
O

D
d

K
a

b

c

a

A

R

A

A

K

C

C

E

F

M

M

N

1

A
t
i
r
t
l
t
o
s

h
2
l

j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):13801–13812

https://www.journals.elsevier.com/journal-of-materials-research-and-technology

Available online at www.sciencedirect.com

riginal Article

esign  of an  esophageal  deflection  device  for  use
uring atrial  ablation  procedures

archer Morrisa,c, Vlado A. Lubardaa,b,c,∗, Frank E. Talkea,c

Department of Mechanical and Aerospace Engineering, UC San Diego, USA
Department of NanoEngineering, UC San Diego, USA
Center for Memory and Recording Research, UC San Diego, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:

eceived 31 May 2020

ccepted 24 September 2020

vailable online 8 October 2020

eywords:

ardiac ablation

urved tube

sophageal deflection device

inite element analysis

oment–curvature relation

ooney–Rivlin model

onlinear elasticity

a  b  s  t  r  a  c  t

To prevent thermal damage of the esophagus during cardiac ablation surgery, a new device,

named the esophageal deflection device (EDD), has been designed. The device consists of a

curved elastic tube that is straightened by an inner rod (insertion rod) prior to insertion in

the  esophagus. After insertion of the assembled device in the esophagus, the insertion rod is

pulled  out, causing deflection of the esophagus as the tube returns to its original pre-curved

shape. A nonlinear constitutive equation of the Mooney–Rivlin type was used to describe the

mechanical response of the tube material (ethylene vinyl acetate), with material parameters

determined experimentally through uniaxial tensile testing. An analytical expression based

on  nonlinear elasticity theory is derived for the relationship between moment and curva-

ture  and used to evaluate the moments required to straighten the initially curved tube. The

force  vs. deflection relation was determined experimentally in a setup designed to model

the  straightening of the pre-curved tube. A finite element model was also developed to eval-

uate  displacements and stresses in both the pre-curved and the straightened tube, allowing
qualitative comparison of analytical, numerical and experimental results.

©  2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
.  Introduction

trial fibrillation (AF) is a common heart condition that affects
ens of millions of people worldwide [1]. Cardiac electrophys-
ologists treat this disease with cardiac ablation, where a
adiofrequency (RF) ablation catheter is inserted intravenously
o thermally ablate the defective heart tissue. The esophagus
ies directly behind the left atrium and is in close proximity to

he heart during the ablation procedure. This close proximity
f the esophagus poses a significant medical risk to the patient
ince it can lead to thermal injury of the esophagus [2,3].

∗ Corresponding author.
ttps://doi.org/10.1016/j.jmrt.2020.09.123
238-7854/© 2020 Published by Elsevier B.V. This is an open access arti
icenses/by-nc-nd/4.0/).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

To address the risk of thermal injury, surgeons currently use
endoscopes, endotracheal stylets, or nitinol embedded rods
to move the esophagus temporarily away from the heart [4–6].
These approaches pose additional risks to the esophagus, are
time consuming, or require that an internist is on standby dur-
ing the ablation surgery, which results in an increase of cost
to the hospital.

In this paper, a new device, the so-called esophageal
deflection device (EDD), is designed to protect the esophagus
during ablation surgery by mechanically moving the esopha-
gus away from the heart [7–9]. The EDD consists of two  parts, a

pre-curved flexible tube and an insertion rod. Prior to the pro-
cedure, the insertion rod is positioned inside the pre-curved
tube, thereby straightening the tube for easy insertion. After

cle under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1 – Schematic illustrating esophagus location A
(undesirable) and location B (desirable) relative to the heart
13802  j m a t e r r e s t e c h n

the tube and insertion rod are inserted into the esophagus,
the rod is pulled out and the tube reassumes its original pre-
curved shape. During the process of reassuming its initial
curvature, the tube applies a pressure to the esophageal wall
and moves the esophagus away from the ablation site.

Medical devices have made use of pre-curved tubes in
many applications, most notably in surgical robotics. Mori-
moto et al. [10], investigated experimentally the use of
pre-curved concentric tubes for application in neurosurgery.
Webster et al. [11] studied the mechanics of pre-curved tubes
using Euler–Bernoulli beam theory and analyzed the deflec-
tion of multiple concentric tubes with various sizes and
curvatures. Rucker et al. [12] implemented an analytical model
for the geometry considered in [10] to account for large defor-
mation of pre-curved tubes. Their analytical developments
are founded from Antman’s work [13] on Cosserat rod theory.
Baek et al. [14] used finite element analysis to further study
interaction of concentric tubes. Morimoto and Okamura [15]
expanded the work of Webster et al. [11] by comparing beam
mechanics theory to their experimental results measuring the
curvature of initially pre-curved concentric tubes.

In the present work, we study thin polymeric tubes used
in the Esophageal Deflection Device and investigate the effect
of material and design parameters on the maximum stress
and maximum force caused by the flattening of the pre-curved
tubes. A nonlinear constitutive equation of the Mooney–Rivlin
type was used for the tube material, with material parameters
determined experimentally from uniaxial tensile tests. Pre-
curved tubes were thermoformed and tested to evaluate the
deformation of the tube with different curvatures and cross
sections. A finite element simulation was developed to model
the deformation of the tube, and its dependence on the mate-
rials properties. The analytical, experimental, and numerical
results are discussed along with their applications to the final
medical product.

2.  Medical  background

Atrial fibrillation (AF) is a common heart arrhythmia, or irreg-
ularity of the heart rate, which leads to a variety of health
problems including chest pain, fatigue, or an increased likeli-
hood of heart failure [1]. The mechanisms that cause AF are
complex and are associated with irregularities of the electrical
conduction system of the heart and atrial tissue characteris-
tics [2]. Atrial ablation is a procedure that ablates defective
heart tissue thermally. Ablation regions can be targeted by
placing electrodes within the heart to perform, for example,
pulmonary vein isolation that prevents irregular heart rate [2].
During the ablation procedure, esophageal tissue can be ther-
mally damaged due to its proximity to the heart [3,16]. A rare
and potentially fatal outcome of atrial ablation is the forming
of an atrio-esophageal fistula, i.e., the creation of an opening
between the heart and the esophagus due to the proximity and
heat exchange between the left atrial wall and the esophagus

[17,18]. It is common practice to utilize a temperature probe to
measure luminal esophageal temperature during the ablation
procedure. If the temperature rise is above a “safe” value, the
cardiac electrophysiologist performing the surgery will stop
during a catheter ablation procedure.

the ablation procedure and move the esophagus away from
the ablation region.

A schematic of the heart and neighboring esophagus is
shown in Fig. 1. Position A is the undeflected position of the
esophagus, while position B is the deflected position of the
esophagus, after moving it away from the ablation region.
The esophagus is composed of two primary layers, a soft
flexible muscular tissue and a more  durable inner mucosa lin-
ing, with a thickness of approximately 3 mm for the muscle
layer, and 2 mm for the mucosa layer [19]. The properties of
human tissue and their variations within the esophagus and
heart have been investigated [19,20]. These studies note the
resilience of the esophageal tissue. Clinically used stents have
also shown to expand radially and exert forces on the esoph-
agus greater than 80 N when deployed at a diameter of 15 mm
[21]. Moreover, Evonich et al. [22] showed, through experimen-
tal tensile tests of porcine tissue, that the structural integrity of
esophageal tissue will remain intact even after thermal dam-
age from ablation. To help in the analysis and understanding of
this ablation procedure including thermal damage, finite ele-
ment models have been designed to simulate the heat transfer
from the ablation site to the esophagus [8,9,17,18]. Esophagus
tissue has also been investigated using finite element analy-
sis by taking into account the thick, foldable esophageal walls
[23]. Furthermore, the relationship between an atrial retractor
and the surrounding heart tissue has been examined by finite
element simulations in [20].

3.  Design  of  an  esophageal  deflection
device  (EDD)
Fig. 2 shows a 3D model of our esophageal deflection device
originally proposed in [7,9]. The device consists of a pre-curved
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Fig. 2 – Computer aided design model of an esophageal
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Fig. 3 – Schematic of pre-curved tube with geometric
design parameters: the distance between the two ends of
the curved portions of the tube is L0, the radius of curvature
is R = R1 for all curved portions of the tube, and the
corresponding angles are ϕ1 and ϕ2 = 2ϕ1, so that
L0 = 4R1ϕ1.
eflection device (EDD) with tube and insertion rod.

exible tube and an insertion rod. The pre-curved tube is
traightened by the rod prior to its insertion in the esophagus.
fter insertion of the assembled device, the inner rod is pulled
ut, causing the deflection of the esophagus, as the tube tends
o reassume its original curved shape. To manipulate the posi-
ion of the esophagus during the surgery, the EDD may have to
e inserted further, retracted, or twisted. After completion of
he surgery, the EDD can be retrieved by slowly pulling on the
andle of the assembled device. The inner rod may be fully

nserted if more  precise control of the esophagus position is
esired by the surgeon during retrieval of the EDD.

To deflect the esophagus, important design parameters of
he EDD are the tube’s cross section (outer and inner diameter
f the tube), the radius of curvature of the tube, and the bend-

ng stiff ness and strength properties of the material used. The
ssembled device including the tube and inner rod should be
ade “flexible enough” to navigate through the mouth and

nto the esophagus. We describe in this paper the idealized
ase of a rigid insertion rod to make our point clear. How-
ver, the inner rod must be “flexible enough” to cannulate
he esophagus and does not need to be homogenous or uni-
orm in its cross section. The design of the EDD must also
ake into consideration the mobility of the esophagus due to
ts interactions with adjacent soft tissue [21] and anatomical
onditions including the diameter of the esophagus, the size of
he heart, and the distance from the mouth. The tube should
ot exert pressure or forces on the inner esophageal wall that
ould exceed the limits tolerated by the human tissue. The
uality and mechanical performance of the device should be
ested further, beyond the force and deflection properties, to
nsure patient safety. Tests for safe and reliable use should
lso be examined for anatomical variations of patients includ-
ng children versus adults, and variability in tissue material
roperties. To satisfy FDA required ISO 10993 standards, the
aterials used in the EDD must be of biomedical grade and

uality [24].
The assembled esophageal deflection device is inserted

hrough the mouth into the esophagus. As the insertion rod is

etracted, the tube reassumes almost fully its original curved
hape (Fig. 3), depending on the position and stiffness of the
urrounding tissue. In our EDD, the radius of curvature for all
curved portions of the tube is R = R1, and the distance between
the two ends of the curved portions of the tube is L0. The inner
and outer radii of the hollow circular cross section of the tube
are a and b, respectively. The change in the shape of the EDD
tube from its initial curved position to the straight position
by insertion of the stiff rod can be calculated by applying two
pairs of opposite couples M and 2M at the cross sections cor-
responding to inflection points of the original curved shape of
the tube. The magnitude of the couple M is chosen to eliminate
the initial curvature of the tube (±1/R). When the insertion rod
is removed, the EDD goes back to its original shape and applies
a pressure along the inner esophageal wall, thereby moving
the esophagus away from the ablation site.

4.  Constitutive  equation  for  a  rubber-like
material

Correct constitutive equations are needed to model the EDD
tube mechanical response during its deformation. If the tube
material undergoes only small (infinitesimal) elastic strain,
the stress � is proportional to strain �. For uniaxial stress,
� = E�,  where E is the elastic modulus of the material. For
the EDD tube under consideration, strains can be large and
a nonlinear relationship between stress and strain must be
considered to describe its mechanical response.

Hyperelastic material models of isotropic nonlinear elas-
ticity are based on the elastic strain energy function W =
W(�1, �2, �3), where �1, �2, �3 are the principal stretch ratios
(the eigenvalues of the stretch tensor V = B1/2, where B
is the right Cauchy–Green deformation tensor B). For the
Mooney–Rivlin isotropic and incompressible material model,
the strain energy W is of the form [25,26]

W = C1(IB − 3) + C2(IIB − 3),  (4.1)

where IB and IIB are the invariants of B, while C1 and C2 are
the material parameters determined from experimental data.
In the case of uniaxial stress, the stretch ratios in an incom-
pressible isotropic material are �1 = �, �2 = �3 = 1/

√
�, where
� = l/l0 is the ratio of the elongated and original length of the
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Table 1 – Material properties provided by supplier.

Property Nominal value unit Test method

Melt mass-flow rate (MFR)
(190 ◦C/2.16 kg)

2.3  g/10 min ASTM D 1238

Vinyl acetate content 18.0 wt%
Density 0.941 g/cm3 ASTM D 1505
Durometer hardness (Shore

D)
37  DIN 5305

Tensile strength at yield 4.5 MPa ASTM D 638
Tensile strength at break 25 MPa ASTM D 638
Ultimate elongation 820% ASTM D 638
Vicat softening temperature 62 ◦C ASTM D 1525

Fig. 4 – Uniaxial tensile testing of ethylene vinyl acetate
tube material [MTS-Criterion tester]. The initial length of
the specimen is l0 = 140 mm,  and the initial dimensions of
13804  j m a t e r r e s t e c h n

specimen. The right Cauchy–Green deformation tensor B con-
sequently becomes

B =

⎡
⎢⎢⎢⎢⎣

�2
1 0 0

0 �2
2 0

0 0 �2
3

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

�2 0 0

0 1/� 0

0 0 1/�

⎤
⎥⎥⎥⎦ , (4.2)

with the corresponding invariants

IB = �2
1 + �2

2 + �2
3 = �2 + 2

�
,

IIB = �2
1�2

2 + �2
2�2

3 + �2
3�2

1 = 2� + 1
�2

.

(4.3)

The stress expression follows from the general expression
for the Cauchy stress tensor � of isotropic and incompressible
hyperelasticity [25,26],

� = −pI + 2
(

∂W

∂IB
B − ∂W

∂IIB
B−1

)
, (4.4)

where the pressure p can be determined by solving the
boundary-value problem under consideration; I is the iden-
tity tensor, and the exponent “−1” stands for the inverse. The
substitution of (4.1)–(4.3) into (4.4) gives the expression for the
applied longitudinal stress in a uniaxial tension,

� = −p + 2
(

C1�2 − C2

�2

)
. (4.5)

Because the normal stress in the orthogonal direction is equal
to zero under uniaxial tension, it also follows from (4.4) that

0 = −p + 2
(

C1

�
− C2�

)
⇒ p = 2

(
C1

�
− C2�

)
. (4.6)

By substituting the expression for p from (4.6) into (4.5), the
stress–stretch relationship is found to be

� = 2C1

(
�2 − 1

�

)
+ 2C2

(
� − 1

�2

)
. (4.7)

5.  EDD  tube  material

Ethylene vinyl acetate (EVA) was chosen as a material for the
EDD tube since EVA has been used previously in biomedi-
cal applications, is easily available, and has good mechanical
properties. Table 1 lists materials properties of commercially
available EVA-tubes [Hudson Extrusions, Inc].

The stress–strain relationship for the specific rubber-
like, EVA co-polymer is not fully defined in Table 1, but
is needed for evaluating the mechanical features of the
EDD. In order to identify a constitutive model that properly
describes its stress–strain relationship, uniaxial tensile tests
were performed by creating EVA specimens from flattened

tube cutouts, and testing them uniaxially (Fig. 4), while adher-
ing to ASTM D-412 standards [27].

Fig. 5 shows the stress vs. stretch ratio for up to 15% ten-
sile strain � = �l/l0 for five uniaxial specimens, where l0 is
the rectangular cross section are 3 mm × 1.59 mm.

the initial length of the specimen, l is its current length, and
�l = l − l0 is the length change. The maximum stretch ratio
considered was �max = l/l0 = 1.15, which corresponds to max-
imum strain in the tube of length L = 84 mm and initial radius
of curvature R0 = 27 mm when it is straightened out by two
end couples, as discussed in the next section. The material
response is initially linear, but becomes increasingly nonlinear
as the strain increases. To analytically describe this behavior,
we adopted the Mooney–Rivlin constitutive model and deter-
mined the material parameters C1 and C2 by requiring that (a)
the constitutive expression must reproduce the experimen-
tally observed initial elastic modulus E = 52.8 MPa (slope of the
stress–strain curve at zero strain), and (b) the applied stress
at strain � = 0.15 is � = 3.71 MPa,  as experimentally observed.

Thus, we  required that

6(C1 + C2) = 52.8 MPa, 2C1

(
1.152 − 1

1.15

)
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Fig. 5 – Experimental results for linear and Mooney–Rivlin
models from EVA uniaxial tensile tests in the range of
stretch ratio 0.95 ≤ � ≤ 1.15.
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Fig. 6 – a) The EDD separated into four equivalent sections
(a), (b), (c) and (d), and the straight sections (e) and (f) at the
beginning and the end of the tube. (b) Generalized tube
configuration with applied end moments M,  the radius of
curvature R, and other geometric parameters utilized in the
analysis. (c) Cross section of the curved tube with the stress
distribution along the vertical axis. The axis � passes
through the centroid C of the cross section, while the
neutral axis x passes through the point O at the distance e
+ 2C2

(
1.15 − 1

1.152

)
= 3.71 MPa. (5.1)

his gives

1 = −27.4 MPa, C2 = 36.2 MPa. (5.2)

e  note that these values of the parameters C1 and C2 are
ntended to be used only for 0.95 ≤ � ≤ 1.15. For very large val-
es of the stretch ratio �, other values of C1 and C2 will be
eeded, but these large values of the stretch ratio are not of

nterest in the present work.

.  Moment–curvature  relationship

onsider a pure bending of a slender circularly curved tube
hose length along the centroids of the cross sections is L0.
he initial radius of curvature of the centroidal axis is R0, such

hat R0ϕ0 = L0, where ϕ0 is the angle spanned by two end cross
ection of the tube (Fig. 6b). Each cross section is a hollow cylin-
rical cross section, made by two concentric circles of inner
nd outer radii a and b, respectively. Upon application of two
nd bending moments M in the vertical plane of symmetry, the
ube bends and a longitudinal section in the vertical plane of
ymmetry becomes circular with the radius of curvature R of
he longitudinal neutral axis of the tube, such that Rϕ = L0. The
eutral axis of each cross section is defined by the condition

hat � = 0 along this axis. We adopt a simplified curved beam
nalysis in which we  consider the normal stress orthogonal to
he cross section of the beam only. If we  locate the coordinate
rigin of the cross section at the point in the middle of the
eutral axis, then the strain at a distance y from the neutral
xis can be expressed as
(y) = y��, �� = 1
R0

− 1
R

, (6.1)
below the centroidal � axis.

where �� is the change in curvature. Because the stretch ratio
� is related to strain � by

� = 1 + � = 1 + y��, (6.2)

the substitution of (6.2) into (4.7) gives

� = 2C1

[
(1 + y��)2 − 1

1 + y��

]

+ 2C2

[
1 + y�� − 1

(1 + y��)2

]
. (6.3)

Under pure bending, the net normal force in each cross sec-
tion of the tube must vanish, and the moment of the normal
stresses � = �(y) for any point must be equal to M, i.e.,

N =
∫

A

� dA = 0, M =
∫

A

	� dA, (6.4)
where the centroid of the cross section is conveniently used as
the reference point for the moment calculation. The vertical
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distances from the centroid of the cross section (	) and from
the neutral axis (y) are related by

y = 	 + e (6.5)

with e being the vertical distance between the axes x and 
, as
shown in Fig. 6c. Upon the substitution of (6.5) into the first
expression in (6.4), we  obtain

C1

[∫
A

(1 + y��)2dA −
∫

A

dA

1 + y��

]

+ C2

[∫
A

(1 + y��) dA −
∫

A

dA

(1 + y��)2

]
= 0. (6.6)

Because (
, 	) are the centroidal axes of the cross section, it
follows that

∫
A

	 dA = 0,

∫
A

	2 dA = I
 = �

4
(b4 − a4), A = �(b2 − a2). (6.7)

The small ovalization of the circular cross section caused by
the Poisson-type effects in bending have been ignored; for the
analysis of three-dimensional stress state and anticlastic cur-
vature effects in pure bending of nonlinearly elastic prismatic
beams with rectangular cross section, see [28]. Thus, after per-
forming the integrations in (6.6), this equation becomes

C1(I1 − J1) + C2(I2 − J2) = 0, (6.8)

where

I1 =
∫

A

(1 + y��)2dA = ˛2A + I
(��)2,

I2 =
∫

A

(1 + y��) dA = ˛A,  ̨ = 1 + e��,

J1 =
∫

A

dA

1 + y��
= 2�

(��)2
B1, B1 =

√
˛2 − a2(��)2

−
√

˛2 − b2(��)2,

J2 =
∫

A

dA

(1 + y��)2
= − 2�˛

(��)2
B2, B2 = 1√

˛2 − a2(��)2

− 1√
˛2 − b2(��)2

.

(6.9)

For a given ��,  Eq. (6.9) can be solved numerically for the
value of the eccentricity e corresponding to ��.  The numerical
results for the e = e(��) relationship are shown in Fig. 7a.

We next proceed with the derivation of the
moment–curvature relationship. The substitution of (6.4)
into the second expression in (6.3) gives

[∫ ∫ ]

M = 2C1

A

	(1 + y��)2dA −
A

	 dA

1 + y��

+ 2C2

[∫
A

	(1 + y��) dA −
∫

A

	 dA

(1 + y��)2

]
. (6.10)
 0 2 0;9(6):13801–13812

Upon performing the integrations, (6.10) can be expressed in
the form

M = 2C1(I3 − J3) + 2C2(I4 − J4), (6.11)

where

I3 =
∫

A

	(1 + y��)2dA = 2˛I
��,

I4 =
∫

A

	(1 + y��) dA = I
��,

J3 =
∫

A

	 dA

1 + y��
= A

��
− 2�˛

(��)3
B1,

J4 =
∫

A

	 dA

(1 + y��)2
= 2�

(��)3
(B1 + ˛2B2).

(6.12)

Expression (6.11) is the desired moment–curvature rela-
tionship. The corresponding variation M = M(��)  is shown
in Fig. 7b. The solid curve corresponds to the nonlinear
Mooney–Rivlin model and the dashed line to the linear elastic
material model. In the latter case (6.11) reduces to

M = EI
��, (6.13)

since the stress � = �(y) is in this case is � = 6(C1 + C2)� = E�,
while e = 0. For the nonlinear Mooney–Rivlin model, the stress
varies nonlinearly along the y direction according to (6.3),
which is sketched in Fig. 7c.

6.1.  Straightening  of  a  pre-curved  tube

If a curved tube of initial radius of curvature R0 is straightened-
out by two end couples M, then R → ∞ and �� = R−1

0 . The
corresponding value of M is obtained from (6.11) and (6.11)
by replacing �� with 1/R0. For example, if R0 = 40 mm,  the
moment needed to straighten-out the tube is M = 0.2079 N m.
If the material of the tube was linearly elastic in the entire
range of bending, the corresponding moment would have
been M = EI
/R0 = 0.2243 N m.  In these calculations the inner
and outer radii of the tube were assumed to be given by
a = 2.38 mm and b = 3.97 mm,  so that A = 31.72 mm2 and I
 =
170 mm4, while E = 52.8 MPa.

The normal stress follows from (6.3) by replacing there ��

with 1/R0, which gives

� = 2C1

[
(1 + y/R0)2 − 1

1 + y/R0

]

+ 2C2

[
(1 + y/R0) − 1

(1 + y/R0)2

]
. (6.14)

The magnitudes of the maximum tensile and compressive
stresses in this case are

�+
max = 3.47 MPa, �−

max = 6.45 MPa, (6.15)
corresponding to y+ = 4.4 mm and y− = −3.5 mm,  as shown in
Fig. 6c.
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Fig. 7 – (a) The eccentricity e vs. the change in curvature �� in the case of Mooney–Rivlin material model. (b) The applied
moment M vs. the change in curvature �� in the case of Mooney–Rivlin material model.

Fig. 8 – (a) The initial pre-curved configuration of the EVA tube. (b) The straightened-out configuration of the tube produced
b  mo
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y the application of two pairs of couples M1 and M2. (c) The

.2.  Straightening  of  a  doubly  pre-curved  EVA  tube

ig. 8b shows a straightened configuration of a doubly pre-
urved EVA tube shown in Fig. 8a. Since the pre-curved
ortions of the tube are circular, the straightening into a
erfectly straight configuration can be accomplished by the
pplication of two pairs of concentrated couples of moments

1 and M2, because only pure bending by concentrated end
ouples transforms a circularly pre-curved tube into a straight
ube. The magnitude of the moment M1 is obtained from (6.11)
nd (6.11) by replacing �� with 1/R1, while the magnitude

f the moment M2 − M1 is obtained from (6.11) and (6.11) by
eplacing �� with 1/R2, because the central portion of the tube
f radius R2 is under the bending moment M2 − M1 (Fig. 8c). For
ment diagram along the straightened axis of the tube.

example, if R1 = R2, the bending moment M2 = 2M1, regardless
of the values of the angles ϕ1 and ϕ2. The straightened-out
configuration of a pre-curved tube is the most critical config-
uration of the tube, in which the stresses attain their greatest
values, because upon the removal of the inserted straight rod,
the tube is reverting to its original curved shape, releasing its
strain energy and relaxing the stresses caused by the inserted
rod. In the case of the cross section of the tube with inner
and outer radii a = 2.38 mm and b = 3.97 mm,  the maximum
stresses are �+

max = 3.28 MPa and �−
max = 5.65 MPa in the case of

the radii of curvature R1 = R2 = 45 mm,  while �+
max = 2.59 MPa
and �−
max = 3.73 MPa in the case of the radii of curvature R1 =

R2 = 65 mm.
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Fig. 9 – Thermoform mold and EVA tubes for different radii
of curvature.

Fig. 10 – Set-up for measurement of force vs. deflection of

preformed deflected EVA tubes.

7.  Experimental  measurement  of  force  vs.
deflection  of  pre-curved  EVA  tubes

Straight EVA tubes were thermoformed in 3D printed molds
(Fig. 9) to attain curved geometry similar to that used in the
EDD. The thermoforming process consisted of cutting and fit-
ting the tubes into the mold, heating the mold with the tubes
in an oven at 70 ◦C for 1 h, and, finally, cooling the tubes out-
side of the oven. The test set-up for measuring the force vs.
displacement of pre-curved EVA tubes is shown in Fig. 10. The

setup consists of a load cell (SMT 250N), a tube mount, and a
vertical actuator arm. One end of the tube is clamped into the
mount while the other end of the tube can deflect against a
flat surface on the mount. The curved portion of the tube con-
 0 2 0;9(6):13801–13812

tacts the stationary surface of the load cell. The actuator arm
moves the tube mount downward at a speed of approximately
0.1 mm/s  and, as the distance decreases between the flat sur-
face on the load cell and the tube mount. The force applied by
the deforming tube is measured using the load cell until the
tube is straightened.

In Fig. 11a and b, the force vs. displacement is shown for
EVA tubes of 7.9 and 9.5 mm outer diameter, respectively, with
initial radius of curvature (RoC) of 45, 55, and 65 mm,  respec-
tively. From Fig. 11, we observe that the displacement required
to generate a particular force increases with decreasing radius
of curvature. The tube with a 9.5 mm outer diameter produces
a larger force than the tube with 7.5 mm outer diameter keep-
ing all other parameters the same. The tube with a 9.5 mm
outer diameter exerts a maximum force of approximately two
times that of the tube with a 7.9 mm outer diameter, for all
three pre-formed curvatures.

8.  Finite  element  model

To complement and validate the analytical and experimen-
tal results shown in the previous sections, a finite element
model was developed simulating the straightening of a pre-
curved EVA tube. As shown in Fig. 12, the pre-curved and
initially stress-free tube is confined between two rigid walls
w1 and w2. The left end of the tube is constrained in all six
degrees of freedom, while the right end of the tube is free to
move. The surface w1 is displaced slowly toward surface w2,
thereby straightening the tube. The force exerted by the tube
on surface w2 is determined.

The pre-curved tube geometry was first obtained in 3D
(SolidWorks) and meshed using a commercially available finite
element program (Hypermesh). Stress and strain as a function
of displacement were then obtained using an explicit transient
solver (LS-DYNA). All three software packages are commer-
cially available. The mesh for the pre-curved tubes utilized
approximately 70,000 8-node quadrilateral elements. Both the
linear material model and the nonlinear Mooney–Rivlin model
were used, with material parameters determined from the
experimental results of Section 7. The initial position of the
tube (see Figs. 12 and 13a) corresponds to the case that the
insertion rod is completely removed, while the final position
of the tube in Fig. 13c corresponds to the case that the (rigid)
insertion rod is fully inserted in the EDD. The deformation
of a tube being straightened by two rigid walls is physically
comparable to the tube being straightened by a rigid inner rod
since the cross section inner and outer diameter do not signifi-
cantly change in either setting. Clearly, our model contains the
extreme limiting cases occurring during use of the EDD during
surgery. Fig. 13a–c show the von Mises stress along the length
of the tube for the initial, intermediate and final position of the
rigid wall w1. From Fig. 13, we observe that the von Mises stress
varies significantly along the length of the tube. As expected,
the largest von Mises stresses occur furthest away from the
neutral axis in the y direction.
Fig. 14 shows force vs. displacement and von Mises
stress vs. displacement of pre-curved EVA tubes using the
Mooney–Rivlin constitutive equations. We observe that the
force increases as the displacement increases for all tubes.
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Fig. 11 – Experimentally determined force vs. displacement for: (a) 7.9 mm outer diameter and (b) 9.5 mm outer diameter
tube with pre-curved radius of curvature (RoC) of 45, 55, and 65 m

Fig. 12 – Schematic of geometry and boundary conditions.

Fig. 13 – The von Mises stress distribution along the length
o

W
t
t
t

of the tube as well as the internal stresses and strains while
f the tube during its deflection.

e  also observe that tubes with a smaller radius of curva-

ure have a larger maximum force. In addition, we  observe
hat the force and the maximum von Mises stress increases as
he area moment increases. The maximum von Mises stress
m.

varies only a small amount for tubes having different radii of
curvature keeping all other parameters constant. On the other
hand, tubes with smaller radius of curvature have a larger final
value of the von Mises stress, because they deflect a larger
total distance compared to the tubes with larger radii of cur-
vature, similar to the trend observed for the simulated force.
The numerical results provide insight into the effect of design
parameters of the tube on the mechanical performance of the
EDD tube. By changing the cross section and the radius of cur-
vature, the force applied against the esophageal wall can vary
significantly and, in some cases, the stress can exceed the
elastic limit.

In Fig. 15, a comparison is shown for the maximum von
Mises stress vs. displacement for the linear and the nonlinear
material models. As expected, for small values of displace-
ment there is only a small difference in the calculated values of
the force and the maximum von Mises stress for the two mod-
els. As the displacement increases, the differences become
more pronounced. The linear model overestimates the values
of the force and the maximum von Mises stress for a given
amount of displacement.

9.  Discussion  and  conclusions

The design parameters of the esophageal deflection device
(EDD) strongly influence the performance of the device. The
EDD tube exerts forces along the esophageal wall after the
insertion rod is removed, thereby deflecting the esophagus.
In this paper, the performance of the esophageal deflection
device has been studied analytically by evaluating the nonlin-
ear displacements of pre-curved EVA tubes under the action of
applied moments. In addition, the displacement of pre-curved
EVA tubes has been investigated experimentally using an actu-
ator that applied a known displacement on the tube. Finally,
we have simulated the deformation of EVA tubes using finite
element analysis. The results from the theoretical, numerical
and experimental analysis show that material properties and
design parameters such as the radius of curvature of the tube
and the cross section of the tube determine the deformation
the initially curved tube is straightened.
The hyperelastic (Mooney–Rivlin) constitutive model,

investigated in Section 5, proved to be of importance in
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Fig. 14 – The finite element results for the (a) force vs. displacement and (b) maximum von Mises stress vs. displacement
using the nonlinear Mooney–Rivlin material model.

Fig. 15 – Comparison of (a) force vs. displacement and (b) maximum von Mises stress vs. displacement for linear and
 tube
nonlinear Mooney–Rivlin material models (7.9 mm diameter

both the analytical and numerical studies. In particular, we
observed that an increase in the change of curvature causes
the predictions from the linear and nonlinear material mod-
els to differ significantly. For the tubes used in this study, the
differences became noticeable at an approximate change in
curvature of 15 m−1. Additional parameters not studied in this
paper may affect the performance characteristics and con-
stitutive equation when the medical device is used clinically.
These parameters include viscoelastic (time varying) effects,
as well as thermoelastic (temperature dependent) effects. A
material with a slower response in releasing its strain energy
may make the device easier and safer to use. Thermal effects,
with the human body at approximately 37 ◦C, as opposed to
room temperature, can make the device less stiff and, in turn,
prevent the device from effectively moving the esophagus. The
constitutive equation for the EDD tube material, EVA, needs to
be investigated at elevated temperature conditions.

In our analytical evaluation, the curvature remained circu-
lar, and the tube cross section remained circular as the tube
straightened. The numerical model relaxed those geometrical
constraints. Similar results were obtained numerically, but it is
clear that the geometric non-linearity observed in the numer-
ical study can affect the stress distribution both along the tube
length as well as across the cross section.

In the analytical model, the tube deformation was investi-

gated by changing the curvature due to applied end moments
until the tube was straightened. In the experimental and
numerical analysis, tube deformation was investigated by
s).

moving a rigid surface toward another rigid surface, with the
pre-curved tube in-between, in order to straighten the tube.
The applied boundary conditions are important for under-
standing the stress and strain states in the tube and to provide
a resulting moment or force, but they do not reveal the effects
on the esophageal soft tissue and the body tissue surround-
ing it. Further experimental and numerical studies should
include changing of boundary conditions to address worst-
case scenarios and extreme anatomical conditions. With the
aim of moving the esophagus safely and reliably, it would be
desirable to enhance the model and investigate the interac-
tions of the tube with the soft tissue. Future ex vivo studies
(e.g., using a porcine model) could provide useful results for
this application. In all investigations, the consideration of
how design changes affect patient safety must be of primary
concern.

In summary, the conclusions of our study are as follows.

• The EDD has been designed and manufactured to exert a
force on the esophagus and deflect it away from the ablation
site during surgery.

• Previous EDD-like devices have required expensive and
complicated manufacturing methods [4–6]. A low cost EVA
tube thermoforming process has been implemented to vary
the dimensions of the EDD tube curvature and cross section.
• The previously known mechanical properties for the EVA
tube material, shown in Table 1, were inadequate for mod-
eling the constitutive response during deformation of the
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EDD due to the large deformation states that are beyond
the linear elastic range (>1%).

 Uniaxial tensile tests were performed on the specific EVA
formulation provided by the supplier and after thermoform-
ing. We observe that the EVA tube material is hyperelastic
with estimated Mooney–Rivlin parameters C1 = −27.4 MPa
and C2 = 36.2 MPa.  In the range of infinitesimal strain, EVA
can be modeled as a linearly elastic material with a modulus
of elasticity E = 52.8 MPa.

 Moment–curvature and stress–curvature relationships were
determined analytically using both linear and nonlin-
ear constitutive equation. The analytical approach reveals
direct relationship between design features and product
performance including the effect of curvature, cross sec-
tion, and radial location on applied moment and stresses.
Maximum stress values for one proposed design in a
straightened state were found to be �+

max = 3.28 MPa and
�−

max = 5.65 MPa,  respectively, indicating potential plastic
deformation.

 Experimental measurements of the force exerted by the
tube during straightening range from 0 to 14 N. The force
was  shown to depend on the deformation state during
straightening as well as the initial radius of curvature and
cross section of the tube.

 A numerical model, incorporating linear and nonlinear
material models, was developed using finite element anal-
ysis to simulate the deformation of pre-curved tubes and
determine the stress strain behavior of the pre-curved tubes
in the EDD. This model can be extended to evaluate different
geometries, materials, or boundary conditions.

 The analytical and numerical model revealed levels of von
Mises stress beyond the elastic limit. Those limits should be
avoided when finalizing the EDD design to prevent plastic
deformation.

 Significant differences between the tube deformation pre-
dictions based on linear and nonlinear material models
occurred at a large change in curvature (>15 m−1) for both
the analytical and numerical studies. A non-linear mate-
rial model is necessary to accurately model the expected
deformation of the EDD.

 Further studies should be undertaken to investigate the per-
formance of the device during ex vivo and in vivo testing,
including a more  detailed and accurate description of the
interactions of the device with surrounding soft tissue at
body temperature. Patient safety is of upmost importance
when translating this device for clinical use.
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