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Abstract: The University of Iowa colleges of dentistry and engineering are collaborating to build an effective but low-cost surgical
simulator that uses foree feedback to teach and assess the tactile skills of dentistry. A prototype simulator was buiit, and a
formative evaluation examined the realism of the haptics and identified directions for future work. Using a cross-over design,
twelve experienced practitioners probed two virtual teeth using two instrurnents attached to the force feedback device. The
session was videotaped, the forces recorded, and a standardized questionnaire completed. Two analyses were conducted: an
ANOVA examined practitioners’ questionnaire responses, and a t-test analyzed the probing forces. Significant tooth order by
instrument order interaction and instrument effects were found. Practitioners were generally satisfied. They preferred a standard
Jjoystick to an explorer, felt that two-dimenstonal graphics were sufficient, and emphasized that the existing vibration be elimi-
nated. Random placement of caries should help teach generalized skills.
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University of Towa (UT) are collaborating on

a prototype lowa Dental Surgical Simulator
(IDDS). Our goal is to build a surgical simulator that
uses force feedback to teach and assess the tactile
skills of dentistry. We want to develop the most effi-
cient and cost-effective simulator possible.

The term “simulation” applies to a range of
products.! While surgical simulators, which focus
on tactile skills, are new to dental education, com-
puter-based cognitive simulations, which emuilate
problem-solving skills, have been used for at least
two decades™* and are useful in teaching problem-
solving skills to dental and dental hygiene students.>®

In the simulation fidelity literature, Alessi de-
scribes the dilemma between offering realistic simu-
lations and ensuring the transfer of learning. He theo-
rizes that high-fidelity simulations increase transfer,
but irthibit initial learning for novices, while lower
fidelity simulations increase initial learning, but in-
hibit transfer. Alessi recommends using lower fidel-
ity simulations for novices to increase initial learn-
ing and suggests increasing fidelity simulations as a
student’s skills increase, to enhance transfer.” QOther
researchers support Alessi’s theory®'? that suggests
using a simpler or lower fidelity surgical simulator
with dental students and a more complex higher fi-
delity simulator for practicing dentists.'41*

The colleges of dentistry and engineering at the
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In the past decade, dental simulations have be-
come defined to include realistic mannequins with
synthetic teeth and cheeks, which novice dental stu-
dents use to learn dentistry’s “finger skills” before
practicing on live patients.'s!? Surgical simulators'®'*
claiming to teach the tactile skills of dentistry have
also been recently reported. The force feedback in
surgical simulators, termed high fidelity, more closely
emulates the practice of dentistry than either cogni-
tive or mannequin simulators. Because high-fidelity
sirnulations do not guarantee transfer, the UI colleges
of dentistry and engineering launched a surgical
simulator project, deliberately choosing to work in
small increments while carefully evaluating their
work with each step.?® To guarantee learning, these
evaluations will provide the information required to
build a surgical simulator of the lowest level of fi-
delity.’ This is the first in a series of required stud-
ies to develop such a surgical simiulator.

The skill we have chosen for this initial phase
is detecting occlusal dentine caries—a disease pro-
cess that is seldom seen and only felt. This goal has
two objectives: 1) to create a prototype simulator that
enables a student to diagnose dentin caries; and 2) to
complete a formative evaluation of the dentin caries
simulator with twelve faculty members, This evalu-
ation intends to answer the following two questions:
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1. Does the simulator provide realistic forces in the
force feedback device?

2. What simulator design improvements are re-
quired?

Methods

The lowa Dental Surgical Simulator has three
hardware components: a computer, monitor, and a
force feedback device, as well as software. Partici-
pants viewed a monitor, which displayed cross-sec-
tions of two teeth—a tooth with an amalgam prepa-
ration and a normal tooth, both with a carious
region—at 640 x 480 pixel resolution. A 200 MHz
PC computer drove the simulation. Participants
grasped a joystick handle or explorer handle attached
to a force feedback device (Impuise Engine 2000,
by Immersion Corp* ). The force feedback device
controlled the on-screen cursor movement and re-
sponded with resistive forces between 0.16 and 1.96
Newtons whenever the dentist attempted to move the
on-screen cursor past the edges of the teeth.

The software consisted of two operations or
threads. The first thread looped 1000 times per sec-
ond while reading the x, vy position of the cursor,
calculated a response force, and sent force commands
to the force feedback device. The second thread
looped approximately thirty times per second and
updated the screen graphics. Software force models
developed for three tooth regions—healthy enamel,
healthy dentin, and carious dentin—differed in the
response forces. For healthy enamel and dentin, an
upward force from the enamel surface was provided.

For carious dentin, less upward force was provided.
To simulate & carious lesion in healthy enamel, a
small region below the surface provided no resistive
force until the cursor was moving out of the region;
then a small force provided a characteristic tug, which
occurs when an explorer is extracted from a carious
lesion. All the software was written in C and C++.

Evaluation Design

Because the surgical simulator development is
in it early stages, the primary goal is to validate the
forces. Thus, this formative evaluation involved only
experts.”2 Twelve licensed dentists (volunteers) who
had practiced for ten or more years provided infor-
mation about the feel of the force feedback and the
design of the IDSS.

The formative evaluation protocol was de-
signed to identify flaws and suggest corrections in
the design of the prototype simulator (Figure 1). The
twelve participants were randomly divided into two
experimental groups. Group A “explored” one tooth
for caries using the joystick, then probed the second
tooth with the explorer. Group B explored a tooth,
first using the explorer, then probed the second tooth
using the joystick. To avoid any bias occurring from
the order in which the teeth were probed (order ef-
fect), each group’s participants alternated which tooth
was probed first. The research design was a 2 X 2
factorial design. Figure 2 illustrates the two instru-
ments.

Each participant spent up to two minutes with
the demonstration program, to fully understand how
the force feedback device operated. Then each par-
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Figure 1. Formative evaluation design
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Figure 2. The two instruments attached to the force
feedback device used for probing. The joystick is on
the left and the explorer is on the right.

ticipant had up to five minutes to probe the assigned
tooth, before answering a serics of predetermined
questions.

The cross sections of two teeth were presented
on the screen (Figure 3). The right tooth contained a
carious lesion in the central groove of a mandibular
molar, while the left tooth contained a preparation
for a restoration. Determining the presence of caries
was the goal of probing the right tooth; detecting
whether all dentinal caries had been removed was
the goal of probing the left tooth.

A researcher who was present at all sessions
took notes regarding participant actions and asked
the survey questions. A camera also videotaped each
session, recording the activity on the screen, includ-
ing the system clock’s display and all participants’
comments. The researcher’s directions instructed

. 15:42:58

Figure 3. Sample screen of the tooth graphics. Note
the probe cursor over the left tooth,
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participants to “think out loud” during the entire ses-
sion. All points were noted. During each session, the
computer recorded the continuous stream of force
data. Previous studies® indicated that the amount of
force exerted by a dentist might increase when a le-
sion is expected. To confirm this, the dentists were
asked to continuously state their current clinical find-
ings (healthy enamel, healthy dentin, or carious den-
tin). These statements, combined with the videotaped
and recorded forces, allowed the researchers to match
practitioners’ comments, such as “This feels cheesy,”
with the forces exerted during a post hoc review.

Analysis

Two analyses were conducted. One examined
the practitioners’ remarks during the session and their
responses to a standard set of questions. The other
examined the differences in the forces exerted by
practitioners. Finally, the results of a separate study
on simulation vibration are reported.

A general linear model ANOVA of each of the
Likert scale questions (questions 1 through 8) deter-
mined the effect of instrument, tooth type, and or-
ders of tooth presentation, instrument presentation,
and presentation interaction. For questions 9 and 10,
participants ranked the four main components of the
simulator for future improvements. Components
ranked as having a first priority were assigned a value
of 1; components ranked as second priority a 2, etc.
Separate ANOVAs were performed on participant
responses Tor questions 9 and 10 for the effects of
components, tooth, instrument, tooth order and in-
strument order, and their second order interactions
with components.

During each trial, the practitioner’s forces were
recorded. Figure 4 presents these forces and their
positions. The dark lines represent the forces pro-
duced by the simulator. The upper tip of each line
shows the position of the cursor tip at the moment
the force was delivered, while the line length repre-
sents the forces exerted. The figures indicate several
aspects of the practitioners’ strategy in exploring the
teeth. In both examples, the practitioners concentrated
their efforts in suspicious arcas, but varied the amount
of force exerted. Although each diagram portrays the
forces exerted from an individual, the top image rep-
resents those dentists who used less force when prob-
ing for caries, and the bottom image represents prac-
titioners who used more force.




850

Figure 4. lllustration of the forces applied by the
haptic device

T-tests (p < 0.1) compared the medians of the
feedback forces to determine why some practitioners
were unable to detect the caries on each tooth. Be-
cause this pilot study has a small sample size, the
alpha value for all analyses was set at 0.01.

Results

Dentist Questionnaire

After probing a tooth, each practitioner an-
swered a series of questions. One portion was iden-
tical for each tooth, while the remaining questions
were unique to each probing experience. Table 1 sum-
marizes the questionnaire.

The only significant effects for the first five
questions were for the order of presentation interac-
tion in question 1 (F[1,18] = 4.90, p = 0.04) and the
instrument effect in question 5. For question 1, par-
ticipants who initially used the explorer handle to
probe the carious lesion on the occlusal surface
thought the simulation was unrealistic. With a fam-
ily error rate of 20 percent, Tukey's test indicated that
these participants responded more negatively than
all three other groups of participants, who were gen-
erally satisfied, as indicated by their mean response
of 3.44.

The significant instrument effect in question 5
(F[1, 18] = 5.5, p = 0.03) suggests that the instru-

L

Table 1. Questionnaire items and descriptive statistics
(Scale: 0 = low and 5 = high)

item N Mean 3D

Common Questions

1. The “feel” of the surface enamel 24 3.0 1.5
and healthy dentin is realistic.

2. | feel comfortable using this 24 3.6 1.2

instrument as oppased to using
the other instrument.

3. T'am able to concentrate on 24 38 13
testing for caries versus using
the simulator.

4. The two-dimensional graphics are 24 42 08
of sufficient quality.

5. The position of my hand when 24 28 16
using the instrument is natural.

Carious Tooth Questions

6. The “feel” of the enamel overlying 12 26 17
the carious lesion is realistic,

7. The “feel” of the “pop” when | 12 39 17
found the carious lesion is realistic.

Preparation Questions

8. The “feel” of carious dentin 12 32 15
is realistic.

Ranking Questions

9. Rank in order of importance, with 24

1 being most important, the possible
improvemnents to this simulator as a
tool for teaching tactile sensitivity:

O graphics 32 06

Q force feedback device 22 1.0

O physical model of the patient 34 08

O forces delivered by the device 1.2 04
10.Rank in order of importance, with 24

1 being most important, the

possible improvements to the

realism of this simulator:

O graphics 29 09

Q force feedback device 25 1.0

0 physical model of the patient 2.8 1.1

Q forces delivered by the device 1.8 1.0

ment attached to the force feedback device played
an important role in the naturalness of the practitio-
ners” hand positions. A one-sided t-test (T[21] = -
2.57, p < 0.01) indicates that practitioners thought
the hand position with the explorer handle was less
natural than with the joystick handle.

Participants’ comments regarding the natural-

ness of their hand position and the instrument use -

clarify the statistical findings. Table 2 contains sig-
nificant comments from each treatment group.

The analysis and practitioners’ comments re-
veal dissatisfaction with the explorer’s current instru-
mentation, possibly because the experimental ex-
plorer, when used in a virtual environment, lacks the
full functionality of an explorer used with live pa-
tients and is more frustrating than an unrealistic joy-
stick.
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Table 2. Representative comments from question #5

Treatment Group

1st Tooth Comments

2nd Tooth Comments

Preparation followed by Carious Lesion

Joystick Explorer
I'd be better if | had a probe. | need to push it in order to make
it go down.

1 would rather have an explorer in my
hand when doing this.

Carious Lesion followed by Preparation

Explorer

It is nothing like an explorer.

The hand position is not at all natural.
The alignment is a problem; it is better
with the joystick.

1 do not have the ability to angle the
explorer like [ want,

Joystick

Preparation followed by Carious Lesion
| want.

Carious Lesion followed by Preparation

| cannot hold the explorer the way

The length is unreal, because the

| like this better,

It would be better with a thinner handle.

“movement is at a different point. It
feels realistic until | move it.

1 cannot do the forces easily.

The shaft is too long. The axis of
rotation is in the wrong place.

This is good.

| like the joystick better. From 2 tactile
standpoint [ can grab it so that the point
of rotation is more realistic.

Figure 5 presents the practitioners’ responses
to each of the first eight questions and suggests con-
siderable variation in the dentists’ perceptions that
the simulation of the healthy enamel and dentin was
realistic, with the mean of 3.0 indicating marginal
satisfaction with its realism. The plot also suggests
that most practitioners found the instruments com-
fortable and could concentrate while searching for
caries with the simulator. Results for question 4 in-
dicate that, except for one outlying point, the simu-
lator graphics were satisfactory. Results for question
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Figure 5. Boxplot of Likert scale questions. The dots
indicate the medians, and the boxes represent the
upper and lower boundaries of the first and third
quartiles. The whiskers extend to the smallest and
largest responses that are less than one quartile from
the end of the box. Points outside the range are
intended by an *.
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3 suggest that although participants were generally
satisfied with their hand position, they varied sub-
stantially in range, from highly unsatisfied to very
satisfied. For three tooth-specific questions, partici-
pants were undecided about the success of the mod-
eling of the enamel overlying the carious region, but
were generally satisfied with the tug or *pop” sensa-
tion felt when extracting the cursor from the lesion.
They also disagreed about the feel of the carious
dentin in the tooth with the preparation, but overall
were satisfied with the simulation.

Separate ANOVAs performed on questions 9
and 10 showed no significant effect except for the
main effect of components {question 9—TF[3, 76] =
23.5, p < 0.001; question 10—F[3, 76] = 6.36, p =
0.001). Followup Tukeys for both questions with a
family error rate of 5 percent on the four category
data indicated that practitioners felt that the tactile
feedback was the most important system component
needing improvement. The force feedback device it-
self (including the handles used) was the second pri-
ority. While the relative importance of the virtual
patient model and graphics was unclear, both were
ranked behind the other components.

Force Data

Fifty percent of the experts detected the “cari-
ous lesion,” and 75 percent detected “caries” in the
preparation. Three theories accounted for variations
in practitioners’ detection of caries: 1) the feedback
loop was too slow, resulting in a vibration that caused
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participants to probe sideways, rather than up and
down; 2) the practitioners used a drag technique ver-
sus a poking technique; and 3) the practitioners ap-
plied insufficient forces. Examining the forces ex-
erted in the y direction suggested an explanation. A
itest conducted of the medians of the y direction
feedback forces for the carious lesion was insignifi-
cant and ruled out vibration or practitioner technique
causing the difference between the practitioners.

A t-test compared the medians of the simula-
tor feedback forces for practitioners who success-
fully identified the caries on each tooth with un-
successful practitioners. The results suggested that
experienced practitioners unsuccessful in detecting
caries applied less force (see Table 3.), indicating a
need to revise the force models so that carious le-
sions can be more successfully detected.

Vibration

This formative evaluation was designed to iden-
tify simulator deficits. Reviewed videotapes revealed
that all participants complained of vibrations with
each tooth. A followup study?” demonstrated that
vibrations occurred from 1.6 to 4.8 Newtons. It also
found that the vibration occurred because the force
feedback loop speed was too slow (1000hz). Whena
practitioner “probed” a surface, the simulator exerted
what appeared to be a series of discrete resistive
forces, or vibrations. A faster microcomputer or im-
proved software would update these forces faster,
appear to give a continuous stream of resistance
forces, and eliminate the vibration.

Discussion

The Iowa Dental Surgical Simulator’s long-
term goal is to teach and assess the tactile skills re-
quired of a skilled dentist, using a simulator with
material and physical properties, which also balances

Table 3. Results of t-test on median feedback forces
for successful/unsuccessful caries detection

Median Source N Mean sD T

Carious Lesion Detection

Successiul 6 1003.83 190.89 0.07*
Unsuccessful 6 696.00 325.65
Preparation Caries Detection

Successful 9 336.33 133.26 .37
Unsuccessiul 3 25200 140.28

* p < -1

high learning effectiveness with low cost. The goal
of this simulator’s first version is to teach the tactile
diagnosis of dentin caries. This study’s results sug-
gest that although practitioners were generally satis-
fied with the simulator, specific target issues require
resolution.

QOriginally, the IDSS was visualized as having
realistic three-dimensional graphics and actual den-
tal instrumentation, However, budget limitations
forced design compromises for the prototype. The
graphics were two-dimensional images, and the in-
struments were either the manufacturer’s joystick or
a modified explorer. The results from two-dimen-
sional graphics showed that three-dimensional, high-
fidelity graphics were not essential; the cognitive
simulation literature supports the use of simplistic
graphics unless they are essential to the task being
simulated.”!? Because the primary goal of the IDSS
is tactile, realistic visuals are unnecessary. This em-
phasis encourages the developers to focus all re-
sources on the force feedback component of the simu-
fator.

The practitioners’ preference of the joystick
over the explorer presents a paradox. The simulation
fidelity literature seems to support using a simplis-
tic joystick instead of a more realistic, higher fidel-
ity explorer, But it also supports the presentation of
the essentials of the emulated environment.® Our
simulator’s joystick was a familiar object that oper-
ated identically as in a game environment. The ex-
plorer was perceived as awkward and not operating
as it would in a clinical environment with six de-
grees of freedom—x, ¥, z, roll, pitch, and yaw. Based
on this feedback, a new force feedback device with
an increased number of degrees of freedom is being
pursued.

The researchers theorize that the wide varia-
tion in responses regarding the quality of forces may
have been caused by participants’ reactions to the
vibration. The simulation literature clearly recom-
mends that developers create simulations that corre-
spond to actual systems® and that lack features that
distract or confuse the user.” Thus, the vibration
distracter should be eliminated. Currently, the IDSS
developers are investigating low-cost hardware and
software solutions to this problem.

The fidelity literature theorizes that lower fi-
delity simulations should be used by novices to in-
crease initial learning and that, to enhance transfer,
the level of realism should increase as students
progress.” A simulator capability that randomly places
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carles int the virtual mouth versus having students
always probe the same carious lesion would reflect
increasing fidelity. Students would become proficient
in the generalized skills of caries detection versus
the specific skill of caries detection on a single tooth.
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