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Abstract: Microfluidics is an emerging field finding its applications in biomedical engineering for
investigations of cellular micro structures. Human body is composed of 70% of water having thin and fine
structure of microfluidic blood channels spread throughout the body. These microchannels supply essential
nutrients to each part of the body at right time and in right amount. Microfluidics is the science of controlling
and manipulating the fluid in micro channels. Manipulating the flow through the microchannels is useful for
developing electronic devices, artificial human body parts, and economical diagnostics tools. Microfluidics also
helps in manufacturing of pharmaceuticals and carrying out precise chemical analysis of complex systems. A
number of diagnostic devices and artificial human organs like lungs, heart, kidneys, etc. have been simulated
using microfluidics for developing easy, economical, non-invasive, and rapid method of drug testing. Recently,
its applications have also been investigated in smart bandage design. Further, blend of microfluidics with herbal
medicines is expected to enhance the healing along with negligible side effects unlike allopathic treatments. The
scope of the present research is to develop a smart bandage capable of sensing the status of the wound and
supplying required amount of drugs using microfluidic channels. The flow rate of drugs through microchannels
is simulated using the physics of laminar flow, capillary action, and diffusion phenomena for optimizing the size
and shape of the constituent components of the bandage like microfluidic channels, mixers, and porous material
used for drug distribution with in the active area of the bandage. The analysis of the results shows that the mixer
having inner radius as 150 microns and outer radius as 250 microns is sufficient to mix the incoming drugs via
inlets of 50 microns’ diameter. Results also show that capillary action dominates the diffusion phenomenon for
supplying the drugs to the wound. The investigations of the prototype show that a smart bandage having the
provisions of uniform drug distribution, automatic control, on board pH, moisture, O2 measurement, and dc
current based healing mechanism is possible to be incorporated with in a comfortable size for fast wound
healing.
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1 Introduction

Life came into existence on this planet billion of year ago and till date evolution is going on. The species are
evolving and technological advancements are bringing new reforms to the life every day. With the
advancements in technology, the demand for smart environment is pacing up and the researchers worldwide are
contributing towards it [1]. The day is not far when the researchers will be able to mimic human brain on a
microfluidic chip. Microfluidics is the study of controlled flow of fluids through microchannels. Microfluidics
originated 20 years back and it is widely used by researcher’s worldwide now. In microfluidics, fluid is the main
constituent flowing through capillaries in micro or pico litres per unit of time [2]. Finite control of the
ingredients, least wastage, small sample size, precise control of fluids, and real time monitoring are the main
advantages of microfluidic systems [3]. A microfluidic robotic chemist, can help in the development of new
compounds because of its precise control capabilities [4]. Microfluidics is also helping in the development of
economical and environment friendly wearable devices [5] [6]. Paper microfluidic devices are gaining
popularity because of being light in weight and disposable in nature [7]. A number of diagnostic devices are
being fabricated using the principles of microfluidics [8] [9]. Artificial lungs with biomimetic branches,
microfluidic channels, and gas transfer membrane have also been reported [10] [11]. The microfluidic drug
delivery systems having the capability of supplying the drugs to a specific small volume of the body have also
been investigated [12]. Effect of medicines on human organs has been investigated using artificial lungs, livers,
and hearts. Microfluidics devices provides an easy, economical, non-invasive, and rapid method of testing drugs
[13]. Nanoparticle drug affinity is used to carry the drug in required quantity to the infected site. On contrary,
conventional system carries the drugs to those parts of the body also that do not require the dose and results in ill
effects [14]. Microfluidic and nanofluidic methods limit the supply of drugs to the specified tissues only. Beside
healing of the internal tissues, sometime a simple wound may result in chronic wound if proper treatment is not
given in time. It is interesting to note that Ayurveda has a lot of herbal medicines, generally each one having
almost negligible side effect. In ancient India and China, Ayurvedic system of medicines was very prevalent and
effective [15]. Although allopathic medicines have dominated the Ayurvedic practices, but with the awareness,
the demand of Ayurvedic medicines is increasing. Sometimes the small dose of antibodies used to control the
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virus (or bacteria) results in adaptation of the virus (or bacteria), leading to the need of higher doses of the same
antibodies. It has been reported that allopathic system renders the body weak and hence, time demands a shift
from allopathic to ayurvedic medicinal system [16]. Turmeric has been reported as antibacterial and antioxidant
for natural healing the wounds [17] [18]. Herbal extracts promote blood clotting and helps in fighting infection
by its antibacterial properties. The natural agents i.e. herbal extracts boost the regeneration of cells [17]-[19].
Honey is another important ingredient used in wound healing. It has antioxidant, antibacterial, and scavenging
properties [20] [21]. Gelam honey is also a good antioxidant. Low pH of honey does not allow the bacteria to
survive so long as the honey is not diluted [21]. Garlic can also be used to reduce the rate of spread of infection
due to allicin present in it [22]-[25]. Glutamine present in spinach helps in increasing collagen synthesis
resulting in fast wound healing. [26] [27]. Nimbidin in neem is rich in sulphur giving antifungal and antibacterial
capabilities to it [28]. Tulsi has been reported to pace the healing due to anti-oxidant and anti-inflammatory
property [29]-[30]. Coconut oil has also been reported as beneficial in wound healing [31].

Skin is a natural biosensor for the sensation of touch, heat, and cold along with regulating the body temperature.
It protects from harsh environment and keeps safe from disease causing microbes. Skin consists of three layers’
epidermis, dermis, and hypodermis. The outermost layer is epidermis and acts as a water proof barrier. New
cells grow at the bottom of epidermis and travel to the top till wearing off. The dermis is present below the
epidermis containing sweat glands, hair follicles, and connective hard tissues. The deepest layer is called
hypodermis. It connects the skin to the bones and muscles. It provides skin with nerves and blood supply. It is
made up of fat that restores the elasticity of the skin. It protects from pathogens, controls water evaporation, and
prevents nutrients from being washed by [32]-[34]. Automated healing mechanism of living beings comes into
action even for a small cut on the skin. The automated mechanism is activated whenever some of the parameters
like pH, O, glucose etc. change. On the start of the healing, the pH increases during granulation and decreases
afterwards to settle around the value of 4-6. Impaired healing results in oscillatory pH between 7-8. Cell
proliferation, antibacterial activities, and blood vessels growth are controlled by the presence of O,. It has been
reported that infected wounds have glucose concentration around 0.3 to 1.0 mM instead of 5.0 -7.6 mM for non-
infected ones. Biomarkers are widely used for estimating the level of glucose in the vicinity of the wound [35]
[40].

There are four stages of wound healing, haemostasis, inflammatory, proliferative, and maturation. The first
phase of healing is haemostasis. A cut or broken blood vessel shrinks immediately and slows down the blood
flow. There are tiny proteins called clotting factors in the blood that play major role in restricting the blood flow
[35] [36]. During haemostasis, the platelets change shape and release chemicals attracting more activated
platelet towards it. Platelets stick to each other and form a platelet plug. In case of a torn tissue, information is
sent to the clotting factors floating in the nearby blood and fibrin is produced that in turn tightly bounds the
platelets leading to coagulation [37] [38]. In inflammatory stage, vascular inflammatory response increases the
blood flow to the deficient area. Thrombin helps in transporting inflammatory cells to the injury site by
increasing vascular permeability. Blood vessels dilate to allow essential cells, antibodies, white blood cells,
growth factors, enzymes, nutrients to arrive at the wound site for healing [39]. In proliferation stage of healing,
healthy granulation is initiated due to fibroblast receiving sufficient O, and nutrients from the blood stream [35]
[37] [40]. The colour of the granulation tissue indicates the healing status of the wound. Dark granulation means
infection and poor perfusion. Maturation is the last stage of healing and it may last for a year. Unnecessary
vessels formed in granulation are removed by apoptosis replacing Type Il collagen by Type I collagen [35]-
[40].

The process of natural healing can be enhanced by using external medicines and protection from microbes
damaging the wound. It is clear from the literature survey that the wound can be healed much faster if O, heat,
antibacterial drugs especially herbal, moisture, and pH level are controlled precisely. The scope of present
research is to develop a smart bandage capable of sensing status of wound and supplying required amount of
medicines using microfluidic channels. The results of simulations of the flow of medicines through the proposed
structure of the bandage are presented in this paper. Comsol Multiphysics is used for simulation of the flow
through microfluidic channels. The status of the research carried out in the domain of smart bandages is
presented in the following section. The detail of the proposed smart bandage and the methodology of the
investigations carried out is given in Section Il. Section Il presents the results and discussions. Conclusions and
future scope are presented in Section V.

Worldwide progress in bandage design

A conventional bandage comprises of a simple medicated strip in central part of the bandage. Liquid bandages
are also commonly available which can directly be sprayed on the wound. It relieves the pain by covering nerve
endings. It controls the moisture and safeguard against bacteria, debris, and environmental hazards. Sumithra et
al [41] in 2016 reported a neem based herbal bandage. The structural part consisted of cellulose and cotton. The
neem leaves were dried in shadow and converted into powder extract. The powder was dissolved in a solution of
methanol for a night keeping in shaking mode. The extract was filtered by Whatman (No 1) paper and liquid
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allowed to evaporate at room temperature. The filtrate was tested on the subjects for antifungal and antibacterial
properties. Cotton fibres must be sterilized to avoid bacterial growth before using it for making bandages [42].
Hardy [43] et al reported a bandage for enhancing the blood clotting rate using a mesh comprising of alternate
gold strings for supplying voltage to the wound site (Fig. 1). The current passing through the wound doubles the
clotting rate without any damage to the surrounding tissue.

Tamayol [44] et al reported a microfluidic

bandage equipped with onsite heaters. The

heaters start operating on encountering a bacterial — i i)

infection and the drug is automatically released

by the action of heat stimuli. Amjadi [45] et al .
reviewed recent techniques of smart bandage

design and characterized them in four major l -

groups depending upon the method of triggering

mechanism namely electric, heat, light, Fig. 1 Design of gold plated smart microfluidic bandage
mechanical, and psychological stimuli. Pan [46] system for speeding hemostasis [43].

et al reported a color changing fibrous material

for real time monitoring of wound pH. The

change in colour is an indication of pH change and it monitors the healing process without the need of visiting a
doctor frequently. It is reported in the research that wounds can also be monitored through wireless technology
[47]. Similar efforts for colour based detection has been used at Fraunhofer Research Institution for modular
solid state technologies [48]. The researchers at University of Bath and University of Bristol reported a
prototype of bandage for detecting bacterial colonies based on nontoxic florescent dye that turns green on
encountering bacteria. Efforts have also been done for on-board sensing of pH, metabolites, enzymes, O, etc.,
by benzalkonium chloride and pyranine based sensing [49] [50]. Mostafalu [51] et al experimented with thread
based encapsulation of drugs with independent addressing to release the medication (Fig. 2). The signal is sent
wirelessly to the microcontroller and a voltage signal is sent to a specified fiber to heat the gel enriched in
infection fighting antibiotics. On heating, the gel is liquefied and goes to the wound.

Conductive fiber Drug-release Heat stimulator
Hydrogel thread thread

Thermo-responsive
particle

Wound site

Flexible \4 Multi purpose

electronicdriver thread-based patch

Fig. 2 A smart bandage fabricated with heaters that initiates drug release on the receipt of signal [51].

Sayed [52] et al reported a biological bandage comprising of animal collagen, progenitor cells, and dendrimers
to speed up the process of healing. Dendrimers migrate and eliminates the bacteria on encountering the
infection. Farooqui [53] [54] et al reported a low cost smart bandage with sensors for blood clots and infection.
The picked data is transmitted to the clinic automatically. It comprises of reusable electronics for wireless
monitoring of pH and infection. Chronic status is facilitated by real time monitoring of the bacterial infection.
The bandage may be useful for real time monitoring over a long period of time [54]. Konwar [55] et al reported
a low toxic, biocompatible, and low cost bandage of cotton patch coated with chitogen, a non-sticking material.
The cotton loaded with drugs serves as pH sensitive delivery mechanism. Change in the pH due to bacterial
infection initiates the drug release from the cotton patch. Lin [56] et al designed a temperature sensitive
transparent, soft, durable, and flexible hydrogel bandage. Amount of drugs diffusion depends upon the
temperature variation and the bandage is shown in Fig. 3 [56].
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i = L ]
Fig. 3 A smart bandage designed by MIT researchers consisting of drug reservoirs, temperature sensors
fabricated in a hydrogel matrix [56].

Swisher [57] et al reported a smart bandage detecting bed sores working on the principle of impedance
spectroscopy. It consists of dozens of electrodes onto a thin flexible film for measuring skin impedance changes
[57]. The smart bandage shown in Fig. 4 has been developed by Mostafalu [58] et al. It contains flexible pH
sensors and a heater that triggers thermo-responsive drug carriers containing antibiotics. The thermoresponsive
carriers are implanted in a layer of hydrogel around the pH sensors on top of the flexible heaters. It is equipped
with an electronic module that records the sensor signals and powers the heaters.
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Fig. 4 A wireless smart bandage with automated drug delivery system [58].
The literature review on the design and development of smart bandages shows that preliminary work has been
carried out at different laboratories in the world, but, there is a scope of dedicated research for developing
ergonomic herbal bandages with special emphasis to low cost of the final product for making it more useful for
the masses at large. Towards this end, simulation of the flow of drugs through the bandage within a specific time
is necessary to speed up the tissue regeneration during the four stages of healing.

2. Proposed Structure and Methodology

Several advancements in smart bandage development were discussed in the last section. It was concluded that
use of herbal drugs, dc current flow, heating, pH stabilization, moisture control, controlled amount of drug flow,
and maintenance of O level are the main factors for fast healing of the damaged tissues. Towards this end, a
smart bandage structure is proposed in this paper and investigations have been carried out to finalize the design
of the bandage. The proposed structure is presented in the following subsection and the investigations carried out
are discussed in Subsection 2.2.

2.1 Proposed Structure of the Bandage

Literature review on smart bandage design reveals that a blend of ayurvedic science and microfluidic technology
may help in healing the wound effectively, based on this, a proposed structure of the smart bandage is shown in
Fig. 5. The drugs are supplied to the wounded area through microfluidic channels. The flow rate is governed by
laminar flow, capillary action, and diffusion phenomena. Because of the use of herbal ingredients as drug
assures effective healing without any side effects to avoid formation of chronic wounds.
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Fig. 5 Block Diagram of microfluidic bandage system

The bandage structure consists of five main blocks i.e. active area, status bar, drug chambers, sink, mixers, and a
microcontroller for governing each activity depending upon the inputs from the wound. Active area of bandage
is the most important sensitive part composed of porous material (Fig. 9) and laid with microfluidic channels for
supplying of drugs to the wound. Reservoirs supply controlled amount of drug to the wound through the mixers.
The status of drug reservoirs being full or empty is displayed on the status bar. The flow of drugs from chambers
to the active area is controlled by heat stimuli. The efficiency of the mixing depends upon the dc voltage applied
to the electrodes of electroosmotic mixer (Fig. 7). Three mixers are used subsequently to mix the drugs from the
four reservoirs (Fig. 8). Change in pH, oxygen, and moisture level measured by three sensors placed in active
area, is displayed on the status bar. Variation in these parameters controls the drug flow from the reservoirs.
Microcontroller is the main part of the bandage that controls the overall working of the bandage as per the
information received from the sensors. The bandage has the facility of discarding the residual drug in the sink.
Two platinum wires placed in the active area apply dc voltage of 3.3 V. The heat produced due to dc current
helps in healing of the wound. The bandage is composed of reusable (electronic components) and disposal parts
to make it cost-effective. The active area laid with microfluidic channels consists of porous material placed in
direct contact with the wound to supply the drugs effectively.

2.2 Investigations

In this research paper, three studies are carried Fabrication of drug chambers and microlfuidic channels, design
and simulation of mixers, and simulation of active area of bandage.

Fabrication of drug chambers and microfluidic channels
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There are four drug chambers filled with neem oil and honey

automatically controlled by microcontroller. Drug chamber are made of

heat shrinkable tubes wrapped with a nichrome wire. Microfluidic ~ TPTrrrTTTTTT(Y

channels are attached to the chambers (Fig. 6). Fluid control block W

consists of dc power, nichrome wire as heater, and a small MOSFET.  Fig. 6 Nichrome wire wrapped on heat
On passing current through the nichrome wires, the heat produced  Shrink tube acts as current controllable
shrinks the tubes and drug flows out of the drug chambers. Experiments ~ "€Servoir.

were conducted with different dimensions of microfluidic channels for

finalizing the optimal diameter of the channels.

The microfluidic channels are made of Polydimethylsiloxane by mixing elastomer and curing agent in the ration
1:10. The mixing ratio is carefully monitored as a slight change may deteriorate the rigidity or elasticity of the
channels. The mixture is continuously stirred to avoid formation of bubbles and finally put inside a mould for
developing microfluidic channels. The PDMS along with the mould was put inside a vacuum chamber for 24
hours to stabilize the structure. The mould was developed using a high precision CNC machine. In the present
investigations, the plane engraved with microfluidic channels was sealed with a glass substrate. Investigations
are carried out to study the flow of drugs with in the microfluidic channels of different dimensions for
optimizing the flow rate of drugs as a result of applying heat stimuli to
the reservoirs.

Design, fabrication, and simulation of mixers

The mixing block consisting of three mixers is shown in the Fig. 8. Fig. 7
shows the image of one of the mixers simulated. It consists of four
electrodes Eg, Ei, Ez, Es. The mixers were made inside PDMS using
moulds of different dimensions. Investigations were also carried out
using COMSOL Multiphysics based simulations to finalize the optimal
dimensions of the mixers for proper flow and mixing of the drugs.
Mixing of the drugs is essential for fast healing of the wound and
protection against bacterial infection.

The microfluidic flow is simulated by using Navier stokes equations for
incompressible flow

ou T
pE—V.n(Vu +(Vu) )+pu.\7u +Vp=0
@)

Vu=0 2)
Here » denotes the dynamic viscosity, u is the velocity (m/s), p equals the fluid density (kg/m?®), and p refers to
the pressure (Pa). The boundary condition was taken as

n.L—pI +77(\7u+(\7u)T )J:O (3)

It is assumed that solid surface attain a charge on coming in contact with electrolytes resulting in a charged
solution close to the liquid-solid interface known as electric double layer. The electric field applied generates
electro-osmotic flow and displaces the charged liquid imposing a force on the positively charged solution close
to the wall surface to flow in the direction of the electric field. The velocity gradients perpendicular to the wall
give rise to viscous transport in this direction. In the absence of other forces, the velocity profile eventually
becomes almost uniform in the cross section perpendicular to the wall. The double layer is simulated using
Helmholtz-Smoluchowski relation between the electro-osmotic velocity and the tangential component of the
applied electric field.

&
u=opy @)
n
where &, = &,&, is fluid electric permittivity, ¢, channel wall potential, and V the applied potential. This

equation is valid at all boundaries except inlet and the outlet. Assuming that there are no concentration gradients
in the ionic current, the current balance can be written as

V.(-oWV.n)=0 ()

where ¢ denotes conductivity and the expression within parentheses represents the current density. The electric
potentials on the electrodes are varied from 0 V to 3 V. Assuming the remaining boundaries as insulated,
insulation boundary condition may be written as

—-oWW.n=0 (6)

Fig. 7 Geometrical structure of mixer.
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Initial concentrations at the inlets is fixed as C1 and C2, respectively. The convection-diffusion equation
describing the concentration c inside the mixer can be written as

oc

E+\7.(—D\70) =R-uVc (7)

where D represents the diffusion coefficient, R the reaction rate, and u represents the flow velocity. Here R can
be taken as 0 as there is no chemical reaction inside the mixer. Because the mixer is connected to microfluidic

channels and the liquid flow through them is governed by the
pLE+(OV)v]=Vp+nVv+BnV(Vy)+pg+pE @

where v is the fluid velocity, p the fluid pressure, p the fluid density, 7 the fluid dynamic viscosity, and g is

the acceleration due to gravity. The term p [é’tv+(V.V)V ] represents the inertial forces, V' p the pressure

forces, the term 7 V2v+ pnV( V.V) the viscous forces, ©Q the gravitational forces, and 0, E represents
the external forces acting on the fluid.

I Inlet 1
I Inlet?2
I Inlet3
IV Inlet 4
01 Outlet1
02 Outlet 2
03 Outlet 3

Fig. 8 A set of three mixers interconnected with each other to mix the drugs from four different drug reserviors.
For laminar flow, the equations can be modified as stationary studies laminar flow

p%+p(u7)u:\7.[—p| +y(Vu+(\7U)T)J+F ©)

Design and simulation of Active area of bandage

Active area involving microfluidic channels and porous material is shown in Fig. 9. The flow of drugs through
the porous material is simulated by the physics of capillary and diffusivity based mechanisms. The detail of
these mechanism is given as follows.

Effect of capillary action on the flow of drugs

The material is assumed to be made up of small pores obeying the following equation involving the term Fs as
the force due to surface tension.

p%+p(u.V)u:V.[—pl +y(\7u+(\7u)T)}+ F, +p9 (10)

where F, = coKn, n the interface normal, o the surface tension coefficient, K =—V.n the curvature, and J is

the Dirac delta function that is nonzero only at the fluid interface. For contact angle (8), the liquid air interface
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force is given as F, = 00 (n .n—cos@w)n. In case of phase field interface, the surface tension force be

wall

_ ,. #(#-1) _ |
writtenas F, = A| -V ¢+T A¢ where ¢ is the phase field parameter.
g
3
A L4
Air
8
-
Drug
Inlet channel
@ (b) ©

Fig. 9 Microfluidic flow through active area a) meniscus formation b) angle formation at meniscus c) a portion
of active area of bandage
Effect of diffusion on the flow of drugs
Flow of drugs through the porous structure can also be modelled using diffusion based equations as

oc
—+V.(-DVc)=0 11
o (- ) (11)

where D represents the diffusion coefficient. For inlet concentration ci, the outlet boundary condition is set as
(—-DVc).n=K_ (C-c, )where kn is the mass transfer coefficient [59].

11

Inlet Outlet

11

Fig. 10 Diffusivity structural model
3. Results

The proposed smart bandage was fabricated and investigated in parts as prototypes. As already discussed in
Section 2.1, the different parts of the bandage consist of drug reservoirs, microfluidic channels, mixers, and
active area. The results of investigations carried out with these sections of the bandage are described as follows.

3.1 Fabrication of reservoirs and microfluidic channels

Investigations with different materials and sizes for the fabrication of drug reservoirs were carried to optimize
the dimension of drug chambers. In investigations show that transparent heat shrink tubes of radius 2 mm having
length of about 4 cm are sufficient for holding the drugs needed for the duration of the expected usage time of
the bandage, i.e. about one week. A dc voltage of 3.5 V is sufficient to push the drug out of the reservoir because
of the heat generated in the nichrome wire having a resistance of 15 ohm. It was investigated that change in
voltages controls the drug distribution. Automatic control of the heat is necessary to avoid the bursting of the
microfluidic channels. One instance of the flow of drug inside a channel of radius 500 microns and length 4 cm
is shown in Fig. 11. It was noticed that the drug requires 40 ms to reach active area of the bandage.
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(@ ®)

Fig. 11 Flow of neem oil across a microfluidic channels of length 4 cm 40 ms.

3.2. Simulation and fabrication of mixers

Simulation based investigations were carried out for finalizing the size and shape of the mixer. It was seen that a
mixer having inner radius as 150 microns and outer radius as 250 microns was sufficient to mix the incoming
drugs via inlets of 50 microns diameter microfluidic channels. The experiment was carried out with different
voltages ranging from 0 V to 3 V applied across the electrodes of mixer shown in Fig. 7. The results of the
simulations are shown in Fig. 12. The concentration is represented in colors. Minimum concentration is shown
by dark blue and maximum by red. For 0 V, no change in the concentration was observed. Increase in potential
provides better mixing as displayed by changing color. It may be concluded that a potential of 3 V is enough for
better mixing. Although we could fabricate mixers in the dimensions of about 1200 microns, but, investigations
of the mixers with the dimensions around 100 microns are not complete because of some complications involved
for placement of electrodes and coupling of microfluidic channels with the mixers.

V=0V

@ (b)

@ )
Attime 2s Attime 10 s
Fig. 12 Effect of varying potential on mixing of drugs at different instances of time.
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3.3 Investigations of the active area of the bandage

The drug flow through active area of bandage was investigated using capillary physics and diffusion
phenomenon. Experimentation with different dimensions of capillaries ranging from 50 microns to 200 microns
were carried as the diameters of most of the porous materials useful for bandage fall in this range. The results of
simulation of the flow of drug through the capillary channel of width 150 microns and height 2 cm for the
assumed simplified shape of the porous fibre shown in Fig. 9 are given in Table | and plotted in Fig. 13. The
investigations have been carried out using only vertical capillaries as the flow through horizontal capillaries will
be relatively faster because of the lesser impact of gravitation. The orientation of channels can be horizontal, or
vertical as per the wound. As observed from the table, the displacement of drug increases with time and it takes
only 1s to reach a distance of 11.14 mm.

Table 1 Displacement of neem oil against the action of gravity using capillary physics

Time (s) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Displacement (mm) 0 291 431 544 643 734 818 89 971 1043 11.14

Displacement (mm)
(=)

~

0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 13 Neem oil reached to the height of 11.14 mm in 1 second.
The results of simulation of the spread of drug diffusion across the porous material of size 800 microns’ x 800
microns (Fig. 10) are shown in Fig. 14. From the figures showing the flow at different instants of time, it may be
noted that the drug takes about 60 ms to reach a distance of 250 micro meter. The investigations using capillary
and diffusion based studies show that capillary actlon dominates the flow due to diffusion.
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L

Fig. 14 Flow of drug through the porous material placed in active area of the bandage at time instances 0 ms, 10
ms, 20 ms, 30 ms, 40 ms, 50 ms, 60 ms, 70, and 80 ms due to diffusion phenomenon.
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4. Conclusion

Microfluidics is finding its application in flexible electronics for developing artificial human organs. In the
present research a prototype smart bandage has been simulated and tested for its applications in speedy wound
healing. It is capable of sensing the status of the wound using pH and moisture. The constituents of the proposed
smart bandage are microfluidic channels, electroosmotic mixers, heat stimuli based drug reservoirs, dc current
mechanism for fast healing, porous material, and small sinks for collecting used drugs. Drug reservoirs of
different dimensions were fabricated and investigated for optimization of dimensions. The efficiency of the
mixing depends upon the dc voltage applied to the electrodes of electroosmotic mixer. Simulation based
investigations carried out for finalizing the size and shape of the mixers show that a mixer having inner radius as
150 microns and outer radius as 250 microns is sufficient for proper distribution of the drugs. The drug flow
through active area of bandage was investigated using capillary physics for channels with dimensions ranging
from 50 microns to 200 microns. Diffusivity effect on the porous material of dimension 800 microns was carried
out and it can be concluded that capillary action for drug supply to effective area is relatively more effective as
compared to diffusion phenomenon. Hence, a smart bandage with provisions of uniform drug distribution,
automatic control, on board pH measurements, and dc current based healing mechanism is possible to be
incorporated with for fast wound healing with in economical budget. The smart bandage may be a boon to the
soldiers in battle fields, human settlements in remote areas, and astronauts in space where finding a doctor is
difficult in the hour of need.
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