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Internet-of-Things-Enabled Dual-
Channel Iontophoretic Drug
Delivery System for Elderly
Patient Medication Management
Wireless controllers have found its application in the supervision of the patients in the
hospitals. It is not only a valid issue for the developing countries but also for the devel-
oped countries. For this reason, scientists are working on the advancement of medical
devices that are capable of decreasing the workload of health caregivers. In this study,
the development of an iontophoretic drug delivery device that could be controlled using a
mobile is described. For the purpose, hardware and a software module were developed.
The hardware module consisted of a two-channel voltage-controlled constant current
sources that were used for driving the iontophoretic device. A mobile app was developed
to control the two-channel iontophoretic device and to monitor the loose lead of the
active and the passive patches. In the case of detection of the loose lead, the specific ion-
tophoretic channel was stopped. Further, the audio-visual indicator was developed for
the detection of the detachment of the patches (loose lead). The device was tested in vitro
by performing the drug release study using drug-loaded emulsion gels that were
formulated. [DOI: 10.1115/1.4045933]
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Introduction

Medication management for elderly patients is a critical com-
ponent in the efficacy of the treatment modality. The process is
complicated when a number of medicines are given, and the
elderly patients have to manage the task of remembering
the doses, which is quite taxing. This is further complicated if the
patient is suffering from physical, visual, or cognitive impair-
ments. Furthermore, it has been observed that even the elderly
patients are advised oral drug delivery systems, which they have
to swallow. Unfortunately, many of the patients (especially having
age >70 years) suffer from dysphagia and face a tremendous
obstacle in taking the medication. Regular use of the injectables in
these patients is also not feasible. Due to the aforesaid reasons,
the help of caregivers has been proposed. Nevertheless, this is
associated with a high recurring cost. Many researchers have pro-
posed to deliver drugs by applying the drug formulations over the
skin surface [1]. The iontophoretic drug delivery system is one
such method that has gained much importance in the last few dec-
ades. The main advantage of iontophoretic drug delivery is its
ability to deliver drugs within the deeper layer of the skin tissue
and/or systemic circulation in a noninvasive manner [2]. With the
advent of technological advancements, it is quite feasible to
develop electronically-controlled drug delivery systems, including
iontophoretic drug delivery systems, at a cheap price.

The use of the internet for manipulating various machines,
devices, and objects is known as the internet-of-things (IoT). Due
to the significant advancements made in the field of internet

technology, IoT has been able to revolutionize the current day
technology system. In recent times, the term medical-IoT has
been gaining importance. Medical-IoT is a field of study that
involves controlling medical devices from a remote location using
the internet technology. The application of IoT technology in
medicine can significantly improve the quality and efficiency of
the healthcare service, especially for elderly patients, patients
with chronic conditions, and for the people who need continuous
monitoring [3]. This technology has also been explored for ionto-
phoretic drug delivery applications. This type of device can help
in monitoring and delivering the drug from a remote location (like
office and car) by the relatives. Sayeed et al. developed an IoT-
based responsive drug delivery system that can inject the drug
into the epileptogenic zone on seizure detection [4]. In another
study, Junginger et al. have designed a chip-controlled iontopho-
retic system that can deliver apomorphine to the patients suffering
from Parkinson’s disease [5]. In the proposed method, the amount
of the drug delivered could be controlled by controlling the cur-
rent density. Conformal contact between the device and the skin
must exist to increase the device efficacy [6]. Any loss in the con-
nection between the skin and the patch(es) results in the under-
dosing of the drugs to the patients and can cause morbidity. How-
ever, to the best of our knowledge, no arrangement was made by
any existing literature to detect the loss of connection between the
skin and the patches. Another critical issue found in every drug
delivery system was its ability to deliver only one drug at a time.
The report says elderly people are the largest per capita consumer
of drugs and are prescribed a higher number of medications [7]. In
such patients, polypharmacy (multiple drug use) is mainly related
to chronic diseases like cardiovascular diseases, diabetes, and
memory-related diseases (e.g., dementia and Alzheimer’s dis-
ease). Polypharmacy is also found in low-income countries where
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disease like tuberculosis is among the most common chronic ill-
ness [7]. Hence, a single-channel system may not be sufficient,
and the requirement of a multichannel iontophoretic drug delivery
system becomes essential.

Taking the cue from the above discussion, a smartphone-based
remote-controlled iontophoretic drug delivery device has been
developed in this study. Provisions have been made in the device to
deliver multiple drugs. The program of the device can be regulated
to tailor the duration of the drug delivery, and hence, the amount of
the drug to be delivered into a patient as per the choice of the pro-
grammer. Further, an in-built program to detect and alert the health-
care professionals or relatives on the detachment of the drug
delivery patch(es) from the site of the application is also proposed.

Materials and Methods

Materials. ESP12E NodeMCU module (Espressif Systems,
China), Arduino Due (Arduino, Italy), Arduino MEGA ADK
(Arduino, Italy), resistances (10 kX, 1 kX, and 82 kX), capacitors
(1 lF, 10 lF, and 100 lF), diode, light emitting diodes (LEDs)
(green, orange), 9 V batteries (mercury-cadmium type), and
groundnut oil (Farm Naturelle, India) were bought from the local
market. An operational amplifier (UA741CN), IC LM 7805, and
IC LM 7809 voltage regulator were purchased from Texas Instru-
mentation. The free version of the Eagle printed circuit board
(PCB) design software (Autodesk, San Rafael, CA) was used for
designing the PCB of the developed circuit. Sorbitan

Fig. 1 Schematic circuit diagram of the two-channel iontophoretic drug delivery device

Fig. 2 Circuit diagram for the development of the loose-lead monitoring system
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monopalmitate was purchased from Loba Chemie (Mumbai,
India). Metronidazole was received as a gift from Aarti drugs,
India.

Development of the Signal Generator. In this study, a pro-
grammable signal generator was developed [8]. For the purpose,
the Arduino Due microcontroller board was used. A look-up table
(two-dimensional array) was used to generate a sinusoidal signal
(Appendix). The signal was generated using 60 points from the
two-dimensional array. The sample index point was incremented
until the 60 points within a fixed time of 1 ms. This resulted in the
generation of a sinusoidal signal having a frequency of 1 kHz and
a peak-to-peak amplitude of 2.32 V. The signal generator was pro-
grammed to generate 2 independent analog signals, which were
presented at the DAC0 and DAC1 terminals of the microcontroller

board. The signal generator was programmed to generate signals
for a period of 2 h.

Designing of the Iontophoretic Device. The circuit for the
iontophoretic drug delivery system was developed as per the pre-
viously reported literature [9]. Some modifications were made in
the circuits to suit our needs. The sinusoidal signal generator,
which was developed using the Arduino Due, was used as the
voltage signal generator. The output of the signal generator was
processed using a passive high-pass filter (fc¼ 15 Hz). The output
signal from the high-pass filter was then used as the input for the
operational amplifier (OP-AMP) based voltage buffer circuit. The
output of the buffer was later converted into a current signal using
a voltage-to-current converter. The arrangements were made so
that the generated current was then injected through the

Fig. 3 Flow chart of the working principle for a loose-lead monitoring system
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iontophoresis cell. An LED-based visual indicator circuit was also
incorporated to indicate the working status of the device. All the
OP-AMP were powered using a 69 V battery-powered power
supply (see Fig. S1 available in the Supplemental Materials on the
ASME Digital Collection). The circuit diagram of the developed
iontophoretic circuit has been shown in Fig. 1.

Testing of the Iontophoretic Circuit. The characteristic of the
high-pass filter was tested using a variable function generator. The
function generator was manually controlled to generate a sinusoi-
dal signal of 2.28 Vpp signal. The frequency of the signal was var-
ied from 1 Hz to 10 kHz. Subsequently, the frequency versus
amplitude response was plotted. Further, the testing of the ionto-
phoresis circuit was carried out by analyzing the signal at different
stages of the circuit.

Designing of the Loose-Lead Monitoring System. The signal
at the output of the voltage-to-current converter was used as the
input for the buffer amplifier being powered with 69 V power
supply. The output of the buffer amplifier was then served as the
input to the inverting terminal of an OP-AMP based comparator
circuit. The noninverting terminal of the comparator was supplied
with a þ2.5 V DC voltage. The output of the comparator was then
digitized. The digitized values were then passed through a moving
average [10] having a window of 12 points. The average values
were compared with a constant value of 160. A value of more
than 160 was considered as good connectivity between the patches
and the human body. On the contrary, a value of less than 160
was considered improper connectivity between the patches and
the human body. In case any loose-lead was detected, a high out-
put was generated and sent to the designed website through the
WiFi module. The circuit diagram of the developed loose-lead
monitoring system has been shown in Fig. 2. The processed flow-
chart of the loose-lead monitoring system has been shown in
Fig. 3.

PCB Designing of the Iontophoretic Device With Loose-
Lead Monitoring. Eagle PCB design software was used for the
designing of the PCB for the developed circuit of the

iontophoretic device with loose-lead monitoring capability (see
Fig. S2 available in the Supplemental Materials on the ASME
Digital Collection). A layout of the circuit of the device was made
(see Fig. S3 available in the Supplemental Materials on the
ASME Digital Collection). The layout was then printed on a
glossy paper using a laserjet printer. The printed layout, consisting
of the carbon particles, was then transferred to copper-clad lami-
nates. The copper-clad laminates with the transferred carbon were
then kept for etching in ferric chloride (FeCl3) solution for remov-
ing the exposed copper area. Necessary holes were made at the
designated places. Subsequently, the components were placed at
the specified slots and then soldered. The connectivity of the
tracks was tested using a multimeter. Finally, the working of the
developed circuit was tested using a 1 kHz sinusoidal signal (2.28
Vpp), and the output was monitored in a DSO (digital storage
oscilloscope).

Development of Mobile App for Communicating With the
Iontophoretic Device. A webpage was designed using HTML
protocol [11] to communicate with the iontophoretic device. The
webpage was hosted using a Hypertext Transfer Protocol (HTTP)-
based web server, which was created by programming an ESP12E
NodeMCU module (using Arduino IDE) in station mode. The
webpage consisted of two sets of control buttons for switching
“ON” and switching “OFF” of each of the signal generators. Once
the switches were switched on, they were expected to trigger the
signal generators that would continue for 2 h. Provisions were also
made to switch off either or both of the signal generators before
2 h in case of any need. Further, two virtual LEDs were incorpo-
rated to indicate the status of the connections of the drug reser-
voir(s) to the human body. Finally, a mobile app was designed
using MIT App inventor for this webpage.

Integration of the Mobile App and the Hardware. The inte-
gration of the mobile app and the iontophoretic drug delivery sys-
tem was achieved by interfacing the iontophoretic drug delivery
system with the capability to monitor the loose-lead monitoring
and the mobile app. The same was achieved by hosting the web-
page of the mobile app (containing the control buttons for the

Fig. 4 Flow diagram of the functioning of the loose-lead monitoring system

011104-4 / Vol. 14, MARCH 2020 Transactions of the ASME

http://dx.doi.org/10.1115/1.4045933
http://dx.doi.org/10.1115/1.4045933
http://dx.doi.org/10.1115/1.4045933


signal generators, developed using MIT app inventor) using the
webserver of the ESP-12E WiFi module [12] and establishing the
communication between them using HTTP communication proto-
col [11]. The schematic representation of the proposed drug deliv-
ery system has been provided in Fig. 4. The proposed flowchart of
the integrated device has been given in Fig. 5.

Drug Release Study. A drug release study was conducted
using the developed iontophoretic drug delivery system. For the
purpose, two emulsion gel formulations were made (Table 1). The
formulations were prepared by the hot emulsification method. In
gist, groundnut oil, emulsifier (sorbitan monopalmitate (SMP)),
and water were mixed in different proportions. SMP was dis-
solved in groundnut oil (60 �C, 500 rpm). To this hot solution,
water (60 �C) was added dropwise and subsequently homogenized
for 30 min at 500 rpm. The model hydrophilic drug (metronida-
zole, 0.2 g) was mixed to the homogeneous mixture. The hot
emulsion was then cooled down to room temperature in order to
induce gelation [13].

The developed drug-loaded emulsion gels were used to perform
the drug release study using the designed iontophoretic circuit.
Both the iontophoretic channels were switched ON using the

mobile app. The study was conducted for 2 h (as was set in the
iontophoretic device). Channel-1 reservoir of the iontophoretic
device consisted of SMP1-M, while the SMP2-M was loaded in
the channel-2 reservoir. Samples were withdrawn at regular inter-
vals and tested for the amount of the released drug. Similarly,
another set of drug release experiment was carried out using the
same setup without activating the iontophoresis device. The tests
were conducted in triplicates. The schematic diagram of the setup
is provided in Fig. 6.

Results

Development of the Signal Generator. Arduino Due board
houses an Atmel SAM3X8E ARM cortex-M3 microcontroller.
The board has an in-built two-channel digital-to-analog converter
(DAC). The microcontroller was programmed so that the Arduino
Due board could synthesize sinusoidal signals independently from
either or both the DAC channels. The synthesized sinusoidal sig-
nal has been shown in Figs. S4(a) and S4(b) that are available in
the Supplemental Materials on the ASME Digital Collection. A
visual inspection of the signal suggested the presence of a DC off-
set (1.80 V, 1.77 V) in the generated signals. The peak-to-peak
amplitude was found to be 2.32 Vpp and 2.28 V. The signals were

Fig. 5 Flow chart of the working principle for the iontophoretic drug delivery-cum-loose lead monitoring system
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then subjected to Fast Fourier Transform (FFT) to figure out the
frequency component of the signal. The FFT analysis showed that
the synthesized signals had a frequency of 1 kHz (see Figs. S3(c)
and S3(d) available in the Supplemental Materials on the ASME
Digital Collection).

Designing and Testing of the Iontophoretic Device. The anal-
ysis of the synthesized signals suggested the presence of an offset
voltage of 1.78 V. So, to eliminate the same, a passive high-pass
filter having a cut-off frequency of 15 Hz was employed. The gain
response of the filter was determined (Fig. 7(a)). It was found that
the gain at 1 kHz frequency was 0 dB. This suggested that the
designed filter would not affect the nature of the 1 kHz signal.
However, it would be capable of eliminating the DC component
from the synthesized signal. Hence, the designed filter was used to
process the synthesized signals. The output of the high-pass filter
has been given in Fig. 7(b). It could be seen here that the proc-
essed signal did not have any offset. Further, there was no altera-
tion in the peak-to-peak amplitude of the processed signals as
compared to the synthesized signal. The processed signals were
then presented to a buffer amplifier. A buffer amplifier provides a
gain of 1. Hence, there is no magnification of the signal compo-
nent (Fig. 7(c)). In our study, we also found that the input signal
from the high-pass filter and the output of the buffer amplifier
were the same. Further, the buffer amplifier imparts an electrical
impedance transformation while connecting two circuits. This
helps to prevent the signal source from being affected by the load
of the sink circuit. The output of the buffer amplifier was then
given to the voltage-controlled constant current source that was
operating in the inverting amplifier mode. The input resistance
(82 kX) of the constant current source governs the current injected
into the human body through the patches. This resulted in the

generation of a sinusoidal current having a peak-to-peak current
amplitude of 0.28 lA (Ipp). Hence, the positive and negative peak
currents were 0.141 lA (Ip). The current was then injected into
the iontophoresis cells, which were used as a simulated human
body. Since the system was operating in the inverting amplifier
mode, there was a 180 deg phase shift of the voltage signal across
the iontophoresis cells (Fig. 7(d)).

Designing of the Loose-Lead Monitoring System. Continu-
ous monitoring of the impedance between the active and the pas-
sive patches was employed for the loose-lead monitoring. The
passive patch was virtually grounded as it was connected with the
inverting terminal of the constant current source, while the nonin-
verting terminal was directly grounded to the ground of the elec-
trical circuit. Hence, the current is injected into the iontophoresis
cell through the active patch. Accordingly, the voltage measured
at the active patch against the ground would be directly propor-
tional to the impedance across the active and the passive patches.
This means, when the patches are properly connected with the
iontophoresis cell, we will get a voltage value that is proportional
to the total impedance of the active patch, passive patch, and the
iontophoresis cell. Since the input signal to the iontophoresis cell
is sinusoidal, the output would also be sinusoidal (Fig. 8(a)).
However, if either of the patches or any one of the patches gets
disconnected, the circuit becomes an open circuit, and the imped-
ance would be infinite. Here, we would get a square signal. The
positive peak would go to positive saturation, while the negative
peak would go to the negative saturation (Fig. 8(b)). Subse-
quently, the output of the iontophoresis cell is given to the buffer
amplifier. The output signal was then used as the input to the
inverting terminal of a voltage comparator circuit that was being
operated using a 65 V power supply. A constant DC voltage of
2.5 V was used for the comparison, which was connected to the
noninverting terminal of the comparator. The comparator was
operated using 65 V power supply so as to prevent damage to the
microcontroller board due to the input of the voltage that was
higher than þ5 V. The microcontroller board rejects the negative
voltage as it functions in the range of 0 V and 5 V. The output of
the comparator during the open and the close cases has been given
in Figs. 8(c) and 8(d). During the open case, a square wave of
4.00 Vpp was obtained. On the contrary, during the close case, a
DC voltage of 4.49 V was obtained. These signals were then

Table 1 Composition of emulsion gels

Composition (g)

Formulations SMP Groundnut oil Water Metronidazole

SMP1-M 1.4 9.6 9 0.2
SMP2-M 1.4 8.6 10 0.2

Fig. 6 Schematic representation of the proposed device
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acquired in the Arduino Mega ADK board. The serial monitor
readings during the open case showed values lower than 160. The
readings during the close case continuously showed values >200.
Hence, a 12-point moving average values were used for compari-
son in the digital comparator. For comparison, a constant value of
160 was chosen. The comparator generated a high value when the
average reading was below 160. This initiated a visual warning
(activation of the virtual red LED) in the mobile app. If the aver-
age reading was above 160, there was low output, and the mobile
app showed an activated virtual green LED. The serial monitor
readings have been shown in Figs. 8(e) and 8(f).

PCB Designing of the Iontophoretic Device With Loose-
Lead Monitoring. The layout of the circuit made during the
developmental stage (Fig. 9(a)) was designed using the Eagle
PCB design software. The layout was printed on a glossy paper
(Fig. 9(b)), which was then transferred over the copper-clad lami-
nates (Fig. 9(c)). The excess copper was removed from the lami-
nates (Fig. 9(d)), drilled, and the components were placed and
consequently soldered. The components were placed as per the
requirements and then soldering was performed. The developed
PCB board has been shown in Fig. 9(e). Two numbers of PCBs
were fabricated for implementing the dual-channel device. The

connectivity of the tracks was then tested using the multimeter.
Finally, the testing of the circuit was performed using a 1 kHz
sinusoidal signal. The output of the signal at each step was
observed in a DSO (Digital Oscilloscope) and compared with the
observations made during the development stage (see Fig. S5
available in the Supplemental Materials on the ASME Digital
Collection). The observations made during the developmental
stage and after the PCB fabrication were found to be similar. This
suggested that the designed PCBs were working fine. Then, the
PCBs were integrated with the microcontroller boards. The com-
plete system has been shown in Fig. 10.

Development of Mobile App for Communicating With the
Iontophoretic Device. A mobile app was developed. When the
app is opened, it shows the control system for channel-1 and
channel-2 (Fig. 11(a)). As the iontophoresis device is put on, the
app showed two activated virtual green LEDs with a note
“electrode connected” (Fig. 11(b)). The loose-lead was artifi-
cially generated by intentionally detaching any or both of
the patches from the iontophoresis cell. During this case, the
green virtual LED changed color to red. Further, the note Elec-
trode connected was changed to “Loose-lead detected.”
(Fig. 11(c)).

Fig. 7 Testing of the iontophoretic device. (a) Gain response of the designed high pass filter, (b) voltage signal at the output
of the high pass filters (same phase of the input and the output signals), (c) voltage signal at the output of the buffer amplifier
(same phase of the input and the output signals), and (d) differential voltage signal across active electrode-formulation-diffusion
media-electrode arrangement (180 deg phase-difference among the input and the output signals) (note: the upper waveform
represents output from the signal generator; the lower waveform represents the output at various stages of the circuit).
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Fig. 8 Testing of the loose-lead monitoring system. (a) Differential voltage signal across active electrode-formulation-
diffusion media-electrode arrangement when the electrodes were properly connected, (b) differential voltage signal across
active electrode-formulation-diffusion media-electrode arrangement when one of the electrodes was displaced, (c) output of
the comparator circuit when the electrodes were properly connected, (d) output of the comparator circuit when one of the elec-
trodes was displaced, (e) the serial monitor reading when the electrodes were properly connected, and (f) the serial monitor
reading when one of the electrodes was displaced (note: the upper waveform represents the output from the signal generator;
the lower waveform represents the output at various stages of the circuit).
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Drug Release Study. The drug release study was performed
using the prepared emulgels. The emulgels contained metronida-
zole as the model drug. The drug release studies were conducted
in both passive and active modes. In the passive mode, the ionto-
phoretic device was not put on. While doing the drug release study
in the active mode, the iontophoretic device was put on using the
developed mobile app. The release of the drug was monitored
using a UV-vis spectrophotometer at a different time interval. The
test was carried out for 2 h. The cumulative drug release (CPDR)
profiles were determined (Figs. 12(a) and 12(b)) [14]. It was
observed that the release of the drug was higher during iontopho-
resis as compared to the passive study. It is important to note that
there was not much difference between the release profiles. This
can be accounted for the use of the dialysis membrane, which
does not exert sufficient hindrance to the drug transport as that of
the skin tissue. The release profiles were modeled using the
Korsmeyer–Peppas model (Eq. (1); Figs. 12(c) and 12(d)) [15]. It
was found that the diffusion of the drug was higher in both the
samples when the active experiment was carried out (Table 2).
Further, the diffusion exponent value “n” was <0.45 during the
active experiment using SMP1-M. This suggested that Fickian dif-
fusion played an essential role during the said experiment. In all

other experiments, n value was >0.45. This is suggestive of non-
Fickian diffusion of the drug molecules during the experiment

m ¼ K � tn (1)

where m represents the solute fraction released, t is the sampling
time, K is constant representing rate of drug release from the poly-
meric matrix, and n is the diffusion coefficient.

Discussion

Iontophoresis is a noninvasive method of drug transport that is
used to transfer drug molecules into the tissues or systemic circu-
lation by the application of an electric field [16]. Yan et al. [17],
in their study, have compared the constant current and alternating
current iontophoretic drug delivery and suggested that a constant
ac current iontophoresis can provide fluxes that are comparable to
the 0.2 mA of constant current DC. In another study, it has been
reported that the modulated ac current of a duration of 2 h at a fre-
quency of 1 kHz was found to be comparable to a dc current of 1 h
[18]. Hence, for increased efficiency and simple design circuitry,

Fig. 9 PCB designing and testing of the iontophoretic device with loose-lead monitoring: (a)
breadboard design of the prototype iontophoretic drug delivery-cum-loose-lead monitoring sys-
tem, (b) the layout of the PCB printed on to the glossy paper, (c) carbon transfer of the PCB layout
to the copper-clad laminate, (d) PCB layout after etching and washing of the copper-clad laminate,
and (e) the designed PCB board for the iontophoretic drug delivery-cum-loose-lead monitoring
system
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a sinusoidal current was used for developing this drug delivery
system.

The biological tissues, such as skin tissues, act as a capacitor
due to their ability to store electrons. The skin contact impedance
represents the total electrical opposition of the iontophoretic cir-
cuit to the passage of the current through it [19]. In the proposed
system, this impedance was used as a measure to design a loose-
lead monitoring system. In the case of detachment of the
patch(es), the skin contact impedance will become infinite, and
the voltage pattern across the patches (active and the passive)
changes. This change in the voltage pattern was used for recogniz-
ing the loose-lead. Subsequently, this information was sent to the
user via the app and stops the waveform generation for the spe-
cific channel.

Noncompliance with medication is a major problem in old age,
and the factors associated with these conditions are visual and
cognitive dysfunction, forgetfulness, increased physical disability

with increased age, complicated drug regime, multimorbidity, and
its associated high rate of medications, [20,21]. More than 30 mil-
lion people are suffering from dementia worldwide [22]. It has
been reported that over three out of four Alzheimer’s patients
need help in managing their daily medication. Again, it is not pos-
sible for the members of the patient’s family to continuously mon-
itor them. A survey conducted by the National Alliance of
caregiving, 2004 showed that approximately 15% of the caregiv-
ers leave the patients alone at least for 1 h and monitor them only
from a distance [23,24]. The current study uses an IoT-based drug
delivery system that can be controlled using a mobile application.
Prior reports inferred 81.5% of the people aged above 85, 65% of
the people aged between 65 and 74 years, and 50% of people
under the age of 65 experience morbidity [25], and are prescribed,
a higher number of medications. The proposed system can be
operated in a dual-channel mode, i.e., two different types of thera-
peutic agents can be delivered to the patient’s body

Fig. 10 Development of the device. (a) Integration of the PCB circuits with the microcontroller and
the ESP-12E boards to develop the prototype, and (b) test setup of the iontophoretic drug delivery-
cum-loose-lead monitoring system.

Fig. 11 Designing the mobile app. (a) The user interface of the mobile app when the device is switched off, (b)
the user-interface of the mobile app when the patches were properly connected, and (c) the user-interface of the
mobile app when a loose-lead was detected.
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simultaneously or individually one after another according to the
user’s requirement. This can fulfill the need for multiple drug
usage or polypharmacy.

Conclusion and Future Directions

In the current study, a dual-channel iontophoretic drug delivery
system has been proposed. A programmable dual-channel sinusoi-
dal signal generator was designed to provide alternating current
signals for the proposed drug delivery system. The alternating cur-
rent signal was meant for carrying out the iontophoresis-based
drug delivery through the skin surface. An Android app was
designed, and an ESP12E NodeMCU was used to enable wireless
control of the drug delivery device. The drug delivery device can

deliver single or multiple drugs simultaneously for the desired
time duration. It is also capable of detecting the loose attachment
of the drug patches with the human skin surface and generates a
visual alert on detecting the loose contact. The components of the
proposed device, namely, the signal generator, the iontophoretic
setup, the loose-lead monitoring system, and the Android app
based wireless control system, were tested for their proper func-
tionality. Finally, an in vitro drug release study (both in active and
passive modes) was performed, which suggested non-Fickian dif-
fusion of the drug molecules and a relatively higher drug release
was observed during the iontophoretic drug delivery as compared
to the passive drug delivery. The current system is a prototype
device for a dual-channel iontophoretic drug delivery system.
However, before practical implementation, the miniaturization of
the device is essential using different advanced device develop-
ment techniques, such as microfabrication, nanofabrication, and
MEMS-based technologies. This would allow us to develop a
wearable system. We have conducted the in vitro drug release
study of the proposed system. There is a need to conduct in vivo
studies, including animal and human tests, to validate the func-
tioning of the proposed device. The number of drug delivery chan-
nels can also be increased so as to avoid the complications of
polypharmacy. An alarm system can also be integrated in the
future that can give a gentle reminder regarding the time and dos-
age of medication, thereby, improving the patient-medication
compliance.

Fig. 12 Drug release study. (a) CPDR study of SMP1-M, (b) Korsmeyer–Peppas model fitting of the SMP1-M CPDR
profile, (c) CPDR study of SMP2-M, and (d) Korsmeyer–Peppas model fitting of the SMP2-M CPDR profile.

Table 2 KP model output

Formulations

SMP1-M SMP2-M

Parameters Passive Active Passive Active

K 0.286 0.477 0.602 0.799
n 0.515 0.441 0.517 0.488
R2 0.998 0.999 0.999 0.999
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Appendix

Look up table for sine wave generation using Arduino DUE
microcontroller board.
f 0x7ff, 0x86a, 0x93f, 0x9a9,
0xadd, 0xba1, 0xbff, 0xcb2,
0xdf1, 0xe77, 0xeb4, 0xf1f,
0xf9a, 0xfb9, 0xfe5, 0xfff,
0xfe5, 0xfb9, 0xf9a, 0xf1f,
0xeb4, 0xe77, 0xdf1, 0xcb2,
0xbff, 0xba1, 0xadd, 0x9a9,
0x93f, 0x86a, 0x7ff, 0x729,
0x6bf, 0x5ed, 0x586, 0x45d,
0x3a4, 0x34c, 0x257, 0x187,
0x112, 0xdf, 0x87, 0x2c,
0x2, 0x0, 0x2, 0x2c,
0x87, 0xdf, 0x112, 0x187,
0x257, 0x34c, 0x3a4, 0x45d,
0x586, 0x5ed, 0x6bf, 0x729,
g
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