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ABSTRACT Cricothyrotomy procedures, involving risky incisions on the neck skin and internal membranes,
require rigorous training. In this paper, a novel incision sensor measuring the incision path in a cricothyro-
tomy training simulation is proposed. The sensor provides quantitative feedback to trainees on their incision
practice, enhancing the effectiveness of the simulation. The sensor measures the electric potential, which
decreases monotonically along the direction of current flow on the conductive material at the incision point,
and converts it to coordinate values, based on the relationship between the electric potential and the position.
The sensor comprises three layers of conductive tape, which are electrically isolated by two dielectric layers,
and is fabricated as a thin film. The first two conductive layers (driving layers) are alternately energized to
create distributions of electric potential in the x or y directions across the sensor plane. The third conductive
layer (sensing layer), placed under the driving layers, transfers the electric potential to the output channel
of the sensor at the point where a metal blade creates a short circuit between the energized driving layer
and the sensing layer. The alternating measurements are converted to x and y coordinates of the incision
position. The experiments for characterization and performance validation were performed using sensor
prototypes fabricated with the proposed design and fabrication procedures. The experimental results show
that the proposed sensor facilitates the measurement of the incision paths aligned with and diagonal to the x
and y axes within root mean square errors of 0.98 and 1.03 mm, respectively.

INDEX TERMS Conductive tape, cricothyrotomy simulation, incision sensor, medical simulation.

I. INTRODUCTION
Surgical cricothyrotomy is an emergency procedure that is
performed to establish an external airway for the patient in
cases of life-threatening airway obstruction. In this proce-
dure, doctors make consecutive incisions through the skin
that covers the larynx and the cricothyroid membrane. Then
they insert an endotracheal or tracheostomy tube through the
opening to secure the airway [1]. It is generally performed
when oral or nasal intubation cannot be performed (e.g.,
due to facial trauma) and is simpler and faster to perform
than a tracheotomy [2]. The procedure is straightforward and
can be completed in a few minutes, but it requires careful
attention and rigorous airway management skills because it is
a life-saving procedure performed as a last resort on a patient
facing imminent death. When the procedure fails, the result
is usually poor survival or neurologic devastation.

One of the main causes of failure is lack of clinical
experience [3]. Because cricothyrotomy is an infrequently
performed emergency procedure, regular refresher training
is necessary for skill retention and maintenance [4], [5].
Cricothyrotomy training is conducted on models that mimic
the human anatomy, which include mannequins [6], cadav-
ers [7], [8], homemade models [9], animal models [10], [11],
and simulators [12]–[17]. In these training modalities,
trainees repeatedly practice the cricothyrotomy procedure on
the replica, generally with instructor feedback, and improve
their skills progressively as they begin to understand their
errors and the corresponding consequences. Considering
this learning mechanism, providing appropriate feedback to
trainees is important to guide them correctly through the
practical skills and enhance training effectiveness. Simi-
larly, recognizing and pointing out errors further accelerates
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the learning curve. Most cricothyrotomy trainers, however,
do not provide integrated feedback due to the absence of
suitable sensors that would evaluate the trainee’s skills.

Themost critical step in cricothyrotomy is the incision pro-
cedure on the neck skin and cricothyroid membrane. It should
be performed precisely, carefully avoiding unnecessary dam-
age to the nearby cricothyroid muscles, recurrent laryngeal
nerves, carotid arteries, and internal jugular veins. In addition,
the allowable margin for error is narrow, and mistakes can
lead to serious consequences. The patient may suffer from
complications such as speech disorders, or their life could be
at risk due to a misplaced incision. Thus, physicians should
undergo rigorous training to acquire precise incision skills.
Most of the cricothyrotomy simulators provide an interface
to practice this incision procedure, but the simulators do not
provide appropriate feedback on the incision performance.
The absence of feedback degrades the training effectiveness
of cricothyrotomy simulators. There have been numerous
studies for developing sensors to measure position informa-
tion on artificial skin [18]–[24], but no sensors have been
developed for incision measurement.

In this study, we propose a novel incision sensor tomeasure
the coordinates of incisions (incision path) made on the syn-
thetic skin of a mannequin in a cricothyrotomy simulator. The
proposed incision sensor facilitates objective and quantitative
feedback regarding the extent of longitudinal and directional
errors compared to the reference path of the incision. Trainees
can be informed about the results of their incision practice
attempts precisely using the proposed incision sensor; thus,
it enhances the training effectiveness of the cricothyrotomy
simulator. The incision sensor is fabricated in a thin-film form
with three layers of conductive tape, which are electrically
isolated from each other by dielectric layers. The sensor
is placed under the synthetic skin of the mannequin and
incised, together with the skin, using an electrically conduc-
tive blade, to measure the two-dimensional (2D) coordinates
of the incision path. The sensormeasures the electric potential
on the conductive tape at the incision point and converts
it to coordinate values with respect to the sensor-attached
coordinate frame, using a predefined relationship between the
electric potential and the coordinate values. The experiments
for characterization and performance validation of the sensor
were conducted with sensor prototypes fabricated with the
proposed design and fabrication procedure. The experimen-
tal results demonstrate the feasibility of the sensor and its
applicability to cricothyrotomy simulation in measuring the
incision path made by the trainee.

II. DESIGN AND FABRICATION
A. SYSTEM OVERVIEW OF CRICOTHYROTOMY
TRAINING SIMULATOR
Fig. 1(a) shows two incisions performed in the cricothy-
rotomy procedure. The physician makes a 3–5 cm vertical
incision between the thyroid cartilage and cricoid carti-
lage and a 1-cm horizontal incision on the cricothyroid

FIGURE 1. Overview of the cricothyrotomy training simulator. (a) Two
incisions performed in the cricothyrotomy procedure. (b) The
cricothyrotomy training simulator employing mannequins and two
incision sensors. (c) Graphical feedback on the results of the incision
practice.

membrane [25]. Fig. 1(b) shows a training simulator imple-
menting the proposed sensor. Mannequins (ALS Simula-
tor, head (item number 205-03250) with airway & tongue
assembly (200-03150), Laerdal,Wappingers Falls, NY, USA)
replicating the laryngeal anatomy of humans are employed,
and two incision sensors are attached to the parts of the
mannequin corresponding to the neck skin and the cricothy-
roidmembrane. The incision sensor dimensions and locations
cover the possible region of incision under the assumption
that trainees have basic knowledge of the laryngeal anatomy
and incision procedure [26]. The incision sensor is placed
under the synthetic skin of the mannequin, concealing it
from the trainee. Once the trainee makes an incision on the
skin of the mannequin, the incision sensor under the skin is
incised together with the skin and measures the path of the
incision. The measured incision path is graphically presented
to the trainee, with the ideal path as reference, providing
a concrete illustration of how much error occurred in the
incision, as shown in Fig. 1(c).

B. INCISION SENSOR WITH CONDUCTIVE TAPE
To use the incision sensor in the cricothyrotomy training
simulator, the following requirements should be satisfied.
First, the sensor should be in the form of a thin film that can be
placed under the synthetic skin of the mannequin and should
be easily incised without causing additional resistive force.
Second, high-fidelity sensors are preferred for generating
training results, and thus, the sensor should be suitable for the
accurate and precise measurement of the incision path. Third,
it should be made of an inexpensive material because incising
the sensor (and skin) is a destructive process, requiring the
disposal of the sensor after use. Electrically conductive tape
with a known resistivity was selected as the basic material for
fabricating the incision sensor, because it is a thin and easily
incised material. In addition, it is very inexpensive as a sensor
material and can be used for incision path measurement with
the following, simple principle.

The principle involves calculating the incision position
by relating it to the value of the electric potential on the
conductive tape at that point. If a voltage source is connected
along one edge of a rectangular piece of conductive tape
and the other edge is connected to ground, a gradient in
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the electric potential is created along the tape with potential
decreasing along the direction of current flow. The value of
the electric potential can be mapped to the position on the
conductive tape. Fig. 2 shows a rectangular conductive tape
that is connected to a voltage source and ground through the
electrodes attached at the left and right edges of the tape.
When one pierces a point on the conductive tape using a sharp
and conductive incision tool, the position of the piercing point
can be estimated using the value of the electric potential.

FIGURE 2. Principle of incision measurement using conductive tape. The
red dotted line indicates the value of electric potential on the conductive
tape in the ideal case, and the blue dotted line indicates the value of
electric potential in the real case considering the voltage drop caused by
other components in the circuit.

In Fig. 2, the conductive tape can be regarded as two
resistors that are serially connected at the piercing point;
essentially a voltage divider or potentiometer. R1 and R2
are the resistance values of the conductive tape segment on
the left and right side of the piercing point, respectively.
Assuming that the conductive tape is a homogeneous material
and the electric potential drops only on the conductive tape in
the circuit, the electric potential at the piercing point can be
calculated as follows:

Vp =
R1

R1 + R2
Vs (1)

where Vp is the electric potential at the piercing point; Vs
is the output voltage of the source; and Ri is the resistance
value of the conductive tape segment, whose length is Li. The
resistance of the conductive tape segment is determined by
Pouillet’s law, R = ρL/A where ρ, L, and A are the electric
resistivity, length, and cross-sectional area of the conductive
tape, respectively. Then, the distance between the electrode
connected to ground and the piercing point, which is denoted
as L1 in the figure, is calculated as follows:

L1 =
Vp
Vs
L (2)

where L = L1+L2. This implies that the electric potential on
the conductive tape varies linearly according to the distance
between the electrode and the piercing point, and this can

be used for the measurement of the one-dimensional (1D)
position on the conductive tape. We assume that the electric
potential drop occurs only on the conductive tape, as shown
with the red dotted line in Fig. 2, but in a real implementation,
a certain portion of the electric potential drops across other
components of the circuit, such as electric wires, electrodes,
and junctions between the electrodes and conductive tape.
Accordingly, the value of the electric potential on the con-
ductive tape would be the blue dotted line presented in Fig. 2.
Vr and Vg denote the electric potential at the right and left
ends of the conductive tape, respectively. The values of the
electric potential at both ends of the conductive tape are
recorded during calibration following sensor fabrication and
are used to calculate the distance as follows:

L1 =
Vq

Vr−V g
L (3)

where Vq is the electric potential at the piercing point in a real
sensor. Then, the distance from the electrode to any point on
the conductive tape can be estimated by using (3) with the
electric potential measured at the point.

C. SENSOR AND CIRCUIT DESIGN
Fig. 3(a) shows the structure of the basic incision sensor
module, which is used to measure the 1D incision path. The
sensor module is composed of three layers: the driving layer,
dielectric layer, and sensing layer. The driving layer is made
of a conductive tape, and it is responsible for producing
electric potentials across the incision sensor. Two electrodes,
having low impedance connections to the ground and voltage
sources, are attached at the left and the right edges of the
rectangular conductive tape, respectively. The electric poten-
tial is the lowest at the left end of the driving layer and
increases linearly along the direction opposite to the current
flow, which is denoted by x in the figure. The value of the
electric potential reaches its highest value at the right end of
the layer. The dielectric layer, which is made of plastic tape,
electrically isolates the driving layer from the sensing layer.
There is no electric connection between the driving layer and
sensing layer if there is no incision. The sensing layer is
made of conductive tape and is responsible for transferring
the electric potential on the driving layer at the incision point
to a high-impedance analog input channel for analog to digital
conversion. Fig. 3(b) shows the electric circuitry representing
the incision sensor module undergoing incision. Once all
layers of the sensor module are completely penetrated by
the conductive incision tool, the driving layer is electrically
connected to the sensing layer through the incision tool at the
incision point, and the electric potential on the driving layer
is transferred to the output channel of the sensor through the
sensing layer. The conductive tapes and incision tool that are
subject to current flow can be represented as resistances in the
circuit diagram, as shown in Fig. 3(b). In the circuit diagram,
Rs represents the resistance between the voltage source and
the right end of the conductive tape, and Rg represents the
resistance between ground and the left end of the conductive
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FIGURE 3. Design principle of the incision sensor. (a) Composition of the
basic incision sensor module for measuring 1D incision coordinates. (b)
Incision sensing mechanism transferring electric potential from the
driving layer to the sensing layer in case of incision.

tape. These resistances lead to additional voltage drops out-
side the sensor, resulting in reduced electric potential range
(Vr −Vg) in the driving layer. The current through the circuit
is represented as follows:

I =
Vr − Vq
R2

(4)

I1 =
Vq

R1 + Rg
(5)

I2 =
Vq

R3 + R4 + Rp
(6)

where I is the total current through the circuit (I = I1 + I2);
I1 and I2 are the current flows through the driving layer to
the left side of the piercing point and through the sensor
output, respectively; and Vq is the electric potential measured
at the piercing point on the driving layer. To prevent the volt-
age measured at the output channel from floating randomly
when there is no piercing tool, a pull-down resistor brings
the sensing layer voltage to ground, which is distinct from
the minimum voltage that would be measured during inci-
sion (Vg). The pull-down resistance is set to be much larger
(Rp = 10 k�) than the resistance of the conductive tape
(< 50�), so that most of the current flows through the driving
layer (I1 � I2). Only microcurrents flow through the tool and
the sensing layer to transfer the electric potential to the output
channel of the sensor, connected in turn to a high impedance
analog to digital input channel. The electric potential at the
incision point is measured in this manner, and distance x from
the left end of the sensor to the incision point is calculated
using (3).

FIGURE 4. Design of the incision sensor. (a) Design of the incision sensor
composed of three conductive layers and two dielectric layers. (b) Electric
circuit diagram of the incision sensor.

Fig. 4 (a) shows the full structure of the incision sensor,
which can measure a 2D incision path. The incision sensor
is composed of three conductive layers (two driving layers
and one sensing layer) and two dielectric layers. The sensing
mechanism is the same as that of the 1D incision sensor
module, with the additional feature that the edge conductors
can be placed in either a driving or high-impedance state.
Driving layers 1 and 2 produces an electric potential on
the incision sensor in the y and x directions, respectively,
in the sensor-attached coordinate frame, shown in Fig. 4(b).
Once the sensor is completely penetrated by the incision tool,
the electric potentials alternating between driving layers 1
and 2 are transmitted to the sensing layer through the incision
tool. To measure the two electric potentials corresponding to
the x and y directions using one sensing layer, an electric
switching mechanism is employed, as shown in Fig. 4(b).
Two electronic oscillators that create a square wave of 200 Hz
are connected to driving layers 1 and 2. The oscillators peri-
odically disconnect the current flow in the driving layers.
The driving layer is connected to the voltage source and
the ground only when it receives a high signal from the
oscillator. By using the inverse form of the square waves,
the two driving layers are alternatively activated. The electric
potentials on driving layers 1 and 2 transferred to the sensing
layer are sampled at 200 Hz, after some delay following the
switch between layer activation, avoiding crosstalk between
the x and y measurements. In this way, the sensor outputs
the 2D coordinates of the incision point at 100 Hz, which is
sufficient for capturing details of the incision path made in
the cricothyrotomy simulation.
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D. INCISION SENSOR FABRICATION
The incision sensor is fabricated using the suggested design
presented in the previous section. The fabrication steps for
the incision sensor are displayed in Fig. 5.

FIGURE 5. Incision sensor fabrication procedure. (a) Step-by-step
fabrication procedure of the incision sensor. (b) Fabrication of prototypes
of the 1D incision sensor module. (c) Fabrication of prototypes of
complete incision sensor for 2D incision measurement.

Step 1: a plastic adhesive tape (370A ScotchTM Tape
(Transparent), 3M Co., Maplewood, MN, USA) is placed on
a flat jig, adhesive side up, as a base dielectric layer.
Step 2: a conductive adhesive tape (9712-1"X36YD,

Electrically Conductive Adhesive Transfer Tape, 3M Co.,
Maplewood, MN, USA) is placed on the base layer. An elec-
tric wire (30 AWG, solid core, stripped of insulation where
contact is made with the conductive tape) connected as an
electrode to the output channel of the sensor is attached to
all edges of the conductive tape. The wire is also fixed to the
tape by the adhesive material on the tape. The conductive tape
surrounded by the electric wire forms the sensing layer.
Step 3: dielectric layer 2, made of plastic adhesive tape,

is laid on the sensing layer.
Step 4: another conductive adhesive tape layer is laid on

dielectric layer 2, and two electric wires (stripped where is
made with the conductive tape) are attached on the left and
right edges of the conductive tape as electrodes connected to
their respective control transistors. This layer forms driving
layer 2.
Step 5: a plastic adhesive tape is deposited again to cover

the sensor. At this point, the fabrication of the incision sensor
module is complete.

Fig. 5(b) shows the fabricated prototype of the 1D incision
sensor module. To extend the 1D incision sensor module
for 2D incision measurement, additional conductive adhesive
tape is laid on the module, and two electric wires are attached
on the top and bottom edges of the conductive tape. This layer
forms driving layer 1 (Step 6). Finally, plastic adhesive tape

is laid on driving layer 1 (Step 7). Fig. 5(c) shows a fabricated
prototype of the incision sensor that measures the 2D incision
path.

E. SENSOR EQUIVALENT CIRCUIT
The incision sensor measures the incision position on the
sensor coordinate frame using the value of electric potential
on the two driving layers. Thus, the relation between the
electric potential and the position on the sensor coordinate
frame should be precisely modeled and verified to ensure
the reliability of the sensor. Fig. 6(a) shows the schematic
diagram of a driving layer, which is composed of a voltage
source, two transistors, two electrodes, conductive tape, and
an oscillator. The equivalent circuit model of the driving layer
is shown in Fig. 6(b). In this circuit model, Rt represents the
resistance of the conductive tape, Rc represents the contact
resistance that occurs at the junction between the conductive
tape and the electrode. The contact resistances are introduced
to model the additional voltage drop at the junction between
the electrode and the conductive tape. Rtr1 and Rtr2 are equiv-
alent resistances introduced to model voltage drop through
the transistors. Complicated electrical behavior involved in
the transistor is simplified with the equivalent resistances
since only the voltage drop is necessary to model the electric
potential and the position on the conductive tape. Current it
is the electric current flowing into the circuit. To convert the
value of the electric potential at the incision point (Vq) into
the position (L1) using (3) requires knowledge of the value
of the electric potentials at both sides of the conductive tape,
denoted as Vr and Vg in the electric circuit model. Vr and Vg
can be computed as follows:

Vr = Vs − Vtr1 − Vc1 (7)

Vg = Vc2 + Vtr2 (8)

where Vc1 and Vc2 are the voltage drops caused by the contact
resistance at the junction of the electrode and conductive tape.
Assuming that the contact resistances are the same at both
junctions, Vc1 and Vc2 can be computed as follows:

Vc1 = Vc2 = ieRc. (9)

Contact resistance Rc is experimentally measured using the
method of transmission line measurements (TLM), and the
experimental results are presented in following section. Vtr1
and Vtr2 are the voltage drops caused by the transistors con-
nected to the voltage source and the ground respectively, and
those values are experimentally measured (Vtr1 = 1.2 V ,
Vtr2 = 0.4 V ).

F. CONTACT RESISTANCE MEASUREMENT
The contact resistance that arises at the junction between
the conductive tape and the electrodes causes an additional
voltage drop that affects the value of the electric potential at
both ends of the conductive tape (Vr ,Vg). The TLM method,
which is widely used to determine the contact resistance
between ametal and a semiconductor, is used to determine the
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FIGURE 6. Schematic diagram and equivalent circuit model of the driving
layer. (a) Schematic diagram of the driving layer. (b) Equivalent circuit
model of the driving layer.

contact resistance experimentally [27], [28]. In this method,
one measures the total resistance of a conductive material of
various lengths, including contact junctions, and estimates the
contact resistance with the measured resistance value. The
total resistance of the conductive material can be expressed
as follows:

RT = 2Rc +
Rsh
W

L (10)

where RT is the measured total resistance, Rc is the contact
resistance, Rsh is the sheet resistance of the conductive mate-
rial, and W and L are the width and length of the conductive
material, respectively. RT was measured for 5 lengths (20, 40,
60, 80, 100mm) and 3widths (12.5, 25, 50mm) of conductive
tape, including two electrode junctions. Fig. 7 shows the
experimental results. The sheet resistance Rsh was calculated
by using the slope of the linear regression of the experimental
data. The value of Rsh was 9.6�, 9.5� and 9.0� in the
12.5-mm, 25-mm and 50-mm wide conductive tape, respec-
tively. Ideally, the Rsh should be same for those three con-
ductive tapes, but there exist variations because of uncertain
errors of the experiments. The value of contact resistances
were experimentally determined as 7.10�, 3.65� and 2.85�
for the 12.5-mm, 25-mm, and 50-mm wide conductive tapes,
respectively. Theoretically, the contact resistance should be
inversely proportional to the contact area, but the experi-
mental results did not exactly match the theory because of

FIGURE 7. Experimental results of contact resistance measurement.

uncertain errors in the experiment. These errors may result in
an uncertain error of the sensor.

III. CHARACTERIZATION
Characterization experiments to identify and verify the basic
characteristics of the incision sensor were performed using
prototypes of the sensor. The intent of this experimentwas
to validate the assumption that the electric potential on the
conductive tape varies linearly according to the distance from
the electrode. The linear relationship between the electric
potential and distance is the fundamental principle employed
by the incision sensor; thus, it should be rigorously validated
experimentally. Moreover, the experimentally measured sen-
sor output would be compared with the theoretical value,
based on the equivalent circuit of the sensor. Fig. 8 shows
the experimental setups for the characterization tests. The
setup consists of 1D and 2D incision sensor prototypes,
piercing guides, electric circuits, a metal needle, a power
supply (DP30-05A, Toyotech Co., Incheon, South Korea),
and a DAQ board (Arduino Uno, Arduino AG, Turin, Italy).
In the experiment, the sensor prototypes were pierced with a
metal needle at predefined reference points while measuring
the output voltage of the sensor. The sensors were placed on
top of a soft rubber layer to allow the needle to fully pierce
the sensor. The measured outputs were labeled with the cor-
responding reference points, and finally, the relation between
the output and the position on the sensor was derived using
the experimental data. Piercing guides, fabricated with a 3D
printer, were used to precisely guide the needle to predefined
piercing points. The output of the voltage source was set to
5 V and was connected to the voltage input of the sensors.
The voltage source and ground were directly connected to
the electrode in 1D experiments and connected through the
transistor in 2D experiments.

A. CHARACTERIZATION PROCEDURE
Three piercing experiments were conducted on 1D and 2D
incision sensor prototypes. Figs. 9(a) and (b) show the dimen-
sion of the sensor prototypes and configuration of the refer-
ence piercing points for three different experimental cases.
In the first experiment, the relationship between the sensor
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FIGURE 8. Experimental setup for the sensor characterization. The setup
consists of an incision sensor, piercing guide, needle, electric circuit, and
power supply. This setup is also used for the performance validation
experiments.

FIGURE 9. Characterization experiments. (a) Dimension of the incision
sensor and reference pricking points used in the 1D characterization
experiment. (b) Dimension of the incision sensor and reference pricking
points used in the 2D characterization experiment. (c) Procedure of 1D
characterization experiment. (b) Procedure of 2D characterization
experiment.

output and the distance from the electrode for the 1D incision
sensor was identified. A voltage source and ground were
connected to the right and left electrodes of the sensor, respec-
tively.

As shown in Fig. 9(a), the 1D coordinate frame was
attached to the left end of the sensor. The coordinate values of
the piercing points were calculated with respect to this frame
using the measured sensor output voltage. The length and
width of the sensor were 100 mm and 25 mm, respectively.
Four points with the same interval (20 mm) were set as ref-
erence piercing points. These reference points were pierced
with the metal needle. The output voltage of the sensor was

measured and converted to the coordinate value using (12):

xi =
Vq,i

Vr − Vg
L (11)

where xi is the estimated position of the i-th piercing point,
Vq,i is the measured sensor output at the i-th piercing point,
and L is the length of the sensor (100 mm).

The second and third experiments were performed on the
2D incision sensor. Square-shaped sensor prototypes with
side length 50 mm were used with two sets of reference
piercing points, as shown in Fig. 9(b). The voltage source
and ground were connected to the top-right and bottom-left
electrodes, respectively, through the transistors. In the second
experiment, five reference piercing-points were set in the ver-
tical direction of the sensor with the same interval (7.5 mm).
In the third experiment, five reference piercing-points were
placed in the diagonal direction of the sensor with the interval
7.5
√
2 mm. The outputs of the sensor were measured to vali-

date the same assumption as in the 1D sensor characterization
test. The electric potentials at the left, right, bottom, and top
ends of the sensor were measured and used to calculate the
coordinate values of the piercing points as follows:

xi =
V x
q,i

V x
r − V x

g
Lx , yi =

V y
q,i

V y
r − V

y
g
Ly (12)

where (x i, yi) are the estimated coordinate values of the i-th
piercing point, (V x

q,i, V
y
q,i) are the measured sensor outputs

at the i-th piercing point, and (Lx ,Ly) are the lengths of the
sensor in the x and y directions, respectively. V x

g , V
x
r , V

y
g , and

V y
r are the electric potentials at the left, right, bottom, and top

ends of the sensor. The mean value of the electric potentials
measured at the bottom-left and top-left corners of the sensor
was used for V x

g , and the others were measured similarly for
each sensor prototype. Seven sensor prototypes were used
for each experimental case (total 21 prototypes). The sensor
output on the three prototypes under identical experimental
conditions were measured to validate the repeatability of the
sensor characteristics and compared these with the theoretical
value computed based on the equivalent circuit model.

B. CHARACTERIZATION RESULTS
Table 1 shows the output voltage of the sensor measured in
the 1D characterization experiment compared with the the-
oretically computed value. The measured reference voltages
Vg and Vr were 1.23 and 3.48 V on average, respectively, and
the sensor output was found to linearly increase with position
on the sensor. These experimental results confirm the fun-
damental assumption of the incision sensor that the electric
potential on the driving layer increases linearly according to
the displacement. There exists significant difference between
measured sensor outputs and the theoretical value. The error
was mainly caused by inaccurate estimation of Vg and Vr ,
thus these values should be adjusted for each sensor through
calibration. Fig. 10 shows the estimated position of the pierc-
ing points. To convert the sensor output to the position,
the experimentally measured reference voltages (Vg and Vr )
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TABLE 1. Comparison of theoretical and experimental value of the sensor
output in 1D characterization experiment.

FIGURE 10. Characterization experimental results for the 1D incision
sensor.

TABLE 2. Comparison of theoretical and experimental value of the sensor
output in 2D characterization experiment of vertical incision.

were used. The estimated positions were slightly shifted to
the left of the reference positions. The error of the position
measurement was in the range from −7.88 to 2.39 mm.
The standard deviations (SDs) of the position measurements
ranged from 1.75–3.54 mm.

Table 2 shows the output voltage of the sensor measured in
the 2D characterization experiment (vertical direction). The
measured reference voltages V x

g ,V
y
g ,V x

r , and V
y
r were 0.87,

1.03, 3.12, and 3.32 V respectively. The x-directional output
voltages were 2.03± 0.02 V, and the y-directional output
voltage linearly increased in the range 1.49− 2.83 V. The
differences between the theoretical and experimental values
were smaller than the 1D experiments, but not negligible.
Thus, it also requires calibration for each sensor.

Fig. 11 shows themeasured piercing points (blue dots) with
the reference points (red dots). The top-left figure shows the
average of the measured points, while the others show the
measured points from each sensor prototype. The average
of the measured values was slightly shifted to the positive
y-direction at all piercing points, and there seems to be a
regular bias in the sensor position. However, the shift does not
regularly arise in the data presented by each sensor prototype

FIGURE 11. Characterization experimental results for the 2D incision
sensor with piercing points in the vertical direction.

TABLE 3. Comparison of theoretical and experimental value of the sensor
output in 2D characterization experiment of cross incision.

(rest of the figure) but rather seems more random. Thus,
we cannot treat this error as a regular bias of the sensor,
and the shift can be regarded as an uncertain measurement
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FIGURE 12. Characterization experimental results for the 2D incision
sensor with piercing points in the vertical direction.

error for the proposed sensor. The amount of the error in the
x-direction ranged from −0.69 mm and 0.49 mm, and the
error in the y-direction ranged from 1.09 mm to 3.55 mm.
The maximum error in Euclidean distance was 3.62 mm at
the fourth piercing point (x = 25, y = 32.5).
Table 3 shows the output voltage of the sensor measured

in the 2D characterization experiment (diagonal direction).
The results were similar to those of the vertical direction
experiment. The sensor outputs in the x- (1.30–2.58 V) and
y- (1.46–2.92 V) directions linearly increase with piercing
position.

Fig. 12 shows the measured piercing points with the ref-
erence points. Similar to the results for the vertical piercing,
the average of the measured points were slightly shifted to the

FIGURE 13. Incision experiments for preformation validation.
(a) Dimension of reference incision trajectory in the vertical direction and
experimental procedure. (b) Dimension of reference incision trajectory in
the diagonal direction and experimental procedure.

positive y-direction at all piercing points, but the shift does not
regularly arise in the data of each sensor. The amount of error
in the x-direction ranged from 0.35 mm to 1.70 mm, and the
error in y-direction ranged from 0.39 mm to 2.88 mm. The
maximum error in Euclidean distance was 2.92 mm at the
fourth piercing point (x = 32.5, y = 32.5).

IV. INCISION EXPERIMENTS
A. EXPERIMENTAL SETUP
The fundamental principle of the sensor (linear relation-
ship between sensor output and position) was verified in
the characterization experiments. In this section, the perfor-
mance of the incision sensor was validated. The experimental
setup was similar to the setup for the characterization shown
in Fig. 8. In all, 7 incision sensor prototypes were prepared
for vertical and cross-directional incision experiments each
(14 prototypes in total). The incision guides corresponding
to each experiment case were fabricated to guide the incision
tool (metal knife) along the predefined reference path in the
experiment. Fig. 13 shows the experimental conditions of
the three incision experiments. In the first experiment, a 2D
square incision sensor (side length = 50 mm) was incised
vertically from the bottom (x = 25 mm, y = 10 mm) to
the top (x = 25 mm, y = 40 mm), as shown in Fig. 13(a).
In the second experiment, a 2D incision sensor with the
same dimensions was incised in a diagonal direction from
the bottom-left (x = 10 mm, y = 10 mm) to the top-right
(x = 40 mm, y = 40 mm), as shown in Fig. 13(b).

B. EXPERIMENTAL RESULTS
Fig. 14 shows the results of vertical incision experiment.
In the graph, the red dotted line represents the reference inci-
sion path, and the blue line represents the measured incision
path. The narrow blue line is the measured incision path for
each trial, and the bold solid blue line is the average value
of the measured incision path. The measured incision path
in each trial lies near the reference path in all 7 incision
experiments, but it does not exactly match the refence path.
The maximum error measured over all incision trials was
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FIGURE 14. Results of the 2D incision experiment in the vertical direction.

FIGURE 15. Results of the 2D incision experiment in the diagonal
direction.

6.12 mm. However, the averaged incision path, presented
in the bold blue line, converges to the reference path. The
maximum error in the averaged incision path was 2.31 mm,
and the root-mean-square error was 0.98 mm.

Fig. 15 shows the results of the cross-incision experiment.
The results were similar to the vertical-incision experiment.
The maximum error measured over all incision trials was
7.21 mm. The averaged incision path converges to the
reference path, and the maximum error in the averaged inci-
sion path was 1.72 mm. The RMS error was 1.03 mm.

V. DISCUSSION AND CONCLUSION
In this study, incision sensors that can measure incision infor-
mation in a plane, using the characteristics of conductive

materials (Pouillet’s law) were designed and developed. 1D
and 2D incision sensors were fabricated and characterized
using piercing experiments. Incision experiments were also
performed to validate the performance of the sensor for inci-
sion measurement.

Based on the results obtained through the characterization
experiments, this study confirmed that the sensor outputs
and piercing positions have a quasi-linear relationship for 1D
(horizontal direction) and 2D (vertical and diagonal direc-
tions) sensors. The results show that measuring positions in
the x-coordinate, calculated from the output voltage of the
1D incision sensors is almost the same as that based on
piercing positions. For the 2D sensor, the measured positions
for vertical and diagonal piercing also show similar results.
The measured positions in the piercing experiments were
consistently slightly shifted toward the upper left, compared
with the ideal, due to limitations in sensor fabrication. Errors
in the fabrication procedure, such as misalignment between
layers and inaccurate layer dimensions are evident. Further-
more, the conductive tape, which is fabricated with randomly
dispersed conductive fibers, has locally inhomogeneous char-
acteristics due to limitations in the fabrication process and
conductive fiber characteristics. The contact resistance at the
junction between electrodes and the conductive tape also
varies among the prototypes, and results in an uncertain error
of the sensor.

The results of the incision experiments are similar to those
of the characterization experiments. In the first experiment
on the 2D sensor, the sensor outputs for the y-coordinate lin-
early increased along the incision, while for the x-coordinate
(transverse to the incision), they were nearly constant.
In the second experiment (diagonal incision), sensor outputs
for both x- and y-coordinates increased. The measured inci-
sion paths in terms of the x- and y-coordinates for the vertical
and diagonal directions were similar to the reference path.
The results were slightly shifted, with RMS errors of 0.98mm
and 1.03 mm for the vertical and diagonal measurements,
respectively. The mechanical resistance due to the embedded
sensor into the artificial skin was also measured. The results
show that the reaction force with the sensor is larger by about
19% than without the sensor.

The main contribution of this work is to establish the
incision sensor principle (driving layer and sensing layer
with conductive materials, dielectric layer, conductive tool
to incise) and validate the sensor principle with characteri-
zation and incision experiments for 1D and 2D sensors. The
results demonstrate the feasibility of the proposed sensor
and its applicability to cricothyrotomy training simulation
in measuring the incision path made by the trainee. Current
research in this area involves improving the linearity and
repeatability of the incision sensor. In particular, we are
exploring alternate designs that stabilize the transistor behav-
ior across variations in temperature and between individu-
als, as well as, between unmatched transistors. In addition,
the Arduino, a data acquisition device, allows us to measure
multiple analog voltages, so the sensor could be modified to
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directly measure, not only the sensing layer electrode voltage,
but also the driving layer electrode voltages, eliminating the
need to estimate Vtr .
We are also developing an augmented-reality cricothyro-

tomy training simulator using the proposed sensors, integrat-
ing them with the neck skin and cricothyroid membranes of
the physical dummy. Furthermore, we believe that the sensor
can be used to measure suturing position (metal needle pierc-
ing), based on the results of the characterization experiments.
Thus, this sensor can be applied to develop a suturing training
simulator with similar technologies.
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