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Abstract: One of the most effective treatments
for diabetes type 1 and 2 is the administering
Insulin. Single needle mechanical insulin pumps
are heavy and painful. A generation of micro-
needle based MEMS based drug delivery devices
can be an excellent solution for insulin dosing.
The stackable structure provides minimum
dimensions and makes the final product to be
patchable in any flat area of human skin and in
combination with Micro-Needle Array; it
provides a safe, painless and robust injection
application.

The design of positive volumetric insulin pump
is significantly a multiphysics problem where the
volumetric change of the main pump chamber
and the pumped fluid are directly coupled. We
used COMSOL Multiphysics to investigate the
performance of a MEMS based Insulin Micro-
Pump with a Piezoelectric actuator pumping a
viscous Newtonian fluid. The model captures the
accumulated out-flow, the netflow or flow
fluctuations based on deflection of piezoelectric
actuator which moves with the diaphragm disk in
positive-negative directions, to induce discharge
pressures at microneedle array based on
different input voltages and different exciting
frequencies.

Three COMSOL modules; Structural Mechanic,
Piezoelectric  Device and  Fluid-Structure
Interaction were used to study the 2-D/3-D
models of this MEMS based concept. Fully
Coupling Physics provide real time relationship
between different parameters and pump’s
outputs. Post processing and ODE also are used
to create different required outputs.

Keywords: MEMS, Piezoelectric, Insulin
Micro-Pump.

1. Introduction

The MEMS based positive displacement insulin
micro-pump [1] has a Piezoelectric Actuator on
top of a diaphragm membrane made from
Silicone glass. Induced vibrations from PZT

actuator create positive/negative volume in the
pump’s main chamber, which pull fluid from
Inlet gate and pushe it toward outlet gate. The
gating process is governed by two PDMS
Flapper check valves that control the fluid
direction from inlet toward outlet leading to
micro-needles. A distributer connects outlet gate
to micro-needles substrate, and finally the
established discharge pressure pushes the fluid
out of Silicone micro-needle to skin epidermis,
right above dermis layer [2].

2. General Dimensions and Materials

The micro-pump is designed based on the
minimum dosage requirement for diabeties
patients. In general, approximately one-half of
the TDD (Total Daily Dose) is administered as
basal rate. For most patients, basal rates are in
the range of 0.01 to 0.015 units per kg per hour.
For example a 60 kg woman approximately
needs 0.6 to 0.9 units per hour (0.116 pl/min).
The basal rates are adjusted empirically based on
glucose monitoring results [3].

The general dimensions (Figure 1) of the pump
with substrate structure is up to 15 mm in
diameter and 2-3 mm in height (thickness). The
designed hollow micro-needles are 200 pm in
length and 30 pm in diameter at the pitch of 500

pm [2].

=7\ |
2.1 mm Pump Thickness
+250 um Needle Heads

Figure 1. General dimensions and a cross section of
Micro-Pump.
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The main frame/structure material is a
Silicone based solid. The Diaphragm disk is
made of Silica glass. The Piezoelectric material
is Lead Zirconate Titanate (PZT-5H). PDMS -
Polydimethylsiloxane was used for check valve
flappers. The Micro needle array substrate is
made of solid Silicone through a deep-reactive
ion etching (DRIE) manufacturing method [2].
Figure 2 shows the pump stack up layers. The
main Si wafer as pump main body and micro-
needle are fabricated based on MEMS
technology and are epoxy glued to the rest of the
layers [2].

3. Literature Review

There is almost no robust simulation analysis
available for check wvalve based positive
displacement micro-pumps with integrated
micro-needles, other than using empirical
analytical based on idealized flow and pump
geometry. One of the biggest issue with flapper
check valves is the simulation of moving mesh
during solid contact in the gate closing process in
FSI module. Although there is no mathematical
solution available for this concept (due to
topology change problem), however, we used a
No-Contact but minimum gap to emulate the
flapper function. It adds a very small leakage rate
to the system. Because of the extreme non-
linearity of the system, we used a fully coupled
solver.

3. Governing Equations, Method,

Boundary Conditions and Theory

The structural mechanics computations use
the assumption that the material is linearly
elastic, and only take geometric nonlinearities
into account. The fluid flow is described by the
single-phase,  incompressible  Navier-Stokes
equations as this [4]:

p%‘ﬂ)u-?u = 7Vp+\7-|.{(Vu+(VuJT)
O
V.u=20

where p denotes the density (SI unit: kg/m”"3), u
the velocity (SI unit: m/s), p the viscosity (S|

unit: Pa-s), and p the pressure (SI unit: Pa). The
equations are set up and solved inside the pump.

The Navier-Stokes equations are solved on a
freely moving deformed mesh, which constitutes
the fluid domain. The deformation of this mesh
relative to the initial shape of the domain is
computed using Hyperelastic smoothing. Inside
the solid wall of the pump, the moving mesh
follows the structural deformation.

Boundary Conditions at walls is no-slip:
Ufluid = 0

For the fluid simulation, the boundary condition
at the inlet and the outlet assumes that the total
stress is zero, that is [4]:
. . 7k
n-[-pl+u(Va+(Va) )] = 0

Boundry conditions at input:

nT[—pI + M Vusud + (Vunma}f}]n = -Po

Po>Po> Unya-t =0

At the fluid-solid boundary, the structural
velocity is transmitted to the fluid. As a
feedback, the stresses in the fluid flow act as a
loading on the inner boundary of the solid wall
of the diaphragm.

Fluid-Solid interface boundry:

Ufluid = Uw,
Un = % . Uw = fsivWall

where umie and uw are the velocity vector of fluid
and the diaphragm wall, u is the displacement
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vector, ¢ (I') is the stress tensor, and n is the
normal vector to the FSI boundary.

The model’s dependent variables are the
displacements of the diaphragm wall together
with the fluid velocity Unuis = (Unuia, Vauig) and
pressure p.

To get the volumetric flow rate of the fluid V' in

m~3/s and the total volume of pumped fluid, we
needed to perform some additional calculations.
To obtain the volumetric flow rate at any instant
t, we computed a boundary integral over the
pump’s inlet and outlet boundary. For round
section:

Vin = —I 2nx(n - w)ds

Sin

1Vout = j 2nX(n -u)ds

Sllll(

And for pump’s square section inlet and outlet
boundray:

Vin = —.f 2x(n-w)ds

Sin

Vout = I2X(n -u)ds

5 our

where n is the outward-pointing unit normal of
the boundary, u is the velocity vector, and s is
the boundary length parameter, along which we
integrate. In this particular model, the inlet and
outlet boundaries are horizontal so n- u = nxu +
nyv simplifies to v or —v depending on the
direction of the flow [4].

It is of interest to track how much fluid is
conveyed through the outlet during a pumping
cycle, this can be calculated as the following
time integral:

E o
Vpump(t) = IO Vout dt’

To compute this integral, we specified the
corresponding ODE in COMSOL Multiphysics:

(E%E = Vout

with proper initial conditions; the software then
will integrate this equation [4].

3. COMSOL Multiphysics, Model Setup

The positive displacement Micro-Pump
model is a combination of 3 physics; Solid
Mechanics (solid), Piezoelectric Device (pze)
(Electrostatic (es)), fully coupled with a Fluid-
Structure Interaction (fsi) module. A Laminar
Navier-Stokes equation used to simulate this
problem. You can see the 2-D layout of the
pump in Figure 2.

Diaphragm, Silicone Glass +  Piezoelectric Membrane

4 Pump Main Chamber |

Gate with PDMS flappers | | Micro-Needle Array Outlet

Figure 2. Micro-Pump model setup in COMSOL.

A wave signal at specific frequency excites the
piezoelectric  disk. Diaphragm disk and
piezoelectric move together and FSI moving
mesh transfers the stress/strain to fluid domain.
Moving fluid-mesh follows solid deformation.
FSI  interface automatically handled by
COMSOL Nonlinear models. With the action of
flapper check valve, fluid flows from inlet to
outlet. The fluid flow is described by the Navier-
Stokes equations with laminar incompressible
Newtonian flow and free boundaries at the inlet
and outlet. The flapper material in check valves
is PDMS which is suitable for a low stress/strain
but high cycle applications. We used a standard
Hyperelastic material model for this application.
At the end, a Two-Way, fully coupled solver was
used to calculate the results.
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Integration coupling variables are used to track
the discharged fluid and the volume of the fluid
inside the pump.

A non-slip FSI boundary is automatically set up
along the inner wall of the pump. COMSOL
handles the fluid structure interaction using an
Arbitrary Lagrangian-Eulerian (ALE)
formulation. This involves a Lagrangian
framework for the solid and an Eulerian
framework for the fluid. A moving mesh model
is used to track the deformation of the fluid
mesh. The two-way coupling is captured along
the FSI boundary by the fluid applying forces on
The solid, and the solid displacement imposing a
moving wall boundary condition on the fluid [5].
These conditions can be expressed as below:

Ufluid = Uw

where unis and uw are the velocity vector, u is
the displacement vector, ¢ (I') is the stress
tensor, and n is the normal vector to the FSI
boundary. COMSOL solves for the fluid velocity
at the FSI boundary as an independent field.

A 3-D micro-pump COMSOL model was used
to validate 2-D results.

3. Results

The micro-pump COMSOL model used to
study the behavior of this pump for different
input voltages (10 to 110 volt) with different
input exciting frequencies (1 to 3 Hz).

The achievable discharging pressure for each
case with zero back-pressure was investigated. In
the next step, different back-pressures at outlet,
were applied to the system and the system
responses were captured accordingly. Each case
outflow rates including accumulated flow (total
discharge volume) and the netflow (fluctuation
volume) were measured. Figure 3 shows the
inflow/outflow rates at 110 Volt and 1 Hz. In
Figure 3, any flow above zero shows leakage for
outlet curve and in the same way, any flow
below zero shows leakage for inlet curve.

Inflow & Outflow e
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Figure 3. Inlet/Outlet Flows @ 110 Volt and 1 Hz.

Figure 4 shows netflow as accumulated flow
or amount of flow fluctuation, and Vpump as
volume conveyed or total discharge volume per
time.

netflow & Vpump D
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o 0.2 0.4 06 08 1.2 14 16 18 2

Figure 4. netflow and Vpump Flows @ 110 Volt and
1Hz.

Figure 5 shows the stablished suction and
discharge pressures at inlet and outlet. A
negative pressure at inlet gate means suction
pressure but the negative amount at outlet gate
means discharge pressure.
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Figure 5. Discharge and Suction Pressures @ 110
Volt and 1 Hz.

Figure 6 shows Von Mises stress along with
velocity magnitude in flapper check valves at 0.1
S.
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Figure 6. Von Mises Stress and Velocity Magnitude
@ 110 Volt and 1 Hz in flapper check valves.

Figure 7 shows the diaphragm deflection at
110 Volt and 1 Hz. This deflection is a function
of voltage and is independent of the exciting
frequency.
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Figure 7. Diaphragm Deflection @ 110 Volt and 1
Hz.

Finally, Figure 8 shows amount of deflection
of flappers in the check valves at 0.1 s.
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Figure 8. Check Valve Flappers deflection @ 110
Volt and 1 Hz.

All figures show the results for 110 Volt and 1
Hz input signal.

8. Conclusions

A parametric computational model of MEMS
based Insulin Micro-Pumps was developed,
using COMSOL Multiphysics. The model
captures the pumping action based on the
interaction between the piezoelectric, structure
solid and fluid. It was used to study the pump
performance under different inputs. The design
seems acceptable for application of Insulin
injection. The micro-needle device provides a
safe and painless service to diabetes patients and
performs well with this system. Mico-Pump
performs correctly from the Min to Max
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spectrum of pressure and flow rates. The concept
needs some support studies on durability and
dynamic stability

9. References

[1] H.T.V. Van Lintel, HTV, F.C.M. van de Pol
and Bouwstra A., “A Piezoelectric micro pump
based on micromachining of silicon”, Sensors &
Actuators A, 1988(15):153-168 , (1998)

[2] Bin Ma, Sheng Liu, Zhiyin Ganl, Guojun
Liu, Xinxia Cai, Honghai Zhang, Zhigang Yang.,
“A PZT Insulin Pump Integrated with a Silicon
Micro Needle Array for Transdermal Drug
Delivery,  Electronic  Components and
Technology Conference, (2006)

[3] UpToDate: Evidence-Based Clinica
Decision ~ Support ,  www.uptodate.com/
UpToDate® is the premier evidence-based
clinical decision support resource, trusted
worldwide by healthcare practitioners to help
them make the right decisions at the point of
care. (2015)

[4] COMSOL Documentation: Peristaltic Pump
Solved with COMSOL Multiphysics 5.1, (2015)
[5] Nagi Elabbasi, Jorgen Bergstrom and Stuart
Brown, Fluid-Structure Interaction Analysis of a
Peristaltic Pump, COMSOL Conference, (2011)
[6] D.V. McAlliter, . Kaushk, P.N. Patel, J.L.
Mayberry, M.G. AUen, and M.R. Prausnitz,
“MICRONEEDLES FOR  TRANSDERMAL
DELITERY OF MACROMOLECULES”. Schools
of 'Chemical Engineering, ‘'Electrical and
Computer  Engineering, and  'Biomedical
Engineering Georgia Institute of Technology,
Atlanta, USA. 0-7803-5674-8/99©1999 IEEE,
(1999)

[7] Shawn P. Davis, Wijaya Martanto, Mark G.
Allen, Senior Member, IEEE, and Mark R.
Prausnitz. “Hollow Metal Microneedles for
Insulin Delivery to Diabetic Rats”. IEEE
TRANSACTIONS ON BIOMEDICAL
ENGINEERING, VOL. 52, NO. 5, MAY 2005.
0018-9294© 2005 IEEE, (2005)

[8] P. Zhang, and G.A. Jullien. “Microneedle
Arrays for Drug Delivery and Fluid Extraction” .
ATIPS Laboratory, ECE, University of Calgary,
Proceedings of the 2005 International
Conference on MEMS, NANO and Smart
Systems (ICMENS’05), (2005)
0-7695-2398-6/05 © 2005 IEEE.

[9] Ayumi Kabata and Hiroaki Suzuki, “Micro
System for Injection of Insulin and Monitoring of

Glucose Concentration”, University of Tsukuba,
Tsukuba, Ibaraki, Japan. 0-7803-9056-3/05©
2005 IEEE, (2005)

[10] Zzhi Xu, Sheng Liu, Zhiyin Gan, Bin Ma,
Guojun Liu, Xinxia Cai, Honghai Zhang,
Zhigang Yang. “An Integrated Intelligent Insulin
Pump”. 1-4244-0620-X/06 ©2006 IEEE.7th
International ~ Conference on  Electronics
Packaging Technology, (2006)

[11] Niclas Roxhed, Bjorn Samel, Lina
Nordquist, Patrick Griss, and Goran Stemme.
“Painless Drug Delivery Through Microneedle-
Based Transdermal Patches Featuring Active
Infusion”. IEEE  TRANSACTIONS ON
BIOMEDICAL ENGINEERING, VOL. 55, NO.
3, MARCH 2008. 0018-9294 © 2008 IEEE,
(2008)

[12] Ruoting Yang, Mingjun Zhang, and Tyzh-
Jong Tarn. “Adaptive backstepping Control of a
Micro-needle Micro-pump Integrated Insulin
Delivery System for Diabetes Care”. Department
of Electrical and Systems Engineering,
Washington University, St. Louis, Missouri,
USA. 1-4244-0608-0/07 © 2007 IEEE, (2007)
[13] Zhenging Hou, Chenghong Lin, Qiging
Zhang. “Design of a smart transdermal insulin
drug delivery system”. 978-1-4244-4713-
8/10©2010 IEEE, (2010)

[14] Jian Chen, Claudia R. Gordijo, Michael
Chu, Xiao Yu Wu2, and Yu Sun. “A GLUCOSE-
RESPONSIVE INSULIN DELIVERY MICRO
DEVICE EMBEDDED WITH
NANOHYDROGEL PARTICLES AS SMART
VALVES”. Advanced Micro and Nanosystems
Lab, University of Toronto, Canada. 978-1-
4577-0156-6/11 ©2011 IEEE, (2011)

[15] Didier Maillefer, Stephan Gamper, Béatrice
Frehner, Patrick Balmer , “A HIGH-
PERFORMANCE SILICON MICROPUMP FOR
DISPOSABLE DRUG DELIVERY SYSTEMS”.
Department of Microsystems, DEBIOTECH SA.
Lausanne,  Switzerland.  0-7803-5998-4/01
@2001 IEEE, (2001)

[16] Julian W. Gardner, Vijay K. Varadan,
Osama O. Awadelkarim. “Microsensors, MEMS,
and Smart Devices”. Copyright © 2001 John
Wiley & Sons Ltd . ISBN 0-471- 86109X,
(2001)

Excerpt from the Proceedings of the 2015 COMSOL Conference in Boston





