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Six Degree-of-Freedom Haptic Simulation
of Probing Dental Caries Within a
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Abstract—Haptic simulation of handling pathological tissues is a crucial component to enhance virtual surgical training systems. In this
paper, we introduce a configuration-based optimization approach to simulate the exploration and diagnosis of carious tissues in dental
operations. To simulate the six Degree-of-Freedom (6DoF) haptic interaction between the dental probe and the oral tissues, we
introduce two interaction states, the sliding state and the penetration state, which simulate the exploration on the surface of and inside
of the caries, respectively. Penetration criteria considering a contact force threshold are defined to trigger the switch between the two
states. By utilizing a simplified friction model based on the optimization approach, various multi-region frictional contacts between the
probe and carious tissues are simulated. To simulate the exploration within the carious tissues for diagnosing the depth of the caries, a
dynamic sphere tree is used to constrain the insertion/extraction of the probe within carious tissues along a fixed direction while
enabling simulation of additional contacts of the probe with neighboring oral tissues during the insertion/extraction process.
Experimental results show that decays with different levels of stiffness and friction coefficients can be stably simulated. Preliminary
user studies show that users could easily identify the invisible boundary between the decay and healthy tissues and correctly rank the
depth of target decays within a required time limit. The proposed approach could be used for training delicate motor skill of probing
target carious teeth in a narrow oral cavity, which requires collaborated control of tool posture and insertion/extraction force, while
avoiding damages to adjacent healthy tissues of the tongue and gingiva.

Index Terms—Haptic rendering, carious tissues, friction simulation, penetration force, extraction force, boundary simulation

1 INTRODUCTION

HAPTIC rendering of handling pathological tissues is
important for enhancing the usability of surgical sim-
ulation and training systems. High-fidelity rendering
involving fine physical features on or inside pathological
tissues such as texture, friction and stiffness, may greatly
enhance the experiences of trainees to get familiar with
physical properties of various diseases, and thus to prac-
tice delicate motor skills required for diagnosis/treatment
of these diseases.

1.1 Problem Statement

Diagnosing dental caries is a fundamental operation in clini-
cal dental practices, which requires a dentist to detect subtle
differences of stiffness and friction between carious and
healthy tissues. During caries diagnosis operation, dentists
slide the probe along the surface of a target tooth to detect

e D.Wang, X. Zhao, Y. Shi,and Y. Zhang are with the State Key Lab of Vir-
tual Reality Technology and Systems, Beihang University, No. 37
Xueyuan Road, Haidian District, Beijing 100191, China.

E-mail: {hapticwang, yuru)@buaa.edu.cn,
{zhaoxiaohan_buaa, youjiaoshi}@163.com.

o J. Hou is with the School and Hospital of Stomatology, Peking University,
Beijing 100081, China. E-mail: jxhou@163.com.

o ]. Xiao is with the Department of Computer Science, University of North
Carolina at Charlotte, Charlotte, NC 28223. E-mail: xiao@uncc.edu.

Manuscript received 9 July 2015; revised 2 Feb. 2016; accepted 9 Feb. 2016.
Date of publication 18 Feb. 2016; date of current version 15 June 2016.
Recommended for acceptance by H. Iwata.

For information on obtaining reprints of this article, please send e-mail to:
reprints@ieee.org, and reference the Digital Object Identifier below.

Digital Object Identifier no. 10.1109/TOH.2016.2531660

decays or insert the probe’s tip into carious tissues to mea-
sure its depth [1], [2], [3].

The first step of caries diagnosis task is to detect the loca-
tion and severity level of the carious tissue, as well as the
boundary between the carious and healthy tissues by haptic
perception or combined haptic-visual perception. A dentist
uses a dental probe to tap, press and slide on the surface of
the carious tissue, and to diagnose the carious level based on
haptic perception feeling. Sometimes, this diagnosis is accom-
panied by visual inspection of the color of the carious tissues,
or by X-ray image. For carious tissues at the interproximal sur-
face of the teeth, the dentist has to rely solely on the haptic per-
ception to detect the boundary as the carious part is
completely occluded by the teeth. Besides determining the
carious level, the boundary between carious and healthy tis-
sues needs to be identified through sliding the tip of the probe
from the carious part to the healthy part. For severe decays,
when the dentist slides the dental probe from the carious tis-
sue to the healthy tissue, the probe’s tip could be stuck at the
boundary because of the stiffness difference.

The second step is to explore the internal properties of the
caries, i.e., to determine the depth of the carious tissue and to
examine the material distributions inside a 3D volume
within the target tooth. Depending on the invasive depth,
caries can be classified as mild decay (caries limited in
enamel), moderate decay (caries affect enamel and superfi-
cial dentin) and severe decay (caries affect enamel and reach
the deep layer of dentin). The dentist needs to insert a sharp
probe into the carious tissue and determine the depth of the
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carious tissue, which is based on the maximum force felt at
the bottom of the carious tissue. Material distribution of the
internal volume may be homogenous or non-homogenous.
Different force-displacement profiles need to be simulated to
reflect the material variance.

Haptic perception skills play a crucial role in correct
diagnoses about the stiffness, friction, boundary and depth
of varied caries with diverse pathological changes. Further-
more, since a probing operation is performed within a nar-
row oral cavity, collaborated control of the dental probe’s
posture and insertion/extraction force is required; other-
wise, unintentional movement of the probe’s sharp tip may
produce damages to adjacent healthy soft tissues such as
the tongue and gingiva.

Hence, haptic simulation of such operations may provide
a useful tool for training novices to perceive the subtle hap-
tic feeling of probing varied caries and master the motor
control skills necessary for diagnoses of caries.

1.2 Related Work

Several approaches have been reported on dental simula-
tion involving haptics [4], [5], [6], [7], [8], [9], [10], while
only a few of them provided simulation of caries explora-
tion. Thomas et al. developed a training system with
Impulse2000, enabling the operator to practice the detection
of carious lesions [9]. Yamaguchi et al. evaluated haptic vir-
tual reality simulation with repetitive training as a tool in
teaching caries removal and periodontal pocket probing
skills. For the caries removal simulation, multilayered mod-
els composed of tooth substance, caries, and pulp were
developed [10]. While existing work introduced functional
implementation of caries exploration, detailed haptic ren-
dering algorithms were not reported.

In a task of diagnosing dental caries, a dentist needs to
manipulate a dental probe to slide along the surface of a tar-
get tooth, and to detect the location, area, and depth of caries.
The technical challenges for simulating caries exploration
include simulating various surface properties of decay that
are obviously different from those of a healthy tooth, and sim-
ulating the penetration behavior of the probe into non-
homogenous 3D carious tissues. Moreover, multi-region con-
tacts may occur between the dental tool and oral tissues, as
the tool moves within the narrow space of an oral cavity.
Improper movement of the dental probe by a novice will lead
to frequent contacts. Therefore, efficient haptic rendering
algorithms are needed to compute the six-dimensional inter-
action force and torque caused by such contacts. The simu-
lated scenarios in existing dental simulators did not consider
the internal properties of varied pathological caries, and it is
still an open problem to fulfill the clinical requirements of
training subtle force feelings of handling varied caries.

The main challenge of simulating surface roughness of
caries is friction simulation. There has been considerable
research on real-time haptic simulation involving friction
combining static, Coulomb, and viscous friction models
[11], [12]. Karnopp developed a variation of the basic fric-
tion model [13] that expanded the static friction zone to
small velocities and switches between static and Coulomb
friction, depending on defined velocity thresholds. A num-
ber of models derived from this approach has been used for
friction rendering [14], [15], [16]. A lot of work on friction
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simulation was defined within the framework of 3DoF hap-
tic rendering, where the haptic tool was modeled as a point.

Extension to 6DoF haptic rendering requires handling of
several challenges: maintaining non-penetration between
the tool and the object at all possible multi-contact regions,
dealing with different physical properties (contact stiffness
and friction coefficients) in each contact region, and simulat-
ing six dimensional force/torque exerted on the tool etc.
Some approaches have been proposed to tackle those chal-
lenges, including the penalty-based approaches [17], [18],
[19], [20] and constraint-based approaches [21], [22]. Penalty-
based approaches can achieve high update rate while at the
risk of instability when the number of simultaneous contacts
is large. Constraint-based methods can simulate the friction
behavior, but the computation cost was high as modeling
friction added more constraints to the linear complementar-
ity framework. Special effort, such as parallel computing or
intermediate representations, were used to accelerate the
computational efficiency of those methods to meet the 1 kHz
update rate of haptic rendering [23], [24]. Besides 6-DoF hap-
tic rendering of multi-region contacts between rigid objects,
various models for simulating soft tissues have been devel-
oped to simulate surgery process [25], [26], [27], even with
stick-slip frictional contacts [28]. Virtual fixtures have shown
simplicity and effectiveness in fine manipulation [29].

To some extent, simulation of exploration of internal
properties of carious tissues is similar to the simulation of
incision of needles. Much work has been proposed on simu-
lation of steering a needle into a tissue [30], [31], [32]. The
main difference between caries exploration and needle inser-
tion is that the former needs to simulate multi-region con-
tacts between the probe and the environment during the
insertion/extraction process. As the dental probe moves
within a narrow oral cavity, unexpected collisions between
the probe and neighboring oral tissues may occur during the
insertion/extraction of the probe to/from the carious tissues.
To simulate caries insertion, the contacts between the probe
and the environment have to be detected simultaneously
with insertion/extraction simulation, while the contacts can
be either with another rigid body (e.g., a tooth) or with sur-
rounding deformable tissues (e.g., gums). Therefore, there is
a need for new simulation algorithms to deal with those colli-
sions and to constrain the insertion movement of the probe at
the same time.

1.3 Contributions of This Paper

In contrast to previous approaches, our method aims to
simulate simultaneous insertion/extraction and frictional
multi-region contacts without penetration under the con-
straint-optimization framework based on a consistent repre-
sentation of objects, a sphere-tree model, while maintain
1 kHz update rate for stable haptic rendering. The contribu-
tion of this paper can be summarized as:

e A configuration-based optimization approach to
simulate penetration states between a dental probe
and carious tissues within a narrow oral cavity,
where a dynamic sphere-tree is used to constrain the
insertion/extraction of the probe within carious tis-
sues along a fixed direction and enables simulation
of the insertion/extraction process with additional
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a) Thin stripe on the occlusal surface, b)'Iarge area on the occlusal
surface, c) decay on the interproximal surface

Fig. 1. Example teeth with carious tissues.

contact constraints between the probe and the con-
tacted rigid or deformable objects.

e Experimental validations consisting of objective
force signal analysis and subjective user studies to
evaluate the fidelity and stability of the approach.
Haptic interaction was stable even when frequent
switches between sliding and penetration states
occurred, and the approach could simulate subtle
differences among different caries with varied sur-
face roughness and boundary shapes.

1.4 Organization of the Paper

The remainder of this paper is organized as follows. In Section
2, we introduce qualitative requirements and quantified spec-
ifications for haptic simulation of probing caries. In Section 3,
we present a configuration-based optimization approach to
simulating state-switching of probing operations of caries,
taking into account frictional contacts in sliding states and
simultaneous contacts with rigid/deformable bodies during
the insertion/extraction process. In Sections 4 and 5, we
describe experiments including force signal analysis and user
studies to validate the stability of the approach in simulating
state transitions and exploration of caries. Finally, we present
conclusions and future work in Section 6.

2 MODELING OF HEALTHY AND CARIOUS TISSUES

In this section, we introduce a sphere-tree modeling method
for haptic simulation of probing carious tissues.

2.1 Challenges of Modeling Carious Tissues

In order to simulate haptic interactions in the caries diagno-
sis task, the following parameters are considered for model-
ing the carious tissues:

e Location: as shown in Fig. 1, two typical locations are
occlusal surface (i.e., contacting surface between cor-
responding tooth on the lower and upper mandible)
and interproximal surface (i.e., contacting surface
between two adjacent teeth on the same mandible)
in the tooth with carious tissues;

e Shape: the area of the caries can be a thin stripe or a
large area with an irregular boundary (Fig. 1b);
Depth: the depth of the caries, reflecting the severity;
Material distribution of the internal volume: homog-
enous or non-homogenous. In the latter case, the
stiffness of the caries can either gradually increase or
gradually decrease from the top to the bottom of the
volume;

e Surface property of caries: isometric or non-isometric
frictional behavior.

Multi-region contacts

Fig. 2. Multi-region contacts between the probe and oral tissues.

A unique challenge is to simulate the switch between the
interaction states of insertion and extraction during
the exploration of internal properties. When the probe is
penetrated into the carious tissue, it is constrained to only
translating along the axis of the probe’ tip segment. When
the probe is extracted from the carious tissue, there is a
resistance force to provide a damping effect. Only when the
active force is greater than a threshold, can the probe be
extracted from the carious tissue.

During the process, multiple contacts can also occur. As
shown in Fig. 2, the probe may simultaneously contact car-
ies and neighboring healthy tissues. The simulation algo-
rithm needs to detect and simulate multi-region contacts
between the probe and the oral environment.

2.2 Sphere-Tree Model for Healthy and Carious
Tissues

Representing an object with arbitrary shape by a sphere-tree
model offers much flexibility and simplifies collision detec-
tion, formulation of contact constraints, and deformation
modeling [33], [34]. By defining different stiffness and fric-
tion coefficient for each sphere, we further extend this
model to simulate caries. We construct separate sphere-tree
models for the carious tissue and the healthy tissue of a
tooth. Fig. 3 shows sphere-tree models of caries on a tooth.
By using a detailed level sphere-tree (e.g., level 4 with 4096
spheres), fine geometrical features on the surface of a tooth
can be approximated.

Each sphere in the sphere-tree model of the carious tissue
is associated with a stiffness parameter and a set of friction
coefficients, while the values of these parameters are
obtained from empirical data from real dental operations.
Diverse caries with various surface roughness, various

(a) (b) (c)

Fig. 3. Separate sphere-tree models to simulate carious and healthy tis-
sues, respectively, where the spheres in dark brown color denote the car-
ious tissue and the white color denote the healthy tissue: a) a carious
volume with a large surface area and an inverted cone shape;
b) enlarged view; and c) triangle mesh model for graphic display.
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Fig. 4. Configuration-based optimization approach for simulation of state-switching for caries exploration.

depths, and homogenous and non-homogenous tissues
could be modeled using the proposed sphere-tree model,
with values of the physical parameters determined based
on some typical cases of caries in real dental operations. In
order to model non-homogenous carious tissues, stiffness
and friction coefficients among the spheres that model the
caries are set at different values. Also, the gradient between
the physical parameters of the healthy and carious tissues
influences the difficulty of diagnosis. The greater the gradi-
ent, the easier the user can detect the boundary between the
carious and healthy tissues.

3 A STATE-SWITCHING SIMULATION APPROACH

In this section, we introduce a state-switching approach to
simulate 6DoF haptic interaction of dental probing to
explore the surface roughness and internal properties of
dental caries.

3.1 Overview of the Approach

The capability of modeling multi-region contacts is a funda-
mental requirement for 6-DoF haptic simulation systems.
The uniqueness of the simulation of caries exploration is to
simulate the hybrid contacts consisting of contacts during
insertion along the insertion/extraction path and contacts
without penetration. The former refers to the contacts
between the probe’s tip and the caries tissues during inser-
tion/extraction, while the Ilatter refers to the contacts
between the probe’s body and the surface of adjacent oral tis-
sues. These two types of contacts possess different values of
physical parameters, i.e., the internal properties of the caries

tissue and surface properties of the adjacent oral tissues are
very different. Therefore, it is a novel task and challenge to
introduce a unified modeling approach for these two types
of contacts and integrate them in the configuration-based
optimization framework

As shown in Fig. 4, the state-switching approach models
interaction state transitions through checking the contact
information between the tool and the tooth and focuses on
simulating two kinds of states and their transitions: a slid-
ing state and a penetration state. The two states are
designed to simulate surface exploration and internal explo-
ration of dental caries respectively.

In a sliding state, a user moves the dental probe to slide
along the surface of a target tooth to detect whether carious
tissues exist, and the main simulation requirement is to sim-
ulate different tactile feeling from sliding along different
tissues, especially different stiffness and friction on the cari-
ous tissues. In a sliding state, the tool can freely move in the
3D space and make a single contact or multiple-region con-
tacts with the tooth or nearby oral tissues including neigh-
boring teeth, gingiva, tongue and cheek, etc.

In a penetration state, a user inserts the tip of the dental
probe into the internal region of carious tissues to measure
the depth and the internal properties including the stiffness
and friction of the carious tissues. Four different behaviors
need to be simulated within this state:

e Insertion, which requires computing the resistance
force and the motion of the dental probe during the
insertion process. The probe is constrained to move

along a straight-line path into the carious tissue.



WANG ETAL.: SIX DEGREE-OF-FREEDOM HAPTIC SIMULATION OF PROBING DENTAL CARIES WITHIN A NARROW ORAL CAVITY 283

e Constrained rotation, which requires simulating the
torque feedback to the operator’s hand when a vol-
untary rotation is conducted during the insertion
process.

e Extraction, which requires simulating the extraction
from the carious tissue. A pulling force needs to be
rendered to simulate the damping effect when the
user tries to retreat the probe from the caries.

e Additional contact, which requires simulating colli-
sions between the probe and the surface of the tooth
and/or adjacent oral tissues, as the probe moves
within the narrow oral cavity.

Penetration criteria are defined to trigger the switch to a
penetration state, including (1) the tip of the probe must
contact the carious tissue and (2) insertion force along the
axis of the probe’s tip must be greater than a pre-defined
threshold. As outlined in Fig. 4, when the penetration crite-
ria are satisfied, a penetration state is activated; otherwise, a
sliding state is activated. The threshold is dependent on the
modeled pathological degree of the caries: a mild decay has
a large value and a severe decay has a small value.

For a penetration state, an extraction criterion is defined
to trigger the transition between insertion and extraction
sub-states. The insertion state remains until the probe is
actively extracted from the caries.

In the following Sections 3.2 and 3.3, the models for sim-
ulating the two states are explained in detail.

3.2 Configuration-Based Optimization Approach
for Sliding State Simulation

In our previous work [33], we introduced a configuration-
based optimization model to solve for the configuration of
the graphic tool, which is the virtual avatar of the actual hap-
tic tool, and to compute the contact normal force/torque to
the tool. The optimization is:

{ Minimize : f(qy,qj) )

Subject to : Vo NV = O.

In equation (1), the objective function f(e) is a distance
metric to describe the difference between configurations of
the haptic tool and the graphic tool [33]. qj, and q} are the
configurations of the haptic tool and its corresponding
graphic tool in the current simulation loop or time step t.

Based on collision detection between the sphere-tree of
the tool and the tooth, non-penetration constraint inequal-
ities are formulated, and then a configuration-based optimi-
zation is performed to compute the configuration of the
graphic tool.

Contact area detection is performed to determine
whether the probe is contacting a carious tissue or a healthy
tissue. If a healthy tissue is contacted, the frictionless force
and torque F can be derived using the following model

If the probe is contacting a carious tissue, the
configuration-based optimization model is used to com-
pute friction force and torque [35]. Given the known con-
figuration of the graphic tool at the previous and current
time steps t-1 and t, and the known haptic configuration of

I )

777,
T 7 “
7177
t oy

1

a) b) c)

Fig. 5. A red “virtual tunnel” constraint with a moving bottom and chang-
ing depth: a) construction of the dynamic sphere tree; b) movement of
the bottom; and c) 3D illustration of the “virtual tunnel”.

the tool at ¢, the model could compute static and dynamic
frictional force and torque between the dental probe and
the surface of carious tissues.

As the surface of the carious tissue may consist of aniso-
tropic structures [36], it is a challenge to model the fine
detailed surface properties of caries. In our approach, we
proposed to use coulomb friction force model with varied
fictional coefficient for varied caries. In the next step, it is
a possible solution to model texture force using sto-
chastic modeling approaches [37] or using data-driven
approaches [38].

3.3 Configuration-Based Optimization Approach
for Insertion/Extraction Simulation

In this section, we introduce a configuration-based optimi-
zation approach to simulating insertion/extraction when
different interactions between the probe and the environ-
ment can occur at the same time, i.e., the probe can perform
insertion or extraction of caries but can also contact nearby
teeth or other tissues in the process due to the narrow space
for maneuvering.

3.3.1 A “Virtual Tunnel” Constraint for Defining

the Insertion or Extraction Path

The cause of caries is bacterial break down of the hard tissues
of the teeth (enamel, dentin and cementum). The minerals in
the hard tissues are constantly undergoing processes of
demineralization and remineralisation. Dental caries are
formed when the demineralization rate is faster than the remi-
neralisation and there is net mineral loss [36]. As revealed by a
light microscope, enamel caries consist of several distinct
zones including translucent zone, dark zones, body of the
lesion, and surface zone [39]. It is difficult or even impossible
to exactly model physical properties of caries. Furthermore,
diverse pathological changes of the caries may lead to largely
different force feelings [36]. The goal of haptic training is to
train the correct posture, correct insertion force feeling, and
detection of differences among various caries.

We propose a model of a “virtual tunnel” with a moving
boundary to determine whether the tip can penetrate into
the surface of a carious tissue, the insertion path, and depth
of the probe within the carious tissue.

A dynamic sphere tree is used to form the virtual tunnel to
characterize the insertion path of the probe within the cari-
ous tissue. As shown in Fig. 5a, the green sphere denotes
the tip of the probe (i.e., the graphic tool). At the contact
point between the tip of the probe and the carious tissue,
one red sphere is created along the axis n of the probe’s
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head segment, which is also the direction of insertion, while
four other red spheres are created around the head of the
probe. We fix the direction n once an insertion process starts
to simulate the constraint of the tissue on the probe until the
probe is completely extracted from the carious tissue.
Fig. 5c shows a 3D illustration of the “virtual tunnel”
constraint.

The model for computing the insertion force along the
direction n is as follows:

F, = —(F. n)n, (3)

where F, denotes the insertion force from the probe upon
the carious tissue, and

F. =k (pfl - pf]_l), 4)

where F, denotes the contact force between the probe and
the carious tissue. p!, denotes the position vector of the hap-
tic tool in the current simulation cycle, and pg‘l denotes
the position vector of the graphic tool in the previous simu-
lation cycle. k. denotes the contact stiffness of the non-
homogenous tissue at the contact point.

As stated in Section 3.1, when the penetrating force F, is
greater than a pre-defined threshold, the probe can insert
into the caries. An allowable insertion depth is computed
based on the penetration stiffness of the non-homogenous
tissue k., which is much larger than the value of k.. Incre-
mental insertion depth in the current simulation cycle is
modeled as follows:

Af—

{ = |R| > (5)
A =0 [|E] < £,

where F denotes a pre-defined force threshold needed to

overcome before penetrating into the carious tissue.

Along with the increasing insertion depth during the
insertion process, the virtual constraint is updated to allow
insertion of the graphic tool into the carious tissue. As
shown in Fig. 5b, the positions of the five red spheres are
updated to simulate the evolving constraint during the
insertion process.

Although the mathematical models for computing
forces/torques are simple, they capture essential biome-
chanical behaviors of carious insertion process. First, the
insertion movement can be robustly constrained along
the insertion path, while diverse force profiles of various
pathological changes can be simulated. By adjusting the
parameter k. in equation (4), we can simulate the contact
stiffness between the probe and the caries. This enables us
to simulate diverse constraints that allow the probe to devi-
ate from the insertion path.

Second, by adjusting the parameter k. in equation (5), we
can simulate the diverse penetration stiffness between the
probe and the caries. This enables us to simulate diverse
caries from very difficult to very easy to be inserted. The
parameter k. in Eq. (5) can be a constant, a discrete variable
that changes value according to insertion depth, or a contin-
uous variable. As shown in Fig. 6, these cases are corre-
sponding to three different types of carious tissues:
homogenous tissue caries in the enamel layer, double layers
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Fig. 6. Profiles of the stiffness versus the insertion depth for three types
of caries.

of homogenous caries in the enamel and dentin layers, and
non-homogenous caries. The profiles of the stiffness versus
the insertion depth are plotted for the three typical types of
pathological cases encountered in clinical dental operations.
Furthermore, the force threshold F; can be adjusted to
simulate caries with different degrees of pathology. A large
value refers to mildly carious tissues and a small value
refers to severely carious tissues. By adjusting the parameter
F,, we can simulate the diverse breakthrough force between
the probe and the caries. To determine the parameters for
simulating different levels of typical caries: mild, medium,
and severe caries, user study by the dentists were per-
formed and these parameters were tuned from the average
feeling of dentists to differentiate hard and soft caries.

3.3.2 Force and Torque Feedback During Insertion
Process

During the insertion, the graphic tool of the probe is con-
strained along the path by the “virtual tunnel”. We use the
configuration-based optimization model to compute the
configuration of the graphic tool and the feedback force/
torque based on the configuration of the haptic tool [27].
Therefore, any deviation from the path vector n due to the
movement of the haptic tool may lead to feedback force
and/or torque.

As the graphic tool is constrained to moving along the
path vector n, the 3D feedback force to the haptic device is
computed as follows:

F— 1 (p, ~ p}). ©

where p! and pj, denote the three translational components
of the configuration variable of the graphic tool and haptic
tool. &, denotes the stiffness of the “virtual tunnel” to con-
strain the motion of the probe, which is set as the maximum
value of the associated haptic device to provide a strong
constraint.

When a rotation of the haptic tool is detected during the
insertion process, the graphic tool will be constrained from
rotating by the “virtual tunnel”, and the feedback torque is
computed as follows:

v = k(6 6}), 6
where ¢} and 6} denote the orientation vector in terms of
Euler angles of the graphic tool and haptic tool respec-
tively. ks denotes the rotational stiffness of the non-
homogenous tissue.
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3.3.3 Model for Simulating Additional Contacts

If any parts of the probe collide with the target or adjacent
tooth and surrounding tissues during the insertion process,
the graphic tool of the probe should be constrained by addi-
tional contacts. In order to simulate this behavior, collision
detection is continuously performed between the sphere-
tree of the graphic tool and the sphere-tree of the related
teeth and all oral tissues during the insertion process, using
the collision detection algorithm introduced in [28].

The collision detection algorithm reports additional
intersecting spheres due to collision (Fig. 7), and those
spheres are then added to the constraint equations of the
configuration-based optimization model.

Under this situation, the user can adjust the posture of
the probe to break the unintended collision and re-insert the
probe into the carious tissue.

3.3.4 Model for Simulating Extraction Behavior

If the operator intentionally pulls the haptic tool out of inser-
tion, i.e., moving along the opposite direction of the normal
n, the following model is introduced to simulate the extrac-
tion behavior. A “virtual tunnel” in the opposite direction
along —n is defined to simulate the constraint on the extrac-
tion process, as shown in Fig. 8. The “virtual tunnel”
becomes shorter and shorter as the extraction proceeds and
finally disappears when the probe is completely extracted.

The model for computing extraction force F, is similar to
that for the insertion force, except that —n is used

F. = —(F.-n)n. ®)

The model for computing the displacement p, of the
probe during extraction is as follows:

|[Fell > F¢

.|| < F* ©)

{ ke=0

p,(k) =p,(k—1)
where the first condition denotes when the extraction pro-
cess can start. F' denotes a pre-defined force threshold
needed to be overcome before the probe can be extracted
from the carious tissue. When the probe is successfully
extracted from the caries, the operator will feel a sudden
drop of feedback force and/or torque.

4 SIMULATION OF SURFACE ROUGHNESS

The purpose is to validate the capability of the proposed
approach to simulate various carious tissues with varied
frictional coefficient, through objective data analysis and

Fig. 8. “Virtual tunnel” during extraction.

user study. Furthermore, the fidelity of the approach for
simulating tissue boundary is evaluated.

4.1 Evaluation on Simulation of Various Roughness
In this section, we present evaluation experiments to validate
whether the proposed approach can simulate diversified
roughness of various pathological caries. We first analyze
the force signals under different friction levels, and then we
present a user study to validate the force feeling. In Sections
4.1.1 and 4.2.1, the experiments were simulated based on a
computational model, while in Sections 4.1.2 and 4.2.2, the
experiments were performed using a haptic device.

4.1.1 Quantified Analysis of Force Signals

We performed evaluations based on objective data to reflect
influences of key parameters and contact states on the fric-
tion force signals.

To compare the force signals under a given consistent
input, we defined a 1-D path of the haptic tool (Fig. 9). The
tip of the tool penetrated into the cuboid for 0.59 mm along
the path. The trajectory of the haptic tool was then fed into
the configuration-based optimization approach to compute
the feedback force/torque and the corresponding path of
the graphic tool.

In order to understand the different effects of static fric-
tion coefficients in the proposed force model, we compare
the force signal along x-axis under four levels of static fric-
tion coefficient p, in Fig. 10, while the dynamic friction coef-
ficient u, is fixed as 0.3. From the results, we can observe
obvious influences of the static friction coefficient on the
friction force signals, i.e., the magnitude of the friction force
increased significantly along with the increase of the static
friction coefficient. From the friction force signal, we can
also observe periodic saw teeth waves, caused by the dis-
continuous changes of the configuration of the graphic tool.

Similarly, the dynamic friction coefficient was varied to
observe its effect on the friction force. The data in Fig. 11
illustrate the friction force signal along x-axis under four
values of dynamic friction coefficient, while the static

S

Fig. 9. Pre-defined 1-D path for the haptic tool.
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Fig. 10. Force signals as the static friction coefficient changes.

friction coefficient is fixed at 0.5. The results show that the
value of the dynamic friction coefficient had only small
influence on the friction force signals, i.e., the magnitude of
the friction force increased slightly along with the increase
of the dynamic friction coefficient.

The above results validate that the proposed approach
can simulate versatile friction feelings through tuning of the
static and dynamic friction coefficients.

4.1.2 User Study on Roughness Ranking

A Phantom Premium 3.0-6DoF was used in the user
study experiment. The device could maintain a simu-
lated stiffness of 1 N/mm throughout its workspace, the
maximum output force is 22 N, and the position sensing
resolution is 0.02 mm.

Five dentists were invited to perform the caries explora-
tion and thus to determine the parameters of surface rough-
ness. We asked the dentists to slide the virtual probe along
the surface of the caries, and to select acceptable values for
the static and dynamic friction coefficients to match their
haptic sensation to two levels of roughness, i.e., a mild cari-
ous tissue with low surface roughness and a severe carious
tissue with large surface roughness. The values of the fric-
tion coefficients were tuned in a continuous way by a slider
on the graphic user interface of the simulation software.
Each dentist performed four trials to test the low or the high
roughness level. In each trial, a dentist was asked to slide
the dental probe through a sequence of two caries with
either a low or a high roughness level, where the order of
the two levels in the sequence varied from trial to trial. As
illustrated in Table 1, the mean and standard deviation of
the static and dynamic friction coefficients during the four
trials of the five dentists were obtained. Statistical analysis
was performed using one-way ANOVA to observe the
effect of caries degree on the friction coefficients. For the u,,
significant difference was observed between the mild caries
and severe caries with F(1, 8) = 14.496, p < 0.05. For the 1,
a significant difference existed between the mild caries and
severe caries with F(1, 8) = 11.875, p <0.05. The results illus-
trate that the proposed approach was able to assist the den-
tists to tune their preferred values to differentiate mild and
severe caries based on their clinical haptic sensations. For
all dentists, the values of the friction coefficients of severe
caries were greater than those of mild caries. However, the
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Fig. 11. Force signals as the dynamic friction coefficient changes.

preferred values of the five dentists varied considerably.
This might be caused by different haptic perception skills of
the dentists. A future topic of study could be on how such
variance are influenced by the clinical experiences of differ-
ent dentists. In our following experiments, we adopted the
average values of friction coefficients from the five dentists
to simulate roughness exploration operations.

4.2 Evaluation on Simulating Tissue Boundary

In this experiment, the purpose was to validate the effective-
ness of the proposed method to simulate various shapes of
the boundary between carious and healthy tissues, through
both objective data analysis and user study.

4.2.1 Quantified Analysis of Force Signals

During a dental operation, the gradient of the tangential
force across the tissue boundary may provide important
cues for the user to determine the area or shape of the cari-
ous tissue. Computed friction force signals were recorded
when a user moved the Phantom haptic device to control
the haptic tool sliding from non-frictional to frictional
regions along the surface of a virtual cube, or sliding in the
opposite direction. Fig. 12 shows the friction force when
the haptic tool moved along the axis-x on the surface of a
cube. In this scenario, the stiffness of healthy tissues was set
to be equal to that of the caries (i.e., 1 N/mm). The magni-
tude of the friction force in the frictional region was much
higher than that of the non-frictional region, and a clear
jump of the signal could be observed when the probe came
across the boundary.

TABLE 1
Mean and Std. of the Tuned Values of the Friction
Coefficients from the Four Trials of Each Dentist

. Mild caries Severe caries
Subjects
Mg Mq Mg Mq

S1 0.06 £0.04 0.08+0.04 0214016 0.16+£0.08
S2 0.28+0.17 024+0.09 0514016 0.47+0.15
S3 0.19+0.05 0.19+0.07 0.544+0.09 0.52+0.08
S4 0.17+£0.07 0.21+£0.06 0.65+0.02 0.604+0.02
S5 0.19+0.03 0.15+0.04 0.644+0.08 0.52+0.09
Average 0.18+0.07 017=+0.06 051+0.16 045+£0.15
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Fig. 12. Friction signal when a user manipulated a virtual probe slide
across the boundary between non-frictional and frictional regions.

Furthermore, the gradient of the tangential force across
the tissue boundary was also influenced by the stiffness dif-
ference between non-frictional and frictional regions. By
increasing the stiffness difference between the two regions
to a specified value, the probe could be stably hooked at the
boundary. This could be used for simulating diagnosis of
caries’ boundary.

4.2.2 User Study on Identifying 2D Boundaries

In this experiment, we used three target shapes for caries:
square, triangle and circle. The caries of those shapes were
embedded into the surface of a cube. Fig. 13 shows the geo-
metric models of the three types. It should be noted that the
shapes of the caries are not displayed, i.e., the three cubes
have the same appearance in the graphic scene. The size of
the cube was 100 mm x 100 mm x 20 mm. The size of the
square was 60 mm x 60 mm, the length of the triangle is
60 mm, and the diameter of the circle was also 60 mm. The
stiffness of both the healthy and carious regions was set as
1 N/mm. The static and dynamic friction coefficients of the
carious regions were set as 0.5 and 0.3.

Ten engineering students were invited to attend a per-
ception test to identify the shape of the target boundary. For
each participant, ten trials were performed. In each trial,
there were three virtual cubes that had the three shapes of
boundaries. Each participant was required to slide a virtual
probe along the top surface of a virtual cube and to identify
the boundary. In each trial, the order of the three boundaries
was randomly arranged.

In each trial, the participant was required to identify the
boundary shapes. If the participant made a correct identifi-
cation of all the three shapes, one point was recorded for
this trial. Otherwise, zero point was recorded for this trial.
Therefore, after ten trials, the possible accumulated score
for each participant ranged from 0 to 10. Results show that
the mean and standard deviation of the correct rate of the
three target shapes is 7.2 £ 1.69.

After the test, the participants were required to fill in a
report. All participants reported that clear differences of the
friction force signals could be felt when they moved the tool
on the surface of the cube across the boundary. They could
feel robust hook feeling at the boundary when the haptic tool
slided from the frictional region to the non-frictional region.

Fig. 13. The geometric models of three boundaries for detection.

5 EXPERIMENTS ON PROBING CARIES

In this section, experiments are presented to validate the
effectiveness of the proposed method to simulate insertion/
extraction process with simultaneous contacts, as well as
state transition stability and the effectiveness to simulate
typical scenarios of caries for diagnosis.

5.1 Simulating Insertion/Extraction Process with
Simultaneous Contacts

Fig. 14 shows the process of insertion/extraction of a dental
probe against a cubic pink object with simultaneous non-
penetrated contacts with the yellow cubic object. The brown
color denotes the graphic tool while the blue color repre-
sents the haptic tool. The value of the stiffness k., k. and k;
was set as 1 N/mm, 10 N/mm and 1 N/mm, respectively.
F, was setas 3 N.

Five phases of the interaction process are illustrated. In
the first phase, there was no contact between the probe and
the object, therefore the position of graphic tool and haptic
tool were collocated. In the second phase, the haptic tool
inserted into the carious tissue while the graphic tool stayed
on the surface of the carious tissue. As the insertion force
had not reached the threshold, the insertion state was not
activated yet and the magnitude of inserted depth was zero.

In the third phase, the graphic tool inserted into carious tis-
sue, but had no contact with the adjacent healthy tissue (i.e.,
the yellow cube). The magnitude of inserted depth gradually
increases. In the fourth phase, the graphic tool contacted the
healthy tissue. Non-penetration was maintained between the
graphic tool and the healthy tissue. In the fifth phase,
the graphic tool was extracted from carious tissue. The magni-
tude of inserted depth gradually decreases, and the feedback
force was changed to the opposite direction. In the last phase,
the graphic tool was fully extracted from the carious tissue,
and the graphic tool and the haptic tool were again collocated.

Except for the fourth phase, the time cost of the haptic ren-
dering cycle was always smaller than 1 ms during all the five
phases. In the fourth phase, the time cost of the haptic ren-
dering cycle was slightly greater than 1 ms in some cases.

5.2 Tuning the Parameters for Insertion Operation

The five dentists were invited to perform the caries insertion
operation. The dentists insert the virtual probe into the car-
ies, and to select acceptable values for the penetration stiff-
ness and contact stiffness to match their haptic sensation to
two levels of stiffness, i.e., a mild decay which is hard to
penetrate and a severe decay which is easy to penetrate.
The stiffness values were tuned in a continuous way by a
slider on the graphic user interface of the simulation soft-
ware. Each dentist performed four trials to test the low or
the high stiffness levels. In each trial, a dentist was asked to
insert the dental probe into a sequence of two caries with
either a low or a high stiffness level, where the order of the
two levels in the sequence varied from trial to trial. Table 2
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Fig. 14. Five typical phases during an insertion/extraction process: (1) no contact; (2) initial contact without insertion; (3) insertion; (4) insertion with

additional contacts; and (5) extraction.

shows the mean and standard deviation for the penetration
stiffness and contact stiffness obtained during the four trials
by the five dentists. Statistical analysis was performed using
one-way ANOVA to observe the effect of caries degree on
the stiffness. For the k., significant difference was observed
between the mild caries and severe caries with F(1, 8) =
42.124, p < 0.05. For the k., no significant difference existed
between the mild caries and severe caries with F(1, 8) =
3.666, p > 0.05. The results illustrate that the proposed
approach was able to assist the dentists to tune their pre-
ferred stiffness values to differentiate mild and severe caries
based on their clinical haptic sensations. For all dentists, the
values of the stiffness of severe caries were smaller than
those of mild caries. In our following experiments, we
adopted the average values of the five dentists to simulate
insertion/extraction operations.

With the properly tuned parameter values, the dentists
could detect the location and the relative stiffness of the
invisible caries through haptic sensation, which demon-
strated the feasibility of the model to simulate carious

TABLE 2
Mean and Std. of the Tuned Values of Stiffness

. Mild caries (hard) Severe caries (soft)
Subjects
k. ke k. ke

S1 0.38 £0.08 0.3+0.0 02+0.1 0.37 £0.11
S2 0.684+0.04 058+0.16 0.18+£0.04 0.33+0.04
S3 0.61 £0.07 0.53+0.08 0.18+0.08 0.43+0.08
S4 0.60 £0.07 0.74+0.14 0.13£0.04 0.54+0.0
S5 0.62 +0.04 0.53 +0.04 0.34+0.0 0.3 +0.08
Average 058+0.10 0.53+0.13 0.20+0.06 0.38+0.07

tissues. Furthermore, unintended, additional contacts were
robustly simulated when the probe was inserted along an
incorrect posture, and thus the trainees could learn to follow
correct posture to obtain the maximum insertion depth.

5.3 Integrated Test of Diagnosing Caries

An integrated test of diagnosing caries within an oral cav-
ity was performed by the five dentists to test the effective-
ness of the simulation approach. As shown in Fig. 15, two
carious regions were modeled in the tooth 46 (i.e., the #1
decay on the occlusal surface, and the #2 decay on the
interproximal surface), and the third carious region was
modeled in the tooth 36 (the #3 decay on the occlusal sur-
face). In the first step, the color of the carious regions is
displayed same as the surrounding healthy regions. The
dentists were required to detect the location and the num-
ber of carious regions on the two target teeth. In the second
step, they needed to judge the relative pathological degree

Fig. 15. Two carious regions were modeled in the tooth 46, and one cari-
ous regions was modeled in the tooth 36.
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Fig. 16. The normal force signals during different interaction states,
while the dashed line illustrates the switching time between two adjacent
interaction states.

(i.e., mild or severe caries) of the three carious regions
through haptic sensation.

The accuracy of the detection experiments is 100 percent,
while the average detection time for each decay was less
than 30 seconds. Fig. 16 shows the normal force signal dur-
ing different interaction states, including sliding along the
surface of a healthy tissue, sliding along the surface of a car-
ies, insertion into the caries, and extraction from the caries.
The haptic simulation was stable during the whole interac-
tion process. The results validated that frequent state transi-
tions between the sliding and the penetration states could
be simulated stably and in real time. Dentists reported that
they felt obvious sensations of being stuck at the boundary
of invisible caries of the target tooth, which provided impor-
tant cues for them to diagnose the boundary of the caries.

The accuracy of the stiffness judgment was 60, 40 and 100
percent respectively for the three decays. The possible rea-
son for the differences among the three regions was that the
#2 decay on the interproximal surface was difficult to pene-
trate, as the probe was prone to collide with the neighboring
oral tissues when its posture was not correctly controlled.

As shown in Fig. 17a, the caries on the occlusal surface
were visible and relatively easy to probe. In Fig. 17b, there
were some invisible caries on the neighboring surface,
which can only be detected and diagnosed based on haptic
sensation. It was challenging to control the fine movement
of the dental probe in the narrow oral cavity. Incorrect pos-
ture of the dental probe led to collisions between the probe
and the tooth, and thus prevented the insertion process. In
this case, the operator had to extract the probe and adjust
the posture until finding a correct posture for the insertion
operation. Frequent contacts occurred during the whole
diagnostic test. This shows the necessity of simulating
multi-region contacts.

For validation of surgical simulation systems,
measurement-based approaches have been used to validate
the fidelity of surgical simulation algorithms [40], [41]. In our
study, we did not adopt this approach because of two rea-
sons. First, a special probing hardware with force sensing
and motion tracking capability need be developed to capture
the force-displacement and / or force-velocity profiles during

b) Incorrect posture leads to collisions when probing the invisible
caries on the neighboring surface

Fig. 17. Detections of caries in an oral cavity.

manipulation process. Second, and more importantly, it is
not safe to perform the in-vivo measurement within the oral
cavity of patients. Therefore, we adopted the approach of
subjective evaluation to tune the simulation parameter val-
ues from user studies. In the next step, one possible solution
is to collect carious tissues removed from the target tooth,
and perform in vitro measurement using an isolated tooth
embedded with the collected carious tissues. In order to per-
form this study, a large quantity of carious tissue need to be
collected as different caries may produce different force-
displacement and/or force-velocity profiles.

6 CONCLUSIONS AND FUTURE WORK

In this paper, we have extended our previously proposed
configuration-based optimization approach to simulating
6DoF haptic interaction process of exploring the surface
roughness and internal properties of dental caries. Diverse
caries with various levels of surface roughness, depth, and
homogenous and non-homogenous tissues can be simulated
using the proposed approach.

To model the 6DoF interaction between a tool and a tar-
get tooth, two kinds of interaction states, sliding state and
penetration state, are introduced. Penetration criteria con-
sisting of contact states and insertion/extraction force
thresholds are defined to trigger the switch between the
two states.

To simulate a penetration state, a “virtual tunnel” mod-
eled by a sphere-tree was dynamically created to constrain
the movement of the tool within the caries and to compute
resistance force during the insertion process. By tuning the
stiffness and the force threshold, the model could simulate
diverse force feeling of penetrating into homogenous or
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non-homogenous caries. This model can capture additional
contacts between the tool and oral tissues during the inser-
tion/extraction process, which is useful for training the cor-
rect postures of the tool in exploring the narrow oral cavity.

Five dentists were invited to perform the caries explora-
tion and the insertion operation. The experimental results
illustrate that the proposed approach was able to assist the
dentists to tune their preferred friction coefficients and stiff-
ness values to differentiate mild and severe caries based on
their clinical haptic sensations. The effectiveness of the
approach was validated through an integrated test by
the five dentists to diagnose caries within an oral cavity.
The results show that the method can provide an integrated
environment for training delicate movement of a dental tool
within a narrow oral cavity, where multi-region contacts
and contact switches frequently occur between the tool and
oral tissues.

In the future, we plan to observe the effect of the proposed
system on clinical dental skill training and skill transfer.
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