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ABSTRACT

Nowadays, smart materials for manufacturing bioprinters have diverse usages; micropump is one other
product resulted by using smart materials such as IPMC, piezo, and etc., in manufacturing above mentioned
printers. This item has an important role in micro systems and delivering special fluid such as nanofluids. In
order to manufacture this type of pump a wide range of materials can be used. In this research, a smart
material named ionic-polymer-metal composite (IPMC) is used; however, the current material for them is
piezoelectrics. IPMC systems are mostly used in micro pump diagrams because of their self-assessment
feature, low starting voltage, and elastic structure. In order to increase the IPMC actuator’s durability and also
enlarging the deformation range, a new design for IPMC diaphragms is introduced in this paper. In prevalent
designs, all the actuator edges where clamped, but here different IPMC actuators in circular and triangular
shapes are presented. And also the new design allows the solvent to completely cover the diaphragm by
separating the fluid from IPMC. IPMC strain and stresses are modeled in order to analyze the efficiency of the
new design. The results show that the presented designed IPMC works steadily for a longer duration of time.
It also has a wider deformation range and more efficiency compared to the conventional design.
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INTRODUCTION

If an organ failed in body, scientists are forced to harvest cells or create implants, it should be mentioned that the
above-mentioned items require a specific method.! Printing cells with 3D printers is a common way to accomplish
this goal. The cell printing method has solved many of human complicities by the exploitation of biology and
biomedical engineering. Nowadays microsystems have a great potential to be used for different proposes such as
medical transformations, micro cooling systems.? Producing 3D live fabrics consists of different processes. Briefly,
building a basic construction called scaffold and then placing cells and multiplying them are the most important
stages and stimulation mechanisms used in micro-pumps for 3D printers are piezoelectric, magnetic,
electrohydrodynamic, and magneto-hydro-dynamic.® Using diaphragm is a conventional method for making a
dynamic pump. In these pumps, the diaphragm vibrates periodically and this vibration causes volumetric changes
in the pump. Nowadays, usage of smart materials is literally extended; smart materials are sensitive to specific
stimulation. With enhancing their structure enormous properties will appear in them.* Piezoelectrics are the most
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important smart material used in our world. Piezoelectrics have many applications and due to their fast response
and large output force are the most common material used in diaphragm pumps.>® Other stimulus mechanisms
used in micropumps are electromagnetic, pneumatic, shape memory alloys, etc. lonic polymer-metal composites
(IPMC) have recently been introduced as stimulus material for some biomechanical systems.” They are one of the
best choices for micro pump diaphragms because of their low working voltage, high deformation capacity, and self-
assessment feature.® Fig. 1 shows an IPMC micro pump diaphragm. In this sample, the diaphragm is clamped at all
edges and the voltage alteration causes deformation and volumetric changes. Although IPMC is commonly used in
the micropumps, they have some disadvantages such as clamping all the edges which may decrease the
deformation ability, the short working duration, and the fact that IPMC diaphragm’s efficiency lowers due to the
electrolysis and the ionic concentration.® By lessening the edge constrains some of the problems mentioned can be
solved and also using ionic liquids as pumping fluid can decrease the possibility of electrolyzeation.®

Volumetric IPMC
change diaphragm
Inlet Inlet
Outlet Outlet

Fig. 1: Diaphragm of a conventional IPMC micropump.

In this paper, a new method for designing IPMC diaphragm actuators is introduced in which the actuator is covered
by two thin elastic layers. Our goal is to increase efficiency, deformation ability, and working duration of the IPMC
diaphragm actuator.! First, the implicit differential equations, defining the IPMC actuator are derived and the stress
and the strain of the IPMC are analyzed by a CAE software, named Abaqus.'? These stresses and strains are added
to the model by the finite element method. In the new design, the IPMC actuators are symmetric and each is
clamped at separate edges. This technique decreases constrains and increases deformation ability and also two
thin layers separate the fluid from the actuator. Our analysis results claim that the triangular actuator has the most
efficiency. Indeed, computer-based research works could provide insightful information for various systems.31°
Here the analyses in three different ways are examined, deformation vs. input voltage, deformation vs. input
frequency and durability, and strength. Results show that the new design responds to 5 V and 0.05 Hz sinusoidal
voltage by 0.4 mm deformation and the steady-state working duration is 35 min at the same time the conventionally
designed actuator responses to the same frequency and voltage by 0.2 mm deformation and 8 min working
durability. In this paper, the new and more efficient design and the related analyses by Abaqus are explained.

MATERIALS & METHODS

Simulation for the IPMC Actuator Stress Pattern

In this section, the IPMC actuator is analyzed under a certain voltage. This analysis is done by evaluating the partial
differential equations defining the actuator.'® An electromechanic actuator (Fig. 2) is described by eq. (1), in which
o is stress, p is electric charge and ao is coupling constant calculated by experimental tests.!” In this equation, a0 is
coupling constant and it is calculated by experimental tests.

o(x,y,z,t) = agp(x,y,2,t) (1)

. i Applicd Voltage here

Fig. 2: Simulation for IPMC actuator.
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lonic flux vector (J) in the IPMC transducer can be calculated by eq. (2).28

J=-d(ver +S0vp + S pp) + cty (2)
Here d is the ionic diffusivity, C* is the cation concentration, Fis the Faraday constant, R is the ideal gas constant, T
is the absolute temperature, @ is the electric potential, AV is the volumetric change and p is the free velocity field.
The IPMC thickness is insignificant compared to the length and width so it is neglected thus the motion only exists
in the x-direction.

Infield equations by using Darcy’s law small terms are neglected and the equation would be written as eq. (3).*°

_ g ROE_FCT g (3)
J=- (fﬁ_ﬁ( - )

Continuity of equations depends on cation concentration (C*) and ionic variation vector (J) as indicated by eq. (4).%°

g  act (4)
ox ot

The implicit differential equation that defines the electric field is eq. (5).1*

9 [5UeE) _ j0%kE) | F?dC o - - 5
ax at d ax2 + KRT a-c AV)(kE)]_ 0 ©)

Or the equation can be written by using electric load density as indicated by eq. (6).1*

ap 0%(p) F3dc~
at 0x? KRT

(6)

—(1-CAaV)p=0

C~ shows anion concentration and k is the dielectric constant of the polymer. Here are the answers for egs. (5) and
(6) are explained.

Polymer Layer ¥

Fixed anion  Hydrated Cation Mobile cation  Water

Fig. 3: Working process of IPMC actuator.

First of all, it should be noted that IPMC consists of two outer layers from noble metal as the electrode, a polymer
ion membrane on each side which is made of fixed anions and moving electrons (Fig. 3). Because of the fixed anions,
adding a voltage step would result in asymmetric ion division, which has been neglected in the equations above.’
Now, the equations considering the asymmetric ionic distribution are solved. Eq. (3) can be written as eq. (5) in
steady-state J=0 and (0C*/dx) = 0.1°

9%E _ s FPC” o 7

SL-KE=0, K2 (1-Cav) (7)
Electric density is constant in anode boundary layer as p;y = —C™F and p, = (C* — C7)F in other parts. Load
density p, electric field E, and electric potential @ in the anode boundary layer are shown below in eq. (8).2

( pay(x) =—C7F
JEG)(") :%(_C_Fx-l_EO)‘(_thS —h+w) &)
L ¢ (x)=1(C_Fx2—Ex)+A

@ K 2 0 0



Finite Element Analysis Assisted Improvement of lonic Polymer Metal Composite Efficiency for Micropump of 3D Bioprinter

W is anode layer thickness. Ap and Ep are integration constants. For other parts, eq. (7) can be written as eq. (9).%

Epy(x) = Clexp(\/E) + Cyexp(—VKx)
P(x) = (—Clexp(\/H) + Czexp(—\/H)) + C5 (9)

«(-h+w<x<£h)
p)(x) = K\/f(C1 exp(\/E) -G, exp(—x/ﬁ))

L
VK

C;, C;, Csare integration constants. The equation describing load density in steady-state for an IPMC actuator under

one step of voltage is eq. (10).8

—CF ¢« (~h<x<-h+w) (10)

p &)= {K\/f(Clexp(\/fx) — Cyexp(—VKx))

IPMC model parameters considering boundary conditions and neglecting surface resistance are shown in Table 1.

The equation for the dynamic of a charging model is written as eq. (11).%

p(x,t) = (1 —exp (%))p*(x), T= dKCR_TF (11)

T is the estimated time required for the cation division. The electric load density throughout thickness for 1.5 V
voltage is shown in Fig. 4. Considering load density distribution, it is possible to calculate inner stress o under-
voltage @. The stress changes throughout IPMC thickness but remains constant on the YZ plane.

Table 1: Parameters of the IPMC charging model.'®
F = 69.487 C/mol
H =100 uym

G, = VR exp(=h/E) (5o + oL ((exptw - ) - LIEE D2 F L

R =8.3143 j/mol. k
RT
C,=VK —exw((w - n)Vk)

T=300K
C = 1200 mol.m3
d = 1.030 X 1019 m?/s

charge density (c/ma)

S il
08

04

time (s)
cross-section point (mm)

Fig. 4: Simulation for charge density profile.

Visual Simulation of the IPMIC Actuator by Finite Element Method

Inner stresses cause deformation in the IPMC actuator. In order to simplify the analyses, the finite element method
is used for simulating process. The inner stress o is calculated by solving eq. (1) then the constraints at the clamped
edges of the IPMC actuator are taken as boundary conditions and the deformation limit for the neutral plane is
considered. A visual simulation for an IPMC actuator by 3 V constant voltage is shown in Fig. 5. The IPMC elastic
modulus and Poisson’s ratio are respectively 5.71 x 108 Pa and 0.48. Size of the IPMC actuator is 30 x 6 x 0.2 mm
and the diaphragm radius is 0.5 mm. It is obvious that the maximum deformation for the mentioned actuator is
6.04 mm and the maximum inner strain is 0.02. In the next section, the design of an IPMC actuator is going to be

explained.
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Fig. 5: Simulation for conventional IPMC actuator.

Design of an IPMC diaphragm

First, the conventional IPMC actuator will be explained and then a new and more efficient design would be
introduced. In the conventional IPMC micropumps, the actuator is circular and it is clamped at all edges to form a
close pumping chamber. This design prevents IPMC to have deformation at edges and also increases pumping
ability.

Fig. 6: Finite element model of conventional IPMC diaphragm.

Fig. 6 shows a simulation for conventional IPMC actuator under 3 V voltage, by finite element method which
includes 729 elements. Deformation and inner strains are shown in Figs. 7 and 8. In this simulation, the maximum
deformation is 0.15 mm and the volumetric change due to the deformation is 6.09 ml. Contrarily to the IPMC
cantilever beam, the conventional IPMC actuator deformation causes higher strains. As a result of cation
concentration, a part of the cathode layer bends as much as the maximum strain amount. To cancel the stress
effects, the whole parts of the IPMC should bend towards cathode layer, this deformation requires a large amount
of energy, and this process causes the IPMC actuators to have less deformation capacity compared to the cantilever
beam:s.

Elastic Films

IPMC actuator

a) Top view b) Explored view
Fig. 7: Circular IPMC diaphragm.

RESULTS & DISCUSSION

The Structure Proposed for IPMC Diaphragm
In order to increase deformations, a new design is proposed, which consists of several elastic diaphragms. Fig. 7
shows a circular diaphragm consisting of four-quadrant actuators covered with two thin elastic films. In this new
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structure, the boundary constraints are omitted and a part of energy loss is prevented and the deformation
capability is increased. Two elastic films are made of polytetrafluoroethylene with 0.02 mm thickness and 3 x108
Pa young modulus. Thus, these films have high deformation capability, they do not interfere with IPMC
displacements. In the following, the simulation for circular IPMC diaphragm with 10 mm thickness is explained.
Deformation for the mentioned diaphragm under 3 V voltage is shown in Fig. 8 and in this case, maximum
deformation is 0.35 mm and volumetric change is 11.24 ml. These results show that the circular diagram is more
efficient than the conventional one. In Fig. 8, the strain pattern is shown. The new diaphragm bending direction is
contrary to the conventional one it means that the IPMC actuator bends toward the anode layer under the amount
of voltage defined as .

Fig. 8: Deformation and strain pattern for circular IPMC diaphragm.

The Effective Shape of Proposed IPMC Diaphragm

In order to estimate and explain the deformation ability of the proposed IPMC diaphragm, the triangular design for
IPMC actuators is introduced. That has the same area as the circular one. Deformation and inner strains for
triangular actuators are shown in Fig. 9. Under 3 V voltage the maximum deformation for this diaphragm are 0.42
mm and volumetric change is 16 ml. Through further analyses, it is found out that the triangular diaphragm has
more deformation ability it can bear about 171 % volumetric change and 184 % deformation. The strain rate in the
triangular diaphragm is less than the circular one.

P SR T s PR TRU T Mtad Resafiwirs DOFRBEUY FAgU S 63 relntgt e i)
1 g
|} oot T 15

Fig. 9: Deformation and strain pattern for circular IPMC diaphragm.

While the pumping proses all the diaphragms should stretch to provide the deformation needed, in the former
designs minimum deformation occurred when the maximum strain happened but in the circular design due to
neglecting boundary constrains, more deformation happens alongside the maximum strain. It is clear that the
triangular structure provides more deformation and volumetric change due to less strain. As the triangular IPMC
design has more efficiency it is used in experimental tests

Testing System Setup

In this section the system required for examining the triangular diaphragm is going to be explained which consists
of four actuators and the voltage is applied to the electrode so the bending would occur. Two thin PTFE films cover
the actuators and form a close pumping section. The simulating procedure is done by MATLAB. Two multi-function
data acquisition Advantech cards, A/D 1711 and D/A 1720, are added to the system and a Laser displacement sensor
is also used in order to measure the deformation of the central point of the diaphragm. The bending behavior of
the diaphragm is measured by the voltage applied to IPMC. The input signal is sent from the processing system
through the 1720 D/A converter.
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Deformation under the Input Voltage

To analyze the diaphragm, structure the deformation under different voltages, from 0 V up to 5 V is captured. Fig.

10 shows the diagrams for the deformation of triangular diaphragm compared to circular and conventional forms.

It is clear that circular and triangular IPMCs have more deformation capacity. The results are reliable for low

voltages (under 3V) but in higher voltages, the experimental results indicate less deformation. This may be a result

of neglecting the nonlinear parts of the implicit equations of other research.?%2?
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Fig. 10: Input voltage vs. displacement.

CONCLUSION

Nowadays the technology of producing biological fibers by 3D printers is rapidly developing. Increasing the

efficiency of these printers would be a great step in this path. In this paper, the function of micro pump diaphragm

especially IPMC actuators was explained. This diaphragm is one of the most important segments of the 3D biological

printers. The simulating proses has been done by Abaqus and finally triangular form of IPMC actuators are proposed

which have more efficiency and have more deformation capacity compared to circular and conventional designs. It

is also obvious that the square-shape diaphragm is totally more effective than the circular one, if 5 V is applied to
the system, there will be 16.7 % higher displacement. In the other words, the displacement of square type is 900
pm and in the later one is about 750 pm.
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