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Abstract
Hollow microneedles (MN) have been used for the past 20 years and exhibit controlled painless delivery of a wide range 
of drugs into the skin. Design and simulation analysis is needed before moving forward with microneedle production for 
successful penetration. In this study, we introduce a novel hollow microneedle array with integrated reservoir and cylindri-
cal center lumen for transdermal drug delivery (TDD) applications. A conical and pyramidal geometry structure of hollow 
microneedle array was designed, with varying needle height (400–1000 μm), base diameter (150–300 μm), and tip diameter 
(10–30 μm). These microneedles are positioned in a 4 × 4 matrix array of 16 microneedles with center-to-center spacing of 
650 µm. The numerical analysis is carried out with polyvinyl alcohol (PVA) as structure material using the COMSOL Mul-
tiphysics tool. A 4 × 4 conical and pyramidal hollow microneedle array is subjected to a stress study under axial and bending 
loading conditions. The effect of variation in the geometry parameter of the microneedle in relation to mechanical strength 
was investigated. The microfluidic analysis was performed with water and glucose as fluids with different viscosities. It has 
been found that the pyramidal microneedle array has a flow rate of 230 µL/min, whereas a sharper conical tip has stronger 
mechanical stability with less bending and has a higher flow rate of 320 µL/min.

Keywords  Microneedle geometry · Polyvinyl alcohol · Structural analysis · Microfluidic analysis · Transdermal drug 
delivery

1  Introduction

The most common conventional ways to administer the drug 
into the human body are typically by oral delivery or by use 
of syringes and hypodermic needles. All these traditional 
methods are used for the past 150 years, but it has some 
drawbacks and limitations (Sawon and Samad 2021). Oral 
drug administration might cause gastrointestinal problems 
and pave the way for major health issues. Most syringes and 

hypodermic needles are painful and contagious, and pose 
serious health hazards (Henry et al. 1998a; Henry et al. 
1998b). These needles harm the nerve endings by pen-
etrating deeper into the dermis layer of the skin. All these 
limitations are eliminated by the transdermal route of drug 
delivery with reduced adverse effects and improved patient 
compliance.

Transdermal drug delivery (TDD) is regarded as a mini-
mally invasive, patient-friendly method for drug and vaccine 
delivery into the skin for subsequent distribution. Generally, 
transdermal drug delivery systems are classified as active 
and passive systems, in which most of the passive devices 
used chemical enhancers, emulsions, and peptides as the 
method for skin permeation (Prausnitz 2004; Schuetz et al. 
2005; Ogiso et al. 1995). In literature, some of the most 
popular active methods mentioned are electroporation, ultra-
sound, jet injectors, electroporation, microneedles, powder 
injection, ablation, and iontophoresis (Banga et al. 1999; 
Byl 1995).
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To overcome the limitations of conventional methods, 
many research studies considered microneedles as one of 
the promising options for painless drug delivery when com-
pared to other active devices. Microneedles (MN) are micron 
size needles of less than 1 mm in length especially used 
for efficient transdermal drug delivery (Mccrudden et al. 
2013; Ita 2015). Microneedles are classified into five unique 
types, such as solid, coated, hollow, dissolving, and hydro-
gel. Based on their characteristics, each type of micronee-
dle has merits and demerits and is specifically created with 
consideration for particular functions and objectives. Solid 
microneedle pierces the stratum corneum layer of the skin, 
introduces the drug into the created microchannels, and ena-
bles the drug to diffuse into the pores. Although it offers the 
benefit of minimizing hazardous infection, the efficiency of 
drug delivery is quite low. The coated microneedle is devel-
oped with the water-soluble drug coated at the tip of the 
solid microneedle array. When inserted into the skin, coated 
MN disperses with the interstitial fluid (ISF) and distributes 
the drug into the skin. The delivery of a very small fixed 
amount of drug is a benefit, but the residual microneedle tips 
are hazardous, since they can spread an infection to other 
persons. Dissolving microneedles are made from polymeric 
composition, upon insertion, the larger doses of the drug 
dissolve and diffuse into the skin. It takes time to dissolve 
the drug and requires specialized knowledge for manufacture 
(Aldawood et al. 2021). Hydrogel or swellable microneedle 
arrays are prepared from the aqueous blends of polymers 
with hydrophilic structure. It swells and consumes intersti-
tial fluid when inserted into the skin and creates channels 
for the drug passage into the skin. Hollow microneedle is 
fabricated with the empty cavity at the center of each needle 
and holes at the tip. The hollow microneedle can accom-
modate a large dosage or volume of drug solution inside 
the hollow cavity. A hollow microneedle has the capacity to 
deliver the higher molecular weight drugs into the epidermis 
or upper dermis layer. The ability to inject a controlled large 
amount of doses makes hollow microneedles superior than 
the variety of “solid” microneedles that are now available. 
The hollow microneedles deliver drug or vaccine into the 
skin in an automated manner, thus overcoming the draw-
backs of hypodermic needle (Waghule et al. 2019; Jung and 
Jin 2021).

The design of the microneedle is an important foremost 
factor for the needle strength to have enough penetration 
into the epidermis of the skin without any failure. Several 
researchers have reported the impact of geometry param-
eters on mechanical strength and flow of drug delivery. Few 
examples, Gittard et al. investigated the impact of micronee-
dle geometry on skin penetration. It was mentioned that 
the variation in length, base diameter, and aspect ratio has 
direct influence on the mechanical stability of microneedle 
(Gittard et al. 2013). The increase in spacing between the 

microneedles results in efficient penetration is observed by 
Kochhar et al. (2013). Loizidou et al. demonstrated that vari-
ations in the base of the geometry structures with different 
vertices, such as square, triangular, and hexagonal base, had 
a great impact on structural and penetration characteristics. 
A conical-shaped microneedle of different vertices is used 
for the study. It is observed that the mechanical strength 
of microneedle is better in geometry with more vertices, 
but there is an opposite effect on transdermal permeation 
(Loizidou et  al. 2016). In another work, three different 
microneedle arrays were used for the investigation on trans-
port of fluid into the skin by Suzanne et al. The diameter 
and sharpness of the microneedle has direct influence on the 
drug delivery and transdermal vaccination (Bal et al. 2010). 
Recently, Ryan Donnelly and his team constructed seven dif-
ferent geometry structures by the alteration in basic conical 
and pyramidal shape for the analysis of drug delivery. The 
full shape conical structure has better insertion capability 
at low force and the design with more number of arrays has 
effective drug loading. The sharp and smooth edges of the 
microneedle contribute to efficient skin insertion and the 
increase in insertion force leads to higher amount of drug 
delivery (Cordeiro 2020).

The choice of material is an another significant aspect to 
achieve the mechanical stability of the microneedle (Alda-
wood et al. 2021). First, microneedle was developed using 
silicon material, and later, several research groups employed 
silicon to fabricate microneedles. However, it is evident 
that silicon is brittle and the fabrication process of silicon 
microneedles is quite expensive (Li et al. 2019; Pradeep 
Narayanan and Raghavan 2017). When a silicon micronee-
dle breaks during penetration and there is a possibility of 
small silicon particles remains in the tissue. This can lead 
to skin damage, and sometimes, it causes serious health 
hazards (Sharma 2018). In most cases, metal microneedles 
have enough strength for skin penetration, but they are not 
biocompatible (Hu et al. 2020; Vinayakumar et al. 2016). 
However, numerous studies utilized polymer materials to 
fabricate microneedles with sufficient mechanical strength. 
The main reason of research towards the development of 
microneedle using polymer materials is because of its bio-
compatible and biodegradable nature, and also, they are 
reasonably priced (Gera and Burra 2022). Some biocom-
patible polymer materials are polycarbonate, Poly methyl 
methacrylate, polydimethylsiloxane, polyglycolic acid, 
polyvinyl alcohol, carboxymethylcellulose, etc. (Ahmed 
Saeed AL-Japairai 2020). The existing research works 
more concentrated on the modeling and analysis of single 
microneedle with silicon and metallic materials (Amin and 
Ahmed 2013). There is always a limitation in existing TDD 
devices with the material biocompatibility and needle stabil-
ity. As a result, there is a growing demand for the creation 
of microneedle arrays made of biocompatible material that 
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is strong enough to pierce the skin and deliver drugs in a 
proportionate and continuous manner.

The finite-element analysis (FEA) has received a great 
deal of interest recently in the MN sector (Yan et al. 2022). 
The analysis helps to avoid expensive experimental tri-
als and provides the pathway to create customized MN 
according to patient skin. All the previous works of hollow 
microneedle are analyzed with single microneedle of differ-
ent geometry with single- or double-side opened lumen or 
centered lumen (Griss and Stemme 2002; Wang et al. 2009; 
Ranamukhaarachchi et al. 2016). Hollow SU-8 micronee-
dles were created by Mishra et al. in a straightforward and 
effective manner (Mishra et al. 2018). The cylindrical body 
of a microneedle with a sharp tip was sufficient to puncture 
skin quickly and effectively. Kanakaraj et al. (Sawon and 
Samad 2021) introduced an out-of-plane microneedle with 
six lumens for drug passage. COMSOL software was used 
to perform the structural analysis on silicon carbide material. 
The work investigates the fluidic analysis utilizing various 
viscosity-based fluids and examines the structural mechanics 
of the microneedle. In another study, an investigation of the 
stress and flow analysis of cylindrical microneedles with a 
side-open lumen is performed. The experiment used PGA 
(polyglycolide as structural material (Bodhale et al. 2010). 
The microneedles are constructed with copper and silver 
material and ANSYS software is used to analyze the stress 
effect and deformation on the single microneedle (Tariq 
2022).

The purpose of the work is to incorporate the hollow 
microneedle patch in a semi-automatic continuous glucose 
monitoring and insulin delivery system. The conventional 
insulin delivery system has limitations in automatic accurate 
dose of drug delivery, painless administration, and in avoid-
ing immedicable complications. There is a demand in devel-
oping painless automatic drug delivery system for diabetes 
management. A semi-automatic insulin delivery system 
with hollow microneedle arrays, micropump, microsensors, 
reservoir, and transmitter and receiver section need to be 
developed. The key function of this miniature system is its 
capability to automatically provide the appropriate dosages 
which depends on patient’s physiological data and avoids 
unnecessary complications.

In this research, a patch with hollow microneedle array is 
proposed for a controlled drug delivery device. A two-step 
cost-effective micromolding fabrication process is suggested 
for hollow microneedle array. Finally, the detailed finite-ele-
ment analysis such as stress and fluidic analysis of biocom-
patible hollow microneedle for transdermal drug delivery is 
studied. A conical and pyramidal hollow microneedle array 
with centered open holes is proposed to confirm drug distri-
bution after skin insertion. A built-in drug reservoir is also 
included in the present design and is located on the back of 
the microneedle array. The microneedle array is constructed 

with polyvinyl alcohol (PVA), a semi-crystalline, water-sol-
uble polymer as the structural material. We used PVA for its 
advantages, such as high biocompatibility, water solubility, 
low toxicity, and excellent physical properties. The biode-
gradable polymer is also hydrophilic in nature, which results 
in the fast diffusion of drugs and has promising applica-
tions in drug delivery systems (Oh et al. 2022). This is the 
first new attempt for the mechanical and fluidic analysis of 
conical and pyramidal microneedle array with PVA material. 
There are no studies that have been published on the hollow-
centered PVA microneedle array with an integrated reservoir 
to forecast mechanical and fluid flow characteristics under 
different criteria. Certain additional factors, such as pres-
sure, fluid velocity, and flow rate, must be considered while 
designing the microneedle for drug administration (Mcal-
lister et al. 2000). The size and position of the lumen also 
plays a crucial role to get the desired flow rate (Bodhale et al. 
2010). The present study elaborately discusses on the effect 
of geometry parameters in relation to stress and flow analy-
sis. The geometry structure is also dependent on the flow 
rate of the drug; here, the conical and pyramid geometry has 
taken for the fluid flow analysis using different viscous fluids 
are investigated. This simulation is useful for analyzing the 
behaviour of the microneedle array, refining its design and 
enhancing the system performance.

2 � Proposed design and fabrication process 
of hollow microneedle

In the proposed drug delivery system (DDS), hollow 
microneedle is one of the major component for controlled 
and efficient drug delivery. Here, the two models of hollow 
microneedle array are developed: 1. 4 × 4 conical MN array; 
2. 4 × 4 pyramidal MN array. In this section, we designed 
hollow tip open microneedles with an integrated small 
micro-reservoir for drug storage. The three-dimensional 
design structure of the conical and pyramidal microneedle 
array is shown in Fig. 1a, b. The extensive benefit of coni-
cal and pyramidal geometric shape is that both are tapered 
structure which will deliver the required amount of drug to 

Fig. 1   Schematic illustration of proposed three-dimensional model in 
top view: a conical microneedle array and b pyramidal microneedle 
array with reservoir



	 Microfluidics and Nanofluidics (2023) 27:25

1 3

25  Page 4 of 14

the patient skin with stronger stability throughout the phase 
(Garcia et al. 2017). The designed microneedle has circular 
and square tip with hollow-centered single-lumen cylindri-
cal body.

The microneedle array consists of 16 microneedles, 
placed in a 4 × 4 array, as shown in Fig. 1. It includes reser-
voir at the bottom of the microneedle array. Each micronee-
dle has a hollow lumen that serves as an outlet, and an input 
inlet is constructed on one side of the microneedle patch. 
The micropump draws fluid from the reservoir, which enters 
the microneedle array through its inlet and leaves through its 
hollow lumen outlet. The hollow microneedle patch attached 
to the forearm of the patient delivers controlled fluid into the 
human skin. As the geometrical dimensions of the micronee-
dle are crucial for effective penetration into the skin, the 
characteristics like needle-to-needle spacing, height, base 
diameter, and tip diameter are carefully chosen (Kochhar 
et al. 2013). The proposed out-of-plane conical and pyrami-
dal microneedle is 600 μm in length, with a base diameter 
of 200 μm and a tip diameter of 30 μm. In this design, a cen-
tered hollow cylindrical lumen of diameter 25 μm is placed 
inside the conical and pyramidal needle.

Hollow microneedle arrays with centered lumens have 
been manufactured using a two-step micromolding proce-
dure. The method has numerous benefits, such as simple 
mechanical process, easy replication, and less time con-
sumption. This method also makes it possible to fabricate 

all other kinds of polymer microneedle patches. Alumin-
ium and acrylic substrates can be used as substrates for 
the fabrication process. The process flow of out-of-plane 
hollow microneedle array is shown in Fig. 2. The acrylic 
mold is developed using CO2 laser with the proper tun-
ing of speed and power parameters. Two forms of mold, 
such as bottom and top mold, is developed and connected 
to each other with an adjustable spacing gap. Then, the 
process begins with the casting of polymer material on 
the mold and it is kept under certain temperature depends 
on the type of polymer solution. The polyethylene (PE) 
tubes are used for the drug flow in the closed-loop drug 
delivery system.

3 � Analysis of microneedle

The cross-sectional view of single conical and pyramidal 
microneedle presented here is displayed in Fig. 3a, b and 
it is considered for the structural analysis and microflu-
idic analysis. H represents the microneedle length, where 
DL is the diameter of the hollow cylindrical lumen, L 
denotes the length of hollow lumen, Dtip is the outer diam-
eter of microneedle tip, and Dbase is the base diameter of 
microneedle.

Fig. 2   Proposed fabrication flow for hollow microneedle array
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3.1 � Structural mechanics

The microneedle will fail during skin insertion because of 
buckling or bending effect. The microneedle tip experi-
ences an axial force while being inserted. The microneedle 
buckles due to the compressive nature of this axial force. 
This can be avoided by development of microneedle with 
smaller tip area. A sharp tapered microneedle tip mini-
mizes buckling and skin insertion (Tayyaba et al. 2013). 
The skin exerts a resistive force during the insertion of 
the microneedle; hence, to penetrate the skin, more axial 
force must be supplied than the skin resistance force. How-
ever, bending can also be brought on by an uneven skin 
surface or a mistake made by the patient during insert-
ing the skin. Therefore, to achieve effective microneedle 
design and anticipate microneedle failure, it is essential to 
develop a relationship between microneedle geometry and 
the mechanical properties of the material.

3.1.1 � Axial force

The axial force that the microneedle can endure without 
breaking is determined by

where �y is the yield strength of the material and A is the 
cross-sectional area of the microneedle tip and can be stated 
as (Bouwstra and Ponec 2006)

where R is the radius of the microneedle tip.

3.1.2 � Buckling force

The buckling force exerted on the hollow microneedle dur-
ing insertion is given by (Bodhale et al. 2010)

where E is young’s modulus of the material, I is the moment 
of inertia of the conical or pyramidal section, and H is the 
length of the microneedle.

Moment of inertia ( I  ) for the conical section is 
I =

DH3

396
 and moment of inertia for pyramidal section is 

I =
1

12

(

Do
4 − Di

4
)

, where Do is the outer diameter and Di 
is the inner of the hollow pyramidal section (Bodhale et al. 
2010).

To penetrate the human skin with a microneedle, an 
external force or pressure must be stronger than the skin's 
resistance.

3.1.3 � Resistive force

The following equation identifies the skin's resistive force 
before a skin puncture

where Ppierce is the required pressure to pierce the micronee-
dle into the skin. The needle always penetrates into the skin 
at a particular angle. A microneedle fracture or break during 
skin puncture is a serious risk.

3.1.4 � Bending force

The bending force at which the microneedle can withstand 
without breaking is determined by

where c = Dbase

2
 is the distance from the vertical axis to the 

outer edge of the section (Aggarwal and Johnston 2004).

(1)Faxial = �yA,

(2)A = �R2
,

(3)Fbuckling =
�
2EI

H2
,

(4)Fresistance = PpierceA,

(5)Fbending =
�yI

cH
,

Fig. 3   Cross-sectional view of a conical shape and b pyramidal shape
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3.2 � Microfluidic mechanics

To understand the behaviour of fluid flow within hollow 
lumen microneedles, microfluidic analysis is very essen-
tial. In the case of hollow microneedle, the drug is trans-
ported more effectively through the lumen. The micronee-
dle array experiences pressure drop during fluid flow for 
a variety of reasons, including microneedle shape, array 
size, fluid viscosity, surface roughness, and microneedle 
density. There is a significant amount of resistance act-
ing on the microneedle, while fluid is passing through 
it. Measurements and forecasts of fluid mechanics are 
essential when developing microneedles for transdermal 
drug delivery, so that the microneedles are painless, easily 
pierce the skin, and large enough to attain the appropriate 
flow velocity (Tayyaba et al. 2013).

Poiseuille’s law is employed to determine the fluid flow 
through the microneedle array for the cylindrical lumen

where Q is the flow rate, Dl is the inner diameter of the 
hollow lumen, ΔP denotes pressure variation across the 
microneedle lumen, H denotes the length of the micronee-
dle, and � is the fluid viscosity.

We may consider an extended Bernoulli equation to 
model the microneedle geometry as given by

where Pinlet is inlet pressure, Poutlet is outlet pressure, Vi is 
inlet fluid velocity, Vo is outlet fluid velocity, f  is friction 
factor, ρ denotes the density of the fluid, and K is considered 
as loss coefficient factor due to inlet and outlets. The output 
pressure, velocity, and distances ( Z1 and Z2 ) stay constant, 
because the cylindrical portion is symmetrical about a verti-
cal axis.

The Reynolds number specifies the type of flow, which 
is expressed as

If Re is less than 2100, flow is regarded as laminar; oth-
erwise, it is considered to be turbulent.

The friction factor for laminar fluid flow is calculated by

The pressure drop through the microneedles can be cal-
culated from Eq. (6)

(6)Q =
�Dl

4(ΔP)

128�H
,

(7)

Pinlet

�g
+

Vi

2g
+ Z1 =

Poutlet

pg
+

Vo

2g
+ Z2 +

fl

d
+

V2

2g
+
∑ KV2

2g
,

(8)Re =
�dV

�
.

(9)f =
64

Re

.

where K1 and K2 are the loss coefficient factors due to circu-
lar and square edge inlet and outlet.

4 � Numerical simulation

Two distinct types of simulations have been performed on 
a microneedle array using COMSOL Multiphysics 5.6, to 
determine the appropriate microneedle design for drug deliv-
ery. The conical and pyramidal structure of the 4 × 4 hollow 
microneedle array was designed for structural analysis to 
examine the mechanical characteristics of the microneedle. 
The fluid flow rate of 4 × 4 hollow microneedle array was 
examined using microfluidic analysis.

4.1 � Mechanical analysis

The structural or mechanical analysis of the 4 × 4 micronee-
dle array was analyzed with COMSOL Multiphysics. Dur-
ing skin penetration, the microneedle is subjected to several 
stresses, including bending and axial forces (Aswani Kumar 
et al. 2021). For axial and bending stress analysis, the array 
of out-of-plane microneedles was modeled with a fixed base 
and a free tip end. A variety of suitable geometry struc-
tures and material types were used to construct the struc-
tural model. A polymer material such as polyvinyl alcohol 
(PVA) was considered for analysis with Young’s modulus 
of 707.9 MPa, Poisson ratio of 0.4, density of 1190 kg/m3, 
and molar mass of 86.09 g/mol. PVA has a fracture strength 
of 48.4 MPa, which was taken into account during structural 
analysis (Jain et al. 2017).

The axial stress analysis was carried out by applying pres-
sure in the z-direction at the tip of the microneedle. The 
human skin can be penetrated at a pressure of 3.183 MPa. 
This is the resistive force offered by the skin during skin 
puncturing (Henry et al. 1998a, 1998b). When the micronee-
dle is inserted into human skin, the pressure is applied to 
all 16 microneedles in an array, and the axial force pre-
dominates because of skin resistance. As the area of the 
tip of the microneedle shrinks, very less piercing pressure 
is needed (Yan et al. 2022). The tip of the proposed coni-
cal and pyramidal structure is extremely sharp, and hence, 
less pressure will be needed to pierce human skin than the 
specified piercing pressure. The performance analysis is 
made by applying the pressure of 3.18 MPa and the out-
come is shown in Fig. 4. Figure 4a depicts the simulation 
outcome for the axial stress analysis of conical microneedle 
array and Fig. 4b for pyramidal microneedle array. Since 
the tip of the microneedle experienced a maximum stress of 
3.02 MPa (conical), which is less than the yield strength of 

(10)ΔP = �
128QH

�Dl
4

+ �
8Q2

�2Dl
2

(

K1 + K2

)

,
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material, the proposed microneedle can successfully pierce 
the skin. The simulation output of the axial stress analysis 
also demonstrates very little tip deflection because of applied 
pressure at the tip of conical and pyramidal structures. The 
microneedle can therefore be used gently for transdermal 
drug administration applications, because it will not break 
under the applied axial load of 3.16 MPa in the Z-direction.

In this simulation, the geometrical structures were sub-
jected to transverse loads to perform bending stress analysis. 
The transverse force ranged from 0.1 to 2 mN is applied to 
the microneedle tip along the x-axis (Shibata et al. 2007). 
Equation (4) provides the value for transverse force based 
on the fracture strength of the material. The simulation 
output from the current study demonstrates the impact of 
bending stresses on the microneedle tip and lumen section 
during skin penetration. Both of the designs of PVA-based 
microneedles have been subjected to analysis. Figure 6 
shows the simulation result for the applied bending force 
of 0.1788 N at the tip. The simulation analysis depicted 
in Fig. 5 revealed that the maximum stress occurs at the 
microneedle array for the applied bending force, which is 
less than the yield stress of the material.

The numerical analysis carried out in this work indicates 
that the lumen area or the bottom of the microneedle will not 
be affected by the applied loading at the tip of the micronee-
dle. The outcome allows for the prediction that the proposed 
microneedle design would successfully pierce human skin. 
The present simulation analysis also assisted to choose 

Fig. 4   Axial stress analysis: a conical MN array and b pyramidal MN 
array (H = 600 µm, Dbase = 200 µm, Dtip = 30 µm)

Fig. 5   Bending stress analysis of 4 × 4 pyramidal microneedle array (H = 600 µm, Dbase = 200 µm, Dtip = 30 µm)
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appropriate polymeric material such as polyvinyl alcohol 
(PVA) for microneedle fabrication.

4.2 � Microfluidic analysis

In this simulation, a microfluidic analysis also called com-
putational fluid dynamic (CFD) study was investigated to 
calculate pressure, velocity, and fluid flow rate through 
microneedle array. The inlet of the microneedle array was 
subjected to a pressure ranging from 10 to 100 kPa, because 
these ranges are suggested for various micro-pumping 
devices (Sawon and Samad 2021). Water and glucose were 
considered as working fluids in the fluid domain. Table 1 
lists the characteristics of the fluids employed in the simu-
lation investigation. The outlet pressure was assumed to be 
zero (Khumpuang et al. 2003). The pressure distribution 
through a 4 × 4 microneedle array at an applied pressure 
of 100 kPa is shown in Fig. 6a, b. The simulation output 
demonstrates that pressure and fluid flow distribution are 
uniform along the microneedle array. The microneedle array 
needs a consistent pressure distribution to administer the 

drug in the correct dosage. The maximum fluid pressure of 
1.01e5 (conical) and 0.9e5 (pyramidal) has been observed 
through each microneedle. Figure 7 depicts the velocity 
profile in microfluidic analysis at 100 kPa applied pressure.  

In microfluidic analysis, the maximum fluid velocity was 
witnessed through each microneedle. The fluid distribution 
is uniform in all 16 microneedles which can be observed in 
Fig. 7b, d. The velocity of the fluid directly depends on fac-
tors, such as fluid density, viscosity, and area of the lumen. 
As the designed lumen area is very smaller, the velocity of 
the fluid increases inside the hollow lumen. The fluid veloc-
ity is lesser at the wall area when compared to the lumen 
core region due to frictional losses.

5 � Results and discussion

5.1 � Stress analysis

The mechanical strength of the microneedle is analyzed in 
detail using structural mechanics physics in COMSOL and 
the microneedle strength is investigated by stress analysis 
and occurrence of deformation. By the use of Eq. (1), the 
maximum compressive force is calculated as 41.76 mN. 
Theoretically, the skin resistive force is computed and deter-
mined to be 0.3 µN. The obtained maximum bending force 
was 0.1788 N (pyramidal) and 0.087 N (conical). The FEA 
simulation in Fig. 5 demonstrated that the highest level of 
stress occurred at a tip section after applying the mathemati-
cally anticipated bending force at the tip of the microneedle.

Table 1   Properties of fluids for microfluidic analysis

Fluids Density (kg/m3) Dynamic 
viscosity 
(Pa⋅s)

Water 997 0.00089
Glucose 1088 0.00209

Fig. 6   Pressure distribution for 4 × 4 microneedles’ array with water as fluid for a conical microneedle array and b pyramidal microneedle array 
(H = 600 µm, Dbase = 200 µm, Dtip = 30 µm)
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Furthermore, a microneedle has significant difficulties in 
reducing pain at the time of insertion. The most significant 
parameter to control this problem is the geometry of the 
microneedle. The parameters, such as needle shape, needle 
length, base, and tip diameter and needle interspacing, were 
directly dependent on the stress acting on the microneedle 
array (Gill et al. 2008). In this work, the effect of geom-
etry on the mechanical strength of the microneedle is ana-
lyzed with the investigation of the following dimensions, 
Microneedle length: 450, 600, 800, and 1000 μm; Micronee-
dle tip diameter: 10, 20, 25, and 30 μm; and microneedle 
base width: 150, 200, 250, and 300 μm.

The simulation was performed by applying axial and 
bending loading on the different conical and pyramidal struc-
tures. The needle height directly relates to the mechanical 
stability of the microneedle and the depth of penetration of 
the microneedle into the skin. As the length of the micronee-
dle increases from 450 to 1000 μm, the stress at the tip of 
the microneedle also increases and results in an increased 
chance of instability. The axial loading is applied at the tip of 
the microneedle; therefore, the maximum stress is generated 
at the tip surface and the smallest stress is dispersed to the 
needle body. Figure 8a shows the von Mises stress variation 
due to a change in microneedle length. The surface area of 
the circular shape tip for a conical microneedle is more when 

compared to a square shape tip for a pyramidal micronee-
dle. Therefore, the circular-shaped conical microneedle will 
undergo more stress during axial loading and experiences 
less bending in the tip of the conical structure. The conical 
geometry has a sharper structure and easily penetrates into 
the skin without any bending or failure, as shown in Fig. 8b. 
The uneven surfaces or human errors during insertion may 
lead to bending of needle.

The base diameter of the microneedle is investigated with 
the variation from 150 to 300 μm; the increase in the bot-
tom base of the microneedle will result in minimum stress 
and deflections and enhance the stability of the structure 
with increased penetration percentage. Both the structures 
undergo more stress variations depicted in Fig. 8c, d.

The variation in tip surface generates stress differences 
on the skin due to different pressure distributions on the 
microneedle tip. Figure 8e shows the variation in stress 
brought on by changing the microneedle tip diameter under 
an axial load with constant boundary conditions. During 
axial loading, stress rises with the increase of the tip surface 
and an optimal stress of 4 MPa is obtained at a tip diameter 
of 30 μm. Then, the stress drops quickly as the tip surface 
increases. The larger needle tip radius induces more pain at 
the injection site (Ita 2015). From the FEA analysis shown 
in Fig. 8f, it is evident that a conical structure with a circular 
tip has less bending and strong enough, so that it does not 
break when inserted inside the skin.

Another aspect that affects the stress distribution dur-
ing penetration is displacement. A microneedle with a high 
displacement can cause a significant amount of pain, harm 
skin tissues, and accidentally break itself (Shu et al. 2021). 
The measurement of displacement caused by altering the 
microneedle geometry is depicted in Fig. 9a–c. Figure 9a 
shows that displacement gradually increases with micronee-
dle length. Figure 9b validates that less deformation in 
the conical microneedle array compared to the pyramidal 
structure, and in Fig. 9c, it is noted that the displacement 
increases as the base of the microneedle structure increases. 
The microneedle array with a tip diameter of 30 μm pro-
duces more displacement. Hence, a lesser tip surface results 
in smooth penetration into the human skin without breakage. 
From the above results, the miniaturized sharp tapered coni-
cal microneedle array has obtained better stability than the 
pyramidal geometry with less stress and displacement value. 
The proposed 4 × 4 conical microneedle array can withstand 
bending and axial forces which results in less discomfort and 
less skin irritation and tissue damage.

5.2 � Flow analysis

The fluidic analysis is conducted with an applied input 
pressure in the 10–100 kPa range, and the outlet pressure 
is assumed to be 0 kPa due to the insignificant pressure at 

Fig. 7   Velocity profile across the plane in CFD analysis. a 3D view 
of a conical MN array with uniform velocity distribution. b Top view 
of the velocity distribution of fluid in conical microneedle array. c 3D 
view of velocity distribution in pyramidal microneedle array. d Top 
view of velocity profile with the prominent fluid flow across pyrami-
dal microneedle array (H = 600 µm, Dbase = 200 µm, Dtip = 30 µm)
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the outlet of the microneedle. The above-mentioned sim-
ulation results illustrate the uniform distribution of the 
velocity and pressure inside the microneedle. The stream-
lined fluid distribution inside the 4 × 4 conical micronee-
dle array at an inlet pressure of 100 Kpa is displayed in 
Fig. 10. According to the proposed design, the pressure 
is initially consistent throughout the reservoir. Due to the 
reduction in an area towards the conical/pyramidal section, 

a pressure drop takes place in the lumen section. The fluid 
is eventually moved towards all the holes in the micronee-
dle array, as depicted in Fig. 7b, d. The fluid exits out 
from the vertical lumen at modest velocity. The depiction 
is similar to the flow of water from the tap, when the tap 
is open, pressure is high at the inlet, and the water gets 
splashed eventually.

Fig. 8   Von Mises stress results for 4 × 4 conical and pyramidal 
microneedle. a Variation of stress with length after axial loading, b 
variation of stress with length after bending loading, c variation of 
stress with base diameter after axial loading, d variation of stress with 

base diameter after bending loading, e variation of stress with tip 
diameter after axial loading, and f variation of stress with tip diameter 
after bending loading
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Moreover, it can be inferred from the simulation that 
the velocity changes with fluid viscosity. Figure 11 depicts 
the fluid velocity curve of water and glucose with rela-
tion to change in inlet pressure. In this graph, the velocity 
increases with the increase of inlet pressure. Furthermore, 
it is apparent from the graph that due to its viscosity and 
density, water has a higher velocity than glucose. It is evi-
dent that flow velocity is prominent in the conical MN 
array when water is the selected fluid. Figure 12 shows 
the comparison between the flow rates of water as a fluid 
with variation in applied pressure. The flow rate directly 
depends on the fluid viscosity, and the flow rate is high for 
a low viscous fluid. Here, the glucose fluid is with higher 
viscosity of 0.00209 Pa⋅s (Sawon and Samad 2021), and 
hence, the flow rate of the water is higher when compared 
to the glucose. The simulation result is shown for a 4 × 4 
conical microneedle and pyramidal MN array with water 
as a fluid in Fig. 12. A higher flow rate of 320 µL/min 
is seen in the conical MN, whereas the pyramidal MN 
achieves a flow rate of 230 µL/min. 

Fig. 9   Variation of displacement under axial and bending loading: a length, b base diameter, and c tip diameter

Fig. 10   Top view of streamline distribution of water fluid at a pres-
sure of 100 KPa
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6 � Conclusion and future work

In this work, we presented the design of controlled drug 
delivery system for diabetic patients. The system is pri-
marily developed to automatically deliver the necessary 
dosage of drugs in accordance with patient physiological 
data. The user-friendly device provides painless injection 
always create better patient–doctor communication. A 
4 × 4 hollow PVA microneedle array with centered cylin-
drical lumen is designed and simulated for the controlled 
drug delivery system. The various microneedle geometry 
structures (conical, pyramidal) and parameters (length, 
base, and tip diameter) have been considered for the struc-
tural and microfluidic analysis. The following significant 
findings from the simulations and analysis:

1.	 The microneedle with different geometrical parameters 
is subjected to loading conditions. As observed, increas-
ing the length of the needle increased maximum stress 
and has increased chance of instability. The increase 
in base diameter will decrease the stresses and deflec-
tions and enhancing the stability of the structure with 
increased penetration percentage. The microneedle with 
larger needle tip diameter induces more pain at injection 
site.

2.	 The biocompatible PVA MNs have enough strength to 
successfully pierce human flesh without breaking. The 
stress generated proved that the microneedle would 
remain intact for the applied pressure of 3.16 MPa. It 
was discovered that a sharp conical tip produces less 
tension, which leads to painless drug distribution.

3.	 Moreover, the fluidic analysis shows that high viscous 
fluid has lower velocity profile and vice versa. Simi-
larly, the flowrate of water for conical microneedle was 
320 µL/min and that for pyramidal microneedle array 
was 230 µL/min at 100 kPa inlet pressure.

Even though the development of hollow microneedle 
array is moving forward rapidly, the integration of vari-
ous devices with the microneedle patch is still challeng-
ing. The future work focuses on fabrication of PVA hollow 
microneedle array and integration of devices with fabricated 
microneedle patch. In addition, we will also perform the 
in vivo studies with the complete prototype integrated with 
fabricated microneedle array on animal skin for controlled 
drug delivery.
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