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An Universal and Easy-to-Use Model for the Pressure
of Arbitrary-Shape 3D Multifunctional Integumentary

Cardiac Membranes

Yewang Su,* Zhuangjian Liu, and Lizhi Xu

Tools for cardiac physiological mapping and stimulation are of
central interest for understanding, diagnosis, and treatment
of cardiac diseases. Although extensive research efforts have
been made over the past several decades,!'™ difficulties remain
on establishing conformal, organ-specific physical interfaces
between the cardiac structures and advanced electronic hard-
ware. The emerging concepts of stretchable electronics enable
devices with physical characteristics matching the natural
properties of human tissues, which suggests new routes for
addressing these challenges."1% Recently developed stretch-
able 3D multifunctional integumentary membranes (3D-MIM)
enabled a conformal electronic platform that can integrate with
the full 3D geometry of the heart, which provides new capabili-
ties for both basic physiological investigation and clinical appli-
cations.! This class of devices is constructed in a thin, elastic
membrane format that matches precisely the 3D geometry of
epicardium (Figure 1), with integrated sensors capable of spa-
tiotemporal measurement for electrical activation, temperature,
strain, pH, as well as actuators for delivering electrical, thermal,
and optical stimulations.

The mechanical compatibility of the 3D-MIM with the
beating heart represents a key requirement for the optimum
design of the devices. A critical aspect for the compatibility
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design is that the 3D-MIM needs to maintain stable contact with
the cardiac structures, but with sufficiently low level of pressure
on the cardiac muscles to avoid disruption of natural behavior
of the heart. It is a difficult task to experimentally measure the
pressure exerted by 3D-MIM. The calculation of the pressure
by mechanical model is therefore critically important to guide
optimum designs for the device. The concept of average pres-
sure is preferred for the quantification, while the distribution of
the pressure is actually nonuniform due to the irregular shape
of the heart. For simplification, we proposed an analytic model
in which expandable ellipsoid is adopted to approximate the
beating heart for the estimation of the pressure induced by the
surrounding cardiac membrane.['!] That model worked for that
specific case, but has two disadvantages: (1) the shape of the
heart must approach ellipsoid; (2) it is a difficult task to decide
to effective radii of the ellipsoid from the heart with irregular
shape, which significantly affects the resulting average pres-
sure. In this paper, a universal and easy-to-use model is estab-
lished for the calculation of the pressure between the 3D-MIM
and the heart with arbitrary shape for various organs, which
overcomes these disadvantages.

The 3D-MIM is fabricated with a shrunken size than the sys-
tolic state of the heart,' so that stable contact can be main-
tained for both the systolic and diastolic state of the heart.
Figure 2 shows a 3D-MIM covering on the expanding heart.
The 3D-MIM is modeled as membrane in the mechanical anal-
ysis. The membrane force of the cardiac membrane per original
unit length, can be obtained according to the theory of mem-
brane as!'Z

Et(&, +ve;)
S

where t is the thickness, E and v are the Young’s modulus and
Poisson’s ratio of the membrane, €, and &, are the membrane
strain along the orthorhombic principle directions, respectively.
The elastic energy is the integration of the energy density over
the entire membrane areal'?!

U.= J‘(]}T} de +TT2 dSZJdS (2)
AN 0

where Q is the surface of the heart. It is reasonable to neglect
the effect of the cardiac membrane on the expansion of the
heart, since the membrane is very thin and soft. Therefore, the
deformation of both the heart and the membrane is free expan-
sion with linear strain
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temperature sensor

Figure 1. Optical image of a 3D multifunctional integumentary mem-
brane integrated on a Langendorff-perfused rabbit heart.

£ =E=€ (3)

The volume and surface area of heart change from V and S,
to V= (1+€)’V, and S = (1+¢)’S, during the expansion, respec-
tively. The membrane force and corresponding elastic energy
become T, =T, = Ete/(1-v) and U, = Ete’S, /(1- V). The average
pressure can be obtained as

du, 2EteS,

— “4)
dv  3(1-v)(1+€)V,

P, average —

according to the principle of energy, i.e., the elastic energy is
the work of the pressure on the change of the heart volume.['2l

This model must be capable of degeneration to the ideal
sphere, since it is for the heart and 3D-MIM with arbitrary
shape. For a sphere with radius R, the surface area is S, = 47 R*
and the volume is V, =47R*/3. Equation (4) gives the average
pressure as

Figure 2. The model of a 3D-MIM covering on the expanding heart and the schematic illustra-

tion of the mechanical analysis.
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By the method of equilibrium that is established after expan-
sion, the average pressure can be calculated as

(0)

wI[ 3

-Paverage ,sphere =

where T = Ete/[(1-v)(1+¢€)] is the membrane force per unit
length after deformation, i.e., accounting for the change of
length due to linear expansion, R=(1+¢)R is the radius after
expansion. Substitution of T and R into Equation (6) yields the
same expression with Equation (5), which is degenerated from
the model with arbitrary shape.

The 3D-MIM covers only the bottom part of the heart with
height of about 20.5 mm in our experiment, instead of the
entire body (Figures 1 and 2). In order to use Equation (4),
we can imagine a symmetric model consisting of two of this
part, with double surface area and volume. Therefore, the sur-
face area should be that of the cardiac membrane, but does
not include the area of cross section. For E = 60 kPa, v = 0.49,
t =150 um, Sy = 1303.9 mm?, and V, = 5677.9 mm? in the
experiment, the average pressure are 150 and 278 Pa for volume
expansion (1+ &)’ —1=20% (the systolic state of the heart) and
(1+¢&)’ —1=45% (the diastolic state of the heart), respectively.
Figure 3 shows the average pressure between the 3D-MIM
and the heart for a wide range of device parameters and the
expansion of the heart. The average pressure increases with the
volume expansion of the heart monotonously and with tensile
stiffness Et linearly. The prediction by Equation (4) agrees well
with the simulation results by finite element analysis (FEA),
even though the detailed shape of the heart and 3D-MIM are
rather irregular (see details in following paragraph).

In order to understand the essential mechanical effect of
the 3D-MIM on the heart physiology, we can relate this artifi-
cial, instrumented membrane to the natural membrane sur-
rounding the heart, i.e., pericardium. In normal physiological
states, the pressure within the space created by the pericar-
dium stays at a relatively low level, 0 to a few mm Hg (1 mm
Hg = 133.3 Pa). In conditions associated with pericardial con-
straint, which might be caused by fluid accu-
mulation or inflammation, the pericardial
pressure increases dramatically (to up to tens
of mm Hg, >1000 Pa). Therefore, the design
target for mechanically compatible 3D-MIM
is essentially limiting the pressure to the level
that is similar to normal pericardial pressure.
The present design in our 3D-MIM yields an
average pressure <300 Pa for diastolic state
of the heart according to the analysis. It is
sufficiently small to meet the requirement.
In practical environment, the 3D-MIM actu-
ally provides an additional pressure based
on the pressure of the environment, such as
from other organs. The two pressures can
be considered as superposition. It should be
safe since the pressure from 3D-MIM is suf-
ficiently small.
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(a) . . . . Numerical simulation is used to verify the theoretical predic-
tion. The 3D geometric model of the heart for FEA is recon-
3001 £=g0 Kpa t=150 ym A structed from the data obtained with optical segmentation.
The geometric model is imported into the preprocessor in the
n ABAQUS, a finite element program.['l heart and 3D-MIM are
200 - u R modeled by the 4-node, linear tetrahedron solid element C3D4
and 4-node quadrilateral membrane element M3D4, respec-
tively. The total number of elements exceeds 60 000, and mesh
_ refinement ensures the accuracy of the numerical results. For
. the prescribed expansion of the heart, FEA gives the pressure
- A FEA non-sll|p;.)age distrIi)bution at thepinterface between the 3D-N%IM and t}Iie heart.
®  FEA, non-friction . .
0 . . . . The average pressure is then obtained over the contact area
0 10 20 30 40 50 between the 3D-MIM and the heart, i.e., the ventricles of the
Volume expansion (%) heart as in the experiment.
The contact condition between the 3D-MIM and the heart
1000 - - - - - y is unclear and difficult to verify by experiment. Here, two
— Analytic A extreme contact conditions, including nonfriction condition
8004 A FEAE =60Kpa . with allowed delamination and nonslippage condition without
& FEAt=150 um * delamination, are applied in FEA. Figure 3a shows that the dif-
6004 A | ference between the results of the two cases is small and both
of them agree with the analytic prediction by Equation (4). The
distribution of the pressure of the two conditions is shown in
Figure 4 for volume expansion (1+¢)’—1=20% (the systolic
state of the heart) and (1+¢)’ —1=45% (the diastolic state of
the heart), respectively. The local pressure at specific point for
Volume expansion = 45% the two conditions may be different as shown in Figure 4, but
T T T y T the average pressure over the entire region is similar.
0 S 10 15 20 25 30 The analysis and simulation above does not account for
Et (N/m) the effect of electronic devices on the pressure between the
3D-MIM and heart, which may enhance the stiffness of the
membrane, as well as the average pressure. This effect can
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Figure 3. FEA and analytical results of average pressure as functions of
a) volume expansion and b) tensile stiffness E; of the membrane.
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Figure 4. Calculated pressure distribution on the heart induced by 3D-MIM with thickness of 150 ym and Young's modulus of 60 kPa under extreme
contact conditions and volume expansions.
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be estimated from Equation (4) by replacing the tensile stiff-
ness Et of the 3D-MIM with the effective tensile stiffness of
the 3D-MIM with the electronic devices. For the case in our
experiment, it is about 1.5 time of present Et without electronic
device, according to FEA in our previous work.['!

In summary, we developed a universal and easy-to-use model
to calculate the average pressure associated with integration
of 3D-MIMs on arbitrary organ shape, which serves as a key
parameter to evaluate device designs. The previous model for
the prediction of the average pressure was limited in the range
of approximated ellipsoid. It is a difficult task to decide the radii
of the ellipsoid. Based on the principle of energy, we estab-
lished a universal and easy-to-use model for the calculation
of the pressure of arbitrary-shape 3D-MIM. The average pres-
sure is expressed in terms of only the surface area and volume
of the heart, besides the material parameters and expansion
strain. The prediction by this new model agrees well with the
numerical results by FEA. It is also confirmed by FEA that the
average pressure is insensitive to the friction and delamination
between the 3D-MIM and the heart. These results provide a
simple way to quantify the average pressure for designs of not
only 3D-MIM, but also other similar advanced organ-mounted
medical devices and optimization.
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