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In cochlear-implant (CI) insertion experiments, scala-tympani
(ST) phantoms are often used in place of in vivo studies or ca-
daver studies. During the development of novel CI technology, a
scaled-up phantom is often desirable. In this paper, we create a
scalable model of the human ST by synthesizing published ana-
tomical data and images. We utilize the model to fabricate an
accurate, inexpensive, and reproducible ST phantom at a 3:1
scale. [DOI: 10.1115/1.4002932]
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1 Introduction

Cochlear implants (CIs) can restore some functional hearing for
individuals with profound sensorineural hearing loss. A cochlear
implant directly stimulates the user’s auditory nerve using electri-
cal impulses delivered via an electrode array. The array consists of
electrodes spaced along a silicone carrier, which is optimally in-
serted into the scala-tympani (ST) chamber of the cochlea, a
spiral-shaped organ in the inner ear. Insertion of the CI has been
shown to result in damage to delicate intracochlear structures, and
correct placement of the electrode array can be difficult to
achieve. Because of this, recent CI research efforts have focused
on decreasing insertion trauma and achieving better array place-
ment within the ST. Insertion experiments are frequently per-
formed as part of this research to evaluate electrode array design
or insertion technique.

In CI insertion experiments, ST phantoms are often used in
place of cadaver cochleae. Synthetic phantoms have been devel-
oped or used by several research groups. Rebscher et al. [1] de-
veloped a transparent human ST phantom by making casts of
human cadaver cochleae. The group created both epoxy and sili-
cone elastomer phantoms, and a silicone phantom was used in
insertion studies described in Refs. [2,3]. Included in Ref. [2] is a
description of how the casts were measured to create a 3D digital
model of the ST channel for use in evaluating electrode array
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designs. Zhang et al. created custom scaled-up prototype electrode
arrays. They designed and used scaled 2D and 3D ST phantoms
for insertion experiments using the custom arrays [4,5]. 2D phan-
toms from Cochlear (Sydney, NSW, Australia) were used in
Refs. [6,7] for insertion studies. A 3D ST phantom from MED-EL
(Innsbruck, Austria) was used in Refs. [8—11].

Each of the above phantoms can be useful for in vitro experi-
mentation, but each has its limitations. 2D phantoms lack the true
three-dimensional form of the human cochlea and do not offer a
true representation of the ST’s spiral form. The phantoms de-
scribed in Ref. [1], cast from cadaver cochleae, offer accurate
dimensions but are not reproducible without a physical mold. The
group created a digital model of the ST channel, but we find no
indication in the literature that this has been used or is available to
create a phantom. The 3D phantom from MED-EL has a spiral
shape, but from images of the phantom it appears that it does not
faithfully represent ST dimensions along the channel length (e.g.,
the channel tapers too quickly) and it does not permit insertions
past li turns. The method of ST modeling described in this paper
is patterned after that employed by Zhang et al., but it is unclear
from the literature whether their model took into account some
shape and sizing aspects discussed herein. A 1:1 scale 3D phan-
tom has been produced by Advanced Bionics (Valencia, CA) that
allows insertion up to two turns into the channel, but creating a
1:1 scale CI prototype is sometimes difficult during the develop-
ment of novel technology such as steerable CIs. We also do not
know how accurate the model is or the exact method by which it
was dimensioned and designed. The model described in this paper
and the phantoms produced from the model address the limita-
tions of current ST models and provide the following benefits:

e Reproducibility. The modeling method described in this pa-
per can be reproduced using common engineering software
and commonly available fabrication resources.

e Accuracy. The model represents a mean ST with size and
shape informed by published anatomical data.

e Scalability. The model can be easily scaled to accommodate
research needs.

2 Prior ST Models

Cohen et al. [12] described a method of fitting a template spiral
to the shape of the images of implanted free-fitting CI electrode
arrays. Radiographic images were selected from 30 CI patients, as
well as images from nine cadaver temporal bones. For each radio-
graph, the positions of several points along each implanted array
were digitized, and software was used to fit a mathematical spiral
curve to the data for each array. The group found that the spiral
shape of an implanted array could be modeled by the expressions

0 <100 deg: R=C(1-D In(6- 6,)) (1)

6=100 deg: R=Ae™5¢ (2)

where R is the distance from the spiral center, € is the angle in
degrees, and A, B, C, D, and 6, are constants.

Yoo et al. [13] created a 3D model of the cochlea for viewing
on the internet. Their model was based on the work done in Ref.
[12], using Egs. (1) and (2) and a height equation

z=E(6-6)) 3)

where z is the height value of each discrete spiral point, E is a
constant, and 6 is the starting angular degree. The group used the
resulting 3D spiral as the central path of their cochlea model with
cross-section data from Ref. [14] to create a generalized 3D co-
chlea model (i.e., individual channels are not differentiated).

Zhang et al. [5] used the work of Refs. [12,13] to create 2D and
3D ST phantoms and used ST dimensions given by Wysocki [15]
to define elliptical channel cross sections along the length of the
3D spiral curve. However, the authors did not publish the specifics
of their model.
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Table 1 ST spiral constants

A B C D E

o 0 o
(mm)  (mm)  (mm) (mm)  (mm) (deg) (deg) (deg)

3.762 0.001317 7.967 0.1287 0.003056 5.0 103 910.3

3 The ST Model

Using a method similar to the work of Zhang et al., we design
a ST model based on Refs. [12,13,15] and include some modifi-
cations to increase the model’s dimensional accuracy and qualita-
tive appearance, as will be discussed hereafter.

Equations (1)—(3) are implemented in MATLAB to generate a 3D
spiral path. The values for A, B, D, and 6, are given in Ref. [12],
and the value for C is determined by setting Egs. (1) and (2) equal
to each other with #=100 deg and solving for C as described in
Ref. [12]. The values for 6; and the final spiral angle, 6, are given

3 g : o3
2 2
E 1E
€ £
=0 0
-1 -1
-2 -2
2101 2 3 4 5 6 2 1 0
x (mm) z(mm)
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€
=1
0
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Fig. 1 1:1 scale 3D ST spiral path, generated in mATLAB

in Ref. [13]. The value for the constant E is determined by solving
Eq. (3) using the mean value of cochlear axial height, z
=275 mm, and 6= 6; as described in Ref. [13]. The values for the
constants listed above are given in Table 1. The constants given in
Table 1 with Egs. (1)—(3) can be used to create a 1:1 scale 3D
spiral path. A scaling factor s can be used to scale the ST model
(e.g., s=3 would create a 3:1 scale model). The values of R for
discrete points along the curve are calculated using Egs. (1)—(3),
where 6 varies from 6,=10.3 deg to 6,=910.3 deg in 0.1 deg
increments. For each value of 6, the (x,y,z) coordinates of the
corresponding 3D point on the curve are calculated using the
equations

x=sR cos(6) 4)
vy =sR sin(6) (5)
z=sE(0-6)) (6)

Several views of the 3D spiral path are shown in Fig. 1.

ST channel width and height dimensions for this model are
based on the work by Wysocki et al. [15], who created latex casts
of the human cochlea from 25 cadaver temporal bones and mea-
sured the width and height of the ST at 1 mm intervals along its
length from the beginning of the ST. All but one of the values
used in the model are channel dimensions given in plots in Ref.
[15]. Due to construction difficulties in SolidWorks (Concord,
MA) (i.e., failure when trying to create a lofted cut between the
profiles) when using the given final channel width of about 1.45
mm, the value for the previous channel width (1.25 mm) is used
as the final channel width. The channel dimensions are given in
Table 2. ST dimensions given in Ref. [15] for 0 mm and 1 mm
along the ST length are neglected in this model since the given ST
height and width values for 0 mm are reported as zero, and there
is a large jump in both width and height values between 0 mm and
2 mm along the ST length. Values in Table 2 from 0 mm to 34 mm
along the spiral curve correspond to values from 2 mm to 36 mm
measured along the ST length given in Ref. [15]. Note that the
values do not change monotonically. The height, width, and posi-

Table 2 ST channel dimensions, based on Ref. [15]. Position (Pos) is measured along the spiral from the basal end
(0=10.3 deg), h=profile height, w=profile width, and ¢=profile tilt angle relative to the xy-plane.

Pos

(mm) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
h

(mm) 1.30 1.18 1.14 1.13 1.08 1.03 0.98 0.94 0.90 0.86 0.84 0.83 0.82 0.82 0.81
w

(mm) 2.10 2.10 1.95 1.85 1.80 1.74 1.70 1.68 1.63 1.60 1.59 1.51 1.50 1.54 1.46
¢

(rad) 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14
Pos

(mm) 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
h

(mm) 0.81 0.79 0.77 0.75 0.73 0.72 0.67 0.66 0.63 0.59 0.54 0.47 0.43 0.37 0.34
w

(mm) 1.45 1.43 1.38 1.33 1.32 1.31 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.31 1.31
¢

(rad) 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29
Pos

(mm) 30 31 32 33 34

h

(mm) 0.29 0.28 0.26 0.35 0.30

w

(mm) 1.26 1.15 1.23 1.25 1.25

¢

(rad) 0.30 0.25 0.20 0.15 0.10
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(b)

Fig.2 Cross sections showing ST channel profile outlines and
tilt angles (dotted lines). The dashed vertical lines represent
the cochlear central spiral axis. (a) Photograph of cochlea
cross section (public domain image from Ref. [3]), with ST pro-
files outlined. (b) Model cross section.

tion values are multiplied by the scaling factor s so that scaling is
correctly applied to dimension the ST channel profiles to place
them at regular intervals along the spiral curve.

Zhang et al. [5] modeled the ST channel cross sections as el-
lipses. However, we model the ST cross sections as semicircular
ends connected by straight segments, which we believe more
closely match the general ST channel cross-section outline, as
shown in Fig. 2. A profile tilt angle ¢ between the xy-plane and
the major axis of the cross section is set for each profile to quali-
tatively approximate the angle observed in many cochlea cross-
sectional views, in which the profile cross-section width directions
are not perpendicular to the cochlea central spiral axis, as shown
in Fig. 2. A profile example is shown in Fig. 3, with the angle ¢

w——

z (mm)

z (mm)

Fig. 3 ST channel profile example. (top) Profile showing width
(w), height (h), and angle (¢) of the profile relative to the xy-
plane. (bottom) Order in which profile points are plotted: 1 (Eq.
(8)), 2 (Eq. (9)), and 3 (Eq. (10)).

Journal of Medical Devices

-3 -2 -1 0 1 2
x (mm)

3 4 5 6

Fig. 4 ST spiral curve with profiles positioned along its length.
The channel profile angle « is shown, defined relative to the
positive x-axis direction.

defined relative to the xy-plane. The ¢ values used in this model
are included in Table 2.

Our first goal is to place the cross sections along the length of
the spiral curve, while temporarily neglecting their radial position-
ing. Ultimately, we are only concerned with the final placement of
the cross sections and not with the spiral path itself. The discrete
point along the curve which is used as the coordinate center of
each cross-section profile is found based on the summed length of
the path segments from the beginning of the curve to each point.
The angle « of each profile relative to the model coordinate frame
x-axis is also determined (Fig. 4). This is done by finding the
direction of the xy-plane projection of the spiral curve that passes
through each profile and rotating the direction by 77/2 rad clock-
wise using the equation

a=atan2(Ay,Ax) — /2 (7)

where « is the angle of the profile projection onto the xy-plane
with respect to the x-axis, atan2 is the four-quadrant inverse tan-
gent function, and Ay and Ax are the differences between the y
and x coordinates of the center of the profile and the successive
discrete point on the spiral curve. This effectively places each
profile perpendicular to the xy-plane projection of the spiral curve
passing through it.

To create the oblong channel profiles, points defining each pro-
file, with profile center (0,0), are calculated using the following
equations inspired by ellipse equations: For 0= 0= m/2,

x= W;hcos(¢)+gcosw+ ®)
w—h . h .
== s1n(¢)+2s1n(0+ &) (8)
For m/2=60=<3m/2,
x = ——cos(m+ ¢)+gcos(6‘+ )
7= W_hsin(rr+ ¢)+gsin(0+ o) )
For 3m/2=0=2m,
x= W;hcos(¢)+gcosw+ ®)
w=h . h .
== s1n(¢)+2s1n(6’+ &) (10)

where w and & are the width and the height of a given profile, 6
varies from O rad to 27 rad in increments of 77/ 16 rad in the sets
shown in Fig. 3, and ¢ is the tilt angle (rad) of a given profile.
Note that two points are calculated at three angles: 6=0,2, 6
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X (mm)

Fig. 5 ST spiral curve with profiles centered, after spiral tight-
ening to position the final profile closer to the curve apex

=m/2, and 6=37/2. A solid profile outline is formed (Fig. 3)
when the profile points are plotted in the order shown. Next, the
individual 2D profiles of Fig. 3 are converted to the true 3D pro-
files, as shown in Fig. 4. Arrays containing the (x,,y,,2p) co-
ordinates, defining each profile in its correct 3D position and ori-
entation, are then formed using the equations

Xpe =X, +x cos(a) (11)

Vpe =Y, +x sin(a) (12)

Zpe=Ze+2 (13)

where x,,., y,, and z,,. contain the coordinates of each calculated

profile point with the profile positioned so that the ST spiral curve
passes through its center; X,., Y., and Z, are the coordinates of the
center of the profile; x and z contain the profile points calculated
using Egs. (8)-(10); and « is the orientation angle of the profile
(see Eq. (7) and Fig. 4).

Figure 4 shows the ST cross-section profiles placed along the
spiral curve, with the curve passing through the profile centers. It
can be seen in the figure that the final profile is not as close to the
apex of the spiral path as it should be. We want to keep the
profiles spaced at 1 mm increments along the curve as we shift
them closer to the curve apex, which can be achieved by tighten-
ing the spiral. Recall that the spiral path from Ref. [12] was not
intended to be used to describe the center of the ST channel, so
some necessary tightening is expected. To tighten the spiral, the
implementation of Eq. (2) is modified to incrementally enhance
the decrease in R as 6 increases by changing the value used for 6.
The modification can be modeled by the empirical expression

Brnoa = 0.00026% + 0.986 (14)

The calculation of R in Egs. (1) and (2) should use this 6,,,4. The
tightened curve with positioned cross-section profiles is shown in
Fig. 5.

With the profiles centered along the spiral path, the inner and
outer walls of the channel formed by the ST cross sections mea-
sure 24.92 mm and 43.13 mm, respectively. These values exceed
those of Ref. [16], which reports inner and outer ST wall lengths
of 1829 mm=*=1.47 mm and 40.81 mm=*1.97 mm, respec-
tively. This is again a logical and expected result, since Egs. (1)
and (2) give a mean template spiral for electrode arrays positioned
close to the ST outer-wall, not along the ST center. Accordingly,
we shift the cross-section profiles inward, positioning the template
spiral closer to the ST outer wall, and decreasing the ST inner-
and outer-wall lengths. Each profile is shifted by a fraction of its
width along the directions corresponding to the dotted lines in Fig.
2(b). Shifting the profiles by 1/4 of their respective widths
achieves the desired result. The shifted coordinates for each pro-
file are calculated using the equations

014501-4 / Vol. 5, MARCH 2011
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Fig. 6 ST spiral curve with profiles shifted to decrease the

length of the ST inner and outer walls. Compare with original
model of Fig. 4 and intermediate model of Fig. 5.

Xps = Xpe— %cos(a)cos(d)) (15)
w,

Yor= e sin(@cos(@) (16

Zps = Zpe — %Sin(dJ) (17)

where x,, v, and z,, contain the shifted coordinates of each
calculated point defining the profile; x,., y,., and z,. are as pre-
viously defined; w is the profile width; and ¢ and « are the profile
tilt and orientation angles as previously defined. Shifting the pro-
files yields a model with a ST inner-wall length of 20.55 mm and
a ST outer-wall length of 38.54 mm, which are close to the values
given in Ref. [16]. A view of the shifted profiles positioned along
the length of the spiral curve is shown in Fig. 6.

4 Fabrication of a ST Phantom

A 3:1 scale 3D solid model was created in SolidWorks. The
points generated for each ST profile were imported into Solid-
Works as curves through XYZ points. A rectangular prism was
created around the imported profiles, with the most basal profile
positioned slightly outside of the prism. The ST channel was
formed by creating a lofted cut connecting the profiles. Figure 7
shows the imported profiles and channel formed by the lofted cut.
The apical end of the channel was rounded by creating a sketch of
half of the most apical channel profile and creating a 180 deg
revolved cut, resulting in a semicircular end, as shown in Fig. 8.

A 1 mm diameter access hole was created from the face of the
model extending into the semicircular end of the channel. This
hole facilitates injection of soap solution into the channel, which

Fig. 7 Views of SolidWorks model construction. (left) Im-
ported channel profiles with surrounding rectangular prism.
(right) Channel formed by connecting the profiles with a lofted
cut.
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rotationl
axis |

Fig. 8 Semicircular cut created at the ST channel apical end.
(inset, dashed border) Sketch and rotation axis used to create
the revolved cut. (inset, solid border) Semicircular end.

is a standard method to lubricate phantoms for in vitro insertions.
The hole can be plugged after injecting the soap solution to avoid
leaking. A mounting tab was created so that the phantom could be
mounted for experiments. Using the generated 3D model, a phan-
tom was manufactured by Javelin 3D (Park City, UT) using an
Objet 3D printer. Images of the phantom are shown in Fig. 9. The
1 mm access hole and mounting tab can be seen in several views.

5 Conclusions

A scala-tympani phantom can be fabricated using the model
created here, which was synthesized from published anatomical
data. The model can be scaled to meet research needs. MATLAB

Fig. 9 Fabricated 3:1 scale ST phantom. The rectangular
prism has dimensions 31X29X15 mm?3,

Journal of Medical Devices

code and a SolidWorks model file can be downloaded from the
University of Utah Telerobotics Laboratory web page [17].
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