLGARD 184, Dow Corning)
membranes with different thickness values were fabricated by
spin-coating at different speeds. Such material was selected for
its biocompatibility and for the possibility to tune its mechani-
cal properties by simply varying the monomer-curing agent ratio
(in our case, a monomer-curing agent ratio of 10:1 was chosen).
Membranes were then tested using an Instron machine (Instron
4464 provided with a 10-N static load cell). This process quan-
tified the force required to punch a hole into the membrane,
using a 31G needle, which is typically exploited in commercial
insulin syringes. Force test results were interpolated in the range
0–1.2 mm (for membrane thickness), by approximating the force
trend with a second-degree polynomial. 1 mm-thick membranes
required 0.89 N to be punched. This wall thickness value repre-
sented an acceptable structural tradeoff. Furthermore, the corre-
spondent force value was compatible with the output peak force
of a commercial miniaturized linear actuator which properly fit
in the design constraints (see Section III-C). Carrier dimensions
were finally set by taking into account punching force test re-
sults, anatomical constraints [39] and, as reference dimensions,
those typical of endoscopy capsules [36]. The final carrier was
a polymeric hollow capsule (30 mm in length and 12 mm in
diameter) surrounded by a ferromagnetic ring (7 mm high and
1 mm thick) [see Fig. 5(a)]. Capsules were fabricated in a clean
room (class 1000) environment, by pouring the liquid PDMS
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Fig. 5. Design of the polymeric swallowable capsule. (a) CAD representation
of the carrier, showing its main dimensions, and its external and internal struc-
ture. (b) Dimensional parameterization of the refilling module: c is the distance
between the needle and the MSD (i) and its value had to be chosen (see Sec-
tion III-E) to allow capsule punching when it is in the two extreme positioning
configurations (ii) and (iii), corresponding to a = 0 and b = 0, respectively.

solution in a custom-made Teflon mold, obtained by standard
machining tools, and then treating it at 100 °C for 120 min, thus
allowing polymerization.

Further punching tests were carried out both on entire poly-
meric capsules, developed through Teflon molds, and on com-
mercial pharmaceutical capsules, with the aim to demonstrate
the possibility to replace PDMS with materials currently ex-
ploited in pharmaceutical capsule fabrication. Results showed
that a punching force of 0.44 ± 0.02 N was needed for PDMS
capsules, while a force of 1.27 ± 0.08 N was needed for com-
mercial pharmaceutical capsules. The linear servomotor chosen
to actuate the needle in the refilling module has an output peak
force of 2.74 N, thus being suitable for the task of capsule
punching, for both the PDMS-based custom-made pills and the
commercial ones.

Once the carrier was designed and fabricated, it was necessary
to provide the system with a signal for initializing the docking
procedure. The MSD is primarily in the off-state, and it is con-
sequently necessary to detect capsule approach to promptly turn
the docking system ON. As wireless sensors were [40] able to
detect capsule proximity, RFID systems were selected. In partic-
ular, we selected an encapsulated passive tag (Texas Instruments
TRPGR30TGC LF 12) integrated into the capsule and a reading
module (Texas Instruments MRD2EVM Microreader Evalua-

Fig. 6. Interface valve CAD design.

tion Kit) integrated into the implantable device. The selected
RFID system works at low frequencies (134.6 kHz), which are
compliant with the Industrial, Scientific, and Medical band. De-
spite the low reading range associated with this band, which is
sufficient for this specific application, this choice limits the risk
of interference between the electromagnetic field produced by
the RFID tag and the static field produced by the magnet.

Both the tag reading range and the extent of the interference
were evaluated by means of a LabVIEW (National Instruments)
software interface featuring reader control, interrogation signal
sending, and tag answer registration. Tag identification was indi-
cated by a colored indicator (green for successful identification,
red otherwise). The dedicated LabVIEW interface provided the
maximum distance between the tag and the reading module for
correct identification and determined if the interference pro-
duced by magnet proximity was strong enough to inhibit tag
recognition.

C. Refilling Module

To achieve PDMS capsule punching, a linear actuator was
implemented into the system, with a needle fixed on its shaft, and
with a passive valve acting as a unidirectional interface between
the implanted artificial device and the duodenum wall. This
enabled the AP to safely interact with the capsule after ingestion
while being passively carried through the GI tract. One of the
most critical issues while designing this block was device size: it
was necessary to ensure valve penetration and capsule punching
by the needle regardless of the relative positioning between
the swallowable capsule and the docking system. To this aim,
a parameterization of system dimensions was carried out by
considering the two extreme capsule positions [see Fig. 5(b)].
This determined the maximum dimensions of the linear actuator
and of the valve, respectively.

By taking into account dimensional constraints and capsule
punching force requirements, a Faulhaber Linear Servomotor
(LM0830-015-01, Quickshaft Technology) was chosen. On the
other hand, the interface valve, apart from being compliant with
dimensional constraints, had to be unidirectional and as hermetic
as possible to avoid interstitial fluid entrance. To achieve this
goal, we designed a square valve (less than 10 mm side) consist-
ing of four 1-mm-thick triangular metallic sheets resting upon
a square base acting as a frame. Each sheet was characterized
by a double groove allowing 7° mutual overlapping between
adjacent sheets (see Fig. 6). This structure favors valve opening
(each sheet pushes the other during this process), ensures valve
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Fig. 7. LabVIEW tag identification interface. (a) The tag was positioned at
the upper limit of system’s reading range (7 cm) and correct tag identification
was still possible. (b) The tag, 8 cm distant from the reader module, was out
of the correct reading range, thus making tag identification not possible. (c)
The capsule was positioned really close to an N52 NdFeB magnet (evidenced
by a rectangular contour) whose interference prevented tag identification. (d)
The capsule was positioned really close to the whole MSD circuit in OFF con-
figuration (evidenced by a rectangular contour) and tag identification occurred
regularly.

closure after needle retraction (as superposition between sheets
is never lost), and valve unidirectionality even under physiolog-
ical perturbation effects.

An aluminium (ERGAL 7075) valve prototype was fabri-
cated through KERN HSPC machining center for microfabrica-
tion and WEDM. Hirox Microscope analysis of valve prototype
opening was performed to verify the desired 0.75 mm over-
all valve opening (corresponding to the diameter of the 31 G
needle with a safety factor equal to 3), and microscope images
were properly processed in order to extract maximum valve
opening values. Further opening tests were carried out through
an experimental setup comprising the polymeric capsule, the
miniaturized valve, and the linear actuator with the needle fixed
on its shaft. The objectives were: 1) to verify if valve opening
effectively took place when applying a point load to its center;
2) to verify if the needle was actually able to punch the capsule;
and 3) to determine which actuator working speed allowed an
optimal punching process.

IV. RESULTS AND DISCUSSION

A. Sensorized Swallowable Capsule

Fig. 7 shows the LabVIEW tag identification interface during
approach detection tests: when the RFID tag integrated into
the capsule entered the reader sphere of action, whose radius
is about 7 cm, its presence was detected by the device which
consequently activated the docking mechanism [see Fig. 7(a)].
The capsule was not detected for distances higher than 7 cm;
in this case the button was red [see Fig. 7(b)]. It is important
to underline that the encapsulated tag was efficiently identified
even when the tag was immersed in insulin. Tag identification
tests were carried out in the presence of both an N52 permanent
magnet and of the whole MSD circuit, in order to verify if the
interference between the static magnetic field produced by the
magnet and the electromagnetic field produced by the RFID
system was strong enough to inhibit tag identification. Tests
revealed that if the tag was positioned near a permanent magnet,
tag identification was impeded [see Fig. 7(c)]. However, in the

presence of the whole MSD circuit, thanks to the ferromagnetic
material’s ability to convey streamlines, such interference was
completely cancelled [see Fig. 7(d)].

This part of the work demonstrated the possibility to use
encapsulated tags, typically exploited for animal identification
[41], [42], in a really different and high-impact application.
RFID-based solutions have also been implemented in wireless
capsule endoscopy for capsule localization [43], but by exploit-
ing a more sophisticated configuration. In our case, the need
to detect the capsule approach makes the RFID integration ex-
tremely easy and the overall operation really effective. Another
innovative aspect concerns the exploitation of localization infor-
mation to drive implantable system operation and not, as usual,
to drive the capsule itself in diagnostic applications.

The swallowable carrier has an internal volume of about 2 ml.
Considering a highly concentrated insulin formulation in liquid
form, a daily dosage of 0.5–1 IU per kg of body weight [44], and
a 70 kg weight man, this volume provides a lifetime of about two
weeks. A capsule to swallow every two weeks is an acceptable
burden, minimally affecting patient lifestyle. At the same time,
a relatively short period between the refilling deadlines reduces
the risk of insulin clotting and bubble formation [21], normally
due to a prolonged insulin permanence into the reservoir.

It has to be underlined that the proposed refilling strategy
shows an intrinsic risk associated with the drug transfer across
the GI gut as the delivery of the 2 mL into the gut wall or the
peritoneum would likely be fatal. This risk could be addressed in
our system by fabricating the capsule with a highly chemically
stable material. Furthermore, the aspiration apparatus, based on
a thin insulin needle, will permit a reasonably safe drug transfer
from the capsule to the implanted reservoir by significantly
limiting or totally avoiding insulin leakages into the gut.

B. MSD-Based Docking System

The MSD circuit was fabricated by following the design con-
siderations reported in the previous section, and it was provided
with the dedicated actuator and mechanism. The docking pro-
cess proved to be efficient and the transition from the docking
to the undocking state rapid, thus highlighting the absence of
any residual magnetization and confirming simulation results.

The docking process can be considered stable despite the
perturbation produced by GI peristalsis. With reference to the
Miftahof mathematical model [45], peristaltic forces acting on
our capsule are 0.51 and 1.16 N, in the circumferential and lon-
gitudinal direction, respectively [46], [29]. Force measurements
were carried out to evaluate the external disturbance required
to produce capsule displacement and final undocking. Tests re-
vealed that a force of 1.79± 0.22 N acting on the capsule caused
undocking. Experimental and simulation results, compared to
theoretical peristaltic forces, showed that the device is robust
during subjection to physiological perturbations such as those
produced by peristalsis. In the longitudinal direction, in fact, the
system is able to bear a force higher than the relative peristaltic
force component whereas in the circumferential direction, the
magnetic force is 20 times higher than the peristaltic one in the
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Fig. 8. Final prototype. (a) Prototype overview. (b) Mechanism, valve, linear
actuator, and capsule. (c) MSD. (d) Miniaturized passive valve.

ON state and lower than that in the OFF state thus enabling also
docking state transition.

Preliminary tests carried out on the prototype confirmed the
adequacy of the chosen DC-Micromotor. The motor was able to
exert sufficient torque to overcome the interaction between the
permanent magnet and the ferromagnetic stator. The adhesion
forces produced by this MSD system fit well to those reported
in the literature for systems with magnets of the same volume
[35].

Concerning MSDs, the innovations introduced by this study
lie mainly in the application field, which is quite far from mod-
ular and inspection robotics, and secondly in the choice of a
ferromagnetic material, namely Efi Alloy 50, different from
pure iron (the typical elective material), in order to maximize
circuit ability to convey streamlines.

C. Refilling Module

A key element of the refilling module is represented by the
miniaturized passive valve. Fig. 8(d) shows the aluminum valve
prototype at its maximum opening point. With the aim to ver-
ify, if valve maximum opening was sufficient to allow needle
passage with a certain safety factor, we acquired pictures of the
valve at its maximum opening point, by using a Hirox Micro-
scope. Image analysis revealed a maximum opening of 0.98 ±
0.08 mm, thus compliant with the 31G needle passage.

The miniaturized valve must act as an interface between the
implanted device and the duodenum wall. This is one of the
most challenging issues of the device, as the interface between
an artificial device and body structures is always critical. How-
ever, advancements in modern surgery, especially concerning
safe-chronic implants and bariatric surgery, and the success of
interface systems such as traditional heart valves or GI clips
(e.g., OTSC by Ovesco [47]) make it reasonable to think that
such a valve, properly functionalized with biocompatible ma-
terials, could be surgically positioned along the GI tract. Valve
position could be crucial and challenging in terms of mechani-
cal stability of the component. To experimentally demonstrate

TABLE II
LINEAR ACTUATOR POWER CONSUMPTION DURING VALVE OPENING AND

CAPSULE PUNCHING TASKS

ACTUATOR SPEED [mm/s] 3 mm/s 30 mm/s 100 mm/s

POWER CONSUMPTION [W] 10.19 ± 2.72 3.87 ± 0.62 0.96 ± 0.16

valve robustness to external disturbances, tests were carried out
by applying a compression force at the center of the valve by
means of a dedicated setup exploiting an Instron machine with
a ±10 N load cell. The unidirectional valve was able to bear a
force up to 3.4 N without being structurally affected. This value
is significantly higher than the typical peristaltic forces in the
duodenum, thus highlighting the robustness of the valve for the
proposed application.

Before assembling the whole device prototype, operation tests
were carried out on the refilling module in order to prove effec-
tive valve actuation, based on needle pushing or retraction, and
to set the best linear actuator working speed. By exploiting a
Faulhaber Motion Manager Software, motor current consump-
tion and supply voltage were evaluated, thus allowing an esti-
mation of power consumption. Table II clearly shows that power
consumption decreases when the operating speed increases.

Moreover, bench tests revealed that at lower speeds, the fric-
tion between the needle and the sheets increased, with a higher
risk for the needle to remain stuck in the valve. These con-
siderations, together with additional results obtained from effi-
ciency tests aimed at quantifying the perturbation on traditional
actuators operation produced by magnet proximity (data not
reported), led to set the punching apparatus working speed at
100 mm/s.

V. CONCLUSION

This study demonstrated the possibility to develop a mecha-
tronic device for the refilling of artificial organs, paying par-
ticular attention to its application in a totally implantable AP.
Other applications of the device could include different artifi-
cial organs with endocrine functions, biohybrid organs to be
provided with cell culture medium, or controlled drug release
systems. The design and testing phases reported in the previ-
ous sections led to the development of a bench-test prototype
(see Fig. 8, and Video S2 available at http://ieeexplore.ieee.org).
The experimented merging of technologies and concepts from
robotics, biomaterials science, and object identification strate-
gies is promising and aims at providing patients with a disruptive
technological solution in the field of endocrine artificial organs.

In particular, this study demonstrated the feasibility of 1)
a miniaturized docking system, whose dimensions have been
already optimized to allow integration into an implantable de-
vice. The system also features a rapid docking state transition
by developing forces differing for more than three orders of
magnitude in the two docking conditions; 2) a biocompatible
insulin carrier, responsive to MSD, being provided with a thin
ferromagnetic ring. Its internal volume (2 mL) assures the de-
vice longevity, without the need for patient interaction, for more
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than two weeks; 3) insulin carrier tracking by exploiting low fre-
quency RFID systems and really small encapsulated tags; 4) a
refilling module, provided with a miniaturized passive valve act-
ing as an interface with body tissues, allowing insulin transfer
from the swallowed capsule to the implanted reservoir.

Future work will first aim to miniaturize the system, by re-
ducing size and bulkiness of the constitutive components, and
second to rebuild some of its parts by using more biocompat-
ible materials (or biocompatible functional coatings), making
them suitable for implantation. Other actuators could be se-
lected and better packaged for limiting size and the missing
operative blocks such as the aspiration pump and the controller
[gray blocks in Fig. 1(b)] will be integrated. Even if the system
is really complex and sophisticated, its power consumption is
quite limited considering that the device is expected to be active
once every two weeks, and for a really short time lapse. Further-
more, the possibility of implementing a rechargeable backup
battery using a wireless nonradiative energy transfer system for
recharging is under investigation [48], [49]. All these improve-
ments will hopefully lead to the in-vivo testing of the device,
thus allowing the evaluation of the actual success rate of the
refilling strategy.
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