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Abstract

To establish a reliable, reproducible and accurate release of the drug in the gastrointestinal tract, a novel release mechanism for a
controllable drug-delivery system has been investigated. The release mechanism, consisting of a one-way valve for drug release,
a drug chamber, two axially magnetized cylindrical permanent magnets and a multi-layer solenoid coil, is hosted in the capsule-
shaped shell with diameter 11 mm and length 30 mm. To actuate the coil piston, the two static magnetic fields produced by the
two magnets are aligned along the same axis, having the same magnitude, but opposite directions. Based on the principle of the
electromagnetic force and the Bernoulli equation, the actuating force can be expressed as a function of the coil stroke and the
excitation current, which was modeled and experimentally verified. Thus the actuating force can be controlled by adjusting the
activated period and intensity of the coil, resulting in the reproducible release with different doses and mean rates. Then, a
prototype of the drug-delivery system has been developed, which consists of a drug-delivery capsule, a radio frequency trans-
mission module, an interface circuit, and an instruction setting and triggering platform. All the drug release parameters, including
the release mode, times, dose and mean flow rate, can be set by the platform. The experiment verifies that the drug-delivery
capsule can deliver a predetermined dose with different flow rates and dip angles of the capsule. The relative error of the releasing
dose becomes larger with increasing releasing rate and decreasing releasing dose.
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1 Introduction

There is the clinical need to target and treat specific patholo-
gies, such as Crohn’s disease, obscure gastrointestinal bleed-
ing, and small intestinal tumors (Rasouli et al. 2016).
Controllable drug-delivery systems (Goffredo et al. 2015;
Mapara and Patravale 2017) aim to deliver a specific amount
of a given drug at an exact place of the gastrointestinal (GI)
tract through the progressive release of medication. Recently,
the systems have been developed for therapeutic treatment of
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diseases in the GI tract as well as for drug absorption studies
(Becker et al. 2014).

Some attempts have been made to establish a reliable and
accurate release mechanism. The Enterion™ capsule
(Parasrampuria et al. 2015) is already commercially available,
which can deliver solutions, suspensions, or powders to spe-
cific sites within the GI tract, with the location of the capsule
determined using gamma scintigraphy. However, it can not
implement an intelligent release of a specific amount.

The electromagnetic actuation mechanism, consisting of
two ring-type soft magnets and a simple plastic hinge, is de-
veloped (Le et al. 2016). First, the drug is encapsulated by the
attracting force between the two axially magnetized soft-mag-
nets. At the target lesion, the two soft-magnetic rings are
demagnetized and then radially magnetized. A strong pulsat-
ing magnetic field in a radial direction is applied, and the
encapsulated drug can be released. The proposed release
mechanism can be activated without any battery power, yet
it is difficult in controlling the release dose and release rate.
Similarly, two magnetic parts of the capsule serving as the
passive release mechanism is developed (Dietzel et al.
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2012). These two parts were magnetically attracted to each
other to keep the capsule closed. Once the capsule reached
the target position, an external magnetic field was used to
open the capsule and release drug. The type of release mech-
anism only exposes the drug to the opened environment and
relies on the fluid availability, or environmental conditions
present at the target location to void the drug reservoir.

Polyelectrolyte multilayer capsules are used to fabricate
micron- and submicron-sized delivery systems triggered in
response to certain conditions of the environment, such as
the temperature and pH (Antipina and Sukhorukov 2011). In
these systems, the manipulation of physicochemical property
of compounds is performed to increase intestinal concentra-
tion of drugs (Filipsky et al. 2013).

Several researches (Murad et al. 2013; Yim et al. 2013; van
der Schaar et al. 2013; Woods and Constandinou 2013; Lai
et al. 2014; Munoz et al. 2014, 2016; Beccani et al. 2015,
2016) have reported different techniques to expel the drug
out of the reservoir once its release mechanism is remotely
activated. This eliminates the dependency of the diffusion rate
of the drug in the environment. The release mechanism pro-
posed in (Murad et al. 2013) is based on thermally actuated
shape memory alloys. Some of these approaches are more
efficient in optimizing the volume of the capsule. A few dis-
advantages of this release mechanism include its poor repro-
ducible release of the drug and the fact that only one dose can
be released at a time for practical purposes. The controllability
of'the number of doses and release rate were enhanced in (Yim
et al. 2013), through the usage of magnetic interactions be-
tween internal on-board permanent magnets and an external
permanent magnet.

In the paper, a novel release mechanism for a drug-delivery
system has been investigated, which aims to remote control the
quantity of drug to be released, the flow rate and the releasement
times. To experimentally verify the feasibility of the release
mechanism to deliver a predetermined quantity of drug, a pro-
totype of the drug-delivery system has been developed.

2 System overview

As shown in Fig. 1, the drug-delivery system consists of a
drug-delivery capsule, a radio frequency transmission module,
an interface circuit, and an instruction setting and triggering
platform.

Fig. 1 Block diagram for the
drug-delivery system

and
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The drug-delivery capsule in the GI tract is composed of a
shell, a release mechanism with one solenoid coil and two
permanent magnets, a controlling module and batteries. The
controlling module mainly includes a detection circuit of six-
axis attitude angle, a pressure measurement module, an exci-
tation time and intensity regulating circuit, an instruction wire-
less transmission circuit, a microcontroller unit (MCU), and a
power management circuit.

For each application, drug release rate and dosage can be
set up on the platform. Then, all instructions are transferred to
the radio frequency transmission module by the interface cir-
cuit. While the triggering instruction is received, the drug-
delivery capsule measures the current attitude angle. Then,
the excitation time and intensity regulating circuit is controlled
by the MCU to produce the proper actuating force. The system
offers a complete solution to achieve an intelligent release of
drug liquid.

3 Design of the drug-delivery system
3.1 Operation principle of the release mechanism

Referring to Fig. 2, the release mechanism with one solenoid
coil and two permanent magnets is hosted in the capsule-
shaped shell with diameter 11 mm and length 30 mm. It con-
sists of a one-way valve for drug release, a drug chamber, two
axially magnetized cylindrical permanent magnets, and a
multi-layer solenoid coil.

The drug chamber (d=11 mm, 1=8 mm, volume =
0.76 ml) is hosted in a cylindrical enclosure together with
the multi-layer solenoid coil acting as a piston. Both the distal
collar edge of the chamber and the center of the magnet close
to the chamber have circular holes with a radius of 2 mm from
where the drug is released outside. At normal atmosphere, the
one-way valve with the predefined threshold pressure 602 Pa
results in capability to be opened by the release mechanism
and no leakage of the drug (Lu et al. 2018).

To actuate the coil piston, the two magnets are mounted at
both sides of the drug chamber. Then the two static magnetic
fields produced by the two magnets are aligned along the same
axis, having the same magnitude, but opposite directions. The
controlling module and batteries occupies the 10 mm length
such that the length of the two magnets and the coil is 12 mm.

Clnterface CircuiD Drug-delivery
Capsule

\w l\\\&

Radio Frequency
Transmission Module
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Fig. 2 Exploded view for the
drug-delivery capsule
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When the coil is excited, the electromagnetic force acting
on the coil piston can extrude the drug chamber and open the
one-way valve, then the drug can be released outside. By
adjusting the intensity and the period of excitation current,
the dosage and the average rate of drug release can be con-
trolled. The operation principle of the release mechanism is
derived as follows.

In a space of a magnetic field, the electromagnetic force
acting on a unit of a current-carrying conductor is as follows:

Af=J x B (1)

where J is conductivity current density and B is magnetic flux
density in the space of the current-carrying conductor.
The total magnetic force acting on the coil piston is

Frag = | AfdV = | J x BdV (2)
|4 \%4

where V is the volume of the current-carrying conductor.

Since J is proportional to the current 7, the coil dimensions,
and the number of turns, all the three quantities need to be
optimized to achieve enough force to push the coil along the
chamber against the drug. Assuming the voltage keeps a con-
stant as 3 V, the optimized parameters are listed as follows.
The coil length is 5.78 mm, the wire diameter of the coil is
0.17 mm, and the inner diameter of the coil frame is zero (Lu
et al. 2018).

Since the contribution of gravitational force of the coil
piston is not negligible compared to the magnetic force acting
on the coil piston, the release mechanism is unable to with-
stand it regardless of the capsule dip in release.

As shown in Fig. 3, cross-section 1 denotes the contact
surface of the drug chamber and the coil piston. Cross-
section 2 denotes the exit of the one-way valve. The flow rate
of the medical liquid is denoted by v.

Using the Bernoulli equation, the following expression can
be derived:

2
Py Dy M2
e =2 3
pg 2g g 2g ! )

where p is the density of medical liquid. g is gravitational
acceleration. p;, v; and z; denote pressure, flow rate, altitude
at cross-section 1, respectively. p,, v, and z, denote pressure,
flow rate, altitude at cross-section 2, respectively. p, is equal to
the threshold pressure of the one-way valve. /; denotes local
resistance loss of the sudden contraction pipe.

Referring to local head loss, the following equation can be
obtained.

(4)

where ( = 0.5 (1—‘2—?). The value of ( is equal to 0.48.

Setting cross-section 1 as a reference surface, z; is equal to
zero. Then, the height of cross-section 2 is expressed by

= Lycost (5)

where L, is the length from the contact surface of the drug
chamber and the coil to the exit of the one-way valve. 6 de-
notes the angle between the central axis of the drug chamber
and the vertical plane (0°<H<180).

Fig. 3 The flow rate analysis of the medical liquid
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Giving continuity equation, the volume flow Q is as fol-
lows:

Q =A1V1 :A2V2 (6)

where A;, A, is the area of cross-section 1, cross-section 2,
respectively.

The resultant force F; acting on the drug chamber should
be satisfied as follows:

vy2A As?
Fy=PiA = Poay + 2200 (14 - 22
2 A

+ pgAiLycosl (7)

Therefore, the actuating force F(/, d) produced by the two
magnets on the coil piston can be derived as:

F‘(l7 d) = F] + (G] + G2)0050 (8)

where G;,G, is the gravitational force of the medical liquid
and the coil, respectively. As shown in Fig. 3, § denotes the
angle between the flow direction of the medical liquid and the
opposite direction of gravity (0° <8 < 180°).

The actuating force F(/, d) can be expressed as a function
of'the coil stroke d and the excitation current / of the coil. The
trend of F(/, d) was modeled with curve fitting and experimen-
tally verified as discussed in Section 4.

Giving the quantity of drug released M and the mean re-
lease rate v,, the activated period of the coil can be obtained:

M
n Az'Vz

©)

Based on above expressions, the intensity and the time of
excitation are relative to the dosage and the average rate of
drug release. Drug can be released repeatedly by controlling
the two parameters.

3.2 Hardware architecture of the drug-delivery
capsule

3.2.1 Detection circuit of six-axis attitude angle

Combining the principle of a 3-axis gyroscope and a 3-axis
accelerometer, a six-axis motion track chip (MPU6050,
InvenSense, USA) is mounted in the capsule to measure the
attitude angle, whose z-axis is parallel to the rotational center
axis of the capsule.

As the posture of the capsule changes, the MPU6050 sen-
sor outputs the angular velocity and acceleration of the X, Y
and Z axes. Together with an onboard Digital Motion
Processor, the device processes these data with complex 6-
axis motion fusion algorithms. A quaternion is outputted and
then converted to Euler angle. Define «, (3, v as the Yaw,
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Pitch, Roll in the Euler angle, respectively. Based on three
sine theorem, 6 can be expressed as

6 = arccos(cos3-cos7) (10)

The MCU is based on a STM32 (STM32F407, ST
Microelectronics, SUI), which can initialize the sensor module
and gather a full set of sensor data through an auxiliary master
I°C bus.

3.2.2 Excitation time and intensity regulating circuit

As for excitation time and intensity regulating circuit, a fast-
transient, low-dropout voltage regulator (TPS7A7100, ST
Microelectronics, SUI) is selected as the driver for the coil
actuation circuitry. The coil is connected to the output of the
regulator. The TPS7A7100 is driven by the MCU digital out-
put and offers a fully user-configurable output voltage setting
method. Its output voltage can be programmed to any target
value from 0.9 V to 3.5 V with 50-mV steps.

The MCU switches the enable and disable states of the
TPS7A7100 through the EN pin. A logic high input at the
EN pin enables the device; a logic low input disables the
device. The timer in the MCU can control the excitation peri-
od of the coil by switching the TPS7A7100.

3.3 Operation interface design

The drug-delivery capsule can be controlled manually in real-
time through the instruction setting and triggering platform.
The operation interface is programmed by VC++ language in
VS2013, as shown in Fig. 4.

The platform consists of four function modules: an instruc-
tion communication module, a patient information manage-
ment module, a parameter setting module for drug release and
a triggering and responding module.

The release mode, times, dose and mean flow rate can be
set by the parameter setting module for drug release. The
release mode can be mainly categorized into two types: im-
mediate release and time-controlled release. In the immediate
release mode, the release mechanism works once the trigger-
ing instruction is received. In the time-controlled release
mode, the release mechanism works after the preset interval
varying from 1 to 1440 min. Furthermore, the release dose is
proportional to the mean release rate. The release times can be
set from 1 to 3 times and drugs of different doses can be
released in each time.

Through the triggering and responding module, the instruc-
tions are transferred from the platform to the MCU module
through the interface circuit. Then, the MCU module commu-
nicates via Serial Peripheral Interface with the 433 MHz trans-
ceiver of the radio frequency transmission module. The
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Fig. 4 Operation interface for the J Parameter Setting Interfa == -
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handshake mean is employed to avoid the bit error and packet 5
loss. The communication protocol is listed in Table 1. = [1 SN ST ] (12)
D=[1, d o a] (13)
- ) ) ) )
4 System experlmental assessments ag Aol aog
A= aypp ap alg ( 1 4)
4.1 Validation of the interaction force : : :
between the coil and the magnets apy  ap pq

In order to verify the interaction force between the coil and the
two magnets, the experimental setup is presented in Fig. 5. Itis
mainly composed by the release mechanism with one solenoid
coil and two permanent magnets, a position sensor and a force
SEensor.

Considering the interacting force F as a function of the coil
position d into the drug chamber and the excitation current /,
the interaction force has been experimentally modeled using
curve fitting. That is

P g .
F(i,d)= Y Y ayi'd =1-AD
k=0 j=0

(11)

where p, ¢ is the highest power of i and d, respectively.

Table 1 The wireless

communication protocol Description Number of bytes
of drug release
Frame header 2 bytes
Dose 3 bytes
Releasing period 5 bytes
Average velocity 3 byte
Frame trail 2 byte

In the experiment, the position of the coil is set from 0 to
8 mm with the interval value | mm. And the excitation current
of'the coil is varied from 0.1 A to 0.4 A with the interval value
0.05 A. Meanwhile, the actuating force on the coil has been
measured by the force sensor.

Coded with MATLAB, the coefficient matrix A of fitting
curve can be calculated. And the function, with respect to the
actuating force F, the coil position d and the excitation current
I, has been modeled. The fitting precisions of the functions
using different values of p, ¢ are analyzed. When p=7 and
q =9, the relative errors between the measured value and the
fitting value of the actuating force are counted. From the ex-
periment, the average relative error of the actuating force is
1.52% with the value of p, g set as 7, 9. Besides, the maximum
of'the relative errors is below 2.50%. Therefore, the value of p,
q are optimized as 7, 9, respectively. As for different excitation
currents 0.15 A, 0.20 A, 0.25 A, 0.30 A, the figure shown in
Fig. 6 changes with different coil strokes.

The fitting curve is shown in Fig. 7. We can know that the
actuating force increases with the increasing excitation cur-
rent, when the coil stroke is kept a constant. As the stroke of
the coil increases, the actuating force firstly decreases and then
increases at the same excitation current.
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Fig.5 The experimental setup for
verifying the interaction force

Release Mechanism
of Electromagnet and
Permanent Magnet

4.2 Validation of the drug delivery

To experimentally verify the feasibility of the drug-delivery
system to release a predetermined quantity of drug, the exper-
imental setups were designed as shown in Fig. 8. They are
composed of an azimuth adjustment and measurement device,
the instruction setting and triggering platform, the release
mechanism with one solenoid coil and two permanent magnets,
the controlling module of the drug capsule, the radio frequency
transmission module and the interface circuit. Using the azi-
muth adjustment and measurement device, the angle 0 between
the flow direction of the medical liquid and the opposite direc-
tion of gravity can be adjusted from 0 to 180 degrees.

All the drug release parameters, including release mode,
times, dose, mean rate, can be set by the instruction setting
and triggering platform. Once the capsule is triggered, the
MCU in the capsule works according to the predetermined
release parameters. A micro-burette with range 1 mL and scale
division 0.01 mL has been used to assess the error between the
release dose and the setting dose.

When 6 is kept as 90 degrees, the relative errors of the dose
have been counted at different levels of the mean release rate.

— 0.20A
0.30A

= 0.15A
= 0.25A o

Relative Error of Actuating Force (%)

0.5 25 45 6.5 835
Coil Stroke (mm)

Fig. 6 the errors of the fitting curve with the value of p, q setas 7, 9
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In Fig. 9, different types of bars denote the relative errors of
different doses, as the mean release rate is set as 0.020 mL/ms,
0.025 mL/ms, 0.030 mL/ms and 0.038 mL/ms, respectively.
The relative errors for the quantity of released drug are 3.12%

+0.93% for 0.76 mL release dose, 7.43% +2.50% for
0.51 mL release dose, and 8.73% + 2.84% for 0.25 mL release
dose, respectively. From the figures, we can know that the
relative error becomes larger with the decreasing dose as the
release rate is kept constant. Similarly, the relative error in-
creases with increasing rate as the release dose is kept con-
stant. Both the increasing release rate and the decreasing re-
lease dose lead to increasing error of excitation time and cur-
rent. Besides, the assumptions in the formula derivation, such
as the neglecting friction, laminar flow in drug release, bring
about the errors.

In order to validate the effect of gravity on the release
mechanism, the trials were performed with the capsule assum-
ing different orientations. Figure 10 shows the relative errors
of the release dose with different dip angles 0 and average
values of release rate, as the release dose is 0.38 mL.

Fig. 7 The fitting curve among the force, the excitation current and coil
stroke
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Fig. 8 Block diagram of experimental setups for verifying the drug
delivery

From the experiment, the relative errors of the release dose
vary with different dip angles 0. The mean value of the rela-
tive errors is no more than 14%. The detection circuit of six-
axis attitude angle brings about the error. As for the same dip
angle, the relative error becomes larger with increasing release
rate. It is because shorter control periods for the MCU lead to
greater control errors. And with increasing release rate, the
motion inertia of the coil also brings about bigger errors.

In order to verify the feasibility of in vivo application, we
performed ex vivo experiments using a porcine intestine, a flat
plate, a precision balance and the azimuth adjustment and
measurement device. A flat plate (50 cm length x 40 cm

Fig. 9 The relative errors of
release dose at different release ] 4
doses and rates
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width) with fixed points for attaching the intestine was con-
structed. The angle (3 between the flat plate and the horizontal
plane can be adjusted by using the azimuth adjustment and
measurement device. A fresh porcine intestine firstly was
cleaned using Tyrode’s solution and then was attached to the
flat plate. One entry point of the porcine intestine is mounted
with a plastic tube, which provides an easy access for the
prototype of the drug-delivery capsule. In order to evaluate
the accuracy of the release dosage, a precision balance with
the accuracy 0.001 g was used. The release mechanism was
weighed before releasement and weighed again after
releasement. The difference between the two values is the
weight of the drug released. Then the volume of the released
drug liquid can be calculated according to the weight.

In the experiment, the angle 3 was set as 0,30, 60" and
90°, respectively, which aimed to create different dip angles of
the prototype, mimicking the complex orientation present in
the GI tract. When the angle 3 was kept as a constant, the
release dose was set as 0.25 mL, 0.51 mL and 0.76 mL. As for
the same release dose, the prototype was inserted into the
intestine 5 times with the value of the mean release rate set
as 0.020 mL/ms, 0.025 mL/ms, 0.030 mL/ms and 0.038 mL/
ms, respectively.

In the case, seven failures occurred in total 240 times of
application. The failures present the case in which the close
contact between the exit of the one-way valve and body tissue
leads to blockage. Table 2 shows the relative errors of the
release dose with different values of dip angle (3 and release
dose, as the mean release rate is set as 0.020 mL/ms,
0.025 mL/ms, 0.030 mL/ms and 0.038 mL/ms, respectively.

To take the complexity of in vivo application into consid-
eration, a semi-liquid colloidal suspension was injected into
the porcine intestine to mimic the GI contents and experiments
were performed accordingly. In the case, 78% releasement
failed and the failure rate further increased with increasing

Release Dose 0.25mL
Release Dose 0.51mL

(=)

0.015

70020 0.025 0.030 0.035

0.040

Mean Value of Release Rate (mL/ms)
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(a) The relative errors at the mean release rate 0.020 mL/ms
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(b) The relative errors at the mean release rate 0.025 mL/ms
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(c) The relative errors at the mean release rate 0.030 mL/ms
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(d) The relative errors at the mean release rate 0.038 mL/ms

Fig. 10 The relative errors of release dose at different dip angles and
release rates

the quantity of the semi-liquid colloidal suspension. It is be-
cause the exit of the one-way valve tends to be blocked by the
suspension. Thus, the GI preparation is required for in vivo

@ Springer

Table 2
(3 and release dose

The relative errors of the release dose for different values of

Angle 3 Release dose (mL) Relative error (%) = SD(%)
0 0.25 9.92 +3.55
0.51 8.76 + 3.47
0.76 6.02 £ 2.96
30° 0.25 10.73 = 4.77
0.51 9.22 + 4.46
0.76 8.92 + 4.03
60’ 0.25 9.94 + 4.17
0.51 843 +£3.75
0.76 8.32 £3.49
90’ 0.25 13.12 £ 5.92
0.51 10.75 = 4.61
0.76 10.16 = 4.14

use, such as cleaning of all fecal material in the intestine and
fasting for hours before in vivo application.

5 Conclusions and future works

The release mechanism with one solenoid coil and two per-
manent magnets for a drug-delivery capsule has been present-
ed and experimentally investigated. And the corresponding
controlling module for the release mechanism is designed to
control the dose, the rate and the mode of drug delivery. The
controlling module mainly consists of the detection circuit of
six-axis attitude angle, the excitation time and intensity regu-
lating circuit, the instruction wireless transmission circuit, the
microcontroller unit (MCU), and the power management cir-
cuit. Besides, the operation principle of the release mechanism
is derived and the function with respect to the actuating force,
the coil position and the excitation current is modeled. The
operation interface on the instruction setting and triggering
platform is programmed by VC++ language in VS2013. The
prototype of the controllable drug-delivery capsule has been
developed, which can be controlled manually in real-time
through the platform.

The actuating force between the coil and the two magnets is
experimentally verified. Considering the actuating force is a
function of the coil position and the excitation current, the
function has been experimentally modeled using curve fitting.
The fitting precision of the functions using different curves are
analyzed. The average relative error of the actuating force is
1.52% and the maximum is below 2.50%. According to the
function, the actuating force can be controlled by adjusting the
excitation current based on the coil position. Then, the feasi-
bility of the drug-delivery system to release a predetermined
quantity of drug has been experimentally verified. All the drug
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release parameters, including release mode, times, dose, mean
rate, can be set by the instruction setting and triggering plat-
form. The relative error of the release dose becomes larger
with increasing release rate and decreasing release dose be-
cause of the control error from the MCU.

Before practical applications in ingestible medical devices,
future works will focus on compact design of the electronic
modules, packaging, and mechanical structures of the in-vivo
device, leaving space for adding other functional modules,
such as real-time localization (Guo et al. 2018) and/or loco-
motion control (Kim et al. 2006, 2010; Quirini et al. 2008;
Hosokawa and Ishikawa 2009; Simi et al. 2010; Lien et al.
2012; De Falco et al. 2014; Cheong et al. 2015). Together with
the locomotive controlling module showing advanced features
of positioning controllability, drug-delivery systems can de-
liver a therapeutic drug to a specific target region in the GI
tract. In addition, the delivery precision of the drug quantity
needs to be improved in particular application.
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