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Abstract

Background: Probe tube placement is an important skill audiologists must learn to make real-ear mea-
surements in an audiology clinic. With current evidence-based guidelines recommending insertion of the
probe tube within 5 mm of the tympanic membrane (TM) for proper acoustical measurements, students
must be well trained to ensure they are capable to perform this placement in clinical practice. This is not
always the case as it has been found that real-ear measurements are not performed in a clinic as often as
required. To address this, a simulator consisting of a 3D-printed ear model and an optical tracking system
was developed to provide a training system for students to practice probe tube placement and to provide
a method to evaluate competency before starting clinical practicum placements. Two simulators were
developed, an adult model and a pediatric model.

Purpose: To assess the face and content validity of the two probe tube placement simulators (adult and
pediatric) and define barriers and facilitators to implementing this system into an educational setting.

Research Design: Participants followed the setup and operating instructions designed to guide them
through each functionality of the simulator. A questionnaire was used to assess face and content validity,
applicability to an educational setting, and to determine perceived barriers and facilitators to using the
probe tube simulators for training purposes. Five additional probe tube placements with each simulator
were performed in which distance-to-TM was recorded.

Study Sample: Twelve participants with significant probe tube placement experience.

Data Collection and Analysis: Participants rated each question in the questionnaire from 0% to 100%
depending on their level of agreement. Averages and standard deviations (SDs) were compiled and pre-
sented for each section (face validity, content validity, and applicability to an educational setting). Final
facilitators and barriers for the simulator were compiled and the top answers of each are presented. The
five quantitative probe tube placement measurements for each participant were averaged, SDs were
calculated, and contacts with the TM while placing the probe tube were recorded.

Results: The average face validity score over all questions for the adult model was 65% (SD = 18.2) whereas
the pediatric model received a score of 64% (16.4). The overall content validity average score was 78.7% (17)
and applicability to an educational setting had an average score of 80% (5.33). The average distance-to-TM
across all trials and participants was 3.74 mm (1.82) for the adult model and 2.77 mm (0.94) for the pediatric
model with only one participant exceeding the recommended maximum of 5 mm. Listed shortcomings of the
current simulator included realism of the 3D-printed ear, ease of insertion of an otoscope tip into the ear, ability
to visualize the ear canal “landmarks” and the TM, and foam tip insertion experience.
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Conclusions: Results were generally very positive for the simulator, and future iterations will look to
improve the flexibility and texture of the ear, as well as the otoscopic view of the ear canal and TM.

Key Words: content validity, education, face validity, hearing aids, probe tube placement, real-ear,

simulation, training

Abbreviations: CT = computed tomography; SD = standard deviation; TM = tympanic membrane

INTRODUCTION

into a patient’s ear canal to perform real-ear mea-

surements is a common clinical skill in audiology
that must be mastered to properly verify hearing aid fit-
tings. Practice standards and clinical practice guidelines
recommend that real-ear probe microphone measure-
ments be performed on every patient who is being pro-
vided with hearing aids (ISO, 2001; Valente, 2006; BSA,
2007; CASLPO, 2016). According to these guidelines, as
well as recent literature, the probe tube must be placed
within 5 mm of the tympanic membrane (TM) to obtain
the most accurate measurements (Dirks and Kincaid,
1987; Bagatto et al, 2006; Moodie, Pietrobon, et al,
2016; Vaisberg et al, 2016). Contact with the TM must
be avoided as it will cause physical discomfort, can cause
a patient to lose confidence in the technical skills of their
clinician, and, in pediatric cases, can lead to an early ap-
pointment conclusion because of lack of cooperation
(Moodie, Rall, et al, 2016).

Probe microphone real-ear measurements have had
several levels of resistance to overcome since their intro-
duction in 1979, and there continues to be a lack of wide-
spread use in clinical practice (Mueller, 2005; 2014;
Mueller and Picou, 2010; Ross, 2014; Sonic, 2014; Moodie,
Rall, et al, 2016). Although probe microphone measure-
ments have been largely simplified over time and are con-
tinuing to be taught in educational settings around the
world, there are still a large number of clinics that do
not perform these measurements. Varying reasons for
this lack of measurements include the complexity of mod-
ern hearing aids and the fitting software included with
them, cost of the equipment, and poor training programs
(Mueller, 2005; Mueller and Picou, 2010; Mueller, 2014).
Although training programs have improved in recent
years and there is importance placed on the fitting and
verification of hearing aids using evidence-based practice,
there continues to be the need for additional hands-on ex-
perience within the educational setting to foster profi-
ciency and confidence in the skill of probe tube placement.

Moodie, Rall, et al (2016) found that approximately 12%
of pediatric audiologists who own real-ear measurement
equipment do not perform real-ear measurements because
of lack of confidence. This may be attributed to a gap be-
tween the real-ear verification procedures that are being
taught and a proper outlet to practice these learned tech-
niques. Presently, the method of practicing probe tube

T he insertion of a small diameter soft probe tube

placement during clinical training is with classroom vol-
unteers/classmates. One disadvantage of this approach
is that students and instructors lack an objective method
to quantify the distance from the probe tip to the TM to
determine if the probe tube is placed appropriately for
the most comfortable and accurate real-ear measure-
ments. This means the student may receive informal sub-
jective feedback from nonexpert peers during practice or
instructor feedback during scheduled laboratory sessions.
However, instructor feedback is not available during prac-
tice sessions outside of scheduled instructional time. If stu-
dents are practicing independently, they are unable to
receive any expert feedback on whether they are placing
the probe within the distance required for accurate mea-
surements. In addition, students lack preclinical exposure
to various anatomies (i.e., pediatric-sized ears) not found
in a classroom with their peers.

A common method to provide additional preclinical
training and to evaluate if a student is prepared for clin-
ical practice is with the use of training simulators. Sim-
ulation has been shown to provide an opportunity to all
students to obtain additional nonpatient experience be-
fore entering clinical practice (Issenberg et al, 1999;
Kunkler, 2006; Brown, 2017). Providing students with
a probe tube placement simulator could reduce the
amount of teaching time required by the instructor
and improve student competency in probe tube place-
ment before entering their clinical practicum. Simula-
tion could also be used for an evaluation method to
ensure that probe tube placement is completed properly
and students are achieving the expected competency
standard before working with patients.

A training simulator was developed at Western Uni-
versity to help train students with probe tube place-
ment, provide objective feedback to help them improve
their skills with the placement, and improve their confi-
dence in accurately making the measurement before
starting their clinical practicum experience. This simu-
lator allows instructors to obtain quantitative feedback
on student performance to help determine if students are
ready to perform real-ear measurements in the clinical
practice setting. Validation of this simulator is required be-
fore using it in a clinical or educational setting. Face and
content validity is typically an initial step in validation
(Gallagher et al, 2003). Face validity refers to an assessment
of the realism of the simulation compared with the real sit-
uation (Schout et al, 2010; Huang et al, 2015) whereas con-
tent validity refers to evaluating whether the simulator is

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



useful in training (Gallagher et al, 2003; Huang et al, 2015).
These two forms of validation provide valuable feedback on
the simulator and highlight specific areas that may need to
be improved before more rigorous validation.

The objective of this study is to evaluate the face and
content validity of the probe tube placement simulator,
as well as the barriers/facilitators to implementation of
the simulator in educational settings.

MATERIALS AND METHODS
Simulator

The training simulator consists of a 3D-printed ear
combined with an optical system for tracking the probe
microphone and for measuring its location relative to
the TM; both the printed ear model and the tracking
system are integrated into a styrofoam head model as
shown in Figure 1. The ear model was developed di-
rectly from X-ray computed tomography (CT) scans to
mimic realistic anatomy. The outer ear was printed us-
ing a Stratasys Objet 500 Connex3 3D printer with
TangoPlus FLX 930 material (Stratasys Ltd., Eden Prai-
rie, MN) at a shore value (hardness) of 27A. To allow the
optical tracking system (see below) to view the probe
clearly, the ear canal portion of the ear was printed in
a transparent material (VeroClear-RGD810) and coated
in a latex paint to further increase transparency.

The optical tracking system of the simulator consists
of a Microsoft LifeCam HD-3000 camera mounted in-
side the styrofoam head, with the styrofoam ear being
replaced with the 3D-printed ear. The camera was inter-
faced with a custom MATLAB (Mathworks, Natick, MA)
program, providing a graphical user interface and using
the image processing toolbox to analyze the position
of the probe microphone inside the canal. The program splits
the usage of the simulator into two modes of operation:
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practice mode and test mode. The practice mode provides
a live camera feed of the ear canal and displays real-time
probe-to-TM distance, allowing the user to see exactly how
the probe’s position inside the canal is changing at any
time during the insertion. The test mode does not provide
real-time feedback, and instead, requires the user to press
“start” before the probe is inserted and press “finish” once
the probe is in its final position. The users’ probe-to-TM
distance, time to completion, and a final image of the probe
inside the canal are displayed after the user has finished.
In test mode, live tracking of the probe’s position is still
occurring but with the results hidden. If at any point
the TM is contacted with the probe, a warning sound is
outputted to alert the trainee. The program was exported
into a stand-alone program, which the participant can
launch without the need for a MATLAB installation.
Two ear models were created, resulting in two different
simulators; one to represent an adult ear and another for a
pediatric ear. The canal length of the adult model was 32
mm whereas the pediatric ear canal length was 15 mm, as
defined by the CT scans. These two anatomies were used to
provide a range of variation that may exist between individ-
uals in a clinic. Both simulators are comprised of the same
internal components and used the same user interface.

Participants

This study was approved by the Western University
Health Research Ethics Board (REB 109083). Partici-
pants were recruited through the National Centre for
Audiology at Western University and comprised of 12
clinicians and researchers, with probe tube placement
experience from 3 to 37 years. Ten of 12 of these partic-
ipants are/were employed as course instructors or clin-
ical supervisors in an audiology training program and
were at some point responsible for the teaching of novice
audiologists in courses, whereas the remainder have

Figure 1. Simulator hardware. (A) Adult simulator for training in probe tube placement, (B) optical tracking system of the ear canal

inside the adult simulator, and (C) pediatric simulator.
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had experience teaching novice clinicians in roles such
as teaching assistants and/or external clinical practi-
cum supervisors. In addition, all participants have clin-
ical experience performing real-ear measures for the
purposes of hearing aid fitting.

Protocol

The structure of this study consisted of three sections:
(1) operation and evaluation of the adult simulator; (2) op-
eration and evaluation of the pediatric simulator; and (3)
content validity, applicability to an educational setting,
and barriers and facilitators to use. For all evaluations,
a “think-aloud” approach was used (Boren and Ramey,
2000; Johnson et al, 2005; Brooke et al, 2012) in which
participants were audio- and videotaped to capture their
physical use and thought processes while using the sim-
ulators. The study also included participants completing
a questionnaire aimed to provide quantitative evalua-
tions of both simulators (see the following paragraphs).
Sections (1) and (2) were identical, with the exception
of the use of the different models: adult and pediatric.

During sections (1) and (2), the participant was given
setup and operating instructions for the specific simula-
tor they were using. The participant would follow the in-
structions, which guided them through each feature and
aspect of the simulator, including assessing the realism
of the 3D-printed ear, otoscopic usage with the simulator,
probe insertion in both practice and test modes, interpre-
tation of results after/during insertion in both practice
and test modes, and foam tip insertion. Once the partic-
ipant was comfortable with the simulator and had com-
pleted the setup and operating instructions, they were
presented with the questionnaire to fill out based on their
experience with the simulator they had just used. They
were first asked to complete the face validity section of
the questionnaire to assess the realism of specific aspects
of the simulator. Once the face validity questions were
completed, the participant was required to perform five
consecutive probe tube placements in which the final
probe-to-TM distance was recorded. Any contacts with
the TM were recorded. Finally, once it was performed
on both simulators, the remainder of the questionnaire
was completed to evaluate the total content validity, ap-
plicability to an educational setting of both simulators,
and to find specific facilitators and barriers to their
implementation into a clinical education setting.

Questionnaire

A questionnaire was developed for this study that
aimed to assess the following relative to the two simula-
tor models: face validity, content validity, applicability to
an educational setting, and barriers and facilitators to
implementation in clinical education settings. Questions
for face validity are summarized as items in Table 1
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Table 1. Summary of Face Validity Questions Used to
Assess the Realism of the Adult and Pediatric Models

No. Sections 1 and 2: Face Validity

1 Appearance of the ear

2 Shape of the ear

3 Texture of the ear

4 Stiffness of the ear

5  Otoscopic view of the ear

6  Length of simulator ear canal

7 Presence of relevant anatomical features

8  Proportionality of the ear to the head

9  Sturdiness of the head

10 Adjustability of the head

11 Ability to set up probe microphone equipment on simulator
12 Ability to properly position the probe microphone lanyard
13 Foam tip insertion experience

14 Time required to perform insertion

15 Total probe placement experience

whereas questions for content validity, applicability,
and facilitators/barriers are summarized in Table 2.
Questionnaire data were collected during a visit session
via SurveyMonkey™.

Table 2. Summary of Questions on Content Validity (3A),
Recommendations on the Applicability to an Educational
Setting (3B), and Facilitators and Barriers to
Implementation

No. Section 3A: Content Validity

1 Educate student on anatomical landmarks
2  Educate student on otoscopic usage

3 Provides high-quality opportunity to practice probe
placement

4 Provides high-quality probe placement evaluation method

5  Assists students in identifying their skill level

6  Assists instructor in identifying a student’s skill level

7 Simulator is not too time consuming in an educational
setting

8  Simulator is not too difficult to use in an educational setting

9  Simulator can be used to train students on all aspects of

probe placement

Section 3B: Applicability to an Educational Setting

10 This simulator provides a more valid approach for teaching
probe placement

11 The simulator should be implemented within clinical
education programs

12 The simulator should be implemented in professional
development programs

13 There will be widespread acceptance of this simulator in
clinical education programs

Section 3C: Facilitators and Barriers

14 List the top three facilitators to implementing this simulator
in an educational setting

15 List the top three barriers to implementing this simulator in
an educational setting
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The questionnaire used a scale from 0% to 100% in in-
tervals of 10%, with 0% indicating a strong disagreement,
50% indicating neither an agreement nor disagreement,
and 100% showing a strong agreement. Participants
were also provided an opportunity to provide written
feedback for each item. The questionnaire was developed
in conjunction with several audiologists from the Na-
tional Centre for Audiology to ensure all aspects of the
simulator and the procedure were properly assessed.

Statistical Analysis

The average and standard deviation (SD) of each ques-
tionnaire section was found, as well as the average probe-
to-TM distance and SD resulting from the repeated
placements for each simulator. The content of the open-
ended responses was examined to see how they could
be used to refine, revise the models, and to develop a bet-
ter understanding of the barriers/facilitators to using the
simulators in educational settings. The facilitators and
barriers provided by the participants were ranked in
terms of the most mentioned topics and the top seven fa-
cilitators and barriers are presented.

RESULTS
Face Validity (Sections 1 and 2)

Average participant rating for the realism of the adult
model was 65% (SD = 18.2) whereas the average rating of
the child model was 64% (SD = 16.4). Ratings per question
are shown in Figure 2. Four questions out of 12 were given
a negative rating (<50%) for both simulators. These ques-
tions pertained to the evaluation of the texture of the ear,
stiffness of the ear, otoscopic view of ear “landmarks” and/
or the TM, and the foam tip insertion experience.

Distance-to-TM Results (Sections 1 and 2)

The average distance-to-TM for all participants com-
bined was 3.74 mm (SD = 1.82) for the adult model with
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TM contact 12% of the time across all trials. With the
child model, participants achieved an average distance-
to-TM of 2.77 mm (SD = 0.94) with TM contact 5% of
the time.

Content Validity and Applicability to
Educational Settings (Section 3)

The content validity (section 3A, i.e., questions 1-9 of
Table 2) was intended for evaluating the teaching value
of this simulator and had an average score of 78.7%
(SD = 17.0) with only one question producing a negative
response. The applicability to an educational setting
(section 3B, i.e., questions 10-13 of Table 2) had an av-
erage score of 80.0% (SD = 5.33) with no negative re-
sponses being reported. All the above data are seen
in Figure 3, and all recorded facilitators and barriers
can be seen in Table 3.

DISCUSSION

S imulator systems are typically evaluated for face
and content validity at an early product develop-
ment stage, to glean systematic feedback before devel-
oping final versions for use in educational programs
(Gallagher et al, 2003; Wolfe, 2013). This study com-
pleted a first-level face and content validity evaluation
of a prototype-simulated patient designed to assist in
teaching probe tube placement before real-ear measure-
ment, by allowing experienced clinical instructors of au-
diology coursework to use the simulator and provide
structured feedback. For the first level of evaluation
for this simulator, results from this study were gener-
ally positive, with most of the questions receiving >50%
rating. By using experts in probe tube placement, we
obtained feedback from audiologists who have had ex-
tensive experience performing clinical probe tube place-
ments and in most cases, have taught students and
other professionals how to properly place a probe tube
within both adult and child-sized ears. These partici-
pants are aware of the barriers that exist in learning

Face validity of the adult and
pediatric simulator
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Figure 2. Box plot of face validity results for the adult and pediatric simulator, corresponding to the questionnaire represented by Table 1.
White represents results from the adult model whereas gray represents results from the pediatric simulator.
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Content validity of the adult and
pediatric simulator
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Figure 3. Box plot of content validity results for both simulators, corresponding to the questions asked in Table 2.

probe tube placement techniques and are representa-
tive of professionals who may make use of a product
such as this in professional situations such as course
or laboratory instruction, or in clinical practice.

The face validity average of 65% (SD = 18.2) for the
adult simulator and 64% (SD = 16.4) were reasonable
considering the questions that lowered this score. The
lowest scores reported for both models were attributed

to the texture and stiffness of the 3D-printed ear, foam
tip insertion experience, and the otoscopic view of the
ear canal and TM. The lack of realism in the texture
and stiffness of the ear causing an unsatisfactory foam
tip insertion may be due to the method of creating the
ear. By using a multimaterial printer to print the ear,
the shore value (hardness) was customized according to
material properties of human auricular cartilage found

Table 3. Facilitators and Barriers in Implementing This Simulator in an Educational Setting

Rank Facilitators Barriers

Solution

1 Ability to learn and practice in
a controlled, low-stress, safe
environment

2 Visual and auditory feedback Lack of anatomical
received after insertion of landmarks and difficulty
probe visualizing canal

3 Ability to obtain accurate Potential high cost

results of probe-to-eardrum
distance measurement

Stiffness and texture

— Future ears made of silicon will increase
flexibility and increase skin texture realism

- Allow usage of otoscope light and optimize
otoscopic image by discriminating the
common landmarks

- Materials used have low cost and simulator
will be an inexpensive teaching tool

4 Simulator features and ease of Some aspects not realistic — Future iterations will look at adding partial
use (movement, shoulders) shoulders to the model and possible
actuation of the base of the simulator
5 Realistic aspects of simulator Not acoustically accurate — Future iterations will test real-ear measures
at each stage of development to confirm
proper acoustical measurements
6 Provides ear anatomies which Suboptimal user interface — Major usability issues have been found and
would not have previously a new user interface will look to fix these
been possible to practice on issues
7 Alternate uses Lack of multiple — More simulator options will be later available

anatomies

with more potential patient anatomies (2+
adult anatomies and 2+ child anatomies)

Note: Rank 1 showing the number one facilitator and the number one barrier in implementing this simulator into an educational setting, as

suggested by participants.
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in the literature. With Young’s modulus (i.e., intrinsic
stiffness) values ranging from 0.8 to 8 MPa (Nimeskern
et al, 2015; Griffin et al, 2016; Bos et al, 2017), a lower
value of 1 MPa was chosen for this model and converted
to an approximate shore value of 27A, using Gent’s re-
lationships (Gent, 1958). This value of 27A is presently
the softest material available to be 3D printed, meaning
any future improvements of the stiffness and texture of
the ear will require a different method, such as silicon
molds, to create the ear. Additional material properties
will also need to be considered, as flexibility was a large
issue, with clinicians unsuccessfully attempting to open
the canal by pulling the posterior part of the pinna up
and back. Using materials such as silicon will likely in-
crease the flexibility of the ear and result in more pos-
itive ratings by clinicians. The unrealistic otoscopic
view may be due to how the simulator was optimized
to improve the accuracy of the probe-to-TM distance
measurement. For the camera to best locate the probe
inside the canal, the ear canal was made as transparent
as possible and an internal light was situated behind
the camera. As both of these design decisions seemed
to degrade the otoscopic image of the ear canal and
TM, further optimization will be needed to improve
the otoscopic image while not negatively impacting
the camera’s view of the canal. In addition, the TM will
be further discriminated from the ear canal to ensure
the user can visualize the ear canal using the TM as
a consistent landmark.

Quantitative results showed that the average probe
tube-to-TM distance was within the 5-mm guideline
with only one participant having an average of their five
placements greater than the recommended 5 mm. It
was observed that participants primarily in research
and participants who had the least clinical experience
achieved a closer placement of the probe tip to the TM
whereas those who primarily work in a clinic achieved
farther distances from the TM (perhaps to avoid any ac-
cidental contact with the TM). As all participants were
relative experts who routinely perform probe tube
placements, it is reasonable to expect that all results
are within proper distances from the TM. On a person-
to-person basis, most participants were consistent with
their own five placements, showing that their technique
for placement is repeatable and well-practiced, as may
not be the case with students.

Individual question scores for content validity and
applicability to an educational setting (sections 3A
and 3B, respectively) were both generally high whereas
receiving low scores for the same topics that received
low scores for face validity (texture, stiffness, and oto-
scopic view of the ear). In addition, two neutral responses
were given regarding (a) no presence of anatomical land-
marks and (b) otoscope usage. These two aspects of probe
placement are difficult with the simulator in its current
form as the landmarks are not easily distinguishable,
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and the lack of flexibility in the pinna and ear canal
makes clinical otoscopy difficult. The improvements men-
tioned previously (producing silicon ears with improved
shore values and more distinct landmarks) will help ad-
dress these issues.

The facilitators and barriers (as seen in Table 3) pro-
vided by the participants outline the strengths and weak-
nesses of the current iteration of the simulator. The top
three major barriers to successfully implementing this in
an educational setting include the current texture and
stiffness of the ear, lack of landmarks, and the potential
cost for educational institutions to implement this into
their program. To address the third barrier, as seen in
Figure 1, the materials used in this simulator are rela-
tively inexpensive, with the 3D-printed ear being the
most expensive part. As future iterations of the ear
may include silicon molds instead of using 3D printing,
this cost will decrease further, making this an extremely
affordable simulator, capable of being purchased by most
institutions. Other barriers listed include the lack of re-
alism, inability to record accurate acoustical measure-
ments of the ear, suboptimal user interface, and only
having two anatomies to practice. These issues will be
addressed with future iterations of the design.

The facilitators listed (Table 3) demonstrate the uses of
this simulator and the benefits it may have in an educa-
tional setting. Although improvements are needed, the
simulator allows students to practice probe tube place-
ment in a controlled, low-stress environment while re-
ceiving visual, auditory, and quantitative feedback to
help them progress their skill level before advancing
to clinic. In addition, a well-built, relatively inexpensive
head simulator with a variety of realistic ears developed
from CT scans may also be used for other applications.
Opportunities to use the simulator to assess a clinician’s
skill, to know the exact distance from the TM for research
purposes, and to test real-ear measurement systems us-
ing this probe-to-TM distance are a few examples. Within
an educational setting, and with specific additional fea-
tures, a simulator such as this could be used for practic-
ing the fitting an adult ear with a receiver-in-the-ear or
slim tubes of the correct size, cutting earmold tubing to
size for correct positioning of a behind-the-ear aid, set-
ting up for complex real-ear measurement setups such
as contralateral routing of signal (CROS and BICROS)
or open fittings and, using monitoring headphones. Once
improved, this model could be used to improve skills such
as otoscope usage and basic understanding of the anat-
omy and variation that may exist between individuals.

CONCLUSION

he probe tube placement simulator is a novel tool
for instructors and students to gain experience in
probe tube placement before entering clinical practice.
The results of the face and content validity are encouraging
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for this simulator and show a clear set of characteristics of
the simulator which must be improved before any wide-
spread use. With the participants’ final opinion that this
would be recommended for use in clinical education pro-
grams, these pressing issues will be explored, and future
iterations will be tested with experts and students to ensure
its success in an educational setting.
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