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Oro-dental health is an essential component of good overall
health and well-being, and consequently, good oral and
dental health is indeed a fundamental human right, part of
the main role, and goal of the dental profession with all its
interdisciplinary and multidisciplinary subspecialties to help
the population achieve a stable and healthy craniomax-
illofacial complex. Hence, identifying challenges and op-
portunities needs to be in the forefront of our priorities,
especially considering the mounting ageing population and
swelling demand for oro-dental healthcare, products, ser-
vices, and alternative solutions. It is noteworthy herein that
this agrees with and supports the global 2020 vision of the
FDI (Fédération Dentaire Internationale) World Dental
Federation, the world’s leading dental professional organi-
zation, on oral and dental health, where it is proposed and
urged to expand the role of existing oral and dental
healthcare professionals and foster fundamental research
and translational technologies, to better mitigate the impacts
of socioeconomic dynamics, a cornerstone for the projection
of this special issue.

In brief, innovative engineering solutions that incorporate
advanced biomaterials, nanobiotechnology, three-dimensional
printing, computer assistance, and robotic systems offer huge

potential for augmenting and improving the functional and
esthetic craniomaxillofacial and oro-dental health profile of
patients. A good example, perhaps, is nanoDentistry, clearly
multidisciplinary and interdisciplinary, building on existing
knowledge and accruing expertise in different scientific and
technological fields, seeking persistent refinement of tradi-
tional approaches, via the development and/or incorporation
of advanced biomaterials, new functional tools, and pharma-
cological formulations to improve overall oro-dental practice
and care. While slowly evolving, nanoDentistry is expected to
provide dentists and surgeons with more precision-made and
tailored materials, drugs, and equipment, by which safety,
esthetics, function/efficacy, and patient compliance are en-
hanced. Due to the complex nature of such “outside-the-box”
(or even “no-box”) healthcare-related engineering problem–
solution technologies, they have attracted experts from physics,
chemistry, biology, materials science, pharmaceutics, robotics,
and bioengineering, as well as the industry. #e ultimatum is
improved overall healthcare and well-being with a positive
impact on socioeconomics and quality of life.

Hence, this special issue is intended to bring together
a collection of original and state-of-the-art works in oro-
dental and craniomaxillofacial healthcare and related
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topics to exhibit the latest ideas, concepts, findings,
achievements, and future projections and promote
awareness of the rapidly evolving and enabling multi-
disciplinary technology, thereby encouraging a fruitful
dialogue to bridge the gap between engineering and
dentistry (including subspecialties, extending to the head
and neck) for research and innovation collaboration
across the fields to address the critical and urgent
biodental/biomedical concerns. In particular, this special
issue assembles six original contributions presenting
recent advances in biomechanical properties of peri-
odontal tissues and metal-based biomaterials, as well as
stimulating mathematical modeling methods as funda-
mental and expedited analytical tools, for clinical use.
Different areas of engineering solutions, once more,
clearly support the previously mentioned growing need
and our hope to bridge the disciplinary communication
and collaboration gap, through this contribution.

In no particular order, the paper by C. Sinescu et al.
entitled “Mechanical Properties of the Periodontal System
and of Dental Constructs Deduced from the Free Response
of the Tooth” explores the biomechanical behavior of the
periodontal ligament (PDL), the fibrous connective and
neurovascular tissue that connects the dentition (cementum
part of the root of an individual tooth) to the surrounding
alveolar bone, for proper and healthy support of mastication
and nutritional intake, among other key oro-dental func-
tions detrimental for an overall general health, well-being,
and quality of life. By analyzing clinical and mathematical
studies, the authors introduce a new method for the eval-
uation of biomechanical and elastometric parameters of the
tooth-PDL system, using an ultrasound probe, in different
clinical scenarios and conditions.#is study presents a linear
model in good accordance with physical phenomena that
would help the dentist and/or prosthodontist (oro-dental
rehabilitation specialist) provide better prosthesis (such as
crowns and bridges) and postoperative care for the patient,
to help prevent periodontal and/or masticatory diseases or at
least arrest the adverse consequences on the well-being of the
patient.

L. Bai et al. in the paper entitled “Mechanical Charac-
terization of 3D-Printed Individualized Ti-Mesh (Mem-
brane) for Alveolar Bone Defects” describe the importance
of sufficient bone volume in implant dentistry, in both the
horizontal and vertical dimensions, and how it plays a vital
role in achieving long-term esthetic and functional results.
Herein, using computer-assisted design and additive
manufacturing technology, a custom-made (personalized/
case-by-case) titanium (Ti) mesh is developed. It is deemed
superior to conventional and commercially available
meshes, taking into consideration, via three-dimensional
finite element analysis, the effect of pore size and thick-
ness on the mechanical properties of the Ti mesh, as well as
variances in size and anatomical location of bone defects.
Clinically, this original effort might eventually translate to
shortening the duration of the surgical procedure(s) as well
as minimizing if not alleviating or eliminating the risk of
postoperative infections, a fine example of multidisciplinary
healthcare engineering research.

#e paper entitled “Bone Loss around Dental Implants
5 Years after Implantation of Biphasic Calcium Phosphate
(HAp/βTCP) Granules” by V. Klimecs et al. deals with
implant dentistry as well and addresses the issue of alveolar
bone loss around dental implants, clinically, and its impact
on dental implant therapy failure. For this purpose, the
authors developed and used combinatorial bioceramic
granules as a filler biomaterial in eighteen patients suffering
peri-implantitis, an infectious disease that causes an in-
flammatory process in soft tissues and bone loss around an
osseointegrated implant. Clinical evaluation and radiological
(3D cone-beam computed tomography) measurements were
done, after a 5-year period, to compare the situation before
and after treatment of peri-implantitis with the use of dif-
ferent bioceramic materials (pure calcium hydroxyapatite vs.
combined hydroxyapatite and β-tricalcium phosphate). #is
is a registered clinical trial, providing densitometry and
mineralization data of bone structures.

On the contrary, S. Wang et al., in the article entitled
“Automatic Analysis of Lateral Cephalograms Based on
Multiresolution Decision Tree Regression Voting,” de-
veloped a fully automatic system to aid in the analysis of
cephalograms, a traditional, conventional, and standard
two-dimensional radiological X-ray of the craniofacial area
(lateral side of the head) often used in orthodontic and
orthognathic areas to assess and predict craniofacial
growth. It is also commonly used for clinical orthodontic
diagnosis and oromaxillofacial treatment planning pur-
poses. Lateral cephalograms often require a specialist to
analyze and identify specific landmarks. Herein, a new
framework for landmark detection in lateral cephalograms
with low-to-high resolutions is designed. #e algorithmic
method employs multiscale decision tree regression voting
in landmark detection, in each image resolution (low vs.
high). Patch feature extraction is based on scale-invariant
feature transform algorithms. Basically, information can be
extracted to predict the positions of the anatomical
structure involving the specific landmarks (45, double the
landmarks often detected by benchmark databases), with a
decent average of 72% successful detection rate within a
precision range of 2.0mm. #is is another fine example of
“outside-the-box” multidisciplinary and multinational
collaborative novelty for engineering solutions in health.

Likewise, the paper by D. Xu et al. entitled “Interactive
Compliance Control of a Wrist Rehabilitation Device
(WReD) with Enhanced Training Safety” is an inordinate
illustration of different disciplines and areas of research
coming together. It deals with human-robot interactive tasks
(and interaction control), robot-assisted rehabilitation so-
lutions, and physical therapy, to improve the safety and
efficacy of training and compliance adaptation of in-
teraction, as are vital for enabling robotic or robot-specific
movements to better suit the varying and/or personalized
requirements of individual patients. Herein, this work
proposes an interactive compliance control scheme on a
wrist rehabilitation device, with satisfactory trajectory
tracking responses. Interestingly, this interactive compliance
control method can adaptively adjust the range of training
motions and encourage active engagement from human
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users simultaneously, opening doors wide for more clinical
applications. It is perhaps worth mentioning, for the in-
terested reader, that the interactive compliance control of the
wrist rehabilitation device was achieved based on an ad-
mittance law (where the device deviates from the reference
trajectory in the presence of patient-robot interaction nev-
ertheless is also still following the reference trajectory—read
article for more inspiring details!) due to the availability of
direct measurement of the interaction torque.

Last but not least, G. P. Panotopoulos et al. revisit the
controversial issue of cell migration and cell-to-cell com-
munications in the article entitled “Non-Motile Single-Cell
Migration as a Random Walk in Non-Uniformity: #e
“Extreme Dumping Limit” for Cell-to-Cell Communica-
tions.” Single-cell movement as a random walk in an ex-
ternal potential, observed within the extreme dumping limit
(defined herein as the extreme nonuniform behavior ob-
served for cell responses and cell-to-cell communications), is
mathematically modeled in this work. #e authors attempt
to solve the Fokker–Planck equation in order to compute
higher “moments” of the displacement of the cell and then
build experimentally measurable quantities. Seemingly, the
dynamics depend, every time, on the external force applied,
leading to predictions distinct from standard results of a free
Brownian particle. #is demonstrates that cell migration
viewed as a stochastic process is still compatible with bi-
ological and experimental observations without the need to
rely on more complicated or sophisticated models pre-
viously proposed in the literature. #e derived model and
equation could be potentially beneficial to explain cellular
migration during relevant biological processes, including
wound healing, inflammation, and embryonic development,
via a minimalistic approach.

Finally, while we believe and aspire that this special issue
will be useful and inspiring for scientists, researchers, en-
gineers, and clinical practitioners involved in healthcare
engineering solutions, it is recommended to pay special
attention to the potentially impactful role of applied bio-
dental tissue engineering, drug/gene delivery (controlled
and metered systems) and cell therapy, image-guided and
-assisted surgery, and nanoDentistry and green dentistry,
towards developing better solutions for problems and
conditions of the oro-dental and cranio-maxillo-facial
complex.
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Interaction control plays an important role in rehabilitation devices to ensure training safety and efficacy. Compliance adaptation
of interaction is vital for enabling robot movements to better suit the patient’s requirements as human joint characteristics vary.
+is paper proposes an interactive compliance control scheme on a wrist rehabilitation device (WReD) for enhanced training
safety and efficacy. +is control system consists of a low-level trajectory tracking loop and a high-level admittance loop. Ex-
periments were conducted with zero load and human interaction, respectively. Satisfactory trajectory tracking responses were
obtained, with the normalized root mean square deviation (NRMSD) values being 1.08%with zero load and the NRMSD values no
greater than 1.4% with real-time disturbance and interaction from human users. Results demonstrate that such an interactive
compliance control method can adaptively adjust the range of training motions and encourage active engagement from human
users simultaneously. +ese findings suggest that the proposed control method of the WReD has great potentials for clinical
applications due to enhanced training safety and efficacy. Future work will focus on evaluating its efficacy on a large sample
of participants.

1. Introduction

According to a report from American Heart Association, 33
million stroke cases happened worldwide in 2010, with 16.9
million people having a first stroke [1]. In the United States,
more than 700,000 people suffer a stroke each year, and
approximately two-thirds of these individuals survive and
require rehabilitation [2]. In New Zealand (NZ), there is an
estimated 60,000 stroke survivors, and many of them have
mobility impairments [3]. Stroke is the third reason for
health loss and takes the proportion of 3.9 percent, especially
for the group starting on middle age, suffering the stroke as a
nonfatal disease in NZ [4]. Stroke is also a serious disease in
Europe: 200 to 300 of 100,000 people in Europe suffer from a

stroke as new sufferers, and approximately 30% survive with
motor deficits [4]. In China, approximately 1.6 million
people die of stroke annually, in a total population of 1.4
billion people [5]. In general, stroke has a great adverse
impact for many people worldwide, regardless of ethnic
groups and regions.

Professor Caplan who studies Neurology at Harvard
Medical School describes stroke as a term which is a kind of
brain impairment as a result of abnormal blood supply in a
portion of the brain [5]. +e brain injury is most likely
leading to dysfunctions and disabilities. +ese survivors
normally have difficulties in activities of daily living, such as
walking, speaking, and understanding, and paralysis or
numbness of the human limbs. +e goals of rehabilitation
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are to help survivors become as independent as possible and
to attain the best possible quality of life.

Physical therapy is conventionally delivered by the
therapist and requires a one-to-one physical therapist to do
manual interactions with patients. While this has been
demonstrated as an effective way for motor rehabilitation
[6], it is time consuming and costly. Treatments manually
provided by therapists require to take place in a specific
environment (in a hospital or rehabilitation center) and may
last several months for enhanced rehabilitation efficacy [7].
A study by Kleim et al. [8] has shown that physical therapy
like regular exercises can improve plasticity of a nervous
system and then benefits motor enrichment procedures in
promoting rehabilitation of brain functional models. It is a
truth that physical therapy should be a preferable way to take
patients into regular exercises and guided by a physical
therapist, but Chang et al. [9] showed that it is a money-
consuming scheme. While manual physical therapy plays a
crucial role in the recovery from a stroke, it is likely to
provide a lack of consistency for objective assessment for
determining rehabilitative plans [10]. For this reason, the
industry has started to seek more solutions through the
manufacture of robotic technologies integrated into the
recovery process for supporting or substituting manual
therapy.

Robot-assisted rehabilitation solutions, as therapeutic
adjuncts to facilitate clinical practice, have been actively
researched in the past few decades and provide an overdue
transformation of the rehabilitation center from labor-
intensive operations to technology-assisted operations
[11]. Engineers and people from medical fields are making
tremendous efforts to make the rehabilitation robots safer
and more adaptable for the human body [12, 13]. +e robot
could also provide a rich stream of data from built-in sensors
to facilitate patient diagnosis, customization of the therapy,
and maintenance of patient records. As a popular neuro-
rehabilitation technique, Liao et al. [14] indicated that robot-
assisted therapy presents market potential due to quantifi-
cation and individuation in the therapy session. +e
quantification of robot-assisted therapy refers that a robot
can provide consistent training pattern without fatigue with
the given parameter. +e characterization of individuation
allows therapists to customize a specific training scheme for
an individual.

Upper extremity function is of paramount importance to
carryout various activities of daily living [15], in which the
human wrist plays a vital role when orienting of an object.
For the rehabilitation of the human wrist, a variety of robotic
devices have been developed in the past few decades [16].
Some rehabilitation robots have been developed by com-
bining the movement of both arm and wrist. +e MIT-
MANUS has been clinically demonstrated as an excellent
tool for shoulder and elbow rehabilitation on stroke patients
[17]. Krebs et al. [18] further developed a wrist rehabilitation
robot with three rotational degrees-of-freedom (DOFs).+is
wrist device can be operated stand-alone or mounted at the
tip of the MIT-MANUS. Faghihi et al. [19] constructed a
three DOFs wrist robot by using a similar structure as the
work by Krebs et al. [18]. +ey only introduced the design

and fabrication of the wrist robot without the introduction
of a control system. Toth et al. [20] clinically validated the
safety and efficacy of the REHAROB in helping spastic
hemiparetic patients with passive physiotherapy. +is robot
was built from two industrial robots, which is not cost ef-
fective. Oblak et al. [15] developed a universal haptic device
that enables rehabilitation of either arm or wrist movement
depending on locking or unlocking of a passive universal
joint. Some portable devices were developed with the focus
on rehabilitation of the wrist joint. Colombo et al. [21]
proposed a single-DOF rehabilitation robot for flexion and
extension of the wrist joint.+is device is actuated by a direct
current motor with the integration of a torque transducer
and a potentiometer in providing feedback signals, which
allows the implementation of advanced interactive training
strategies. Khor et al. [22] developed a single-DOF device
that can enable wrist and forearm training in different
configurations. +is device has not been controlled with
advanced interaction modes, while it has advantages of cost
effectiveness and portability.

+is paper proposes an interactive compliance control
scheme on a wrist rehabilitation device (WReD) for en-
hanced training safety and efficacy. +is control system
consists of a low-level trajectory tracking loop and a high-
level admittance loop. Experiments were conducted with
zero load and human interaction, respectively, to evaluate
the dynamic performance of the control system. +is
paper is organized as follows. Following the Introduction,
a description of theWReD development is given, as well as
its trajectory tracking control system with/without
compliance adaptation. +e control stability is also ana-
lyzed and presented. +e section of Experimental Results
is introduced next, with the Discussion and Conclusion at
last.

2. Methods

2.1. Wrist Rehabilitation Device (WReD). +e wrist joint
anatomically possesses two DOFs: flexion and extension
and abduction (radial deviation) and adduction (ulnar
deviation) [23]. +e WReD presented in this study
functions only for wrist flexion and extension re-
habilitation training. While this device can be reconfig-
ured into wrist training of radial/ulnar deviation, this does
not affect the study design in evaluating the proposed
control scheme.

+e prototype of WReD has been built and reported in
our previous work [24], as in Figure 1, where Figure 1(a) is
the three-dimensional (3D) model of the device created in
SolidWorks, Figure 1(b) shows its use on a healthy subject,
and Figure 1(c) is the control box. +e WReD mainly
consists of three components (the base module, the ac-
tuation module, and the arm-hand module). +e base
module acts as a foundation to support the actuation and
the arm-hand module. It consists of the bottom base and
three vertical support bars. +e motor and two-stage
reduction gear box comprise the actuation module. +e
arm-hand module consists of the arm holder, the handle
holder, and the handle. +e handle can be designed to be
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subject-specific based on the requirement.+e mechanical
limit part is set to avoid excessive rotation of the handle
for safety reasons. Some bearings are also set to allow low
friction motion transmission between the rotational axis
and the base module. Before training, the human users
will be instructed to make appropriate adjustments for
their hands, including grabbing the handle though the
handle holder, placing forearms on the arm holder, and
fixing forearms with Velcro straps.

+e electrical components of the WReD consist of a DC
motor (EC 45, Maxon), a motor driver (ESCON 50/5,
Maxon), a static torque sensor (JNNT 25°Nm, Zhong-
wan), a magnetic rotary encoder (AS5048A, AMS), and an
embedded controller (National Instruments myRIO-1900).
+e ESCON driver, myRIO controller, and the transmitter
of the torque sensor are set in the control box as shown in
Figure 1(c). +e motor EC 45 nominally outputs
83.4°mNm, through the gear box with reduction ratio 1 :
300, and there is an estimated torque output of 25.02°Nm.
With the consideration of the transmission efficiency being
0.7614, the WReD can have a torque output of 19.05°Nm at
the end effector (also the handle). +e torque sensor is
installed between the output shaft of the actuation module
(through the coupling) and the handle holder, for mea-
suring the torque of human and robot interaction. A
magnetic rotary sensor is installed on the shaft of the
handle holder for measuring the angular position of the
human hand in real time. An emergency stop is also set to
ensure training safety. Predefined data and those from the
electrical components of the WReD communicate with a

computer through the embedded controller (myRIO-
1900).

2.2. Control System. +e trajectory tracking control of the
WReD is the basis of a variety of robot-assisted rehabilitation
exercises. It can be directly used for passive training on
patients with weak active motor ability. Tracking desired
trajectories is not only a simple but also an effective
method for rehabilitation applications [25]. Introducing
compliance to trajectory tracking control can lead to
enhanced training comfort and safety and also allows
active engagement for better rehabilitation efficacy [26–
28]. Compliance control is an important element during
the interaction between patients and robots, since the
interaction torque needs to be in a safe range. Meanwhile
the position of the robot should also be controlled in the
same way to minimize the follow error during the tra-
jectory tracking [29]. Impedance control describes the
dynamic relation between position and torque well and do
not require accurate knowledge of the external environ-
ment when compared to the other methods, such as
hybrid force and position control [17, 29]. +erefore, this
technique has been broadly implemented in rehabilitation
robots.

Due to the large variability in human wrist character-
istics and lack of accurate information of the environment,
this paper proposes a two-level control system for trajectory
tracking control of the WReD with compliance adaption, as
in Figure 2. In the low level, a closed loop system is used to

Bottom base
Torque sensor

Coupling

Motor and
gearbox

Handle holder
Handle

Magnetic rotary sensor Mechanical limit part

Arm holder
Support bar

(a)

Emergency stop

(b)

Control box

(c)

Figure 1: +e WReD system. (a) +e 3D model, (b) its use on a healthy subject, and (c) the control box.
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achieve trajectory tracking by comparing desired trajectory
from the high-level controller and actual trajectory measured
from themagnetic rotary sensor. To allow trajectory generation
with compliance adaptation, an admittance law is adopted in
the high level. In general, the high-level controller dynamically
adjusts the desired trajectory based on the feedback of the
measured interaction torque and sends the angular position
command to the low-level controller as an input signal.

In the high level, a reference trajectory can be defined
by a physiotherapist or based on pilot tests, denoted as
θr(t). +e admittance control law is proposed as in
equation (1), where θr(t) and θd(t) represent the reference
trajectory and the recalculated desired trajectory, re-
spectively, and Ti(t) is the patient-robot interaction torque,
B and K respectively represent the damping and stiffness
coefficients, and M is the inertia tensor. In this study,
parameter M and B are assumed to be negligible due to
low-velocity movement environment and low friction of
the bearings. +us, equation (2) can be derived. With the
knowledge of the inertial property of the WReD, the de-
sired trajectory position θd(t) can be derived. In this study,
further in the middle level, the measured trajectory position
θm(t) is compared with θd(t) for error in equation (3).
Lastly, the error e(t) is input to the PID controller, and the
required speed of the motor v(t) can be calculated
according to equation (4) with well-tuned Kp, Ki, and Kd.
+e parameter K in equations (1) and (2) is an indication of
the device compliance. Specifically, the training with this
controller can be considered to be completely passive when
K is infinite, leading to θd(t) approximately equal to θr(t).
With the variable K decreasing, the participant gets to be
able to change the compliance of the WReD with real-time
human-robot interaction. +e less the K is, the more
compliance the device has, thus the participant can affect
the predefined trajectory more easily.

Ti(t) � M( €θd(t) − €θr(t) + B _θd(t) − _θr(t) 

+ K θd(t)− θr(t)( , (1)

θd(t) � θr(t) +
Ti(t)

K
, (2)

e(t) � θd(t)− θm(t), (3)

v(t) � Kpe(t) + Ki 
t

0
e(t) dt + Kd

de(t)

dt
. (4)

2.3. Stability Analysis. To ensure the safety of the proposed
compliance control strategy, it is essential to conduct sta-
bility analysis. Equation (1) can be transformed to equation
(5), where θi(t) � θr(t)− θd(t), θi is the position disturbance
when the human wrist interacts with the WReD. With the
initial condition θi(0) � 0, _θi � 0, the transfer function (6) of
the proposed compliance controller can be obtained through
Laplace transformation. +us equation (6) can be written as
equation (7) to describe the relationship between the output
and the input.

Ti(t) � −M €θi(t) + B _θi(t) + Kθi(t), (5)

Ti(s) � − Ms
2

+ Bs + K X(s), (6)

G(s) �
X(s)

Ti(s)
� −

1
Ms2 + Bs + K

. (7)

+e complex eigenvalue analysis method is a useful tool
for analyzing the stability of control systems, which requires
the calculation of the system’s complex eigenvalues. +e
corresponding characteristic equation of equation (7) can be
written as follows:

Ms
2

+ Bs + K � 0. (8)

An eigenvalue of equation (8) is in complex form of
α + jω, where α is the real part of s, which indicates the
stability of the system and ω is the imaginary part of s, which
indicates the modal frequency [30]. +e eigenvalues of
equation (8) can be obtained as follows:

s �
−B ±

���������
B2 − 4MK

√

2M
. (9)

With B> 0 and K> 0, it is obviously seen that the system
is stable with both eigenvalues in the left-half of the complex
plane. +e stability level depends on the real parts of ei-
genvalues. +erefore, the controller parameter design is
critical to achieve a stable control system.

To visualize the stability status, the Bode diagram method
is adopted. To conduct stability analysis with different
compliance levels, the variable K was set with different values.
Pretests were conducted, and it was found that when the robot
compliance has significant differences when K is 0.8 or 1.6. A
sequence of pretests was also carried out with the different
values ofM and B. From the Bode diagrams, the phasemargin
plots can be obviously presented when M� 0.15 and B� 0.2.
By using this method, the controller parameters are assumed
with two groups according to the compliance difference:

Maxon controller Wred

M–1

B

∫∫

K

PID

Handle

Ti Stactic torque sensor

Magnetic rotary encoderθm

Measured human-robot interaction torque

High-level trajectory adaptation Low-level trajectory tracking
θr

θd

Figure 2: +e control diagram of the WReD.
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M� 0.15, B� 0.2, and K� 0.8 and M� 0.15, B� 0.2, and
K� 1.6. +e Bode diagrams of the proposed compliance
controller are presented in Figures 3(a) and 3(b). In the case of
K� 0.8, it shows the phase margin c � 40.2° with the gain
crossover frequency ωC � 4.2 rad/s. While in the case of
K� 1.6, the phase margin is c � 50.5° with the gain crossover
frequency ωC � 3.9 rad/s. Since both of the phase margin
plots do not cross with −180°, the gain margins become
infinity. According to the Bode stability criterion [31], the
minimum phase system is stable with the phase margin c> 0
and the phase margin h> 1. Back to the compliance controller
part, it is a minimum phase system since both eigenvalues are
in the left-half of the complex plane. +erefore, the com-
pliance controller part is stable.

2.4. Participants and Training Protocol. To preliminarily
evaluate the performance of the proposed control system on
theWReD, a healthy subject volunteered to participate in the
test in a lab environment. +e participant is male with the
age of 27 years old, 170 cm height, and 65 kg body weight.
Before the training, the actual range of motion (ROM) of the
wrist joint was measured for safety. +e healthy subject
followed the training instructions well and had no confusion
in using the WReD. +e test was under the supervision of
experienced clinical personnel and engineers.

Passive training has been demonstrated as an effective
way to induce quick recovery and expand joint ROM
[32, 33]. Trajectory tracking is a conventional method used
to investigate the performance of passive motions. In this
study, the training trajectory is set as a sine wave piecewise
function, as in equation (5), which allows the training to be
slow at wrist flexion/extension limited position for comfort
and safety. Based on the measurements by using traditional
goniometers, the participant has the wrist flexion up to 80°
and the wrist extension up to 65°. +is is consistent with
published data of normal wrist range of motion 0–80° for
flexion and 0–70° for extension [23]. Here, it is defined the
wrist flexion for negative and extension for positive. +us,
the parameter Aext in equation (5) is set as 65° and Afle as
−80°. +e frequency f is set to be 0.05Hz. In equation (4),
the parameters Kp, Ki, and Kd are tuned by using Cohen
Coon method [34] to be 0.3, 0.6, and 0 for tracking desired
trajectory θd(t).

θr(t) �
Aext sin(2∗ pi∗f∗ t), when θm(t)≥ 0,

Afle sin(2∗ pi∗f∗ t), when θm(t)< 0.


(10)

To validate the trajectory tracking responses and whether
the proposed controller is capable of changing the compliance
of theWReD, four experiments were conducted with each for
10 cycles. Experiment 1 was conducted with zero load using
only trajectory tracking control (without trajectory adapta-
tion). By the same control method, Experiment 2 was con-
ducted with the hand of the participant on. Experiments 3 and
4 were conducted to check whether the proposed method is
capable of changing the compliance of the WReD, with the
parameter K being 0.8 and 1.6, respectively. During these

experiments, the healthy subject was verbally encouraged to
relax his wrist during passive training.

3. Experimental Results

+e trajectory tracking response of Experiment 1 is pre-
sented in Figure 4 by using MATLAB R2016a, where the
dark line sine wave is the desired trajectory, the dotted red
line is the measured trajectory, the blue line is the error as in
equation (3), and the dark line in the bottom plot is the
measured torque from the torque sensor. Without external
load, the desired trajectory compares well with the desired
trajectory. To allow quantitative analysis of the trajectory
tracking performance under this control method, the sta-
tistical results are given in Table 1, with the error ranging
from −2.998° to 3.074°, the root mean square deviation
(RMSD) being 1.5682°, and the normalized root mean
square deviation (NRMSD) being 1.08%. Figure 4 also shows
only a slight variation of the interaction torque throughout
the training. +is is due to the lack of human-robot in-
teraction, and the small variation is caused by friction be-
tween the arm-hand module and the actuation module. As
statistical results in Table 1, the mean of absolute torque
value (MATV) is only 0.152°Nm.

Figure 5 presents the trajectory tracking response of
Experiment 2, using the same control method as that in
Experiment 1. During the whole process, the participant was
encouraged to relax and did not apply intentional active
force on the handle. To allow quantitative comparison with
Experiment 1, statistical results are also given in Table 1. +e
trajectory tracking error ranges from −3.054° to 3.110°, the
RMSD value is 1.5767°, and the NRMSD value is 1.08%. By
comparing with the interaction torque presented in Figure 4
and Table 1, there is more obvious torque variation during
each cycle of training, with the MATV value being
1.825°Nm. +is is caused by the resistance when the wrist is
at limited joint position. Experiments 1 and 2 both show
satisfactory trajectory tracking performance, with the
NRMSD value being 1.08%.

To evaluate the proposed control method, especially the
high-level trajectory adaptation method to adjust the
compliance of the WReD, Experiments 3 and 4 were con-
ducted with the same participant. +e parameter K in
equation (2) represents the stiffness coefficient of theWReD.
Experiment 3 has the K value of 0.8, and trajectory tracking
response is presented in Figure 6. In the top plot, the dark
line is the desired trajectory after adaptation from the ref-
erence sine wave trajectory (plotted in green), the dotted red
line is the measured trajectory, and the blue line is the error
of the trajectory tracking. As summarized in Table 1, the
trajectory tracking error ranges from −12.784° to 7.998°, the
RMSD value is 2.0879°, and the NRMSD value is 1.4%.
Experiment 4 has the K value of 1.6, and trajectory tracking
response is shown in Figure 7. As summarized in Table 1, the
trajectory tracking error ranges from −6.081° to 5.211°, the
RMSD is 1.6211°, and the NRMSD is 1.12%. It was found that
the desired trajectory was adapted based on the interaction
torque with respect to the reference trajectory.
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Figure 3: +e Bode diagrams of the proposed compliance controller with two different configurations: (a) M� 0.15, B� 0.2, and K� 0.8;
(b) M� 0.15, B� 0.2, and K� 1.6.
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Figure 4: +e trajectory tracking responses of Experiment 1 (zero load).

Table 1: Experimental results of the tracking responses of all experiments.

MinError (°) MaxError (°) RMSD (°) NRMSD (%) MATV (Nm) NRMSD∗ (%)
Zero load Experiment 1 −2.998 3.074 1.5682 1.08 0.152 NA
Passive training Experiment 2 −3.054 3.110 1.5767 1.08 1.825 NA

Interaction training K� 0.8 Experiment 3 −12.784 7.998 2.0879 1.4 3.669 4.13
K� 1.6 Experiment 4 −6.081 5.211 1.6211 1.12 4.446 2.24

Note. MinError is the maximum tracking error in negative direction, which is numerically minimum; MaxError is the maximum tracking error in positive
direction, which is numerically maximum. RMSD: root mean square deviation; NRMSD: normalized root mean square deviation; MATV: mean of absolute
torque value; NRMSD∗ represents the NRMSD value of the adapted desired trajectory θd(t) with respect to the reference trajectory θr(t); NA: not applicable.
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Furthermore, to analyze the experimental results pre-
sented in Figures 6 and 7 and Table 1, while Experiment 3
has a smaller interaction torque with the MATV of
3.669°Nm, it presents a larger NRMSD∗ value (4.13%) of the
trajectory adaptation. +is demonstrates that the control
method with K value being 0.8 has more compliance with
respect to Experiment 4 (K� 1.6). As the stiffness coefficient
of the WReD increases, the training can be considered to
approach to passive mode, similar to Experiment 2. In terms
of the trajectory tracking accuracy of Experiments 3 and 4,
the latter has a better tracking performance than the former,
with NRMSD values being 1.12% and 1.4%, respectively.

+is finding is reasonable since the WReD system with more
compliance is more susceptible to external disturbance,
which is also reflected in Table 1 with the MinError of
Experiment 3 up to 12.784°. +e data for Experiment 1, 2, 3,
and 4 are included within the supplementary information
files to support the findings of this study.

4. Discussion and Conclusion

+is paper presents the development of the WReD and a
compliance control method for comfortable and safe
human-robot interaction. By contrast with existing wrist
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Figure 6: +e trajectory tracking responses of Experiment 3 (K� 0.8).
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Figure 7: +e trajectory tracking responses of Experiment 4 (K� 1.6).
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Figure 5: +e trajectory tracking responses of Experiment 2 (passive training).
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rehabilitation robots [15, 18, 22], the WReD is portable for
use in hospital or home environment due to its reconfig-
urable structure design. In this study, the WReD is con-
figured for the rehabilitation training of wrist flexion and
extension, as shown in Figure 1, since wrist flexion and
extension are worth 70% of total wrist function [35], and
training therapy along this direction is more commonly used
than that of radial and ulnar deviation. It is worth men-
tioning that the WReD can be easily reconfigured for
training of wrist radial and ulnar deviation by rotating the
handle to a vertical posture along the handle holder.
However, this is not the focus of this study. More impor-
tantly, this has no effect on the experiment design as well as
the feasibility evaluation of the proposed control method.
+is study presents experimental validation of the proposed
interactive compliance control with satisfactory perfor-
mance, summarized in Table 1. While tests were conducted
only with wrist flexion and extension, it is reasonable to
predict that the proposed method will also apply to the
training of wrist radial and ulnar deviation.

Human-robot interactive tasks cannot be handled by
pure motion control that generally rejects forces exerted by
human users as disturbances. +e impedance control
scheme is mostly considered as the basis of interactive ro-
botic training. It has been widely adopted in rehabilitation
robots [29, 36] to obtain user comfort and enhance the
training safety. +ere are two ways of implementing im-
pedance control based on the controller causality: imped-
ance control (force- or torque-based method) and
admittance control (position-based method) [37–39]. While
both implementations were referred to as impedance control
by Hogan [40], we make a distinction since this is highly
relevant to the work presented in this study. +e impedance
controller takes a displacement as input and reacts with a
force, while in an admittance control mode, the controller is
an admittance and the manipulator is an impedance [28].
+e interactive compliance control of the WReD was
achieved based on an admittance law due to the availability
of direct measurement of the interaction torque. Under
admittance mode, the WReD deviates from the reference
trajectory in the presence of patient-robot interaction but is
otherwise following the reference trajectory.

Experiments were conducted by implementing the tra-
jectory tracking combined with compliance control. As the
statistical results in Table 1, the proposed compliance control
method has a satisfactory trajectory tracking accuracy, with
all NRMSD values no greater than 1.4%. +e stability of the
compliance controller was analyzed by calculating the
complex eigenvalues and also has been validated with the
sufficient phase margin and gain margin according to the
Bode stability criteria. Different stiffness coefficients were
manually set to evaluate the effect on the compliance of the
presented control method. +e introduction of the com-
pliance control method can make robot-assisted wrist re-
habilitation training more comfortable and safer by avoiding
excessive interaction torque on human wrists.

While experiments have been conducted with satisfac-
tory compliance and trajectory tracking performance, this
study suffers from some limitations. First, the developed

WReD can be further improved for clinical applications.
Some measures should be taken to address the issue of
misalignment between the device and the human wrist and
to comfortably fix human arms preventing relative move-
ments. +is may have affected the measurement of the
position and interaction torque of human wrists. Second, to
achieve better control performance, the inertial property of
the WReD should be considered in equation (1), as well as
the inertial property of human hands. +ird, this study has
only one participant for such a preliminary test; more
subjects with hand disabilities should be encouraged and
recruited in future tests.

Future work will focus on the improvement of the WReD
in terms of its functionality and clinical evaluation. Mechan-
ically, we will consider designing different handles for use on
different patients, addressing the misalignment issue, also
adding another actuation module for multiple dimension
training. For applications, this device can be used for not only
rehabilitation training, but also assessment purpose in mea-
suring wrist stiffness and ranges of motion. Its efficacy for
assessment will be investigated next. Directly following this
study,more research is needed to improve the robustness of the
proposed interactive compliance control scheme to external
disturbances and involuntary human-robot interaction. Future
work will also consider proposing a high-level algorithm to
enable automatic K value tuning.

To summarize, this paper proposes an interactive com-
pliance control scheme on the WReD for enhanced training
safety and efficacy. +is control system consists of a low-level
trajectory tracking loop and a high-level admittance loop.
Experiments were conducted with zero load and human
interaction, respectively. Satisfactory trajectory tracking re-
sponses were obtained, with the NRMSD values being 1.08%
with zero load and the NRMSD values no greater than 1.4%
with real-time disturbance and interaction from the human
user. +e interactive compliance can be adjusted in subject
specific by setting different stiffness coefficients of the control
system. Results demonstrate that such an interactive com-
pliance control method can adaptively adjust the range of
training motions and encourage human users’ active en-
gagement. +ese findings suggest that the proposed control
method of the WReD has great potentials for clinical ap-
plications due to enhanced training safety and efficacy.
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Individualized titanium mesh holds many advantages over conventional mesh. /ere are few reports in the literature about the
effect of mesh pore size and mesh thickness on the mechanical properties of titanium mesh. /is study is designed to develop an
individualized titaniummesh using computer-assisted design and additive manufacturing technology./is study will also explore
the effect of different thicknesses and pore sizes of titaniummesh on its mechanical properties through 3D FEA. According to this
study, the mechanical properties of titanium mesh increased when the thickness decreased (0.5mm to 0.3mm). With an increase
in mesh diameter (3mm to 5mm), the mechanical properties of mesh decreased./e diameter of titaniummesh has less influence
on its mechanical properties than does the thickness of the mesh. Titaniummesh with a thickness of 0.4mm is strong enough and
causes less stimulation tomucosa; therefore, it is more suitable for clinical use. In addition, parameters of titaniummesh should be
decided clinically according to bone defect size, defect location, and force situation.

1. Introduction

Adequate bone volume in both horizontal and vertical di-
mensions plays a vital role in achieving long-term aesthetic
and functional results in implant dentistry [1]. However, in
our daily work, many patients suffer from horizontal or
vertical bone deficiency, especially in cases of long lasting
edentulous ridges or bone defects caused by trauma.
Resorbed alveolar bone is often not sufficient to place dental
implants during a prosthetic-driven procedure and fre-
quently jeopardizes the successful outcome of an ideal
implant placement. To achieve appropriate positioning of
dental implants, a number of augmentation strategies have
been developed to augment new bone growth, including
distraction osteogenesis, block bone graft, and GBR. /e
process of distraction osteogenesis is complex, and com-
pensatory bone resorption after the surgery cannot be
avoided because it frequently leaves undesirable tissue
scarring [2]. Autogenous onlay bone grafting is an advan-
tageous technique for alveolar reconstruction because of its

ability to provide sufficient bone volume and because of its
biocompatibility./erefore, it still remains the gold standard
in reconstructive surgery. Nevertheless, the preference for
this method is lessened due to the need for a donor site to
harvest an autogenous bone graft, surgical complications,
the need for delayed implant placement, and compensatory
bone resorption after surgery [3]. GBR is one of the most
utilized methods, which uses a barrier membrane to isolate
the growth of soft tissue while promoting the priority of
bone tissue growth [4]. /e area with the bone defect is filled
with an autologous bone or bone compensatory material.
/e bone graft material may not be close to the bone defect,
and the defective anatomy and macrostructure of the bio-
material has a substantial influence on new bone formation.
In order for augmentation procedures to be successful, it is
imperative to stabilize the graft during healing, support the
osteogenic potential of the graft materials, and close the
primary soft tissue. A series of animal and clinical studies
have shown that GBR can predictably facilitate bone re-
generation in critical-sized bone defects [5–7]. However, it is
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hard to maintain a desired bone shape and volume during
the entire healing period for GBR especially for large
bone defects. Displacement and compression of the graft
material have been cited as relevant during the post-
operation period [8].

Since the introduction of Ti-mesh in 1969, titanium
mesh has received close attention and has been used ex-
tensively in the reconstruction of oral and maxillofacial
bone defects [9, 10]. Several advantages of titanium mesh
have been suggested. Titanium mesh is rigid enough to
maintain bone shape and volume, which is a basic pre-
requisite for any bone regeneration process. In addition,
the pores of titanium mesh play a significant role both in
maintaining vascular supply to a grafted defect from the
overlaying periosteum and in improving tissue integrity
[11]. However, manual shaping and bending, trimming,
and fixation are required to apply conventional titanium
mesh according to the individual defect. /ese processes
are manually challenging, time-consuming, and highly
influential with respect to the regenerative outcomes
[12, 13]. Furthermore, the corners and edges of these cut
and bended meshes can cause damage to the gingiva and
mesh exposure site [14].

During the past decade, rapid developments have been
made in CBCT technology and in additive manufacturing
technology. /ese developments have accelerated the
manufacture of complicated three-dimensional (3D) metal
devices [15, 16]. Personalized titanium mesh manufactured
by digital modelling and 3D printing technology can enable
optimal fit between themesh and the anatomical shape of the
alveolar bone. It can also reconstruct the 3D volume and
position of the bone accurately and allow the operation to be
planned in advance. By avoiding manual shaping and
pruning during the operation, the duration of the operation
can be greatly shortened.

An important criterion for the success of titanium mesh
seems to be its mechanical strength that can withstand the
desired load and space maintenance which is affected by its
thickness and pore size properties. However, the stiffness of
Ti-mesh may cause irritation to mucosa, resulting in
membrane exposure. Accordingly, a proper thickness and
pore size must be balanced with the likelihood of irritation
when using Ti-mesh. /e usual available thicknesses of ti-
taniummesh range from 0.1 to 0.6mm and have no uniform
specifications, neither does the pore size [17–23]. /e
thickness and pore size of titaniummesh could influence the
amount of new bone generated beneath the mesh; therefore,
careful selection of the appropriate pore size and thickness
can play a critical role in isolating the growth of soft tissue
and promoting bone tissue growth./e purpose of this study
was to design an individualized titanium mesh and to ex-
plore the effect of titanium mesh with different thicknesses
and pore sizes on its mechanical properties. In the present
study, we have designed and manufactured a customized
titanium mesh based on computerized tomography (CT) of
individual patients. /e designed titanium mesh with dif-
ferent diameters and thicknesses were explored based on
their mechanical strength through a three-point bending test
and FEA.

2. Materials and Methods

2.1. (ree-Point Bending Tests

2.1.1. Preparation of Test Specimen. Nine groups of standard
titaniummesh specimens with diameters of 3.0mm, 4.0mm,
or 5.0mm and thicknesses of 0.3mm, 0.4mm, or 0.5mm
were designed using 3-Matic software (Figure 1); the length
of the sample was 40mm, and the width was 10mm. /e
data were converted to a stereolithography (STL) file and
were transferred to an SLM-RP molding machine Laser-
CUSING® (Concept Laser GmbH, Germany). Finally, the
SLM products were obtained (Figure 2).

2.1.2. Standard Specimens Mechanical Testing. /e me-
chanical strength of titanium mesh was analysed using three-
point bending tests on standard specimens. After the etching
treatment and the polishing procedure, bending strength was
tested using GB/T14452-93. Nine groups of specimens were
fabricated with five specimens printed for each group (Fig-
ure 2)./e three-point bending tests were done on a universal
mechanical tester (C43.104.MTSLtd., China). /e strided
distance (Ls) was 10mm. /e compressive load was vertically
applied at a rate of 1mm/min. Constant pressure was applied
until the specimen was destroyed. /e peak force value of the
bending or breaking of each specimen was recorded. /e load
displacement curve was generated, and the bending strength
was calculated./e results were shown as themean± standard
deviation. Data were analysed statistically with analysis of
variance (one-way ANOVA) (SPSS 13) followed by a Tukey’s
post hoc analysis using a significance level of p< 0.05.

2.2. Customized Design for Titanium Mesh. Cone-beam
computerized tomography (CBCT) scans were taken of a
patient, with the patient’s approval. /e patient had anterior
teeth missing due to trauma, leaving a large bony defect.
Based on Digital Imaging and Communications in Medicine
(DICOM) data of the CBCT scan, a model of the patient’s
anatomy was established. /e software package Mimics 17.0
(Materialise, Leuven, Belgium) was utilized to convert the
slice data into a 3D model of the patient’s bone tissue, using
the system’s built-in threshold function./e 3Dmodel of the
patient’s mandible anatomy generated in the Mimics®software is demonstrated in Figure 3. /e 3D model created
in Mimics was saved as an STL (standard tessellation lan-
guage) file for further processing of the mandible and to
construct the titanium mesh model (Figure 4(a)). Steps
involved in customized titaniummesh design were as follows:
First, the missing teeth were arranged based on the patient’s
adjacent and opposite teeth (Figure 4(b)). Second, to de-
termine the required bone volume (horizontally and verti-
cally), the virtual surgical procedure placed the implants in the
atrophic edentulous area. Two implants (diameter of 3.4mm
and length of 10mm) were arranged on the basis of the
planned position of the missing teeth where insufficient bone
was available (Figure 4(c)). /ird, after the virtual positioning
of the dental implant, virtual bone augmentation (horizon-
tally and vertically) guided by the three-dimensional ideal
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location of the implant was taken (Figure 4(d)). To inhibit the
biological formation of pseudoperiosteum, an overcontouring
of 1.5mm of bone volume was devised in order to cover the
titaniummesh. Finally, the titaniummesh was designed using
Geomagic Studio software (Geomagic Company, NC, USA)
and the 3-Matic software (Figures 4(e) and 4(f))./e shape of
themesh weave wasmade as a triangle in order to increase the
contact area between the titanium mesh and the bone tissue.
To remove the possibility of creating a pathway for the
penetration of bacteria, the mesiodistal end of the titanium
mesh was separated from the adjacent tooth by at least 2mm.
In addition, the edge of the mesh was designed as smoothly as
possible to avoid postoperative mucosal exposure due to the
tension of the flap. /e screw holes for fixing the device were

also designed in the same manner. /e diameter of the holes
was set to 1.7mm. Two holes on the buccal side and one on
the lingual side were made for inserting the miniscrews with
which to affix the titanium mesh to the underlying cortical
bone and cancellous bone. Nine groups of individualized
titanium mesh with diameters of 3.0mm, 4.0mm, or 5.0mm
and thicknesses of 0.3mm, 0.4mm, or 0.5mm were designed
using 3-Matic software and Geomagic Studio software in the
same manner (Figure 5).

2.3. Standard Specimens FEA. /e 3D geometries of the
standard specimens were imputed to ANSYS software to
simulate the three-point bending test. Nine groups of 3D FE

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

Figure 1: Model of standard specimens with different thicknesses and diameters in 3-Matic: (a) thickness: 0.3mm, diameter: 3mm; (b)
thickness: 0.4mm, diameter: 3mm; (c) thickness: 0.5mm, diameter: 3mm; (d) thickness: 0.3mm, diameter: 4mm; (e) thickness: 0.4mm,
diameter: 4mm; (f) thickness: 0.5mm, diameter: 4mm; (g) thickness: 0.3mm, diameter: 5mm; (h) thickness: 0.4mm, diameter: 5mm; (i)
thickness: 0.5mm, diameter: 5mm.

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

Figure 2: SLM product of standard specimens with different thicknesses and diameters: (a) thickness: 0.3mm, diameter: 3mm; (b)
thickness: 0.4mm, diameter: 3mm; (c) thickness: 0.5mm, diameter: 3mm; (d) thickness: 0.3mm, diameter: 4mm; (e) thickness: 0.4mm,
diameter: 4mm; (f) thickness: 0.5mm, diameter: 4mm; (g) thickness: 0.3mm, diameter: 5mm; (h) thickness: 0.4mm, diameter: 5mm; (i)
thickness: 0.5mm, diameter: 5mm.
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models of standard titaniummesh of different diameters and
thicknesses were built (Figure 6). /e applied force was 30N
in an axial direction. /e data regarding stress, strain, and
displacement of the titanium mesh were outputted for
further analysis.

2.4. Individual Titanium Mesh FEA

2.4.1. Model Design. /e 3D geometries of the mandible
including the cortical bone and the cancellous bone were
modeled using Geomagic Studio software. /e bone graft

Figure 3: Preoperative CBCT scan and the 3D model of the patient’s mandible.

(a) (b) (c)

(d) (e) (f )

Figure 4: Steps involved in customized titanium mesh design using 3-Matic® and Geomagic Studio®: (a) mandible model; (b) arranged
missing teeth; (c) arranged dental implant; (d) virtual bone augmentation; (e, f ) models of titanium mesh.
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material that filled in bone defects was generated using 3-
Matic software. /e mucosa covering the mandible with an
average thickness of 2mm was also generated using Geo-
magic Studio software. /e titanium screws used to affix the
titaniummesh to the underlying cortical bone were designed
by SolidWorks® 12.0 (SolidWorks Corporation, Velizy-
Villacoublay, France). /e model of titanium mesh and
bone graft was meshed in 3-Matic and formatted with a .cdb
file for further processing. /e geometries of the cortical
bone, cancellous bone of mandible, mucosa, and titanium

screws were then calculated using the FE software ANSYS
(Swanson Analysis System Co., Houston, TX, USA). Nine
groups of 3D FE models of individualized titanium mesh
with different diameters and thicknesses were built (Fig-
ure 7). /e total number of elements and nodes is listed
in Table 1. /e titanium mesh and titanium screws were
made of Ti6Al4V titanium alloy. /e material properties of
cortical bone, cancellous bone, mucosa, soft callus, and ti-
tanium alloy were taken from the literature and are listed in
Table 2 [24–26].

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5: Individual titanium mesh with different thicknesses and diameters: (a) thickness: 0.3mm, diameter: 3mm; (b) thickness: 0.4mm,
diameter: 3mm; (c) thickness: 0.5mm, diameter: 3mm; (d) thickness: 0.3mm, diameter: 4mm; (e) thickness: 0.4mm, diameter: 4mm; (f) thickness:
0.5mm, diameter: 4mm; (g) thickness: 0.3mm, diameter: 5mm; (h) thickness: 0.4mm, diameter: 5mm; (i) thickness: 0.5mm, diameter: 5mm.

(a)

(b)

Figure 6: 3D FE models of standard specimens: (a) back view; (b) top view.
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2.4.2. Contact Management and Loading Conditions. To
simulate the intraoral situation precisely, the cortical bone
was bonded to the cancellous bone, and the mucosa and the
bone were considered fixed together./e titaniummesh was
affixed to the underlying cortical bone using titanium
screws, and the interface between bone and titanium screws
was presumed fixed. However, the interface between tita-
nium mesh and screws was not presumed fixed, nor was the
junction of titanium mesh and cortical bone, in order to
simulate the early stage of healing. /e mandibles were
constrained by the temporomandibular joint (TMJ) and
masticatory muscles. /ese muscles include the temporalis
and masseter muscle attachments at the lateral surface, and
attachments for the digastric, temporalis, lateral pterygoid,

and medial pterygoid muscles on the medial surface [24]. A
functional loading force of 100N in an axial direction was
applied. /e data regarding stress and displacement of the
titanium mesh were outputted for further analysis.

2.5. Fabrication of Designed Individualized Titanium Mesh.
/e data regarding customized mesh in a stereolithography
(STL) file for bone augmentation were directly fabricated
using a LaserCUSING® (Concept Laser GmbH, Germany).
Finally, the SLM products were obtained (Figure 8).

3. Results

3.1. (ree-Point Bending Test. /e peak force value (N) and
three-point bending strength (MPa) of the standard speci-
mens are shown in Table 3. As the thickness of the titanium
mesh increased, the maximum force value and the bending
strength of the titanium mesh increased. When the diameter
increased, the maximum force value and bending strength of
titaniummesh decreased (Figure 9)./e bending strength of
the 0.5mm group was highest, and the 0.3mm group was
lowest./ere was a significant difference in bending strength
among the different mesh thickness groups (p< 0.05). /e
bending strength of the 3mm group was highest, and the
5mm group was lowest. /ere was also a significant dif-
ference in bending strength among the different mesh di-
ameter groups (p< 0.05).

3.2. Standard Specimens FEA. With continual application of
a force of 30N, the maximum values of the three evaluated
parameters (deformation and von Mises stress and strain) of

(a) (b) (c)

(d) (e) (f )

Figure 7: 3D FE models of individual titanium mesh: (a) cancellous bone model; (b) cortical bone model; (c) mucosa model; (d) titanium
meshmodel; (e) mesh detail containing the titaniummesh, cortical bone, and cancellous bone; (f ) mesh detail containing the titaniummesh,
bone graft, cortical bone, and cancellous bone.

Table 1: Number of elements and nodes.

Materials Elements Nodes
Cortical bone 80044 18680
Trabecular bone 47076 11721
Titanium mesh 36757 11994
Titanium screws 41298 8609
Graft bone 218362 65596
Mucosa 28204 8527

Table 2: Material properties.

Materials Young’s modulus (MPa) Poisson’s ratio
Cortical bone 15000 0.3
Trabecular bone 1500 0.3
Titanium alloy 110000 0.3
Soft callus 0.2 0.167
Mucosa 1 0.37
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the standard specimens were compared within the different
diameter and thickness settings. /e maximum stress value (in
MPa), strain value, and deformation value in each model are
displayed in Figure 10. Among the ninemodels evaluated in this
study, the maximum stress value, deformation value, and the
maximum strain value were observed in specimens 5mm in
diameter and 0.3mm in thickness. /e minimum stress value,
deformation value, and the minimum strain value were ob-
served in specimens 3mm in diameter and 0.5mm in thickness.
/e results showed that the maximum value of stress and strain
as well as the deformation distributions had increased when the
thickness decreased (0.5 to 0.3mm). In addition, the level of
stress, strain, and the deformation distributions increased with
the increase in mesh diameter (3 to 5mm).

3.3. Customized Titanium Mesh FEA. /e pattern of stress
distribution was similar for all models (Figure 11). /e von
Mises criteria showed stress concentration of the titanium

mesh on the crest of the alveolar ridge and at the labial side
near the top of the alveolar ridge. However, the increase of
mesh thickness generated less concentrated stress, and the
maximum stress level decreased. All models presented a
similar pattern of strain distribution with contour lines of
different colours representing mesh strain (Figure 12). /e
results showed that the high strain value increased when the
thickness decreased. Furthermore, the high level of strain
increased with the increase in mesh diameter. As shown in
Figure 13, the displacement distribution patterns are shown as
contour lines of different colours to represent mesh dis-
placement with the bite force of 100N. /e increase of the
mesh diameter (3 to 5mm) tends to increase the displacement
tendency. However, the increase of mesh thickness (0.3 to
0.5mm) tends to decrease the displacement tendency. Among
the nine models evaluated in this study, the maximum stress
value and the maximum strain value were observed in
specimens 5mm in diameter and 0.3mm in thickness. /e
minimum stress value and the minimum strain value were
observed in specimens 3mm in diameter and 0.5mm in
thickness. Compared with change in thickness, the stress,
strain, and displacement of titanium mesh did not increase
much with the change of the pore size of themesh (Figure 14).

4. Discussion

/e current approach presented an innovative multidisci-
plinary protocol for designing individualized titanium mesh
based on prosthetically guided bone regeneration. We have
designed a customized titaniummesh from a patient’s CBCT
scan dependent on the desired implant positions. /e four
main advantages of this system were as follows. (i) Extensive
indications: current commercial flexible titanium meshes

(a) (b)

(c) (d)

Figure 8: SLM product of individual titanium mesh.

Table 3: /e maximum force value (N) and three-point bending
strength (MPa) (n � 5, x± s).

Diameter
(mm)

/ickness
(mm)

Maximum force
value (N)

Bending strength
(MPa)

3 0.3 8.00± 0.71 266.83± 23.59
3 0.4 20.74± 0.85 380.01± 21.24
3 0.5 42.71± 0.81 512.54± 9.66
4 0.3 6.97± 0.56 232.26± 18.58
4 0.4 18.53± 1.03 347.50± 19.33
4 0.5 37.03± 1.08 444.22± 12.98
5 0.3 5.26± 0.74 178.00± 20.99
5 0.4 13.37± 0.26 250.77± 4.81
5 0.5 7.58± 0.91 330.94± 10.88
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need to be fixed by implant and cannot be applied in cases of
severe bone deficiency. /e customized titanium could be
used in various types of bone defects, especially those with
large bone deficiency. (ii) /e individualized titanium mesh
fitted securely to the morphology of the alveolar bone, so the
surgeon did not need to trim or bend the mesh during the
operation. (iii) /e individualized titanium mesh designed
on the desired implant position allowed a definite size and
volume of augmentation. /is could minimize the required
amount of harvested or synthetic graft material. (iv) Round
and blunt edges of the customized titanium mesh were
developed to prevent mucosal irritation, resulting in a re-
duction of mesh exposure after operation.

/e study explored the effect of different thicknesses and
pore sizes of titanium mesh on its mechanical properties.
Following surgery, numerous types of compressions may

arise if the titanium mesh does not work as a stiff box,
potentially caused both by the impact of an unexpected food
block and muscle movement. /e deformation of titanium
mesh during the healing period can cause detrimental and
unfavourable variations in the planned augmented bone,
thus influencing the overall augmented bone quality and
volume. /erefore, the titanium mesh must be stiff enough
to sustain pressure from the overlying flaps, muscle
movement, or mastication loading until the blood clot
underneath themembrane has matured enough to support it
[12].

Regarding the optimal thickness of the titanium mesh,
the three-point bending test and the FEA results showed that
the mechanical properties were enhanced when the thick-
ness increased, whether it was a standard sample or per-
sonalized titanium mesh. /e FEA results of individualized
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Figure 9: (a, c) /e maximum force values and (b, d) bending strength values in standard specimens (one-way ANOVA with Tukey’s post
hoc analysis, p< 0.05).
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titanium mesh indicate that the largest von Mises stress
value of titaniummesh with a thickness of 0.3mm is over the
yield strength of titanium alloy (σ � 780–950MPa) [27],
suggesting that the titanium mesh 0.3mm in thickness may
be fractured and is not safe for bone augmentation. /e FEA
results of individualized titanium mesh indicate that the
maximum stress on titanium mesh with the thicknesses of
0.5 and 0.4mm are under the yield strength of titanium alloy
(σ � 780–950MPa) [27], suggesting that titaniummeshes 0.5
and 0.4mm in thickness are safe for bone augmentation./e
thinner titanium mesh may result in less mucosal irritation
which can lead to exposure of the mesh. /erefore, the
appropriate thickness of a titanium mesh must be rigid
enough to maintain space for bone regeneration and should
be balanced with the likelihood of irritation. /e thickness
should not adversely influence its ability to integrate with the

surrounding tissue when using titanium mesh for GBR [28].
Titaniummesh with a thickness of 0.4mm can not only bear
enough strength but also lead to less stimulation of mucosa;
therefore, it is more suitable for clinical use.

Membrane pores were considered to play an essential
role in maintaining blood supply and in facilitating bone
regeneration and soft tissue healing [29]. However, in
conventional titanium mesh, these multiporous properties
created sharp edges when the material was manually shaped
or bent and may offer a simple pathway for microbial in-
vasion into the healing site [30]./e effect of pore size on the
osteogenesis of titanium mesh is controversial. One study
advocated that macroporous (in the millimetre range)
membranes promoted greater bone regeneration and pre-
vented significant soft tissue ingrowth compared with mi-
croporous membranes [22]. Another study indicated that
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Figure 10: (a) Maximum stress values, (b) maximum strain values, and (c) maximum deformation values in standard specimens.
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microporous (in the micron range) titaniummesh had some
potential for greater bone regeneration [19]. /e three-point
bending test and the FEA results demonstrated that the
mechanical properties weakened with the increase in mesh
diameter, whether it was a standard sample or individualized
titanium mesh. In the range of 3–5mm, the diameter of
titanium mesh has less influence on its mechanical prop-
erties. Further animal or clinical research should be directed
towards identifying the mesh pore size that would inhibit
excessive soft tissue ingrowth and facilitate bone ingrowth in
ridge augmentation procedures.

For the anterior teeth with a single tooth missing, a
titanium mesh with a thickness of 0.3mm could be chosen
and patients should be told not to bite hard objects. For the

patients with thinmucosa, in order to reduce the exposure of
the titanium mesh, a thin titanium mesh should be selected.
For multiple tooth defects, especially in the posterior teeth, a
thicker titanium mesh should be chosen to prevent the ti-
tanium mesh from breaking. /erefore, parameters of ti-
taniummesh should be decided clinically according to defect
size, defect location, and force situation.

5. Conclusion

/e stiffness of Ti-mesh canmaintain space better than other
membrane and is conducive to the shaping of bone-grafting
materials but may result in mucosal irritation that leads
to exposure of the membrane. /e custom-made titanium
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mesh offers greater advantages over commercial meshes by
shortening the duration of surgery and eliminating the risk
of postoperative infections. Within the limitations of this
research regarding the optimal thickness of the titanium
mesh, the results indicate that the titanium mesh with a
thickness of 0.4mm is more suitable for clinical use. Re-
garding the optimal pore size of the titanium mesh, the
diameter of titanium mesh had less influence on its me-
chanical properties. Further animal or clinical research
should be directed towards identifying an optimal mesh pore
size that would inhibit excessive soft tissue ingrowth and
facilitate bone ingrowth in ridge augmentation procedures.
Otherwise, the parameters of titanium mesh should be
decided clinically according to defect size, defect location,
and force situation.
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Biphasic calcium phosphate ceramic granules (0.5–1.0mm) with a hydroxyapatite and β-tricalcium phosphate ratio of 90/10 were
used. Biphasic calcium phosphate ceramic granules produced in the Riga Technical University, Riga Rudolph Cimdins Bio-
materials Innovation and Development Centre, were used for filling the bone loss on 18 patients with peri-implantitis. After 5
years at the minimum, clinical and 3D cone-beam computed tomography control was done. Clinical situation confirmed good
stability of implants without any signs of inflammation around. Radiodensity of the previous gap and alveolar bone horizontally
from middle point of dental implants showed similar radiodensity as in normal alveolar bone. +is trial is registered
with ISRCTN13514478.

1. Introduction

Implant-based treatment is a growing part in the modern
dentistry. Loss of alveolar bone around dental implants is
revealed in 5–10% of patients. A dental implant is considered
to be a failure if it is lost, mobile, or shows peri-implant bone
loss of greater than 1.0mm in the first year and greater than
0.2mm a year after. Peri-implantitis can result in bone loss
around the implant and eventual loss of the implant [1].
Peri-implantitis is a site-specific infectious disease that
causes an inflammatory process in soft tissues and bone loss
around an osseointegrated implant in function [2].

+e etiology of the implant infection is conditioned by
the status of the tissue surrounding the implant, implant
design, degree of roughness, external morphology, and
excessive mechanical load.

Regenerative treatment of peri-implantitis also is
a growing problem. +e optimal result of peri-implantitis

treatment is the regeneration of hard and soft tissues sup-
porting the loose dental implant [3–6].

In the peri-implantitis treatment together with operative
and conservative treatment, bone substitutes are often used
to replace the bone defect; one of the materials is biphasic
calcium phosphate (BCP).

BCP is widely used to increase bone after tooth ex-
traction and in dental implantation, also in peri-implantitis
treatment.

Calcium phosphates, such as hydroxyapatite (HAp),
β-tricalcium phosphate (β-TCP), and a combination of
HAp/β-TCP, are used since they do not evoke adverse
cellular reactions and, in time, the material is either replaced
by bone or integrated into the body, depending on the
degradation properties [7–9].

HAp and β-TCP or their combination due to their
osteoconductivity, crystallographic structures, and chemical
composition similar to the skeletal tissue are widely used.
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+ey are classified according to their “resorbability,” that is
extent of degradation in vivo. HAp has been described as
“nonresorbable,” and β-TCP has been described as
“resorbable.”

BCP bioceramic materials have possibly double
action—stable increase of bone in volume and improvement
of the remineralization depending on HAp and β-TCP re-
lations. HAp strengthens and improves mineralization of the
natural bone, which is extremely necessary for good dental
implant integration. Radiological densitometric analysis can
prove it [3, 10].

+e aim of study is to analyze the results of peri-
implantitis treatment, where in addition to the classical
surgical technique, the bone defect around the dental im-
plant was filled with BCP bioceramic granules. Radiological
investigation using 3D cone-beam computed tomography
(3D CT) can objectivize the results.

2. Materials and Methods

+is clinical trial included 18 patients.+emain criterion for
selecting the patients for this study was the presence of peri-
implatitis at any stage, whereas the time of implant place-
ment and the appearance of the first symptoms of peri-
implantitis were not taken into account. +e age and sex of
the patient were not taken into account either.

An important criterion for the selection of the patients
was the surgery treatment with addition of BCP, which were
developed and produced by Riga Technical University
(RTU), Riga Rudolph Cimdins Biomaterials Innovation and
Development Centre.

Another important patient selection criterion in this
study was the presence of a 3D CT before and after treatment
of peri-implantitis. +e second, control, 3D CT was done at
least 5 years after the treatment.

For the peri-implantitis classification, Riga Institute of
Stomatology, Oral and maxillofacial surgery department
uses two classifications: Froum and Rosen classification of
peri-implantitis [11] and Ata-Ali classification of peri-
implantitis [12].

+ese classifications allow to assess the degree of peri-
implantitis, choose treatment tactics, as well as evaluate the
quality of treatment.

2.1. Peri-Implantitis Treatment. Our patients underwent
treatment by the following surgical protocol, which is a re-
liable and predictable solution in the treatment of pro-
gressive peri-implantitis:

(i) Systemic antibiotics 3 times/day for 2 days before
surgery

(ii) Preoperative rinse for 1 minute with a 0.2%
chlorhexidine solution

(iii) Local anaesthesia with articaine solution
(iv) Design of mucoperiosteal flap
(v) Determining the size of the infected area
(vi) Mechanical cleaning, curettage of the implant surface

(vii) +e application of a gauze pad moistened with
a 2% chlorhexidine solution in the area of bone
defect for 5 minutes

(viii) After removing the gauze swab, the defect is
washed by 1 g of tetracycline dissolved in 20ml of
sterile physiological solution

(ix) +e bone defect filling with bioactive materi-
al—HAp/β-TCP

(x) +e wound closure with a surgical suture
(xi) Systemic antibiotics 3 times/day for 3 days after

surgery

+e choice of an antibacterial drug depended on the
patient. +e first choice of the prescribed drug was
Amoxicillin 500mg; in case of allergies to this drug, Clin-
damycin 150mg was chosen (Figure 1).

2.2. Source of Implantable Materials. Calcium-deficient
hydroxyapatite (CDHAp) was synthesized by an aque-
ous precipitation technique, where calcium hydroxide and
phosphoric acid were used as raw materials in the reaction
as follows: Ca(OH)2 + H3PO4/Ca10 − x(HPO4)x(PO4)6 −
x(OH)2 − x + H2O. +e filtered precipitates were formed
into granules, dried, and sintered at 1150°C for 2 h. During
the sintering process, CDHAp transformed into BCP ce-
ramics with the HAp/β-TCP ratio of 90/10. Sintered granules
between 0.5 and 1mmwere obtained using vibrational sieves,
and the sieved granules were washed in ethanol and dried in
a drying oven at 105°C for 24 h. Prior to application, the dried
granules were sterilized using steam sterilization.

SEM images revealed the irregular shape and micro-
structure of BCP granules.+emicrostructure is composed of
relatively dense structure with grain size d < 1 µm and
nanosized pores confirming gas adsorption results (Figure 2).
Nanopores could be critical for flow of body fluids and
protein adsorption [13].

2.3. 3D Cone-Beam Computed Tomography. +e inclusion
criterion was the presence of the full series of qualitative 3D
CT scans at two time points—one preoperative and one
postoperative at least five years after treatment. Modern 3D
CT allows obtain images of high quality, while patients are
not at risk of high radiation doses [14]. +e purpose of
second imaging was to monitor the precision and quality of
surgery. 3D CT was done with i-CAT Next Generation
(KAVO, Germany). Image volume was reconstructed with
0.3mm voxel size. +e tube voltage was 120 kVp, tube
current was 5mA, and exposure time 20 seconds. For image
reconstruction, ExamVision program was used (Figure 3).

Densitometry was carried out in 8 points—the first point
is the dental implant centre, this is the standard beginning
point for all measurements, then 2 points with 2mm step in
mesial and distal direction, as well as 2 points with 2mm step
in buccal and lingual direction. +e first point is 2mm from
implant surface, and the second point is 2mm more from
previous measurement point (Figure 4).

2 Journal of Healthcare Engineering



3. Results

Patients at least 5 years follow-up show good clinical results,
which are further confirmed by 3D CT.

To simplify the assessment of the quality of the
treatment using the costuming agent based on calcium
hydroxyapatite, the percentage of bone tissue loss (the
depth of the bone pocket) was taken with respect to the
body of the dental implant before and after therapy. In
average, bone pocket depth was 34.6% ± 5.4% of the dental
implant length and it decreased to 22.3% ± 3.4% after
regenerative surgery.

In conformity with Froum classification of peri-
implantitis before the treatment, the second stage was
revealed in three cases and the third stage in 15 cases. After
treatment, the first stage was in 10 cases and the second stage

in 8 cases. In conformity of Ata-Ali classification of peri-
implantitis the second stage was in one case, the third stage
in 3 cases, and the fourth stage in 14 cases, and after
treatment, the first stage was in 7 cases and the second stage
in 11 cases (Table 1).

Another method to prove the quality of treatment is
measurement of bone densitometry. +e results of densi-
tometry indicate an improvement in the mineralization of
bone tissue quality (Tables 2 and 3).

+ese parameters are quite stable, as evidenced by Pear-
son’s correlation coefficients.

Pearson’s correlation coefficients were calculated between
the variables as follows: mediodistally point 1 (mes 1) and
mediodistally point 2 (mes 2), mediodistally point 3 (mes 3) and
mediodistally point 4 (mes 4), linguobuccally point 1 (ling 1)
and linguobuccally point 2 (ling 2), as well as linguobuccally

Figure 1: Surgery procedure. (a) Design of mucoperiosteal flap, determining the size of the infected area. (b) Mechanical cleaning, curettage
of the implant surface. (c) Insertion of implants composed of HAp/β-TCP (ratio of 90/10). (d) Closed wound.

2 mm 10 µm 2 µm

Figure 2: SEM microphotographies of BCP ceramic granules.
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point 3 (ling 3) and linguobuccaly point 4 (ling 4).+e following
correlations and p values were obtained:

Cor (mes 1, mes 2) � 0.781 (p< 0.001)
Cor (mes 3, mes 4) � 0.443 (p � 0.065)
Cor (ling 1, ling 2) � 0.785 (p< 0.001)
Cor (ling 3, ling 4) � 0.582 (p � 0.011)

In all cases, there is a positive relationship (Figures 5–8).
At the significance level α � 0.05, the Pearson’s correlation
coefficients between the variables mes 1 andmes 2, ling 1 and
ling 2, as well as ling 3 and ling 4 are statistically significant.
+e only thing that was not statistically significant is
Pearson’s correlation coefficient between the variables mes 3
and mes 4.

Figure 3: 3D CT scans of dental implants. Measuring points for densitometry (green).

Figure 4: Points of measurement of mineral density (HU).
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4. Discussion

Treatment methods of peri-implantitis are different, and
results of investigations and recommendations are con-
tradictory. In general, in the current situation, the surgical
therapy with resective and augmentative procedures
completes the treatment options. Surgery can be used in
order to eliminate peri-implantitis defects, to re-establish
hygienic abilities, and to reduce or even stop peri-
implantitis progression whereas regenerative therapies
may be applicable for defect filling [15, 16]. Not in all
studies a benefit for these treatments compared to de-
bridement alone was obtained [17].

Table 1: Peri-implantitis classification for 18 cases (Froum and Rosen [11] classification and Ata-Ali [12] classification).

Case
no.

Dental
implant
length
(mm)

Bone defect
before
surgery
(mm)

Bone defect
after surgery

(mm)

Froum and Rosen
[11] classification

before surgery (Stage
no.)

Froum and Rosen
[11] classification
after surgery (Stage

no.)

Ata-Ali [12]
classification before
surgery (Stage no.)

Ata-Ali [12]
classification after
surgery (Stage no.)

1 10 3 1 2 1 2 1
2 12 8 3 3 2 4 2
3 12 7 2 2 1 4 1
4 10 6 2 3 1 4 1
5 8 5 3 3 1 4 2
6 12 8 4 3 2 3 2
7 10 6 2 3 1 4 1
8 10 6 1 3 1 4 1
9 12 7 2 2 1 4 1
10 14 7 3 3 1 3 2
11 11.5 5 2 3 1 3 1
12 8 6 4 3 2 4 2
13 10 6 3 3 2 4 2
14 9 5 3 3 2 4 2
15 12 7 4 3 2 4 2
16 12 8 5 3 2 4 2
17 10 6 3 3 2 4 2
18 12 7 4 3 2 4 2
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Figure 5: Vertical loss of alveolar bone around dental implants
before. Variables mes 1 versus mes 2.

Table 2: Alveolar bone densitometry (HU) mediodistally (4
points).

Case no. 1st point 2nd point 3rd point 4th point
1 646.8 422.6 388 632.3
2 652.7 430.7 406.4 648.6
3 640.3 424.2 418.1 635.2
4 642.4 426.8 392.2 637.4
5 656.8 430.2 432.8 650.1
6 653.7 424.8 418.3 649.2
7 644 425.6 412.3 642.2
8 650.3 423.8 424.3 648.6
9 649.7 428.2 418.8 652.2
10 648.2 424.4 430.4 642.8
11 642.5 420.6 424.3 640.6
12 636.4 418.1 398.4 642.2
13 640.8 418.1 422.2 636.4
14 642.3 423.2 415.1 638.2
15 628.3 402.1 404.2 620.8
16 643.1 422.3 409.5 638.8
17 643.6 412.6 409.4 641.7
18 632.2 418.2 412.4 629.2

Table 3: Alveolar bone densitometry (HU) linguobuccally (4
points).

Case no. 1st point 2nd point 3rd point 4th point
1 665.6 422 420.3 666
2 648.3 428.4 418.2 652.8
3 652.3 430.7 426.3 640.3
4 636.4 418 404.8 625.2
5 648.9 422.2 428.2 652.5
6 642.2 412.2 406.5 637.6
7 631.2 406.2 410.6 632.2
8 642.4 418.2 424.8 638.2
9 652.2 426.1 416.2 640.3
10 640.3 424.4 426.6 648.6
11 636.2 412.2 418.2 641.8
12 626.2 398.2 390.8 632.4
13 632.4 402.2 412.6 626.2
14 640.2 422.8 428.8 642.3
15 632.8 410.3 412.7 628.6
16 628.3 399.8 389.4 616.9
17 626.9 402.8 399.8 630.6
18 618.8 409.6 418.8 616.8
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We are on the regenerative approach and use BCP
materials for replacement of bone defect. +e main com-
ponent HAp was initially considered as bioinert bio-
material till the time when the osteoinductive property was
confirmed by Ripamonti [18] and Zhang et al. [19]. Later
bioactivity of BCP materials was confirmed [20]. Also
regenerative potency of BCP activation of endogenous
growth factor TGFβ after implantation in experiment was
obtained [21, 22]. Activation of endogenous osteoprote-
gerin turns on bone remodelling from osteoclastogenesis to
osteoblastogenesis is a positive action of BCP biomaterials
in use for recovery of bone defects [23]. Peri-implantitis
bone defects, treated in regenerative way in experiments,
can be filled by hybrid of living bone and inorganic, but

bioactive biomaterial [24]. Our long-term results con-
firmed effectiveness of synthetic BCP bioceramic materials
in regenerative treatment of peri-implantitis.

+e unique phase composition and porous structural
features of osteoinductive Ca-P ceramics allow to interact
with signalling molecules and extracellular matrices in the
host system, creating a local environment conductive to new
bone formation [25].

+e use of 3D CTgives a good, noninvasive approach for
determining the depth of peri-implantitis defect and healing
of it after therapy. We used 3D CT imaging to confirm the
defect after clinical evaluation of the patient and give
a glance of it extent.

5. Conclusion

Comparing the indices of radiological measurement of the
depth of the osseous pockets, radio densitometry of the bone
structures before and after treatment of peri-implantitis with
the use of pure calcium hydroxyapatite, it may be concluded
that long-term results after 5 years are stable. +e radio-
density of bone tissue after the application of synthetic
biomaterial based on calcium hydroxyapatite differs a little
from the intact bone of the patient, which may indicate
a high degree of mineralization after implantation of calcium
hydroxyapatite crystals.
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In the present work, we model single-cell movement as a random walk in an external potential observed within the extreme
dumping limit, which we define herein as the extreme nonuniform behavior observed for cell responses and cell-to-cell
communications. Starting from the Newton–Langevin equation of motion, we solve the corresponding Fokker–Planck equation
to compute higher moments of the displacement of the cell, and then we build certain quantities that can be measurable ex-
perimentally. We show that, each time, the dynamics depend on the external force applied, leading to predictions distinct from the
standard results of a free Brownian particle. Our findings demonstrate that cell migration viewed as a stochastic process is still
compatible with biological and experimental observations without the need to rely on more complicated or sophisticated models
proposed previously in the literature.

1. Introduction

To understand many physiological processes in living or-
ganisms, such as embryogenesis and wound healing, among
others, as well as their malfunctions, e.g., inflammatory
diseases, tumor growth, and metastasis, it is fundamental
and of great interest to comprehend the process of reloc-
alization of cells, commonly known as cell migration. -is
term is used to refer to different processes that involve the
movement of cells from one location to another. In living
animals, embryonic development provides a clear example
of importance of accuracy in cell migration, as errors in this
process can result in birth defects. It is also known that
proper cell migration is necessary for functional immune
response and tissue repair in adults. Conversely, failure in
cell migration or inappropriate migratory movements may
result in life-threatening scenarios, such as autoimmune
diseases, defective wound repair, inflammatory diseases, and

tumor dissemination, promoting metastatic cancer pro-
gression [1–3].

-e process of cell migration is very specific and depends
on the cell type and the context of the migration process,
thus several modes of cell migration have been described [4].
-ere are migrating cells that are self-propelled (self-driven,
with autonomous mobility) and others that are nonmobile.
In the case of bacteria, flagella-associated self-propulsion is
an important virulence factor for some strains such as
Escherichia coli and plays a crucial role in attachment to
biomaterial surfaces and infection [5, 6]. Additionally, cells
can move either as separate entities or by exhibiting a
collective behavior. A mathematical model of cell collective
movement has been reported [7] as well as a model that
explains how swimming velocity of self-driven cells can
increase in viscosity [8]. However, in this work we are in-
terested in single-cell movement, which plays a crucial role
in maintaining the homeostasis of the body (i.e., leukocyte
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migration through blood vessels), as well as in tumor
progression and metastasis [9]. During these processes, a
migrating cell travels through the body by a motion called
random walk, yet this process does not fulfill the necessary
understanding of the migration process of different cell
types. For example, recent evidence has shown that leu-
kocytes exhibit types of migratory behavior which differs
from the previously described random walk [10] and that
cells can undergo directed migration by the influence of
chemical or mechanical signals originating from the envi-
ronment [11–14] (Figure 1).

At first sight, the migration of nonmotile cells is es-
sentially a random walk, very similar to thermally driven
Brownian particles. -is is also true for bacteria in sus-
pension. -e observation that, when suspended in water,
small pollen grains are found to be in a very animated and
irregular state of motion was first systematically investigated
by Scottish botanist Robert Brown in 1827, and the observed
phenomenon took the name of Brownian motion. Albert
Einstein in 1905 [15] and sometime later Paul Langevin in
1908 [16] explained Brownian motion using different but
equally successful mathematical approaches. Einstein’s
analysis was based on the diffusion equation:

zf(t, x)

zt
� D

z2f(t, x)

zx2 , (1)

where D is diffusion coefficient, with initial condition
f(x, t � 0) � δ(x), where δ(x) is Dirac’s delta function.
Solution of diffusion equation is given by [17]

f(t, x) �
1

�����
4πDt

√ exp −
x2

4Dt
 , (2)

and the mean of the square of displacement is given by
〈x2〉 � 2Dt. On the other hand, Langevin started from
Newton’s equation of motion assuming a Stokes’s drag
force and a random thermal force due to continuous
bombardment from molecules of the liquid. Although he
did not exploit all richness of his model, Langevin obtained
in the long-time regime Einstein’s result, namely, by
〈x2〉 � 2(kBT/6πaμ)t, where a is the radius of particle, μ is
fluid viscosity, T is temperature, and kB is the Boltzmann’s
constant, hence bridging Brownian motion, random walk,
and diffusion, a view soon quantified experimentally by
Perrin [18]. -erefore, diffusion coefficient can be computed
in terms of properties of the fluid in Brownian particles,
which is the Einstein–Stokes formula D � (kBT)/(6πaμ).

In modern times, Langevin’s approach is still used. In
fact, during the last decades, physicist and mathematician
modelers have viewed cell movement as a persistent random
walk, which can be modeled using well-known stochastic
differential equations. -e most widely used model is the
Ornstein–Uhlenbeck model (OU) [19], with certain pre-
dictions that until some years ago were in good agreement
with observations and experimental results ([20]). However,
recent discoveries seem to question and challenge the ar-
chetypical OU model. Specifically, Wua et al., reported that
in three dimensions, the path of cells is more directional than
random [21]. In addition, recent experiments show a scaling

at the long-range regime [22], 〈x2〉 ∼ tβ, where the power β
is just a number in the interval 1 < β < 2. It turns out that it is
useful to introduce two functions of interest, namely, (i)
logarithmic derivative of mean square of displacement (MS)
[23], defined previously as

β(t) �
dMSD(t)

dt

t

MSD(t)
, (3)

and (ii) kurtosis [24]:

C(t) �
〈(x− x)4〉
〈(x− x)2〉2

, (4)

where x is the mean value of the distribution function. In the
special case, where the mean value is zero, kurtosis can be
expressed simply, as

C(t) �
〈x4〉
〈x2〉2

, (5)

since they allow us to make contact between experimental
data and predictions of models. Both functions are di-
mensionless, and in addition, β(t) is defined such as in the
power law cases, 〈x2〉 ∼ tβ, and it is a constant and precisely
coincides with the power β. In the framework of the OU
model, kurtosis is a monotonic function and asymptotically
reaches value 3 from below [19], while in [25], data show that
kurtosis reaches value 2.3, while in [26] reaches asymptotic
value from above. -erefore, in both cases, a departure from
standard OU behavior is observed. In light of these findings,
the persistent random motion of cell migration has been
questioned, and other more complicated theoretical models
have been introduced [24, 27] to confront with experimental
results.

-erefore, the aim of the present work is to revisit the
idea that single-cell motility can be described as a random
walk. We point out that previous statements are only valid in
case of free Brownian particles. However, if we introduce an
external applied force and work in extreme dumping limit,
the dynamics change completely, and predictions of the
model depend each time on the form of assumed external
potential. We define the concept of extreme dumping limit
as the extreme nonuniform behavior observed for cell re-
sponses and cell-to-cell communications in vivo, within a
given biological context. Contrary to previous studies, where
authors usually solve the Newton–Langevin equation, here
we work with corresponding Fokker–Planck equation and
explain why it admits an exact solution for cases we have
considered, and we show in plots the kurtosis as well as the
logarithmic derivative of mean square of displacement
versus time for three different simple models. We show that
the nonstandard behavior seen experimentally can be
reproduced in the framework of random motion with an
applied external force within the extreme dumping limit
scenario. -erefore, the random motion paradigm mini-
mally extended can still be used to describe cell motility
successfully without the need of more complicated and
sophisticated models introduced previously in the literature.
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2. Results and Discussion

2.1. Cell Movement as a Stochastic Process

2.1.1. Newton–Langevin and Fokker–Planck Equations.
Let us consider a Brownian particle in one dimension in an
external potential V (x) with a drag force from the medium
proportional to the velocity–λv with λ given by Stokes’ law
λ � 6πaμ and a random thermal force (stochastic variable)
ξ(t) that considers the random collisions of the Brownian
particle with the molecules of the liquid. -is generalizes the
OUmodel where there is no external applied force, and thus
describes a free Brownian particle. Newton’s equation of
motion takes the form

ma � f(x)− λv + ξ(t), (6)

where m is the mass of the Brownian particle,
f(x) � −V′(x) is the applied external force, and the random
force ξ(t) is assumed to be a Gaussian white noise:

〈ξ(t)〉 � 0,

ξ t1( ξ t2( (  � 2gδ t1 − t2( ,
(7)

where g � λkBT required by the so-called fluctuation-
dissipation theorem [28]. In the case of a free particle,
there is no external force, f(x) � 0, and we obtain the
standard OU model [24]:

ma � −λv + ξ(t), (8)

and assuming as initial condition x0 � x(0) � 0, we obtain
for the mean squared of displacement (MSD) (in one di-
mension), the Furth formula [29]:

〈x2〉 � 2Dt −1 +
t

τ
+ exp
−t
τ

  , (9)

where τ � m/λ is the so-called persistent time. In the short-
time regime and in the long-time regime, we obtain [30]

〈x2〉 ∼
kBT

m
 t

2
, t⟶ 0,

〈x2〉 ∼ 2Dt, t⟶∞.

(10)

-e system eventually exhibits diffusive behavior at late
times, while at early times the dynamics are dominated by
the inertia of the particle, and the behavior is ballistic, which
has been observed in [31].

As it is known that cells are able to feel and sense certain
environmental cues such as the stiffness of their environ-
ment [32] or surface nanoscale patterning [33], it would be
more suitable to extend the standard OU model by con-
sidering an applied force that models anything from the
external environment that perturbs the movement of the
cell, such as signals, stimuli, etc. Furthermore, our focus on
extreme dumping limit in which coefficient λ in drag force
from the fluid is so large that acceleration term m a can be
neglected. In other words, we can write Newton’s equation
of motion in the following form:

ma + λv � f(x) + ξ(t), (11)

and assume that λv≫ma. In this case the Langevin–Newton
equation takes the simpler form:

λv � f(x) + ξ(t),

dx

dt
� A(x) + η(t),

(12)

where we have defined A(x) � f(x)/λ and η(t) � ξ(t)/λ.
-e latter is the Langevin equation for the process x(t)

where the noise η(t) satisfies 〈η(t1)η(t2)〉 � 2Dδ(t1 − t2)

Inflammation

Chemokines

(a)

Osteoclast precursor

RANKL

Osteoclast

(b)

Biofilm formation

Bacteria
(in solution)

(c)

Figure 1: Cell migration is an important factor in physiological and pathological processes. (a) Inflammatory cells canmigrate towards a site
of interest via the sensing of chemokines and other inflammatory molecules. However, within the blood vessels, they are also subject to other
relevant forces such as blood flow. (b) Osteoclast precursor cells are recruited into the tissues, where they can become activated by factors
such as receptor activator of nuclear factor kappa-B ligand (RANKL) and cause bone resorption in health and disease. (c) Cell migration is
also an important process that allows nonmotile bacteria to attach to surfaces, initiating biofilm formation. Migration of floating bacteria is
also determined by important factors such as gravitational forces and flow. In all the above situations, migration is generated by a
combination of stochastic (i.e., Brownian motion and random walk) and external forces (i.e., chemokines and flow).
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with D � kBT/λ. Since the random force η(t) is not known,
we can only compute mean values of powers of the position,
or the moments, 〈xn〉 , once the density probability function
is known. -e density probability function u(t, x) satisfies
the corresponding Fokker–Planck (FP) equation [34]:

zu(t, x)

zt
� D

z2u(t, x)

zx2 −
z(f(x)u(t, x))

zx
, (13)

where the first term is the diffusion term while the second
term is due to the external force with a constant diffusion
coefficient D. If we ignore the external applied force, the FP
equation reduces to standard diffusion equation. -at ex-
plains why Einstein’s approach and Langevin’s approach
were equally successful. Solving the FP equation, we then can
compute the moments performing the integrals:

〈xn〉 � 
∞

−∞
dw u(t, w)w

n
, (14)

and it is a function of time. It is known that this type of
Fokker–Planck equation can sometimes be recast in the
usual diffusion equation. -is happens when the following
condition is satisfied [35]:

2DA′(x) + A(x)
2

� c0 + c1x + c2x
2
, (15)

and the reason why this happens is that the diffusion
equation and the FP equation at hand have the same number
of symmetries.

2.1.2. Applications: ?ree Concrete Simple Models. Next, we
shall consider three cases in which we can find exact ana-
lytical solution of the FP equation.

(i) Constant force or linear potential V(x) � −vdriftλx. A
constant force could be for example the gravitational
force. In this case the FP takes the form

zu(t, x)

zt
�
Δ
2

z2u(t, x)

zx2 − vdrift
zu(t, x)

zx
, (16)

where we have put Δ � 2D, and it is trivial to check that the
condition above is satisfied. So, the FK equation can be recast
in the diffusion equation ωτ � ωyy, and the solution is given
by u(t, x) � f(t, x)ω(τ(t, x), y(t, x)) where f(t, x), y(t, x)

and f(t, x) are given by [35]

y � x,

τ �
Δ
2

t,

f(t, x) � exp
xvdrift

Δ
−

tvdrift2
2Δ

 .

(17)

-erefore, the solution finally is given by [36]

u(t, x) ��
1

�����
2πΔt

√ exp −
x− tvdrift( 

2

2Δt
 , (18)

and the mean values 〈x2〉 and 〈x4〉 are given by

〈x2〉 � Δt + tvdrift( 
2
,

〈x4〉 � 3(Δt)2 + tvdrift( 
4

+ 6Δt3vdrift2,
(19)

where we have made use of the Gaussian integrals:


∞

−∞
dx exp −ax

2
  �

��
π

√

��
a

√ ,


∞

−∞
dx x

2 exp −ax
2

  �

��
π

√

2a
��
a

√ ,


∞

−∞
dx x

4 exp −ax
2

  �
3

��
π

√

4a2 ��
a

√ .

(20)

It is easy to check that when vdrift � 0, we recover
Einstein’s results for the pure diffusion case. Furthermore,
it is easy to check that one can obtain the same result by
solving the Langevin equation for x(t) with the initial
condition x(0) � 0, namely,

x(t) � tvdrift + 
t

0
ds η(s), (21)

and then by squaring this expression and using the prop-
erties of the Gaussian white noise 〈η(t)〉 � 0 and
〈η(t1)η(t2)〉 � 2Dδ(t1 − t2), one obtains the previous ex-
pression for MSD.

Looking at the expression for MSD obtained, the first
term is the contribution of the diffusion term, while the
second term is the contribution from the applied external
force.

-erefore, the system exhibits the diffusive behavior only
in the beginning of the evolution, contrary to the OUmodel,
and eventually the deterministic force takes over.

-is can explain the observation that sometimes cell
motion is more directed than random, such as in the case of
cancer cell migration [37] or during zebrafish development
[38].

Now the kurtosis C(t) as well as the logarithmic de-
rivative of MSD β(t) can be computed. We see that for the
linear potential case, the kurtosis C(t)⟶ 3 when t⟶ 0
and C(t)⟶ 1 when t⟶ ∞, while the mean squared
displacement 〈x2〉 ∼ 2Dt at early times (or β(t) � 1) and
〈x2〉 ∼ t2 at late times (or β(t)⟶ 2).

(ii) Harmonic oscillator or parabolic potential V(x) �

θλx2/2 that corresponds to a force f(x) � −θλx. It is
quite common to model attractive forces with
springs ([39, 40]), and thus a harmonic trap is a
reasonable potential to consider. In this case, the FP
takes the form

zu(t, x)

zt
� D

z2u(t, x)

zx2 + θ
z(xu(t, x))

zx
, (22)

and the condition above is again satisfied. So, the FK equation
can be recast in the diffusion equation ωτ � ωyy, and the
solution is given by u(t, x) � f(t, x)ω(τ(t, x), y(t, x)),
where f(t, x), y(t, x) and τ(t, x) are given by [36]
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y � x exp(θt),

τ �
D

2θ
exp(2θt),

f(t, x) � exp(θt).

(23)

-erefore, the solution finally is given by [34]

u(t, x) �

�
θ

√

�����������������
2πD(1− exp(−2θt))



· exp −
θx2

2D(1− exp(−2θt))
 ,

(24)

and using the same Gaussian integrals as before, the mean
values 〈x2〉 and 〈x4〉 are given by

〈x2〉 �
D

θ
(1− exp(−2θt)),

〈x4〉 � 3 〈x2〉 
2
,

(25)

and one can check that when θ � 0, we recover Einstein’s
results for pure diffusion, and we make use of the fact that

1− exp(−2θt)

θ
⟶ 2t, θ⟶ 0. (26)

-erefore, the kurtosis in this case is always a constant in
time C(t) � 3. On the other hand, at early times t⟶ 0 the
mean squared 〈x2〉 ∼ 2Dt (diffusive behavior or β(0) � 1),
while at late times t⟶∞〈x2〉⟶ D/θ(or β(t)⟶ 0).

(iii) Constant force and within a harmonic trap
V(x) � θλx2/2− vdriftλx. -is model combines the
two previous cases, and by redefinition
z � x− (vdrift/θ), we recover the FK equation of the
harmonic trap. -erefore, the solution reads

u(t, x) �

�
θ

√

�����������������
2πD(1− exp(−2θt))



· exp −
θ x− vdrift(1− exp(−θt))/θ( 

2
 

2D(1− exp(−2θt))
⎛⎝ ⎞⎠.

(27)

Finally, with help of Gaussian integrals and defining

X �
vdrift
θ

(1− exp(−θt)),

α �
θ

2D(1− exp(−2θt))
,

(28)

the moments are computed to be

〈x2〉 � X
2

+
1
2α

,

〈x4〉 � X
4

+
3
4α2

+ 3
X2

α
.

(29)

-e MSD in short-time regime is diffusive 〈x2〉 ∼ 2Dt,
while in long-time regime approaches a constant value
〈x2〉⟶ (D/θ) + (v2drift/θ

2). Kurtosis at early times starts
from the value 3, while eventually approaches the value

C∞ �
1 + 6b + 3b2( 

1 + 2b + b2( )
, (30)

where we have defined dimensionless quantity b � θD/v2drift.
-is value depends on the interplay between θ and vdrift. -e
drift velocity (linear term in potential) dominates b≪ 1 and
C∞ � 1, while θ (quadratic term in potential) dominates
b≫ 1 and C∞ � 3. -erefore, it is possible to reproduce
observation of [25] that kurtosis approaches 2.3 value. -is
can be achieved for b � 0.33.

In both the second and third models, MSD asymptoti-
cally in time goes to a constant value due to the harmonic
trap, and their logarithmic derivatives of MSD exhibit
similar behavior, namely, they both are a monotonically
decreasing function of time in the interval 0 < β(t) < 1.

In the corresponding Figures, we show functions C(t)
and β(t) versus time for all three models. Figure 2 shows the
kurtosis, while Figure 3 shows β(t) for the models considered
here.

We see that each model exhibits its own dynamics, and
they behave differently at late times, although in the short-
range regime (t⟶ 0), they all exhibit diffusive behavior.

-e simplest model with a constant applied force can
explain (i) the scaling behavior with power β � 2, (ii) the fact
that cell movement can be more directed than random, and
(iii) the monotonic decrease of kurtosis as seen in [26].

In addition, a more complicated model with a harmonic
trap and constant force can explain asymptotic value of 2.3
seen previously [25]. -erefore, our results show that de-
partures from OUmodel seen in recent experiments are also
present here, and thus our findings suggest that the random
motion paradigm minimally extended is still compatible
with biological observations, at least qualitatively.

It would be interesting to obtain more data that could
verify (or falsify) the predictions of the models considered
here in a quantitative manner.

2.1.3. Biological Significance. Although it is widely accepted
that cell migration is complex and multifactorial, our results
show that this process can be described with a modification
of the randomwalkmodel that also considers the application
of external forces within a complex biological environment.
-erefore, it remains possible to model cell migration in a
minimalistic fashion without the need of using more
complex calculations. Furthermore, this model is in line with
several experimental observations in the laboratory. For
example, despite the fact that fibroblasts can display random
migration patterns in 2D tissue culture [20], many groups
have observed that fibroblasts are also able to alter their
migratory behavior when changed from a 2D to a 3D culture
[4, 41]. -is change in migration patterns is believed to be
due to the ability of cells to detect and respond to stimuli in
their environment, such as an increased number of adhesion
points or mechanical differences of the matrix. -us, given
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the 3D nature of the in vivo setting, it is possible to de-
termine that cell migration within a living organism is more
complex than a simple random walk, being also influenced
by a number of external cues.

Furthermore, it has also been discussed that macro-
phages and neutrophils migrate using various modes of
random walks (i.e., biased random walks) in response to
acute injury, most of which include external factors that are
guiding the cell towards an area of interest [42–44]. -e
presence of these factors (i.e., chemokines) are crucial in the
biological setting, as they are responsible for generating
effective inflammatory and wound healing responses [45].
Also, chemokine-based migration is imperative for osteo-
clast recruitment into bone tissue, which plays a big role in

bone resorption observed in many chronic inflammatory
diseases such as rheumatoid arthritis, periodontitis, and
peri-implantitis [46, 47]. In all these scenarios, either con-
stant or complex external forces are at play guiding cell
migration towards the area of interest. However, our results
strengthen the idea that cell migration is in fact a combi-
nation of stochastic processes and directed motion by ex-
ternal stimuli, which is supported by the calculations
discussed in this research.

3. Conclusion

Studying properties of cell migration is of fundamental
interest to understand many physiological processes in
living organisms, as well as some pathological processes such
as tumor metastasis or bacterial infection. Single-cell mo-
tility of nonmotile cells can be viewed as a random walk
assuming that cells are thermally driven Brownian particles
and can be modeled using well-known stochastic differential
equations such as Langevin and Fokker–Planck equations.
Recent experimental results have questioned the archetyp-
ical Ornstein–Uhlenbeck model, as they have shown some
departures from standard predictions of persistent random
motion paradigm based on a free Brownian particle driven
by a drag Stokes’s force, as well as by a random force due to
molecule thermal motion. In the present work, we have
revisited the issue of cell migration viewed as random walk
by adding an applied external force and working in extreme
dumping limit. We have studied three concrete cases for
which the Fokker–Planck equation can be solved exactly,
and we have provided analytical expressions for MSD and
for certain quantities of interest that can be used to make
contact observations. Our results show that predictions of
the model and behavior of the system depend on form of the
applied force (although all models exhibit diffusive behavior
in short-time regime), and they all differ compared to the
standard OU model. Our work shows that random motion
paradigm minimally extended can still be used to describe
cell motility successfully without introduction of sophisti-
cated models. Overall, this model could be potentially
beneficial to understand the migration behavior of cells
during relevant biological processes such as wound healing,
inflammation, and embryonic development from a mini-
malistic approach.
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Cephalometric analysis is a standard tool for assessment and prediction of craniofacial growth, orthodontic diagnosis, and oral-
maxillofacial treatment planning. ,e aim of this study is to develop a fully automatic system of cephalometric analysis, including
cephalometric landmark detection and cephalometric measurement in lateral cephalograms for malformation classification and
assessment of dental growth and soft tissue profile. First, a novel method of multiscale decision tree regression voting using SIFT-
based patch features is proposed for automatic landmark detection in lateral cephalometric radiographs. ,en, some clinical
measurements are calculated by using the detected landmark positions. Finally, two databases are tested in this study: one is the
benchmark database of 300 lateral cephalograms from 2015 ISBI Challenge, and the other is our own database of 165 lateral
cephalograms. Experimental results show that the performance of our proposedmethod is satisfactory for landmark detection and
measurement analysis in lateral cephalograms.

1. Introduction

Cephalometric analysis is a scientific research approach for
assessment and prediction of craniofacial growth, ortho-
dontic diagnosis, and oral-maxillofacial treatment planning
for patients with malocclusion in clinical practice [1]. We
focus on 2D lateral cephalometric analysis, which is per-
formed on cephalometric radiographs in lateral view.
Cephalometric analysis has undergone three stages of de-
velopment: manual stage, computer-aided stage, and
computer-automated stage. Cephalometric analysis based
on radiographs was introduced by Broadbent [2] and
Hofrath [3] for the first time in 1931. In the first stage, it
consists of five steps to obtain the cephalometric analysis: (a)
placing a sheet of acetate over the cephalometric radiograph;
(b) manual tracing of craniofacial anatomical structures; (c)
manual marking of cephalometric landmarks; (d) measuring
angular and linear parameters using the landmark locations;
and (e) analysis/classification of craniomaxillofacial hard
tissue and soft tissue [4]. ,is process is tedious, time

consuming, and subjective. In the second stage, the first step
in traditional cephalometric analysis has been skipped since
the cephalometric radiograph is digitized. Furthermore, the
next two steps can be operated by computer, and the
measurement can be automatically calculated by software.
However, this computer-aided analysis is still time con-
suming and the results are not reproducible due to large
inter- and intravariability error in landmark annotation. In
the third stage, the most crucial step, i.e., identifying
landmarks, can be automatized by image processing algo-
rithms [5]. ,e automatic analysis has high reliability and
repeatability, and it can save a lot of time for the ortho-
dontists. However, fully automatic cephalometric analysis is
challenging due to overlaying structures and in-
homogeneous intensity in cephalometric radiographs as well
as anatomical differences among subjects.

Cephalometric landmarks include corners, line in-
tersections, center points and other salient features of an-
atomical structures. ,ey always have stable geometrical
locations in anatomical structures in cephalograms. In this
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study, 45 landmarks are used in lateral cephalograms (refer
to Table 1). ,e cephalometric landmarks play a major role
in calculating the cephalometric planes, which are the lines
between two landmarks in 2D cephalometric radiographs as
shown in Table 2. Furthermore, different measurements are
calculated using different cephalometric landmarks and
planes, and they are used to analyze different anatomical
structures [4]. Measurements can be angles or distance,
which are used to analyze skeletal and dental anatomical
structures, as well as soft tissue profile. To conduct a clinical
diagnosis, many analytic approaches have been developed,
including Downs analysis, Wylie analysis, Riedel analysis,
Steiner analysis, Tweed analysis, Sassouni analysis, Bjork
analysis, and so on [6].

Methods of automatic cephalometric landmark de-
tection are mainly separated into three categories: (1)
bottom-upmethods; (2) deformationmodel-basedmethods;
and (3) classifier/regressor-basedmethods.,e first category
is bottom-up methods, while the other two categories are
learning-based methods.

For bottom-up methods, two techniques were usually
employed, including edge detection and template matching.
Edge-based methods were to extract the anatomical con-
tours in cephalograms, and then the relative landmarks were
identified on the contours using prior knowledge. Levy-
Mandel et al. [7] first proposed the edge tracking method for
identifying craniofacial landmarks. First, input images were
smoothed by median filter and then edges were extracted by
Mero-Vassy operator. Second, contours are obtained by the
edge tracking technique based on the constraints of loca-
tions, endings, and breaking segments and edge linking
conditions. Finally, the landmarks are detected on contours
according to their definition in cephalometry. ,is method
was only tested by two high quality cephalometric radio-
graphs. Furthermore, 13 landmarks on noncontours were
not detected. A two-stage landmark detection method was
proposed by Grau et al. [8], which first extracted the major
line features in high contrast by line-detection module, such
as contours of jaws and nose, and then detected landmarks
by pattern recognition based on mathematical morphology.
Edge-based methods could only detect the landmarks on
contours and were not robust to noise, low contrast, and
occlusion. Template-matching-based methods were to find
a most likely region with the least distance to the template of
the specific landmark, and the center of the region was
considered as the estimated position of the specific land-
mark. ,erefore, not only the landmarks on contours, but
also the landmarks on noncontours can be detected. Ashish
et al. [9] proposed a template-matching method using
a coarse-to-fine strategy for cephalometric landmark de-
tection. Mondal et al. [10] proposed an improved method
from Canny edge extraction to detect the craniofacial an-
atomical structures. Kaur and Singh [11] proposed an au-
tomatic cephalometric landmark detection using Zernike
moments and template matching. Template matching based
methods had difficulty in choosing the representative
template and were not robust to anatomical variability in
individual. All these methods strongly depended on the
quality of images.

Subsequently, deformation model-based methods were
proposed for these limitations by using shape constraints.
Forsyth and Davis [12] reviewed and evaluated the ap-
proaches reported from 1986 to 1996 on automatic ceph-
alometric analysis systems, and they highlighted
a cephalometric analysis system presented by Davis and
Taylor, which introduced an appearance model into land-
mark detection. ,e improved algorithms of active
shape/appearance models were then used to refine cepha-
lometric landmark detection combining with template
matching, and higher accuracy was obtained [13–17]. Here,
shape or appearance models were learned from training data

Table 1: Description of cephalometric landmarks.

Symbol Description
N Nasion
Ns Soft tissue nasion
Prn Pronasale
Cm Columella
ANS Anterior nasal spine
A Subspinale
Sn Subnasale
Ss/A′ Upper pit of lips
UL Upper lip
Stoms Stomion superius
Stomi Stomion inferius
LL Lower lip
Si/B′ Lower pit of lips
Pos Soft tissue pogonion
Gs Soft tissue gnathion
Mes Soft tissue menton
Go Gonion
Me Menton
Gn Gnathion
Pg Pogonion
LIA Mandibular joint midpoint
B Supramental
Id Infradentale
LI Lower incisal incision
UI Upper incisal incision
FA Maxillary incisor’s facial axis
SPr Superior prosthion
UIA Root point of incisor
Or Orbitale

Se Internode of sphenoid wing with anterior cranial
fossa

L6A Root apex of mandibular first molar
UL5 Midpoint of tip of the second molar
L6E Buccal apex of mandibular first molar
UL6 Midpoint of tip of first molar
U6E Buccal apex of maxillary first molar
U6A Root apex of maxillary first molar
PNS Posterior nasal spine
Ptm Pterygomaxillary fissure
S Sella
Co Condylion
Ar Articulare
Ba Basion

Bolton Concave point of posterior incision of occipital
condyle

P Porion
ULI Midpoint of lower incisor and upper incisor
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to regularize the searching through all landmarks in testing
data. However, it was difficult to initialize landmark posi-
tions for searching, because the initialization was always
achieved by traditional methods.

Recently, significant progress has been made for auto-
matic landmark detection in cephalograms by using super-
vised machine-learning approaches. ,ese machine-learning
approaches can be further separated into two classes: clas-
sification and regression models. A support vector machine
(SVM) classifier was used to predict the locations of land-
marks in cephalometric radiographs, while the projected
principal-edge distribution was proposed to describe edges as
the feature vector [18]. El-Feghi et al. [19] proposed a coarse-
to-fine landmark detection algorithm, which first used fuzzy
neural network to predict the locations of landmarks, and
then refined the locations of landmarks by template matching.
Leonardi et al. [20] employed the cellular neural networks
approach for automatic cephalometric landmark detection on
softcopy of direct digital cephalometric X-rays, which was
tested by 41 cephalograms and detected 10 landmarks.
Favaedi et al. [21] proposed a probability relaxation method
based on shape features for cephalometric landmark de-
tection. Farshbaf and Pouyan et al. [22] proposed a coarse-to-
fine SVM classifier to predict the locations of landmarks in
cephalograms, which used histograms of oriented gradients
for coarse detection and histograms of gray profile for re-
finement. Classifier-based methods were successfully used to
identify the landmark from the whole cephalograms, but
positive and negative samples were difficult to be balanced in
training data, and computational complexity is increased due
to pixel-based searching.

Many algorithms have been reported for automatic
cephalometric landmark detection, but results were difficult
to compare due to the different databases and landmarks.
,e situation has been better since two challenges were held

at 2014 and 2015 IEEE International Symposium on Bio-
medical Imaging (ISBI). During the challenges, regressor-
based methods were first introduced to automatic landmark
detection in lateral cephalograms. ,e challenges aimed at
automatic cephalometric landmark detection and using
landmark positions to measure the cephalometric linear and
angular parameters for automatic assessment of anatomical
abnormalities to assist clinical diagnosis. Benchmarks have
been achieved by using random forest (RF) [23] regression
voting based on shape model matching at the challenges. In
particular, Lindner et al. [24, 25] presented the algorithm of
random forest regression voting (RFRV) in the constrained
local model (CLM) framework for automatic landmark
detection, which obtained the mean error of 1.67mm, and
the successful detection rate of 73.68% in precision range of
2mm.,e algorithm of RFRV-CLMwon the challenges, and
the RF-based classification algorithm combined with Haar-
like appearance features and game theory [26] was in rank 2.
,e comprehensive performance analysis among those al-
gorithms for the challenges were reported in [27, 28]. Later,
Vandaele et al. [29] proposed an ensemble tree-based
method using multiresolution features in bioimages, and
the method was tested by three databases including
a cephalogram database of 2015 ISBI challenge. Now, public
database and evaluation are available to improve the per-
formance of automatic analysis system for cephalometric
landmark detection and parameter measurement, and many
research outcomes have been achieved. However, automatic
cephalometric landmark detection and parameter mea-
surement for clinical practice is still challenging.

In recent days, efforts have been made to develop au-
tomatic cephalometric analysis systems for clinical usages. In
this paper, we present a new automatic cephalometric
analysis system, including landmark detection and param-
eter measurement in lateral cephalograms, and the block
diagram of our system is shown in Figure 1. ,e core of this
system is automatic landmark detection, which is realized by
a new method based on multiresolution decision tree re-
gression voting. Ourmain contributions can be concluded in
four aspects: (1) we propose a new landmark detection
framework of multiscale decision tree regression voting; (2)
SIFT-based patch feature is first employed to extract the
local feature of cephalometric landmarks, and the proposed
approach is flexible when extending to detection of more
landmarks because feature selection and shape constraints
are not used; (3) two clinical databases are used to evaluate
the extension of the proposed method. Experimental results
show that our method can achieve robust detection when
extending from 19 landmarks to 45 landmarks; (4) auto-
matic measurement of clinical parameters is implemented in
our system based on the detected landmarks, which can
facilitate clinical diagnosis and research.

,e rest of this paper is organized as follows. Section 2
describes our proposed method of automatic landmark
detection based onmultiscale decision tree regression voting
and parameter measurement. Experimental results for 2015
ISBI Challenge cephalometric benchmark database and our
own database are presented in Section 3. ,e discussion of
the proposed system is given in Section 4. Finally, we

Table 2: Description of cephalometric planes.

Name Involving
landmarks

Description
in database1

Description
in database2

Reference planes
SN. Anterior cranial
base plane S-N L1L2 L39L1

FH. Frankfort horizontal
plane P-O L4L3 L44L29

Bolton plane Bolton-N — L43L1
Measurement planes
Palatal plane ANS-PNS L18L17 L5L37
Cranial base plane Ba-N — L42L1
MP. Mandibular plane Go-Me L10L8 L17L18
RP. Ramal plane Ar-Go L19L10 L41L17
NP. Facial plane N-Pg L2L7 L1L20
NA plane N-A L2L5 L1L6
AB. Subspinale to
infradentale plane A-B L5L6 L6L22

AP plane A-Pg L5L7 L6L20
Soft tissue measurement
planes
Facial plane of soft tissue Ns-Pos — L2L14
Ricketts esthetic plane Prn-Pos — L3L14
H plane UL-Pos L13L16 L9L14
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conclude this study with expectation of future work in
Section 5.

2. Method

2.1. Landmark Detection. It is well known that cephalo-
metric landmark detection is the most important step in
cephalometric analysis. In this paper, we propose a new
framework of automatic cephalometric landmark detection,
which is based on multiresolution decision tree regression
voting (MDTRV) using patch features.

2.1.1. SIFT-Based Patch Feature Extraction

(1). SIFT Feature. Scale invariant feature transform (SIFT) is
first proposed for key point detection by Lowe [30]. ,e
basic idea of SIFT feature extraction algorithm consists of
four steps: (1) local extrema point detection in scale-space by
constructing the difference-of-Gaussian image pyramids; (2)
accurate key point localization including location, scale, and
orientation; (3) orientation assignment for invariance to
image rotation; and (4) key point descriptor as the local
image feature. ,e advantage of SIFT features to represent
the key points is affine invariant and robust to illumination
change for images. ,is method of feature extraction has
been commonly used in the fields of image matching and
registration.

(2) SIFT Descriptor for Image Patch. Key points with dis-
cretized descriptors can be used as visual words in the field of
image retrieval. Histogram of visual words can then be used
by a classifier to map images to abstract visual classes. Most
successful image representations are based on affine in-
variant features derived from image patches. First, features
are extracted on sampled patches of the image, either using
a multiresolution grid in a randomized manner, or using
interest point detectors. Each patch is then described using
a feature vector, e.g., SIFT [30]. In this paper, we use the
SIFT feature vectors [31] to represent image patches, which
can be used by a regressor to map patches to the dis-
placements from each landmark.

,e diagram of SIFTfeature descriptor of an image patch
is illustrated in Figure 2. An image patch centered at location
(x, y) will be described by a square window of length 2W + 1,
where W is a parameter. For each square image patch P
centered at position (x, y) of length 2W + 1, the gradient Px

and Py of image patch P is computed by using finite dif-
ferences. ,e gradient magnitude gm is computed by

gm �
�������
P2

x + P2
y


, (1)

and the gradient angle ga (measured in radians, clockwise,
starting from the X axis) is calculated by

ga � arctan
Py

Px

. (2)

Each square window is separated into 4 × 4 adjacent
small windows, and the 8-bin histogram of gradients (di-
rection angles started from 0 to (2π) is extracted in each
small window. For each image patch, 4 × 4 histograms of
gradients are concatenated to the resulting feature vector f
(dimension � 128). Finally, the feature f of image patch P can
be described as SIFT descriptor. ,e example of SIFT-based
patch feature extraction in a cephalogram is shown in
Figure 3.

2.1.2. Decision Tree Regression. Decision tree is a classical
and efficient statistical learning algorithm and has been
widely used to solve classification and regression problems
[32, 33]. Decision trees predict responses to data. To predict
a response, query the new data by the decisions from the root
node to a leaf node in the tree. ,e leaf node contains the
response. Classification trees give responses that are nom-
inal, while regression trees give numeric responses. In this
paper, CART (classification and regression trees) [34],
a binary tree, is used as the regressors Rl to learn the
mapping relationship between the SIFT-based patch feature
vectors f and the displacement vectors d(dx, dy) from the
centers of the patches to the position of each landmark in the
training images. ,e regressors Rl are then used to predict
the displacements d using patch feature vectors of the test
image. Finally, the predicted displacements are used to
obtain the optimal location of each landmark via voting. One
advantage of the regression approach is to avoid balancing
positive and negative examples for the training of classifiers.
Another advantage of using regression, rather than classi-
fication, is that good results can be obtained by evaluating
the region of interest on randomly sampling pixels rather
than at every pixel.

(1) Training. In training process, a regression tree Rl can be
constructed for each landmark l via splitting. Here, opti-
mization criterion and stopping rules are used to determine
how a decision tree is to grow. ,e decision tree can be
improved by pruning or selecting the appropriate
parameters.

,e optimization criterion is to choose a split to min-
imize the mean-squared error (MSE) of predictions com-
pared to the ground truths in the training data. Splitting is
the main process of creating decision trees. In general, four
steps are performed to split node t. First, for each obser-
vation fj (i.e., the extracted feature in the training data), the
weighted MSE εt of the responses (displacements d) in node
t is computed by using

εt � 
j∈T

dj − dt 
2

N
, j � 1, . . . , N, (3)

whereT is the set of all observation indices in node t andN is
the sample size. Second, the probability of an observation in
node t is calculated by

Landmark
detection

Parameter
measurementCephalogram Result analysis

Figure 1: Block diagram of automatic cephalometric analysis
system.
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P(T) � 
j∈T

wj, (4)

where wj is the weight of observation j. In this paper, set wj

� 1/N. ,ird, all elements of the observation are sorted in

ascending order. Every element is regraded as a splitting
candidate. TU is the unsplit set of all observation indices
corresponding tomissing values. Finally, the best way to split
node t using fj is determined by maximizing the reduction
in MSE Δεt among all splitting candidates. For all splitting
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Figure 3: SIFT-based patch feature extraction. (a) Original image showing a patch. (b) Geometry descriptor. (c) ,e extracted feature vector.
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candidates in the observation fj, the following steps are
performed:

(1) Split the observations in node t into left and right
child nodes (tL and tR, respectively).

(2) Compute the reduction in MSE Δεt. For a particular
splitting candidate, tL and tR represent the observation
indices in the sets TL and TR, respectively. If fj does
not contain any missing values, then the reduction in
MSE Δεt for the current splitting candidate is

Δεt � P(T)εt −P TL( εtL
−P TR( εtR

. (5)

If fj contains any missing values, then the reduction in
MSE Δεt

′ is

Δεt
′ � P T−TU( εt −P TL( εtL

−P TR( εtR
, (6)

where T−TU is the set of all observation indices in
node t that are not missing.

(3) Choose the splitting candidate that yields the largest
MSE reduction. In this way, the observations in node
t are split at the candidate that maximize the MSE
reduction.

To stop splitting nodes of the decision tree, two rules can
be followed: (1) it is pure of the node that the MSE for the
observed response in this node is less than the MSE for the
observed response in the entire data multiplied by the tol-
erance on quadratic error per node and (2) the decision tree
reaches to the setting values for depth of the regression de-
cision tree, for example, the maximum number of splitting
nodes max_splits.

,e simplicity and performance of a decision tree should
be considered to improve the performance of the decision
tree at the same time. A deep tree usually achieves high
accuracy on the training data. However, the tree is not to
obtain high accuracy on a test data as well. It means that
a deep tree tends to overfit, i.e., its test accuracy is much less
than its training accuracy. On the contrary, a shallow tree
does not achieve high training accuracy, but can be more
robust, i.e., its training accuracy could be similar to that of
a test data. Moreover, a shallow tree is easy to interpret and
saves time for prediction. In addition, tree accuracy can be
obtained by cross validation, when there are not enough data
for training and testing.

,ere are two ways to improve the performance of
decision trees by minimizing cross-validated loss. One is to
select the optimal parameter value to control depth of de-
cision trees. ,e other is postpruning after creating decision
trees. In this paper, we use the parameter max_splits to
control the depth of resulting decision trees. Setting a large
value for max_splits lends to growing a deep tree, while
setting a small value formax_splits yields a shallow tree with
larger leaves. To select the appropriate value for max_splits,
the following steps are performed: (1) set a spaced set of
values from 1 to the total sample size formax_splits per tree;
(2) create cross-validated regression trees for the data
using the setting values for max_splits and calculate the
cross-validated errors; and (3) the appropriate value of

max_splits can be obtained by minimizing the cross-
validated errors.

(2) Prediction. In prediction process, you can easily predict
responses for new data after creating a regression tree Rl.
Suppose f_new is the new data (i.e., a feature vector
extracted from a new patch P_new in the test cephalogram).
According to the rules of the regression tree, the nodes select
the specific attributes from the new observation f_new and
reach the leaf step by step, which stores the mean dis-
placement d_new. Here, we predict the displacement from
the center of patch P_new to the landmark l using SIFT
feature vector by the regressor Rl.

2.1.3. MDTRV Using SIFT-Based Patch Features

(1) Decision Tree Regression Voting (DTRV). As illustrated in
Figure 4, the algorithm of automatic cephalometric land-
mark detection using decision tree regression voting
(DTRV) in single scale consists of training and testing
processes as a supervised learning algorithm. ,e training
process begins by feature extraction for patches sampled
from the training images. ,en, a regression tree is con-
structed for each landmark with inputting feature vectors
and displacements (f, d). Here, f represents the observations
and d represents the targets for this regression problem. ,e
testing process begins by the same step of feature extraction.
,en, the resulting f_new is used to predict the displacement
d_new by regressor Rl. In the end, the optimal landmark
position is obtained via voting. ,e voting style includes
single unit voting and single weighted voting. As mentioned
in [35], these two styles perform equally well in application
of voting optimal landmark positions for medical images. In
this paper, we use the single unit voting.

(2) MDTRV Using SIFT-Based Patch Features. Finally, a new
framework of MDTRV using SIFT-based patch features is
proposed by using a simple and efficient strategy for accurate
landmark detection in lateral cephalograms. ,ere are four
stages in the proposed algorithm of MDTRV, which are
iteratively performed in the scales of 0.125, 0.25, 0.5, and 1.
When the scale is 0.125, the training K patches with K
displacements are randomly sampled in a whole cephalo-
gram for a specific landmark l(l � 1, . . . , L). ,e decision
tree regressor R1

l is created by using these training samples.
For prediction, SIFT features are extracted for K′ testing
patches sampled in the whole cephalogram, and K′ dis-
placements are predicted by regressor R1

l using extracted
features. ,e optimal position of the specific landmark l is
obtained via voting through all predicted displacements.
When the scale is 0.25, 0.5, or 1, only the patch sampling rule
is different from the procedure in scale of 0.125. ,at is, the
training and testing patches are randomly sampled in the
(2S + 1) × (2S + 1) neighborhood of true and initial landmark
positions. ,e estimated landmark position is used as the
initial landmark position in the next scale of testing process.
,e optimal position of the specific landmark l in scale of 1 is
refined by using Hough forest [36], which is regarded as the
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final resulting location. ,is multiresolution coarse-to-fine
strategy has greatly improved the accuracy of cephalometric
landmark detection.

2.2. Parameter Measurement. Measurements are either
angular or linear parameters calculated by using cephalo-
metric landmarks and planes (refer to Tables 1 and 2).
According to geometrical structure, measurements can be
classified into five classes: the angle of three points, the angle
of two planes, the distance between two points, the distance
from a point to a plane, and the distance between two points
projected to a plane. All measurements can be calculated
automatically in our system as described in the following.

2.2.1.8e Angle of8ree Points. Assume point B is the vertex
among three points A, B, and C, then the angle of these three
points is calculated by

∠ABC � arccos
a2 + c2 − b2

2ac
  ×

180
π

 , (7)

and
a � ‖A−B‖,

b � ‖A−C‖,

c � ‖B−C‖,

⎧⎪⎪⎨

⎪⎪⎩
(8)

where ‖A−B‖ �

��������������������

(xA − xB)2 + (yA −yB)2


represents the
Euclidean distance of A and B.

2.2.2. 8e Angle between Two Planes. As the cephalometric
radiographs are 2D images in this study, the planes are
projected as straight lines. ,us, the planes are determined
by two points. ,e angle between two planes AB and CD is
calculated by

∠AB � arctan
yA −yB

xA − xB

  ×
180
π

 ,

∠CD � arctan
yC −yD

xC −xD

  ×
180
π

 ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(9)

∠ABCD � |∠AB−∠CD|. (10)

2.2.3. 8e Distance between Two Points. ,e distance be-
tween two points is calculated using the following equation:

|AB| � ‖A−B‖ × ratio, (11)

ratio is a scale indicator that can be calculated by the
calibrated gauge in the lateral cephalograms and its unit is
mm/pixel.

2.2.4. 8e Distance from a Point to a Plane in the Horizontal
Direction. ,e plane AB is defined as

y + k1x + k0 � 0. (12)

,us, the distance of point C to the plane AB is cal-
culated by

|C · AB| �
yC + k1xC + k0�����

1 + k2
1







× ratio. (13)

2.2.5. 8e Distance between Two Points Projected to a Plane.
,e calculation of the distance between two points projected
to a plane is illustrated in Figure 5. In order to calculate the
distance between two points projected to a plane, first we use
Equations (4)–(12) to determine the plane AB. ,en, we
calculate the distance from two points C and D to the plane
AB as c1 and c2 by Equations (4)–(13). ,ird, the distance c0
between two points C and D is calculated by Equations
(4)–(11). Finally, the distance |C · AB · D| between two
points C and D projected to the plane AB is represented as c

and is calculated by

c �

�����������

c20 − c1 − c2( 
2



× ratio. (14)

3. Experimental Evaluation

3.1. Data Description

3.1.1. Database of 2015 ISBI Challenge. ,e benchmark
database (database1) included 300 cephalometric radio-
graphs (150 for TrainingData, 150 for Test1Data), which is
described in Wang et al. [28]. All of the cephalograms were
collected from 300 patients aged from 6 to 60 years old. ,e

Feature extraction
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construction

d
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f_new d_new

Prediction Voting
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Ground truth of
landmarks

Training patches

Testing patches

Testing process

Training process

Landmark
positions
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Figure 4: Algorithm of decision tree regression voting.
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image resolution was 1935 × 2400 pixels. For evaluation, 19
landmarks were manually annotated by two experienced
doctors in each cephalogram (see illustrations in Figure 6);
the ground truth was the average of the annotations by both
doctors, and eight clinical measurements were used for
classification of anatomical types.

3.1.2. Database of Peking University School and Hospital of
Stomatology. ,e database2 included 165 cephalometric
radiographs as illustrated in Table 3 (the IRB approval
number is PKUSSIRB-201415063). ,ere were 55 cephalo-
grams collected from 55Chinese adult subjects (29 females, 26
males) who were diagnosed as skeletal class I (0 < ANB < 4)
with minor dental crowding and a harmonious.,e other 110
cephalograms were collected from the 55 skeletal class III
patients (ANB < 0) (32 females, 23 males), who underwent
combined surgical orthodontic treatment at the Peking
University School and Hospital of Stomatology from 2010 to
2013. ,e image resolutions were different in the range from
758 × 925 to 2690 × 3630 pixels. For evaluation, 45 landmarks
weremanually annotated by two experienced orthodontists in
each cephalogram as shown in Figure 7; the ground truth was
the average of annotations by both doctors, and 27 clinical
measurements were used for future cephalometric analysis.

3.1.3. Experimental Settings. In the initial scale of landmark
detection, for training, K � 50; for prediction, K′ � 400. In
the other scales, the additional parametersW and S are set to
48 and 40, separately. Because the image resolutions are
different, preprocessing is required to rescale all the images
to the fixed width of 1960 pixels in database2. For database2,
we test our algorithm by using 5-fold cross validation.

3.2. Landmark Detection

3.2.1. Evaluation Criterion. ,e first evaluation criterion is
the mean radial error with the associated standard deviation.
,e radial error E, i.e., the distance between the predicted
position and the true position of each landmark, is defined as

Ei � Ai −Bi

����
���� × ratio, ai ∈ A, bi ∈ B, 1≤ i≤M, (15)

where A, B represent the estimated and true positions of
each landmark for all cephalograms in the dataset; Ai, Bi are
the corresponding positions in set A and B, respectively; and

M is the total number of cephalograms in the dataset. ,e
mean radial error (MRE) and the associated standard de-
viation (SD) for each landmark are defined as

MRE � mean(E) �


M
i�1Ei

M
,

SD �

���������������


M
i�1 Ei −MRE( 

2

M− 1
.

 (16)

,e second evaluation criterion is the success detection
rate with respect to the 2.5mm, 3mm, 5mm, and 10mm
precision ranges. If Ei is less than a precision range, the
detection of the landmark is considered as a successful
detection in the precision range; otherwise, it is considered
as a failed detection. ,e success detection rate (SDR) pz

with precision less than z is defined as

pz �
Ei < z 

M
× 100%, 1≤ i≤M, (17)

where z denotes four precision ranges used in the evaluation,
including 2.0mm, 2.5mm, 3mm, and 4mm.

3.2.2. Experimental Results

(1) Results of database1. Experimental results of cephalo-
metric landmark detection using database1 is shown in
Table 4. ,e MREs of landmarks L10, L4, L19, L5, and L16
are more than 2mm. ,e other 14 landmarks are all within
the MRE of 2mm, in which 3 landmarks are within the MRE
of 1mm. ,e average MRE and SD of 19 landmarks are
1.69mm and 1.43mm, respectively. It shows that the de-
tection of cephalometric landmarks is accurate by our
proposed method. ,e SDRs are 73.37%, 79.65%, 84.46%,
and 90.67% within the precision ranges of 2.0, 2.5, 3.0, and
4.0mm, respectively. In 2mm precision range, the SDR is
more than 90% for four landmarks (L9, L12, L13, L14); the
SDR is between 80% and 90% for six landmarks (L1, L7, L8,
L11, L15, L17); the SDR is between 70% and 80% for two
landmarks (L6 and L18); the SDRs for the other seven
landmarks are less than 70%, where the SDR of landmark
L10 is the lowest. It can be seen from Table 4 that the
landmark L10 is the most difficult to detect accurately.

Comparison of our method with three state-of-the-art
methods using Test1data is shown in Table 5. ,e difference
between MRE of our proposed method and RFRV-CLM in
[24] is less than 1 pixel, which means that their performance
is comparable within the resolution of image.

Furthermore, we conduct the comparison with the top
two methods in 2015 ISBI Challenge of cephalometric
landmark detection in terms of MRE, SD, and SDR as il-
lustrated in Table 6. Our method achieves the SDR of 73.37%
within the precision range of 2.0mm, which is similar to the
SDR of 73.68% of the best method. ,e MRE of our pro-
posed method is 1.69mm, which is comparable to that of
method of RFRV-CLM, but the SD of our method is less
than that of method of RFRV-CLM. ,e results show that

D

AB

C

c1

c2

c0

c

Figure 5: ,e distance calculation between two points projected to
a plane.
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our method is accurate for landmark detection in lateral
cephalograms and is more robust.

(2) Results of database2. Two examples of landmark de-
tection in database2 are shown in Figure 8. It can be ob-
served from the figure that the predicted locations of 45
landmarks in cephalograms are near to the ground truth
locations, which shows the success of our proposed algo-
rithm for landmark detection.

For the quantitative assessment of the proposed algo-
rithm, the statistical result is shown in Table 7.,eMRE and
SD of the proposed method to detect 45 landmarks are
1.71mm and 1.39mm, respectively. ,e average SDRs of 45
landmarks within the precision range 2.0mm, 2.5mm,
3mm, and 4mm are 72.08%, 80.63%, 86.46%, and 93.07%,
respectively. ,e experimental results in database2 show
comparable performance to the results of database1. It

indicates that the proposed method can be successfully
applied to the detection of more clinical landmarks.

3.3. Measurement Analysis

3.3.1. Evaluation Criterion. For the classification of ana-
tomical types, eight cephalometric measurements were
usually used. ,e description of these eight measurements
and the methods for classification are explained in Tables 8
and 9, respectively.

One evaluation criterion for measurement analysis is the
success classification rate (SCR) for these 8 popular methods
of analysis, which is calculated using confusion matrix. In
the confusion matrix, each column represents the instances
of an estimated type, while each row represents the instances
of the ground truth type. ,e SCR is defined as the averaged
diagonal of the confusion matrix.

For evaluation, the performance of the proposed system
for more measurement analysis in database2, another cri-
terion, the mean absolute error (MAE), is calculated by

MAE �


M
i�1

Vi −Vi




M
, (18)

where Vi is the value of angular or linear measurement
estimated by our system and Vi is the ground truth mea-
surement obtained using human annotated landmarks.
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Figure 6: Cephalogram annotation example showing the 19 landmarks in database1. (a) Cephalogram annotation example. (b) Description
of 19 landmarks.

Table 3: ,e description of database2.

Female Male
Class I 29 26

Class III Pretreatment 32 23
Posttreatment 32 23

Total number of cephalograms 165
Total number of patients 110
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3.3.2. Experimental Results

(1) Results of database1. Using the detected 19 landmarks, 8
cephalometric measurements are calculated for classification
of anatomical types in database1. ,e comparison of our
method to the best twomethods is given in Table 10, where we
have achieved the best classification results for two mea-
surements of APDI and FHI. ,e average SCR obtained by
our method is 75.03%, which is much better than the method
in [26] and is comparable to the method of RFRV-CLM [24].

(2) Results of database2. According to the detected 45
landmarks, 27 measurements are automatically calculated by
our system using database2, including 17 angular and 10
linear measurements, which are illustrated in Table 11.

,e MAE and MAE∗ of 27 measurements are illustrated
in Table 12. Here, the MAE represents the performance of
measurement analysis of our automatic system. ,e MAE∗
represents interobserver variability calculated between the
ground truth values obtained by the two experts. For angular
measurements, the difference between MAE and MAE∗ is
within 0.5° for 9/17 measurements; the difference between
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Figure 7: Cephalogram annotation example showing landmarks in database2. (a) Cephalogram annotation example. (b),e description of
45 cephalometric landmarks.

Table 4: ,e experimental results of 19 landmark detection in
Test1Data.

Landmark MRE
(mm)

SD
(mm)

SDR (%)
2.0mm 2.5mm 3.0mm 4.0mm

L1 1.31 1.26 86.67% 92.67% 94.67% 97.33%
L2 1.92 2.05 68.00% 72.00% 79.33% 88.67%
L3 1.81 1.74 66.67% 81.33% 88.00% 95.33%
L4 3.11 2.59 50.00% 54.00% 59.33% 67.33%
L5 2.24 1.56 56.00% 66.00% 75.33% 86.67%
L6 1.59 1.39 72.00% 78.67% 84.00% 94.00%
L7 1.23 0.87 80.67% 91.33% 96.67% 99.33%
L8 1.08 0.88 88.67% 95.33% 96.67% 98.67%
L9 0.87 0.75 91.33% 93.33% 98.00% 99.33%
L10 3.98 2.33 23.33% 29.33% 38.00% 53.33%
L11 0.97 0.89 87.33% 92.00% 96.00% 98.67%
L12 0.90 1.70 94.67% 94.67% 96.00% 96.67%
L13 1.02 0.71 92.00% 95.33% 98.00% 100.00%
L14 0.89 0.61 93.33% 98.67% 100.00% 100.00%
L15 1.18 1.16 85.33% 92.00% 93.33% 98.00%
L16 2.14 1.48 50.00% 60.67% 72.67% 90.67%
L17 1.16 0.85 86.00% 92.67% 94.67% 98.67%
L18 1.77 1.51 72.00% 79.33% 86.00% 92.67%
L19 2.97 2.77 50.00% 54.00% 58.00% 67.33%
Average 1.69 1.43 73.37% 79.65% 84.46% 90.67%

Table 5: Comparison of our method with three methods in term of
MRE using Test1Dtata.

Method [24] [26] [29] Ours
MRE (pixels) 16.74 18.46 17.79 16.92

Table 6: Comparison of our method to two methods in terms of
MRE, SD, and SDR using Test1Dtata.

Method MRE
(mm)

SD
(mm)

SDR (%)
2.0mm 2.5mm 3.0mm 4.0mm

[24] 1.67 1.65 73.68% 80.21% 85.19% 91.47%
[26] 1.84 1.76 71.72% 77.40% 81.93% 88.04%
Ours 1.69 1.43 73.37% 79.65% 84.46% 90.67%
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MAE and MAE∗ is within 1° for 12/17 measurements, and
the difference betweenMAE andMAE∗ is within 2° for 16/17
measurements. In particular, theMAE of ZAngle is less than
MAE∗. ,e other one measurement has the difference of
2.24°. For linear measurements, the difference betweenMAE
and MAE∗ is within 0.5mm for 9/10 measurements. ,e
other one measurement has the difference of 1.16mm. ,e
results show that our automatic system is efficient and ac-
curate for measurement analysis.

4. Discussion

,e interobserver variability of human annotation is ana-
lyzed. Table 13 shows that the MRE and SD between an-
notations by two orthodontists are 1.38mm and 1.55mm for
database1, respectively [27]; for database2, the MRE and SD
between annotations of two orthodontists are 1.26mm and
1.27mm, respectively. Experimental results show that the
proposed algorithm of automatic cephalometric landmark

detection can achieve the MRE of less than 2mm and the SD
almost equal to that of manual marking. ,erefore, the
performance of automatic landmark detection by the pro-
posed algorithm is comparable to manual marking in term of
the interobserver variability between two clinical experts.
Furthermore, the detected landmarks are used to calculate the
angular and linearmeasurements in lateral cephalograms.,e
satisfactory results of measurement analysis are presented in
experiments based on the accurate landmark detection. It
shows that the proposed algorithm has the potential to be
applied in clinical practice of cephalometric analysis for or-
thodontic diagnosis and treatment planning.

,e detection accuracy of some landmarks is lower than
the average value, and there are mainly three main reasons: (i)
some landmarks are located at the overlaying anatomical
structures, such as landmarksGo, UL5, L6E, UL6, andU6E; (ii)
some landmarks have large variability of manual marking due
to large anatomical variability among subjects especially in
abnormality, such as landmarks A, ANS, Pos, Ar, Ba, and
Bolton; and (iii) structural information is not obvious due to
little intensity variability in the neighborhood of some land-
marks in images, such as landmarks P, Co, L6A, and U6A.

,e proposed system follows clinical cephalometric
analysis procedure, and the accuracy of the system can be
evaluated by the manual marking accuracy. ,ere are several
limitations in this study. On one hand, except for the algo-
rithm, the data effects to the performance of the system in-
clude three aspects: (i) the quality of the training data; (ii) the
size of the training dataset; and (iii) the shape and appearance
variation exhibited in the training data. On the other hand,
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Figure 8: Examples of automatic cephalometric landmark detection. (a) Example of detection in Class I. (b) Example of detection in Class III.

Table 7: ,e statistical results of automatic cephalometric land-
mark detection in database2.

No. of 5-
fold

MRE
(mm)

SD
(mm)

SDR (%)
2.0mm 2.5mm 3.0mm 4.0mm

1 1.72 1.35 72.49% 81.32% 87.04% 93.37%
2 1.72 1.38 71.38% 79.94% 85.63% 92.73%
3 1.66 1.32 74.31% 82.06% 87.44% 93.37%
4 1.77 1.36 69.67% 78.96% 85.32% 92.93%
5 1.68 1.54 72.53% 80.88% 86.87% 92.96%
Average 1.71 1.39 72.08% 80.63% 86.46% 93.07%

Journal of Healthcare Engineering 11



performance of the system depends on consistency between
the training data and the testing data, similarly as any su-
pervised learning-based methods.

5. Conclusion

In conclusion, we design a new framework of landmark
detection in lateral cephalograms with low-to-high resolu-
tions. In each image resolution, decision tree regression
voting is employed in landmark detection. ,e proposed
algorithm takes full advantage of image information in
different resolutions. In lower resolution, the primary local
structure information rather than local detail information
can be extracted to predict the positions of anatomical

structure involving the specific landmarks. In higher reso-
lution, the local structure information involves more detail
information, and it is useful for prediction positions of
landmarks in the neighborhood. As demonstrated in ex-
perimental results, the proposed algorithm has achieved
good performance. Compared with state-of-the-art methods
using the benchmark database, our algorithm has obtained
the comparable accuracy of landmark detection in terms of
MRE, SD, and SDR. Tested by our own clinical database, our
algorithm has also obtained average 72% successful de-
tection rate within precision range of 2.0mm. In particular,
45 landmarks have been detected in our database, which is
over two times of the number of landmarks in the bench-
mark database. ,erefore, the extensibility of the proposed

Table 8: Description of cephalometric measurements in database1 [28].

No. Measurement Description in mathematics Description in words
1 ANB ∠L5L2L6 ,e angle between the landmark 5, 2, and 6
2 SNB ∠L1L2L6 ,e angle between the landmark 1, 2, and 6
3 SNA ∠L1L2L5 ,e angle between the landmark 1, 2, and 5

4 ODI ∠L5L6L8L10 + ∠L17L18L4L3
,e arithmetic sum of the angle between AB plane
(L5L6) to mandibular plane (L8L10) and the angle of

palatal plane (L17L18) to FH plane (L4L3)

5 APDI ∠L3L4L2L7 + ∠L2L7L5L6 + ∠L3L4L17L18

,e arithmetic sum of the angle between FH plane
(L3L4) to facial plane (L2L7), the angle of facial plane
(L2L7) to AB plane (L5L6), and the angle of FH plane

(L3L4) to palatal plane (L17L18)

6 FHI |L1L10|/|L2L8|

,e ratio of posterior face height (PFH, the distance
from L1 to L10) to anterior face height (AFH, the

distance from L2 to L8)

7 FHA ∠L1L2L10L9 ,e angle between SN plane (L1L2) to mandibular
plane (L10L9)

8 MW |L12L11|, x(L12)<x(L11),

−|L12L11|, otherwise.
When the x ordinate of L12 is less than L11’s, theMW

is |L12L11|; otherwise, MW is −|L12L11|.

Table 9: Eight standard cephalometric measurement methods for classification of anatomical types [28].

No. Measurement Type 1 Type 2 Type 3 Type 4
1 ANB 3.2°∼5.7° class I (normal) >5.7° class II <3.2° class III —

2 SNB 74.6°∼78.7° normal
mandible <74.6° retrognathic mandible >78.7° prognathic mandible —

3 SNA 79.4°∼83.2° normal maxilla >83.2° prognathic maxilla <79.4° retrognathic maxilla —
4 ODI Normal: 74.5° ± 6.07° >80.5° deep bite tendency <68.4° open bite tendency —
5 APDI Normal: 81.4° ± 3.8° <77.6° class II tendency >85.2° class III tendency —
6 FHI Normal: 0.65∼0.75 >0.75 short face tendency <0.65 long face tendency —

7 FHA Normal: 26.8°∼31.4° >31.4° mandible high angle
tendency

<26.8° mandible lower angle
tendency —

8 MW Normal: 2mm∼4.5mm MW � 0mm edge to edge MW <0mm anterior cross bite
MW
>4.5mm

large over jet

Table 10: Comparison of our method to two methods in term of SCR using Test1Data.

Method
,e success classification rates, SCR (%)

ANB SNB SNA ODI APDI FHI FHA MW Average
[24] 64.99% 84.52% 68.45% 84.64% 82.14% 67.92% 75.54% 82.19% 76.30%
[26] 59.42% 71.09% 59.00% 78.04% 80.16% 58.97% 77.03% 83.94% 70.96%
Ours 58.61% 78.85% 59.86% 76.59% 83.49% 82.44% 77.18% 83.20% 75.03%
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Table 11: Description of cephalometric measurements in
database2.

Name Description in
mathematics Description in words

8e angles of three points (unit: °)

SNA ∠L39L1L6 ,e angle of landmarks L39, L1,
L6

SNB ∠L39L1L22 ,e angle of landmarks L39, L1,
L22

ANB ∠L6L1L22 ,e angle of landmarks L6, L1,
L22

SNPg ∠L39L20L1 ,e angle of landmarks L39, L20,
L1

NAPg ∠L1L6L20 ,e angle of landmarks L1, L6,
L20

NSGn ∠L1L39L19 ,e angle of landmarks L1, L39,
L19

Ns-Prn-Pos ∠L2L3L14 ,e angle of landmarks L2, L3,
L14

Cm-Sn-UL ∠L4L7L9 ,e angle of landmarks L4, L7,
L9

LL-B′-Pos ∠L12L13L14 ,e angle of landmarks L12, L13,
L14

Angle of
the jaw ∠L41L17L18 ,e angle of landmarks L41, L17,

L18
Angle of
convexity ∠L2L7L14 ,e angle of landmarks L2, L7,

L14
8e angles between two planes (unit: °)

FH-SN ∠L44L29L39L1 ,e angle between FH plane
(L44L29) and SN plane (L39L1)

UI-SN ∠L28L25L39L1 ,e angle between upper incisor
(L28L25) and SN plane (L39L1)

LI-FH ∠L24L21L44L29
,e angle between lower incisor
axis (L24L21) and FH plane

(L44L29)

UI-LI ∠L28L25L24L21 ,e angle between upper and
lower incisors (L28L25, L24L21)

H angle ∠L9L14L8L14 ,e angle between H plane
(L9L14)and NB plane (L8L14)

Z angle ∠L44L29L9L14
,e rear lower angle between FH
plane (L44L29) and H plane

(L9L14)
8e distances between two points (unit: mm)

N-Me |L1L18|
,e forward height, the distance
between landmarks L1, L18

N-ANS |L1L5|

,e up-forward height, the
distance between landmarks L1,

L5

ANS-Me |L5L18|

,e down-forward height, the
distance between landmarks L5,

L18

Stoms-UI |L10L25|
,e vertical distance between

landmarks L10, L25
8e distances from the point to the plane in the horizontal direction
(unit: mm)

UI-AP |L25L6L20|
,e distance between landmark

L25 to AP plane (L6L20)

LI-AP |L24L6L20|
,e distance from landmark L24

to AP plane (L6L20)

UL-EP |L9L3L14|
,e distance from landmark L9

to EP plane (L3L14)

Table 12: Result of our method for 27 measurements in terms of
MAE and MAE∗ using database2.

Name MAE MAE∗ MAE-MAE∗

8e angles of three points (unit: °)
SNA 1.95 1.70 0.24
SNB 1.57 1.17 0.39
ANB 1.29 1.08 0.21
SNPg 1.59 1.20 0.39
NAPg 2.83 2.44 0.39
NSGn 1.42 0.96 0.47
Ns-Prn-Pos 1.68 1.10 0.58
Cm-Sn-UL 5.52 3.80 1.72
LL-B′-Pos 3.95 3.44 0.51
Angle of the jaw 3.20 1.66 1.54
Angle of convexity 2.67 1.86 0.81
8e angles between two planes (unit: °)
FH-SN 2.00 1.96 0.04
UI-SN 4.71 2.81 1.90
LI-FH 3.34 2.27 1.07
UI-LI 6.90 4.66 2.24
H angle 0.94 0.80 0.14
Z angle 1.69 1.86 -0.17
8e distances between two points (unit: mm)
N-Me 1.37 1.10 0.27
N-ANS 1.57 1.34 0.24
ANS-Me 1.06 0.96 0.10
Stoms-UI 0.75 0.42 0.33
8e distances from the point to the plane in the horizontal direction
(unit: mm)
UI-AP 0.96 0.71 0.25
LI-AP 0.96 0.76 0.20
UL-EP 0.50 0.36 0.14
LL-EP 0.45 0.39 0.05
Max.E 2.06 1.79 0.27
8e distances between two points projected to a plane (unit: mm)
Wits 4.70 3.53 1.16
MAE∗: interobserver variability.

Table 11: Continued.

Name Description in
mathematics Description in words

LL-EP |L12L13L14|
,e distance from landmark L12

to EP plane (L3L14)

Max.E |L6L5L37|

Maxillary length, the distance
from landmark L6 to palatal

plane (L5L37)
8e distances between two points projected to a plane (unit: mm)

Wits |L6L32L34L22|

,e distance between the two
landmarks L6 and L22 projected
to functional jaw plane (L32L34)

Table 13: ,e interobserver error of manual marking between
doctor1 and doctor2.

Interobserver variability
MRE (mm) SD (mm)

database1 1.38 1.55
database2 1.26 1.27
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algorithm is confirmed using this clinical dataset. In addi-
tion, automatic measurement of clinical parameters has also
achieved satisfactory results. In the future, we will put more
efforts to improve the performance of automatic analysis in
lateral cephalograms so that the automatic system can be
utilized in clinical practice to obtain objective measurement.
More research will be conducted to reduce the computa-
tional complexity of the algorithm as well.
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*e biomechanical behaviour of the periodontal ligament (PDL) is still not well understood although this topic has been studied
for almost 100 years.*is study reports on clinical and mathematical studies to determine the constitutive law of the PDL. A set of
mechanical parameters of the tooth-PDL system is obtained, and a new method for the evaluation of these parameters from the
free response of the tooth is introduced. *is response is produced by repeated impacts applied to the gingival tissue in the apical
part of the tooth investigated—with the aid of a Periotest exciter. A Doppler ultrasound probe is utilized to determine the response
of the tooth-PDL system. *e parameters evaluated from these measurements can be considered as the elastometric properties of
the dental system investigated. A modal analysis/system identification method is utilized to estimate these parameters. *e
investigations are carried out for different teeth abutments, both with and without a dental bridge/fixed partial prosthesis (FPP).
*e differences between the responses of the systems in these two cases are determined with the new method proposed. *ey are
discussed with regard to the specific purposes of the FPP.*e study demonstrates that this method can provide the dentist with the
necessary objective evaluations regarding the properties and health of the tooth-PDL system, as well as of the construct that is
obtained after installing a dental bridge.

1. Introduction

*e periodontal ligament (PDL) system connects the tooth
with the alveolar bone [1]. It supports the tooth in contact
with compressive masticatory forces. A proper, healthy
tooth-PDL tissue system will result in a normal mobility and
in a good support of the tooth. However, in time, this system
may be affected by periodontal diseases, which induce

changes in the tooth mobility, with consequences on the
well-being of the patient.

*is tooth mobility is an important parameter that has
to be evaluated for the current medical practice, as well as
for scientific investigations. It is strongly correlated with
the mechanical properties of the tooth-PDL tissue system.
Its biomechanical behaviour is still not well understood
although this topic has been studied for almost 100 years
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[2–5]. Several devices and methods have been therefore
introduced in order to provide quantitative measurements
regarding the tooth mobility; they are an alternative to
purely empirical tests. One of these devices is the Periotest
[6, 7]. *is device, which is used in this research as well,
applies a series of small mechanical collisions on the tooth
and measures the impact pressure on the tooth expressed
as an integer score, intuitively defined, with a range be-
tween −8 and 50. Another device is the Osstell ISQ [8, 9],
based on vibrating the tooth at its resonance frequency.
Other devices, for example, based on the piezoelectric
actuators, are in development, for adjustable testing re-
gimes on the tooth [10].

*ese methods are based on the investigation of the
function of the frequency response to a harmonic excitation
[11]. *e resulting vibrations of the tooth are measured
using the laser Doppler vibrometry [12, 13]. *is method of
the function of frequency response is adequate for dental
implants, as well as for in vitro investigations [14–16]. In all
such investigations, a mechanical system with a single degree
of freedom (DOF) has been considered; therefore, a single
damped oscillator has been used. *is approach has the
advantage of the simplicity of the mathematical model in-
volved, but it lacks accuracy in modeling precisely the
physical phenomenon. *erefore, other investigation
methods have also been developed, in which more complex
and thus more accurate mechanical models are utilized, with
two [17] or four DOFs [18–20]. *e latter are taking into
account the tooth mass, the head mass, and the mandibular
and the maxillary tooth mass.

As it has been considered that these models are still not
able to explain the different motions of the tooth in the
alveolar bone which are due to the PDL system, continuous
mechanical models of the tooth-PDL system have been
further developed. *ese studies have been focused on two
main directions:

(i) Finite element methods (FEMs) are used in order to
calculate the different eigenfrequencies of the tooth,
considered as an elastic solid [21, 22]. However, these
eigenfrequencies cannot be used for practical in-
vestigations of the tooth mobility because they are
strongly dependent on the links that the tooth has
with the gingiva and with the jaw bone.

(ii) Rheological models of the periodontal tissue [23, 24]
have developed more precise nonlinear systems [24],
as well as isotropic hyperelastic constitutive models
[25, 26]. *eir main drawback is the difficulty to
perform accurate in vivo experiments in order to
identify the values of the parameters that describe
the rheologic models because it is difficult to make
precise and reproductive rheological measurements
with small devices and in a noninvasive way [27].

Taking into account the aspects above, we have chosen in
the present study not a continuous mechanical model, but
the method of the impact response of the tooth withmultiple
DOFs in order to fulfill the aim of this work, i.e., to provide
a more accurate, but also a clinically applicable information

on the elastic properties of the tooth-PDL tissue. *is
evaluation is useful for a better understanding of the
properties of the periodontal system considered in it en-
tirely, with the remark that the useful number of DOFs that
are relevant is a subject of an evaluation as well. *e aim of
this assessment of the tooth mobility is to offer both re-
searchers and clinicians an indication of the state of health of
the PDL system of the patient.

Another important aspect that has to be investigated is
the PDL system for the teeth abutments under dental
bridges/fixed partial prostheses (FPPs). No evaluations have
been performed for such systems until now, to our
knowledge, because the abutments and the FPP are difficult
to be investigated separately. We thus consider in the first
step of this study different individual teeth, and in the second
step, the dental bridge/FPP system which unites such teeth.
For simplicity, to demonstrate the validity of the in-
vestigation method proposed, two teeth separated by
a missing one are considered, and then the FPP which unites
them.

We have to point out in this respect that by using the
Periotest system, only the mobility of a single tooth can be
evaluated. *ere are no records, to our knowledge, about
a mobility evaluation method for teeth placed under
a bridge, due to the fact that the behaviour of the teeth is
different when they are connected. Imagistic methods like
radiography or periodontal probing are also useless in this
case. *e method to be developed is intended to be utilized
for such a specific situation, when it is important to monitor
(or to evaluate) the mobility of a tooth under a prosthetic
construct without taking out that bridge. *e scope is to be
able to predict the possibility to change the bridge with a new
one on the same teeth and also to determine if it is rec-
ommended to extract one or some of the teeth involved
before taking out the old bridge.

*e methodology of this study is to introduce a set of
mechanical parameters using the modal analysis method,
with a model with several DOFs. A nonperturbative mea-
surement method, based on the impact response of the
tooth, is further discussed for the estimation of these pa-
rameters. *eir usefulness, the efficiency of the related
measuring method to assess the mobility of the teeth affected
by periodontal diseases, and the effects of the FPP are finally
investigated.

In the remaining of this paper, the mechanical models of
the PDL system are discussed in Section 2, while the
measuring device and method are described in Section 3.
*e signal processing is pointed out in Section 4. Section 5
presents the experimental results, while Section 6 discusses
them and extracts rules-of-thumb for such a multi-
parametric analysis. Section 7 presents the conclusions of the
study and directions of future work.

2. Mechanical Models of the Tooth-Periodontal
Ligament (PDL) Tissue System

*e tooth-PDL tissue system represents a continuous de-
formable solid, with distributed mass, damping, and elas-
ticity. As pointed out above, there are two ways to describe
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the properties of this deformable solid, each with a corre-
sponding set of parameters which expresses the physical
properties of the system investigated: with more precise
rheological models or with a simplified description of these
properties with discrete mechanical models with n DOFs.
*is latter type of investigation which we utilize in this study
is employed in the modal analysis of vibrating systems or in
mechanical systems identification [28, 29].

An advantage of such discrete dynamical models is the
fact that the free response of the tooth presents one to several
damped harmonic components, corresponding to the one or
several DOFs of the system. For this reason, we present in
this study first the simple model, with a single DOF, but
finally focus on the model with multiple DOFs, to model
more precisely the physical phenomenon.

(i) <e classical one-dimensional (1D) vibrational system
with viscous damping consists of a mass m, an elastic
element with an elastic constant k, and a damper
characterized by a constant c (Figure 1). *e system
can be subjected to an excitation force F(t). *e
classical equation of motion of the mass m is

m €x(t) + c _x(t) + kx(t) � F(t), (1)

where x(t) is the instantaneous position of the vibrating
mass, v(t) � _x(t) is its speed, and a(t) � _v(t) � €x(t) is its
acceleration. If an impact is applied to the mass in the
absence of the excitation force (i.e., F� 0) and for the case of
an oscillatory regime (i.e., for c2 < 4km), the free response of
the system can be written in the real or complex form as

x(t) � Ae
−ξt sin pt + ϕ0(  � c1e

λ1t
+ c2e

λ2t
, (2)

where A, ϕ0, and c1,2 are the integration constants.
*e parameters of the damped vibrations are the eige-

nangular frequency ωn, the reduced angular frequency p,
and the damping factor ξ:

ωn �

��

k

m



,

p �

���������

k

m
−

c

2m
 

2


,

ξ �
c

2m
,

(3)

as well as the complex pair of eigenvalues

λ1,2 � −ξ ± ip, (4)

where i �
���
−1

√
is the imaginary unit.

If one is satisfied with less precise measurements, the free
response of the tooth at an impulse excitation may be
presented in the form of a damped vibration, Equation (2),
which can be characterized by measuring the instantaneous
position x, the speed v, or the acceleration a of a point of the
tooth. *e other two functions can be determined from the
one that is measured.

One may see that the properties of the tooth-PDL tissue
system can be expressed by different pairs of parameters:
(ξ, p), (ξ,ωn), or (c, k). *ey all can be a measure of the
integrity (i.e., of the health state) of the tooth-PDL systems
and can thus be added to the score parameter measured with
the Periotest device in order to improve the evaluation of
such systems.

(ii) To achieve more accurate measurements, the impact
response (the “free response”) of the tooth has to
contain several components; therefore, a model with
n DOFs has to be used. Specifically, if we consider
that the tooth is a free rigid body, it has six DOFs
corresponding to its six possible independent mo-
tions: three translations of the center of mass along
the axes (x, y, z) and three rotations around these
axes, characterized by the angles (α, β, c) (Figure 2).
Actually, because the tooth is an elastic deformable
solid, additional motions exist as a result of its
flexural and torsional motions; these motions have
been investigated by using FEM on simplified
models [21, 22].

On the contrary, the tooth is also subjected to constraints
that actually reduce its possible motions and its number of
DOF. For example, translations on the x-axis and y-axis, as
well as c rotations (i.e., with regard to the z-axis) are in-
tuitively not possible. *e three remaining movements
should be possible—with certain parameters. *e discussion
on these aspects is completed in Section 6.

*is brief analysis shows that one should describe the
tooth-PDL system as a linear, coupled vibrating system with
n DOFs—where a probable useful value, as pointed out
above, is n which equals 3 and with viscous damping. It is
characterized, in a generalization of the discussion on the
model (i), by a classical system of second-order differential
equations:

[m] €q  +[c] _q  +[k] q  � F{ }, (5)

where q  � q(t)  is the n-dimensional column matrix of the
generalized coordinates; F{ } � F(t){ } is the n-dimensional
column matrix of the excitation forces; [m] represents the

x (t), v (t), a (t)

F (t)

c

3

2

1
m

k

Figure 1: *e classical model of a single degree of freedom (DOF)
damped oscillator with viscous damping.
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n× n-dimensional matrix of inertia (in our case a diagonal
matrix, which contains the masses and the moments of
inertia); [c] is the damping n× n symmetric matrix; and [k] is
the stiffness matrix, which is also n× n symmetric. *e
symmetry of these matrices results from the action-reaction
principle.

System (5), which represents n-coupled oscillations is
therefore expressed as follows:

m1 0 0 . . . 0

0 m2 0 . . . 0

0 0 m2 . . . 0

. . . . . . . . . . . . . . .

0 0 0 . . . mn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

€x1(t)

€x2(t)

€x3(t)

. . .

€xn(t)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

+

c11 c12 c13 . . . c1n

c21 c22 c23 . . . c2n

c31 c32 c33 . . . c3n

. . . . . . . . . . . . . . .
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(5a)

In the absence of the excitation force, Equation (5)
becomes

[m] €q  +[c] _q  +[k] q  � 0{ }. (6)

Its solution gives the free response (i.e., the response to
a Dirac impulse) of the system:

q  �

a1

a2

. . .

an

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

eλt
, (7)

where aμ, μ � 1, ..., n are the complex quantities.
Equation (5) gives n solutions for the n complex con-

jugate pairs of eigenvalues λμ and eigenvectors aμ , where
μ � 1, ..., n. *ese eigenvalues and eigenvectors are the so-
lutions of the matrix equation:

[m]λ2 +[c]λ +[k]  a{ } � 0{ }. (8)

*e eigenvalues λμ are characterized by n complex
conjugate pairs because, similar to the model (i),

λμ � −ξμ ± ipμ. (9)

It is well-known that the free response can be written as
a combination:

x(t) � 

n

μ�1
Aμ exp −ξμt  · cos pμt + ϕμ 

� 
n

μ�1
cμ exp −ξμ + ipμ t  + dμ exp −ξμ − ipμ t  ,

(10)

where the pairs (Aμ, ϕμ) or (cμ, dμ) represent the integration
constants.

*e superposition of the free responses of the
n-independent damped oscillations (Equation (10)) with
motion equations given by Equation (9) and characterized by
the same eigenvalues λμ finally produces the following:

Mμ
€Xμ(t) + Cμ

_Xμ(t) + KμXμ(t) � 0, μ � 1, ..., n, (11)

where Xμ are the modal coordinates and Mμ, Cμ, andKμ
represent the modal mass, the modal damping coefficient,
and the modal elastic constant, respectively.

Finally, the mechanical parameters of the free n-
dimensional vibrating system can be expressed in three
different ways: using the damping factors and the pseu-
doangular frequencies ξμ, pμ , μ � 1, ..., n; using the modal
parameters Mμ, Cμ, Kμ ; or using the damping factors and
the natural angular frequencies ξμ,ωnμ , the latter equiv-
alent to ξ], p] . *ese parameters are defined for each of the
n DOFs, similar with the definitions for a single DOF given
by Equation (3).

3. The Measuring Device and Method

In order to measure experimentally the elastic parameters
ξμ, pμ , ξμ,ωnμ , or Mμ, Cμ, Kμ , where μ � 1, ..., n of the
tooth-periodontal tissue system defined in the previous
section, we introduce a method for measuring the free re-
sponse of this periodontal system.

To achieve this, we utilize a repetitive impact exciter
represented by a Periotest device in order to periodically

γ

x

z

y

α

β

O

Figure 2: Possible elementary motions of the tooth (considered as
a rigid body): the displacements (x, y, z) of its center of mass O and
the corresponding rotations (α, β, c) of the tooth.
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apply short impulses normal to the crown region of the
teeth, as shown in Figure 3. *e PDL is a complex structure
which consists of fiber bundles, fluids, cells, and vessels; it
displays a time-dependant and force-dependant, nonlinear
behaviour. *e force/velocity regime of a clinical situation
is typically low to medium speed, high force, but in the
present study, we chose an experimental protocol which is
common for the Periotest, i.e., with a higher speed and
a lower force, in order to provide a significant response
from the tooth. *e mass of the excitation head of the
Periotest device is m � 8 g and the time of impact is τ � 0.1
to 0.2ms, with a repetition frequency of 4Hz. All these
parameters are also common for such tests. In order to
insert the Doppler system in the same position when the
measurements are done, we used a plastic individual dental
guard extended in the investigation zones (i.e., in the apical
regions) with a 5mm support channel.

*e free response of the tooth to the impacts was
recorded with a Doppler ultrasound sensor-type Mini
Dopplex D900 (Huntleigh Healthcare Inc., Cardiff, UK),
applied to the apical area of the tooth investigated. *is
analog device measures the instantaneous speed of the
tooth (Figure 4), with an analog voltage as the output
signal. An advantage of this measuring method is that the
Doppler ultrasound device does not interact mechan-
ically with the tooth-PDL system; the measuring method
is thus a contactless one. *e analog output signal from
the Doppler ultrasound sensor is introduced in a PC
with a professional sound card-type Creative AUDIGY
2 which operates on 16 bits with a sampling frequency of
44.1 kHz.

4. Signal Processing and Identification
Procedure: The Prony Series Method

We consider the system as a linear vibrational one with
viscous damping and n degrees of freedom. Its impact re-
sponse measured in a point can be written classically as the
linear combination of 2n terms of complex argument
exponentials:

x(t) � 
2n

]�1
A]e

λ]t. (12)

*e modal analysis/structural dynamics provides a series
of methods (in time or in the frequency domain) that are able
to extract the relevant information concerning the properties
of the physical system from the experimental results [28, 29].
In the presence of noise or of a reduced number of measured
values, nonparametric methods like the autoregressive or the
minimum variance method have to be utilized [27, 30]. In this
study, we utilize the Prony series method because of its ca-
pability to provide accurate results from the free response. In
comparison to other methods, it also has the advantage that it
does not require a response signal with numerous precision
points.*e algorithm of this Prony series method is presented
in the following part of this section [31].

*e function x(t) is the impulse response signal of the
system, which represents the acceleration, the speed, or

the instantaneous position measured in a point of the
system. We consider that the recorded signal is sampled
with a sampling frequency ]s in accord with Shannon’s
theorem; thus, the sampling frequency obeys the con-
dition ]s ≥ 2]max, where ]max represents the maximum
frequency of the signal. *e sampling frequency is given
by Δt � 1/]s.

*e sampled signal represents the signal at the discrete
equidistant moments of time tk � kΔt:

xk � x tk( , k � 0, 1, 2, ..., N− 1, (13)

where N represents the number of points in which the signal
is recorded.

*e recorded response given by Equation (12) can then
be expressed in the sampled form:

xk � 

2n

]�1
A]e

λ]kΔt, (14)

where λ] are unknown complex conjugate quantities,
depending on the damping factors and on the pseu-
doangular frequencies defined for each DOF similar to
Equation (9).

*e first step in order to obtain λμ is to built the
overdetermined system of equations [32, 33]:

6000

4000

2000

0

–2000

–4000

–6000

v
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Figure 4: Typical sequence of the measured response to the
Periotest pulses (where the instantaneous velocity v(t) is in ar-
bitrary units).

Periodontal
exciter

Doppler
ultrasound

probe

Figure 3: Positioning of the Periotest and of the Doppler ultra-
sound sensor towards an investigated tooth.
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,

(15)

which can be written in the formal form [X] s{ } � − x{ },

where [X] is a m× 2n matrix, {s} is a 2n× 1 column matrix,
and {x} is a m× 1 matrix (where m≥ 2n). *is represents, if
m> 2n, an overdetermined system of equations.*e solution
s{ } of this system will be found by using the method of the
least squares:

s{ } � − [X]′[X]( 
−1

[X]′ x{ }, (16)

where (. . .)′ represents the transpose matrix and (. . .)−1 is
the inverse matrix operation.

As a second step, with the aid of the solution
x{ } � s1, s2, ..., s2n , a 2n-degree algebraic equation can be
built:

z
2n

+ s1z
2n−1

+ s2z
2n−1

+ · · · + s2n � 0, (17)

which has its solutions dependent on the modal parameters
λ]:

z] � exp λ]Δt( , where ] � 1, 2, ..., 2n. (18)

*e modal parameters finally are obtained as a set of n
pairs of complex numbers:

1
Δt

ln z] � Re λμ ± i Im λμ. (19)

*e modal damping factor ξμ and the pseudoangular
frequency pμ will therefore be the absolute values of

ξμ �
1
Δt

Re ln z](  ,

pμ �
1
Δt

Im ln z](  ,

(20)

where μ � 1, ..., n. From Equation (3), it is possible to obtain
the rest of the modal parameters.

5. Experimental Results

In order to study and validate the method, the in-
vestigations are carried out in two clinical situations of
interest to the practitians. In each of them, the same
tooth (i.e., the first right mandibular molar 46) was
absent and three metal-ceramic FPPs were made. We
have used Ni–Cr Wiron 99 (BEGO, USA) for this
prosthesis for the metallic infrastructure. Its thermal
dilatation coefficient is 13.8 ×10−6 K−1 for the 25–500°C
temperature interval. IPS d.Sign (Ivoclar Vivadent AG,
Principality of Liechtenstein) ceramic layers were de-
posed on the metallic infrastructures.

*e mobility of the periodontal system was evaluated
before and after the insertion of the metal-ceramic FPPs

in the oral cavities for all the clinical cases considered.
*e Doppler response to the Periotest excitation, mea-
sured with the Doppler ultrasound sensor—as described
in Section 3—is represented by a series of equidistant
strongly damped oscillations separated by Δt � 25ms
(Figure 4). *ey were recorded on a computer in wav
format with a 16 bits precision and a sampling frequency
of 44.1 kHz (Section 3). *e impulse response of a tooth
(abutment) was extracted from the wav files using the
Cool Edit Pro 2.0 audio processing software (Syntrillium
Software, Informer Technologies, Inc.). In order to en-
sure the same level of the signal, the normalised function
included in the software was used. *e signal was pro-
cessed using Visual Sound Instrument (Version 3.2) from
heliso.tripod and Auto Signal 6.0 trial edition (Seasolve
Software). An accurate damped response was selected for
each case from the series of impulses.

In the second clinical case, three units of metal-ceramic
FPPs were inserted in the oral cavity.*e investigations were
performed after preparing the abutments and after the FPP
insertion.

In Figure 5, the responses for the abutment 45 and for
the abutment 47 are presented, in the case of the blunt: 5(a)
without and 5(b) with the bridge. *ese sequences were
utilized to identify the characteristic mechanical param-
eters. From these sequences, it can be remarked that the
signal presents two domains with different forms. *e first
part (i.e., the 0–2ms interval) contains the response of the
tooth (abutment) during the impact period between the
Periotest hammer and the tooth (abutment), followed by
the true free response. For the accurate identification of the
mechanical parameters from the measured free response,
the sequence which contains the interaction between the
Periotest impact and the tooth (abutment) had to be
eliminated. *e remaining part was utilized for the
identification procedure with the aid of the Prony series
method.

For an accurate application of this method, it is im-
portant to know the number n of the DOF identified for the
system (Equation (15)). *is number n is determined from
the number of peaks that appear in the Fourier spectrum of
the signal.

Once n is established, the Prony series method is utilized
to determine the reduced eigenangulars pμ and the damping
factors ξμ, where μ � 1, ..., n. Each corresponding reduced
eigenfrequency is

]μ �
pμ

2π
, μ � 1, ..., n. (21)

*emodal elastic constant and the damping constant are
therefore given as follows:

kμ � mμ p
2
μ + ξ2μ ,

cμ � 2mμξμ, μ � 1, ..., n.
(22)

As an option, the density of the elastic constant and of
the damping constant can also be defined as the elastic and as
the damping constant on the unity of modal mass:
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κμ �
kμ

mμ
� p

2
μ + ξ2μ,

cμ �
cμ

mμ
� 2ξμ, μ � 1, ..., n.

(23)

In Tables 1 and 2, the parameters estimated for the
abutments 45 and 47, respectively, are presented—for the
corresponding records obtained without and with the dental
bridge/fixed partial prostheses (FPPs). A clear change of
these modal parameters can be remarked; therefore, they can
be considered in order to investigate the mobility of the teeth
affected by the periodontal diseases [34], as well as the in-
fluence of the FPP on this mobility.

6. Discussion

*e results in Tables 1 and 2 allow for drawing a series of
conclusions regarding the tooth-PDL system:

(i) *ree DOFs can be identified in Tables 1 and 2—by
using the analysis in Figures 4 and 5—out of the six
possible DOFs of the tooth marked in Figure 2.*us,
a confirmation of the initial discussion on the useful
number of DOF to be considered—as made with

regard to Figure 2—is made.*ese DOFs refer to both
abutments, when considered individually (i.e., without
an FPP), and also after the FPP has been installed.

(ii) From the amplitudes Aμ and from the damping
factors ξμ of these three movements, the active DOFs
can be clearly identified:

(a) <e β oscillation (rotation with regard to the y-
axis, Figure 2) corresponds to the movement
with the highest amplitude, as this is the most
important movement that the periodontal tis-
sue allows for and as it is in the direction of the
impact produced on the tooth (Figure 3).
*erefore, in Table 1, for the blunt 45 without
an FPP, the y-axis oscillatory rotation corresponds
to the movement (1), while with an FPP, it cor-
responds to the movement (2). In Table 2, for the
blunt 47 without an FPP, the y-axis oscillation
corresponds to the movement (2), while with an
FPP, it corresponds to the movement (1).

(b) <e z-axis translation (Figure 2) is the move-
ment with the smallest oscillatory amplitudes
Aμ and with one of the highest damping fac-
tors ξμ—the latter aspect due to the fact that
the rigidity on the z-axis is the highest, as this
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Figure 5: *e free response of two blunts for an impact test: blunt 45 (a) without a bridge/FPP and (b) with a bridge/FPP, and blunt 47 (c)
without a bridge/FPP and (d) with a bridge/FPP.
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movement is related to the adaptation to the
masticatory forces and thus to the necessary
stability of each tooth in the alveole of their
gum. In both Tables 1 and 2, for the blunts 45
and 47 without and with an FPP, this z-axis
translation corresponds to the movement (3).

(c) <eα oscillation (rotation with regard to the x-axis,
Figure 2) corresponds to the movement which has
an amplitude that is in-between the minimum and
the maximum values above; as this is the move-
ment, the periodontal tissue still allows for a tooth.
*erefore, in Table 1, for the blunt 45 without an
FPP, the x-axis oscillatory rotation corresponds to
the movement (2), while with an FPP, it corre-
sponds to the movement (1). In Table 2, for the
blunt 47 without an FPP, this oscillation corre-
sponds to the movement (1), while with an FPP, it
corresponds to the movement (2).

As it can be seen from the analysis below, from the three
movements identified above, it is even enough to use only the
first two, i.e., those that are the easiest to point out, as they
have the highest and the smallest amplitudes, respectively.*e
third one may be utilized for a supplemental validation of the
conclusions extracted using the previous two.

(iii) By comparing the highest amplitudes Aμ of the two
blunts (i.e., those corresponding to the y-axis ro-
tation), the blunt 47 has less stronger links to the
periodontal tissue, as its oscillations are more
significant; therefore, it is a much worst “shape”
than the blunt 45 from the point of view of the
health of the periodontal tissue.

(iv) After the FPP is in place, the amplitudes Aμ of the
y-axis rotation grow closer for the two teeth: the
one of the blunt 45 increases, while the one of
the blunt 47 decreases—as the former stabilizes the

latter. *e same aspect can be concluded/is con-
firmed from the z-translations, which for the blunt
45 are larger, while for blunt 47 remain approxi-
mately constant.

(v) *e eigenfrequencies υμ are higher for a healthy
periodontal tissue, which acts as a strong spring for
the system, and are smaller for an affected peri-
odontal tissue, which acts as a weaker spring.
However, such a comparison could be done only
between the same blunts of a certain person—in
time. In the case of the two blunts considered,
i.e., 45 and 47, they are different; thus the con-
figuration of their equivalent system (as consid-
ered, simplified, in Figure 1) is different.*erefore,
one cannot compare their state of health based on
the values of their υμ, but only based on the values
of their Aμ, as performed above. It can actually be
remarked that the eigenfrequencies are higher for
the blunt 47 with regard to the blunt 45—due to
this different configuration of their systems.

(vi) However, regarding the previous aspect, one can
successfully compare the situation of the blunts
before and after placing the FPPs: for the blunt 45,
the values of υμ decrease, while for the blunt 47,
they decrease. Again, like for the amplitudes Aμ, an
average of the initial values is achieved after
placing the FPPs, in accordance with the conclu-
sion obtained in point (iv).

(vii) Using the values of the eigenfrequencies υμ, one
can make a comparison between the different
DOFs but, again, for the same tooth. *us, from
both tables, the z-axis translation has not only the
smallest oscillatory amplitudes Aμ, but also the
highest eigenfrequencies υμ. *is is also a confir-
mation of the choice of this DOF; as on the z-axis,

Table 1: Elastometric parameters of the 45 tooth-PDL tissue system—with and without an FPP.

Blunt 45

Case n ]μ(Hz) Aμ ξμ(s−1) κμ cμ

Without FPP
1 286.4067 1.097711 337.4217 3352220 674.8434
2 852.1179 0.2212718 993.2421 2.965201E+ 07 1986.484
3 2499.865 0.2102088 1514.978 2.490086E+ 08 3029.956

With FPP
1 341.1231 1.61918 427.1722 4776381 854.3445
2 1183.321 1.715744 4200.505 7.292389E+ 07 8401.011
3 3256.205 0.8393298 6296.236 4.582272E+ 08 12592.47

Table 2: Elastometric parameters of the 47 tooth-periodontal tissue system—with and without an FPP.

Blunt 47

Case n ]μ(Hz) Aμ ξμ(s−1) κμ cμ

Without FPP
1 495.2435 1.051082 420.4894 9859532 840.9789
2 1091.073 3.355402 3601.523 5.996768E+ 07 7203.047
3 1559.037 0.3151164 1231.853 9.747362E+ 07 2463.707

With FPP
1 291.2956 1.092437 371.1869 3487646 742.3738
2 837.9702 0.8992419 1667.244 3.050121E+ 07 3334.488
3 1459.554 0.3104216 1741.271 8.71328E+ 07 3482.542
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the rigidity of the tooth-tissue system is the highest
one, as an adaptation to the maximum forces
applied to the system in this direction (i.e., for the
masticatory process).

(viii) *e modal damping factor ξμ is less relevant for the
analysis; as by comparing the values in Tables 1 and
2, some of them increase and some decrease after
the FPP is placed—with regard to a different DOF.
However, by using the composed parameter Kμ
defined by Equation (22), the analysis can be
completed successfully, as one may see that this
parameter follows the trend of the eigenfrequencies
υμ—for each blunt and case; therefore, the same
conclusions as at points (v) and (vi) can be reached.

(ix) A confirmation of the entire analysis made above
can be made using the third DOF, i.e., the α oscil-
lation (rotation with regard to the x-axis, Figure 2):
Aμ is again higher for the blunt 47 with regard to the
blunt 45; after placing the FPP, it increases for 45
and it decreases for 47, thus reaching a sort of av-
erage of the initial values. For υμ and for Kμ, we have
already seen that they have the same behaviour as for
the other two DOFs. *erefore, in performing such
an analysis, one may use only two or even one of the
DOF considered, while the other(s) can be used to
confirm the results obtained—as it has been seen
from the above discussion.

As a remark, one can see that similar conclusions can be
reached by analysing the modal damping factor ξμ and the
damping constant on the unity of modal mass cμ (the latter
in the last column of Tables 1 and 2), as these two parameters
are proportional (Equations (22) and (23)). *erefore, only
one of these two parameters is enough to complete the
analysis. However, such a simplifying remark cannot be fully
made for Kμ (in order to completely eliminate it from the
analysis) as this parameter is (Equation (22)) a combination
of the parameters υμ and ξμ. Still, as pointed out in (viii), Kμ
and υμ do have the same trend.

In order to make a clinical validation of the results in this
study, we did a mobility evaluation of the teeth 45 and 47
with the Periotest (which is dedicated to such an evaluation)
and with the Doppler system—before the application of the
bridge. *e Periotest is thus giving initial information on
which tooth is in a good shape and which is in a bad one.*e
Doppler evaluation made for the same teeth placed under
the bridge gave results of the same type, so the two results of
the methods, the classical, clinical (but approximate one)
and of the more accurate (but more elaborate) method
developed in this study confirm each other.

7. Conclusions

We have introduced a linear mechanical model with several
DOFs, consisting of a viscous-damped vibrating system.*e
model was able to describe the mobility of the tooth-PDL
tissue system with or without a dental bridge/FPP, as well as
to complete the evaluation of each dental bridge abutment.

For the physical modal parameters of the mechanical
model, we have used the modal elastic constants and the
modal damping constants kμ and cμ, respectively, where
μ � 1, ..., n (where n is the number of DOFs of the system),
or the modal reduced frequency and the modal damping
factor pμ and ξμ. *ese can be considered the elastometric
parameters which characterize the status of the tooth-PDL
tissue system [32, 33], affected in a certain degree by
parodonthosis [34]. An experimental method based on
the free response analysis was utilized in order to obtain
these parameters. Using a Doppler ultrasound sensor
placed on the gingiva in the vicinity of the tooth in-
vestigated, this method eliminated the interaction be-
tween the exciter and the tooth-PDL tissue system. *e
identification of the modal parameters has been per-
formed using the Prony series method because for other
methods a response signal with numerous points would
have to be used.

As demonstrated in the examples considered, these
parameters can be utilized to analyse and to compare the
status of the teeth affected by the periodontal disease and
what happens after the FPP is set in place. To complete this
analysis, an identification of the most significant
DOF/movements of the teeth can be easily made first. As
demonstrated, the results of the analysis when considering
the different DOF/movement possibilities confirm each
other—for both teeth considered, both without and with the
FPP. In the latter case, the expected average of the pa-
rameters is reached, as the healthier tooth losses some of the
quality of the tooth-tissue system, while the less healthier
tooth gains some of this quality. *e stronger tooth-PDL
system thus supports the weaker. In conclusion, the results
of the model are in good accordance with the physical
phenomena.*ese parameters and their analysis can be thus
added to the empirical score parameter measured with the
Periotest device, which is useful, but provides too little detail
on the situation of the health of the tooth-periodontal
system.

Future work in our groups includes the study of the
variation of these parameters with the repeated applica-
tion of the impacts, which constitutes the so-called ad-
aptation phenomenon. An optimization of the testing
parameters can also be performed, once the study
methodology was determined in the present study. Fi-
nally, a distinct direction of work refers to applying
imaging methods, including noninvasive ones like optical
coherence tomography (OCT) in order to evaluate in vivo
the health of the periodontal pockets with dedicated
handheld scanning probes [35, 36].
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