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ABSTRACT This paper proposes a comprehensive review of orthodontic archwire bending robots for fixed
appliances, focusing on their key technologies. Orthodontic archwire bending robots can significantly reduce
the workload of orthodontists and enhance the efficiency of orthodontic treatment with compared with the
orthodontist’s manual bending of orthodontic archwires. Due to the high degree of customization required
for orthodontic archwires and the challenge of springback during bending, research on robotic archwire
bending has concentrated on developing advanced robotic systems, optimizing archwire bending plans, and
implementing springback compensation methods. This paper comprehensively reviews the advancements in
design and control of orthodontic archwire bending robots for fixed appliances. It delves into orthodontic
archwire bending planning and springback compensation methods, providing a categorized introduction and
detailed summaries. Finally, it evaluates and discusses the challenges and future directions of orthodontic
archwire bending robots and their core technologies.

INDEX TERMS Orthodontic archwire bending robot, planning methods for bending orthodontic archwires,

bending springback compensation method.

I. INTRODUCTION

The earliest report on medical robots dates back to 1988 for
needle alignment during neurosurgical biopsy puncture [1].
The medical field has embraced robotics in recent years
[2], and dentistry is no exception. Robots are now being
used for a variety of procedures, including implantation [3],
extraction [4], restoration [5], endodontics [6], orthodontics
[7], and maxillofacial surgery [8], [9]. Robots play a role in
orthodontics due to their high precision, high efficiency, and
high stability. In the filed of dentistry, Orthodontists are able
to use robots to achieve the roles such as: measurement of
orthodontic forces [10], [11], simulation of tooth movement
during orthodontics [12], [13], assist in the fabrication of
invisible appliances [14], fixed orthodontic appliances [15],
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and movable orthodontic appliances [16]. Thus, robots have
a vital role to play in the field of orthodontics.

For straightening teeth, orthodontic appliances are the
gold standard. These appliances come in three main types:
fixed braces [17], invisible orthodontic appliances [18], and
removable options [19]. Orthodontists typically rely on fixed
braces or clear aligners for active treatment, while removable
appliances often play a supportive role in maintaining the
final results after treatment is complete [20]. As the wearing
of traditional fixed braces would affect the aesthetics, the
concept of invisible braces was proposed in 1946 [21], and
with the rapid rise of material science and 3D printing tech-
nology, invisible braces were introduced into the orthodontic
market in 1998 [22]. Due to its material properties and shap-
ing method, invisible braces are automatically processed by
robots or other devices combined with 3D printing tech-
nology. Invisible aligners are the most favored orthodontic
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appliance of patients because of their aesthetics [23] and com-
fort [24], but studies have shown that invisible aligners cannot
be used when patients need rotational orthodontic treatment
[25] and when patients are wearing veneer crowns [26], and
therefore, invisible aligners cannot completely replace tradi-
tional fixed aligners for the time being [27].

Traditional fixed orthodontic appliances consist of
orthodontic brackets and orthodontic wires. When orthodon-
tic wires have placed orthodontic brackets, deformation
occurs between the orthodontic wires and brackets, and the
orthodontic wires apply orthodontic force to the teeth to
restore the deformation so that the teeth will move to the
position, which is most suitable for treatment. Different
shapes of orthodontic archwires will exert different amounts
of orthodontic force on the teeth when the malocclusion of
the teeth is certain. Too much orthodontic force may lead
to root resorption or tooth loss, while too little orthodontic
force may lead to non-movement of the teeth, thus prolonging
the treatment time. Since different patients have different
malocclusions, the teeth need to be moved in different direc-
tions and distances, therefore, different patients need different
shapes of orthodontic archwires.

Manually bending orthodontic wires poses several chal-
lenges. The super elasticity of the wire causes it to springback
after bending, requiring orthodontists to bend it repeatedly.
This repeated bending can lead to fatigue fractures and affect
the accuracy of the final shape. Additionally, the doctor’s
experience significantly impacts the precision of the process.
For these reasons, researchers have explored using robots to
bend orthodontic wires. Studies show that robotic bending
offers high precision and efficiency, potentially improving
treatment speed and reducing strain on orthodontists [28].

To address the challenges of customizing orthodontic
wires and springback during bending, researchers developed
two methods: orthodontic archwire bending planning and
springback compensation. The planning method allows for
designing various wire shapes. It essentially involves taking
a straight wire and calculating the precise bend locations,
angles, and distances between bends to achieve the doctor’s
desired final shape. Springback compensation tackles the
issue of wires bouncing back after bending. By predicting
the springback angle, this method adjusts the initial bending
angle to ensure the wire reaches the target shape in a single
go, achieving accurate bending.

Dental and orthodontic robots have been discussed as top-
ics [29], [30], [31], as well as a short review of orthodontic
archwire bending robots [15], [32], but a systematic sum-
mary of orthodontic archwire bending robots and their key
technologies has been neglected; therefore, this review is
intended to provide a comprehensive and timely reference for
the development of orthodontic archwire bending robots and
their key technologies.

This paper provides a comprehensive review orthodon-
tic archwire bending robots and their core technologies.
It explores the current state of research on orthodontic
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archwire bending robots, bending planning methods for target
orthodontic archwires, and archwire springback compensa-
tion methods in the bending process. The mechanism of the
orthodontic archwire bending robot and the trajectory plan-
ning and control methods are reviewed, and the mechanism
types of the orthodontic archwire bending robot are classified
into three types: planar, articulated, and Cartesian coordinate.
The paper categorizes orthodontic archwire bending robots
into three main types based on their movement capabilities:
planar, articulated, and Cartesian coordinate. Planar robots
bend wires within a single plane, while articulated robots use
multi-jointed arms for greater flexibility. Cartesian coordi-
nate robots, meanwhile, utilize a rectangular frame structure
for precise movements. There are two main approaches to
planning the bending process for target archwires: model-
based and model-free. Model-based methods rely on a virtual
or physical model of the desired shape, while model-free
methods use mathematical calculations. The paper further
classifies springback compensation methods based on the
archwire material: stainless steel and Nitinol. Stainless steel
uses bending compensation, while Nitinol utilizes thermal
activation for compensation, as shown in Fig. 1. In the
section II of the article, the structures of various types of
orthodontic archwire bending robots and their processing
capabilities are outlined, and current methods of motion tra-
jectory planning and control of orthodontic archwire bending
robots are reviewed. In Section III the principles of the two
currently used methods for target archwire planning are high-
lighted, and relevant research cases are outlined to analyse
the advantages and disadvantages of each type of method.
In Section IV, two different bending compensation methods
for two different materials used in the bending process of
archwires are reviewed. Finally, in Section V, the current
challenges and future trends of orthodontic archwire bending
robots are discussed.

Il. ORTHODONTIC ARCHWIRE BENDING ROBOT
The orthodontic archwire bending robot is an essential

element of the robotic system, responsible for the manipu-
lation and formation of orthodontic appliances. The formed
orthodontic archwires possess an intricate three-dimensional
configuration, which challenges the robot’s processing capa-
bility and serves as a crucial factor in establishing the robot’s
suitability for replacing the orthodontist in the fabrication of
orthodontic appliances. Currently, there exist multiple types
of orthodontic archwire bending robots, each possessing dis-
tinct processing capabilities. This research categorizes the
robots that have been documented into three distinct types:
planar bending robots [33], [36], [37], articulated bending
robots [38], [39], [40], and Cartesian bending robots [41],
[42], [43], [44]. This subsection will provide a detailed
description of the structural framework of each robot type,
examine the machining capabilities of each type, summarize
the strengths and shortcomings of the current robots in each
category, and highlight forthcoming design options.
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FIGURE 1. Key technologies of orthodontic arch wire bending robots. 1.1 Flat type, “LAMDA” orthodontic archwire bending robot designed by Glbert
Reprinted with permission from [33]. Copyright 2011, JCO. 1.2 Articular type, “Suresmile” articulating orthodontic archwire bending robot designed by
F. Riemeier et al. Reprinted with permission from [31]. Copyright 2016, Bentham. 1.3 Cartesian coordinate type, Orthodontic archwire bending robot
with right-angled coordinates designed by Zhang et al. Reprinted with permission from [7]. Copyright 2014, SAGE. 2.1 Modeless planning,
Mathematical modelling of maxillary and mandibular orthodontic archwires by Zhang et al. 2.2.1 Modelling planning for lingual orthodontic archwire
realisation by Deng et al. Reprinted with permission from [34]. Copyright 2015, IEEE. 2.2.2 Planning of bending points for orthodontic archwires using
image extraction by He et al. Reprinted with permission from [35]. Copyright 2018, IEEE. 3.1 Stainless steel archwire springback prediction model for
wire bending. 3.2.1 Stainless steel bow wire overbend angle model 3.2.2 Nitinol bow wire setting temperature model.

Robots can be classified based on their mechanical
structure. A planar orthodontic archwire bending robot
is one that bends orthodontic archwires in a single
plane without converting the bending plane. An articu-
lated orthodontic archwire bending robot is similar to an
industrial robotic arm, with multiple rotating joints as the
main body. A Cartesian Coordinate Orthodontic Archwire
Bending Robot is a robot that uses a rectangular struc-
ture to enable linear movement of the end-effector in the
X, Y, and Z axes. Please refer to Fig. 2 for a visual
representation.
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A. PLANAR ORTHODONTIC ARCHWIRE BENDING ROBOT
The first report of an orthodontic archwire bending robot was
the design of a robotic orthodontic archwire bending system
called the “Bending art system’” by H. Fischer-Brandies et al.
The system combines an electronic endoscope, bow bending
equipment and a computer control system, which manually
measures the bow bending data and imports it into the control
system, which converts the data and sends commands to the
bow bending equipment to complete the bow forming. The
main body of the orthodontic archwire bending mechanism
in this system is a bending head as shown in Fig. 2(a), which

VOLUME 12, 2024



H. Liu et al.: Review of the Research Progress of Orthodontic Archwire Bending Robot

IEEE Access

consists of three parts, an outer bending cone that can be
transformed into a different direction is provided on the outer
side of the bending head, and a guiding cone is provided at the
top of the bending head, which is wrapped around the inner
torsion cone with a central hole. The advancement and twist-
ing of the archwire can be achieved by the co-ordination of
the guide cone and the inner torsion cone, and the bending of
the orthodontic archwire is achieved when the outer bending
cone moves relative to the direction of the archwire feed. The
robot can achieve a bending effect of 6°-54° and a twisting
effect of 2°-36° of the archwire with a minimum step of
0.5-0.7 mm [36]. In order to fill the gap in the robotic process-
ing of lingual orthodontic archwires, Alfredo Glbert et al.
designed an orthodontic archwire bending assistance system
called “LAMDA”, which has an end-effector capable of
moving in the XY plane to bend lingual orthodontic arch-
wires [33], [45], as shown in Fig. 2b). The team developed
the “LAMDAZ2” lingual orthodontic archwire assisted man-
ufacturing system based on the “LAMDA”, as shown in
Fig 2c). The drive module of the new generation system
has been upgraded from the original 4-motor composition to
a 12-motor composition, and the second-generation system
achieves bending compensation between the canine and the
first molar, as well as between the first molar and the sec-
ond molar, by increasing the number of end-effector, which
enables finer bending [30].

For the planar bending robot its structure is limited, mostly
used in a plane to bend the orthodontic archwire, can achieve
the first sequence of orthodontic archwire bending needs,
but for the first sequence of curves perpendicular to the
positional relationship between the special function of the
curvature, its processing capacity is insufficient to achieve
the geometry of complex special function of curvature
bending.

B. ARTICULATING ORTHODONTIC ARCHWIRE BENDING
ROBOT

There are two commercially succeed orthodontic archwire
bending robots: Ortho-robot and Suresmile. Both robots are
articulated and have the ability to bend the initial sequence of
labial orthodontic archwires. Additionally, Orthorobot is also
capable of bending the first sequence of labial orthodontic
archwires [32].

Patents related to the Suresmile robot report that the robot
consists primarily of a robotic arm for mobile gripping and
bending and a fixed mechanical gripper fixed to a base for
clamping the bow wire, with a total of six degrees of freedom.
The arm can move and rotate relative to the fixed jaws to
complete the bending of the orthodontic archwire [46].

The system is also equipped with a feeding device for the
archwire, and a special conveyor belt with grooves is designed
to place the unformed archwire in the grooves, so that the
conveyor belt advances by one position to make the archwire
available to the arm for picking up the archwire when the
mobile arm needs a new archwire. Friedrich Riemeier et al.
modified the Suresmile system by improving the clamping
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and bending methods, reducing collisions during bending,
and increasing the types of orthodontic wires that can be
clamped [38], as shown in Fig 2d).

Zhang and Jia [39]. built an orthodontic archwire bending
robot using a MOTOMAN UP6 robotic arm, which consists
of a MOTOMAN UP6, an end-effector, and an archwire
fixation bracket, with one end of the archwire being clamped
by the fixation bracket, and the other end of the archwire
being clamped by the end-effector for bending. A cylinder,
and the clamping drive the end-effector of the robot and
releasing of the bow wire by the end-effector is realized by the
ejecting and retracting of the cylinder. The clamping jaws of
the end-effector are designed with a diamond-shaped notch,
which can realize the clamping of both the square wire and the
round wire. The researchers carried out bending experiments
with Ni-Ti alloy bow wires and achieved the bending of the
first sequence of curves of orthodontic bow wires, as shown
in Fig. 2h.

When orthodontists bend orthodontic archwires manually,
they may use a variety of different types of wire benders.
In order to enable the robot to bend orthodontic archwires
with a variety of wire benders as well, Xia et al. [40].

Designed a robotic end-effector that can be used in
conjunction with a library of wire benders to enable the
replacement of wire benders, as shown in Fig. 2¢). The robot
system as a whole consists of a six-degree-of-freedom artic-
ulated robot, end-effector, archwire clamping mechanism,
clamp magazine, and archwire pick-and-place frame. At the
end of the robot end-effector is configured with a pulley
drive mechanism connected to the motor, the other side is
connected to the screw mechanism, the wedge-shaped slider
is mounted on the screw, the motor rotation is decelerated
by the belt drive to transfer the motion to the screw, the
screw moves upward with the wedge-shaped slider to push
the rollers, so that the pliers can achieve the clamping, the
motor reverses the wedge-shaped slider downward move-
ment, the reset springs can be made to open the pliers, and
the structure of the end-effector is shown in Fig. 2f). In order
to achieve the smooth replacement of mechanical fingers, the
team also developed a corresponding clamping tool library,
the structure of which is shown in Fig. 2f). The bottom
of the clamp library is connected to the motor, when replacing
the wire bending clamp, the robot end-effector moves to the
de-clamping frame and puts the wire bending clamp into the
clamp library, and then moves to the target bending clamp
to be replaced and takes it away, when the replacement of
the wire bending clamp is completed, the clamp library will
re-transfer the empty space to the de-clamping frame. The
researchers again attempted the construction of a robotic
system using two robotic arms, and the robotic system was
able to achieve the bending of the first sequence of curves of
the lingual orthodontic archwire, as well as the bending of
the two weighted special function curves, the vertical-open
curves and the T-shaped curves, as shown in Fig. 2g).

The articulating orthodontic archwire bending robot
exhibits exceptional flexibility and is adept at bending
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FIGURE 2. Types of orthodontic archwire bending robot structures. a) “BAS” orthodontic archwire bending robot. Reprinted with permission from [36].
Copyright 1996, Springer. b) “LAMDA” orthodontic archwire bending robot. Reprinted with permission from [33]. Copyright 2011, JCO. c) “LAMDA2"
orthodontic archwire bending robot. Reprinted with permission from [30]. Copyright 2022, Wolters Kluwer. d) “Suresmile” orthodontic archwire
bending robot. Reprinted with permission from [31]. Copyright 2016, Bentham. e) An orthodontic archwire bending robot designed by Deng et al.
Reprinted with permission from [34]. Copyright 2015, IEEE. f) Robotic end-effector and clamp library for orthodontic archwire bending designed by

Xia et al. Reprinted with permission from [40]. Copyright 2016, IEEE. g) Bending process of orthodontic archwire bending robot designed by Xia et al.
h) An orthodontic archwire bending robot based on Motoman UP6 designed by Zhang et al. Reprinted with permission from [39]. Copyright 2009, IEEE.
i) The bending process of an orthodontic archwire bending robot designed by Zhang et al. j) An orthodontic archwire bending robot designed by

Zhang et al. k) An orthodontic archwire bending robot designed by Jiang et al.

archwires with intricate geometrical configurations, enabling
the formation of specialized functional curves. However, it is
important to note that this robotic system is associated with
higher overall costs and occupies a larger volume.

C. CARTESIAN ORTHODONTIC ARCHWIRE BENDING
ROBOT

Jiang et al [41]. focused on the use of a Cartesian Coordinate
type robot to complete the bending of orthodontic archwires
and designed a five-degree-of-freedom orthodontic archwire
bending robot using a rectangular structure, as shown in
Fig. 2j). The robot mainly consists of a base, an orthodon-
tic archwire feeding mechanism, an orthodontic archwire

167642

rotation mechanism, an orthodontic archwire clamping and
supporting mechanism, and an orthodontic archwire bending
mould [42]. The main body of the robot is a right-angle
coordinate type, using the screw nut mechanism as the robot’s
mobile carrier, the two mobile carriers are equipped with
a bow wire clamping and support mechanism and bend-
ing mould, bending moulds using a two-finger structure of
orthodontic bows to achieve bending around the shape of
the bows, the bow wire clamping and support mechanism
of the design of a smaller diameter can reduce the bow
wire bending process of the interference problem, as well as
the bow wire fluttering. The researchers carried out bending
experiments of Australian and stainless steel square wires
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using a robot, and the experimental results showed that the
robot was able to achieve the bending of the first sequence
of curvature and vertical curvature of the orthodontic arch-
wires. The error range of the orthodontic archwires for each
geometrical feature was 4.6%-10.5% as shown in Fig. 2i).
Aiming at the problem that the stiffness of the orthodontic
archwire is low and prone to slip and warp during the bend-
ing process of this robot, Jiang et al. improved its structure
and designed an eight-degree-of-freedom robot, in which a
support and blocking mechanism was added to improve the
stiffness of the orthodontic archwire in the bending process,
preventing the archwire from shifting during bending, and
completing the dynamics simulation of the whole machine
[43], as shown in Fig. 2k).

The main body of the orthodontic archwire bending robot
designed by Alfredo Glbert et al. is a gantry-type frame,
through which the horizontal movement of the end-effector
along the X, Y, and Z axes can be realised, and the archwire
clamping mechanism adjacent to the end-effector can realise
the fixation and clamping of the archwire, which is driven by
the side pulleys to make the archwire realise the rotational
movement. A motor connected to the spindle is mounted on
the base of the mechanism, which enables the vertical move-
ment of the clamping mechanism with a stroke of 35 mm
along the Z-axis direction, and the bending of the orthodontic
archwire is realized by the cooperation between the clamping
mechanism and the end-effector, and the bending angle of the
wires can reach up to 180° [44].

Cartesian coordinate robots possess a straightforward
design, exhibit stable movement, and demand less control
compared to articulated coordinate robots. However, the
trade-off for these advantages is a reduced level of flexibility,
as these robots employ a rigid rectangular structure that may
not be capable of executing tasks involving intricate curved
shapes.

D. OTHER CONFIGURATIONS OF ORTHODONTIC
ARCHWIRE BENDING ROBOTS

In addition to the above three cases, researchers have also
designed robots using other configurations. Song et al. [47]
designed an orthodontic archwire bending device similar to a
tube bending device, which mainly consists of a wire feeding
device, a bending device, and a cutting device. Wire feeding
device has a number of rotating rollers as well as a guiding
section, and the horizontal movement of the archwire in the
guiding space is realized by the rotation of the rotating rollers.
The bending device comprises a fixed portion and a bend-
ing portion for clamping and bending orthodontic archwires,
respectively, and the bending portion can be rotated in a
circumferential direction or moved in one direction to achieve
bending of the archwires. The cutting device employs three
blades feeding simultaneously from three directions to the
center to cut off the orthodontic archwire that has completed
bending into shape, which can theoretically achieve continu-
ous bending of the archwire.
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According to this section, among the three types of robots,
the planar orthodontic archwire bending robots have some
limitations in their ability to process orthodontic archwires
compared to the other two types, and they appear to be
incapable of bending special functional curves. However,
compared with the other two types of robots, the planar
orthodontic archwire bending robot only needs to carry out
the two actions of wire feeding and bending, and does not
need to change and adjust the position of the orthodontic
archwire, so it has a higher efficiency and precision for the
bending of the first sequence of orthodontic archwire cur-
vature. The articulated orthodontic archwire bending robot
is more flexible than the other two types and is capable
of bending the first sequence of orthodontic archwires and
some special functional curves, but this configuration has the
disadvantages of redundant degrees of freedom, large size,
and high cost. The flexibility and bending capacity of the
Cartesian Coordinate Orthodontic Archwire Bending Robot
lies between the two, and it is capable of bending the first
sequence of orthodontic archwires as well as some of the
special function curves. It is clear that the degree of flexibility
of the robot is directly proportional to the bending capacity,
and the degrees of freedom and the processing capacity of
each robot that has performed bending experiments are sum-
marized in Table 1.

The number of degrees of freedom has a direct impact
on the robot’s processing capacity. In order to mitigate the
issue of redundancy in the robot’s degrees of freedom while
ensuring its processing capabilities, Han et al. [48]. intro-
duced a novel design approach for the robot configuration,
employing bionic design principles. This approach aims to
determine the necessary degrees of freedom for orthodon-
tists to manually bend orthodontic archwires and different
types of special functional curves. The analysis involves
iteratively examining each result and combining them to
determine the specific type and quantity of degrees of free-
dom required for the robot to possess optimal processing
capabilities. Following this, the primary framework of the
robot is devised to consist of the wire bending mechanism
and the wire feeding mechanism. The degrees of freedom
obtained are then appropriately distributed between the two
mechanisms to finalize the design of the robot’s structure,
in accordance with the mechanism. The method allows for
the creation of robot structures that have specific machining
capabilities and solves the issue of unnecessary degrees of
freedom.

E. MOTION TRAJECTORY PLANNING AND CONTROL OF
AN ORTHODONTIC ARCHWIRE BENDING ROBOT

The motion trajectory planning of the orthodontic archwire
bending robot is one of the important research contents
for the robot to realize orthodontic archwire bending [49].
Haiyan et al. [50] ocused on calculating the precise joint
angles needed for the robotic arm to bend the archwire at each
designated point.
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They ensured these angles wouldn’t cause the arm to move
outside its designated workspace and used them to plan the
optimal path for bending the archwire.

The robotic arm of the orthodontic archwire bending
robot system set up by Xia et al. has to undertake four
tasks: wire picking, wire releasing, fixation and bending. The
researchers established a planner for the orthodontic bowline
bending robot based on the RRT fast expanding random tree
algorithm and collision detection algorithm, planned mul-
tiple collision-free motion paths through random sampling
strategy, and solved the optimal paths through cost estima-
tion of the paths, and finally smoothed the paths to achieve
the collision-free path planning in the robotic machining
process [34].

For the control method of orthodontic archwire bend-
ing robot, Zhang et al. concluded that the motion
mode of orthodontic archwire bending robot belongs to
point-to-point hybrid motion, and the traditional accel-
eration and deceleration motion control method is not
applicable to this mode. To reduce the shock and vibra-
tion during the bow wire bending process and improve
the bending processing accuracy. A segmented self-
adjusting acceleration-deceleration strategy based on a
three-segment pure S acceleration-deceleration curve, a five-
segment acceleration-deceleration curve, and a modified
acceleration-deceleration curve displacement is proposed.

By judging the length of the orthodontic archwire feed-
ing distance, different acceleration-deceleration curves were
selected to reduce the impact during robot motion and
improve the stability of the robot during motion [51].

In order to improve the bending precision of orthodontic
archwires, Deng and Liu used force sensors to monitor the
reverse force of orthodontic archwires on the bending clamp
during the bending process, and judged whether the orthodon-
tic archwire springback was over by detecting the reverse
force, and at the same time, detected and compensated the
bending angle, so as to realise the precise bending control of
orthodontic archwires [52].

Currently, there are fewer studies on the motion trajec-
tory planning and control methods of orthodontic archwire
bending robots, and most of the orthodontic archwire bend-
ing robots use open-loop control mode to bend orthodontic
archwires, which leads to a decrease in the precision of
orthodontic archwire shaping, whereas closed-loop control
of the robots through the use of various types of sensors can
significantly improve the precision of the bending process.
In the process of orthodontic bow wire bending, the robot
needs to carry out continuous bending action in a narrow
space, which may lead to the collision between the orthodon-
tic bow wire and the robot or the entanglement between the
orthodontic bow wire and the robot end-effector, thus affect-
ing the bending accuracy of the orthodontic bow wire, which

TABLE 1. Summary of the characteristics of fixed orthodontic processing robots in various type.

Robotic Degrees

Processing

Robot Type Year  Robot Name of Freedom Processing Capacity Type Literature
1996 BAS 3 Bending :ﬁgntc";';tf“;ﬁr"vi:hc first Labial 36]
Flat Type 2011  LAMDA 2 Bending of ﬂéirf‘/r:; sequence of Lingual [33, 45]
2012 LAMDA2 5 Bending of t}gi:::resst sequence of Lingual 30]
2004  Suresmile 6 Bending of ”;irf\‘/r:; sequence of Labial [32, 38, 46]
Ortho-Robot 6 Bending of the first sequence of Lal_)lal and [32]
curves Lingual
Articular Type X
2010 OABR 6 Bending of ﬂ;i:j,r:; sequence of Labial [39]
Bending of the first sequence of
2014 ROAP 6 curves, vertical curve and T-shaped Lingual [40]
curve
Cartesian Coordinate Type 2013 OABR 5 Bending of the first sequence of Labial [41, 42]

curves and vertical curve

167644

VOLUME 12, 2024



H. Liu et al.: Review of the Research Progress of Orthodontic Archwire Bending Robot

IEEE Access

can be avoided by the reasonable robot motion trajectory
planning.

The most important parameter for orthodontic archwire
bending is the bending angle of the orthodontic archwire.
A depth camera can be used to monitor the process of robotic
bending of orthodontic archwires, identify the bending angle
in real time and judge whether the desired angle is reached,
and when the desired angle is not reached, the second bending
process is taken to compensate for this, so as to realise
the closed-loop control of the robot in orthodontic archwire
bending, and to improve the precision of the robot in bending
the orthodontic archwires. The robot can be controlled in
closed loop to improve the precision of the robot bending
orthodontic archwires.

Ill. METHODS OF PLANNING THE BENDING OF
ORTHODONTIC ARCHWIRES

Orthodontic archwire hand bending is a qualitative proce-
dure in which the orthodontist manually bends a specific
orthodontic archwire according to the patient’s dental struc-
ture. The bent archwire is then compared to a teeth model, and
necessary adjustments are made to the orthodontic archwire.
The qualitative bending approach is appropriate for manual
bending, but not for robotic applications. Consequently, the
process of using robots to bend orthodontic archwires neces-
sitates precise design of the desired orthodontic archwires.
In the present study, researchers have employed various quan-
titative techniques to plan the target orthodontic archwires.
This paper categorizes the different planning methods based
on whether a model is used or not, and further divides them
into two categories: modeless planning and modeled plan-
ning, as illustrated in Fig 3. This section will present the
concepts of each method type and the characteristics.

A. MODELESS PLANNING METHODS OF ORTHODONTIC
ARCHWIRES

The primary distinction between modeless planning
approaches and modeling planning methods lies in the fact
that modeless planning necessitates the prior establishment
of a well-founded model of the target orthodontic archwires,
which is then followed by the planning of the position of
robotic bending points. This subsection presents the modeling
techniques for several modeless planning approaches and the
planning of the position of robotic bending points.

A acceptable orthodontic archwire model should have the
shape of a healthy arch to allow the teeth to be moved into
a reasonable position. In previous studies, many scholars
proposed mathematical models of dental arch morphology
to facilitate orthodontic treatment of teeth, using hanging
chain curves [53], [54], [55], polynomials [55], [56], [57],
[58], Beta functions [58], [59], spline curves [60], [61],
Fourier series [62], power functions [58], and elliptic equa-
tions [54] to express the shape of the human dental arch.
Asian dental arch morphology is better in line with the power
function model, as Zhang et al.’s research revealed [63], [64].
Afterwards, Haiyan et al. [50]. employed a power function
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to model orthodontic archwires, adjusting the model’s size
based on the breadth and length of the arch to accommodate
a range of mouth shapes. In order to plan the model’s bend-
ing points, the researchers divided the model into multiple
parts using the stationary points associated with the func-
tion’s monotonicity, the inflection points associated with the
graph’s concave direction, and the points where the first-order
derivatives do not exist as the demarcation points. They then
determined the locations of the bending points in each part
and, using the maximum amount of spacing in the y-axis
direction as a criterion, determined the positions of the robot’s
bending points in accordance with the precision required for
orthodontic archwires.

Zhang and Jiang [65]. proposed a segmented power func-
tion model with canine and molar abduction curves based
on the power function model. Straight line segments were
used to model the canine and molar teeth, while the other
parts separated by the two were still modeled using a power
function, as shown in Fig 3a) and 3b). Fig 3c) and 3d)
show two potential bending point planning techniques for
this model: the incremental method and the finite point
spreading method. The incremental technique divides the
archwire model into numerous equal divisions in the x-axis
direction, connects the equal points, utilizes strings instead
of arc segments, and checks the longitudinal axis error values
to see if correctness is attained [66], [67]. The finite point
spreading approach locates the bending point by bending it
between a finite number of key points. The start and end
points of canine and molar abduction bends were used as
key points, and the key points were connected using chords
rather than arc segments, and the difference between the
area enclosed by the chord and the arc was used to deter-
mine whether accuracy was achieved [51], [68], [69]. The
researchers then compared the incremental technique to the
finite point spreading method, concluding that the latter beats
the former in terms of search efficiency and algorithmic time
consumption [70].

Zhang and Jiang et al. advocated employing marker points
to create a more accurate orthodontic archwire model. Using
both sides of the orthodontic bracket grooves as marking
points (Fig. 3e), a mathematical model of the orthodontic
archwire was built using Bezier curves with straight line
segments (Figs. 3f) and 3g). At the same time, mathematical
models for some of the special functional curves, as well as
an interaction model between the special functional curves
and the position of the orthodontic archwire, were created
[68], [71], [72]. The researchers also apply the concept of a
finite point spreading approach in the bending point search
algorithm of this model, with the search region being each
Bezier curve section [73].

This method involves mathematically modeling the ideal-
ized orthodontic archwire and then using a search algorithm
to discover the placement of the bending points. The method
can achieve automatic planning through computer pro-
gramming and calculations to improve efficiency, but it is
important to determine whether the mathematical model of
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TABLE 2. Orthodontic archwire modeling summary.

Literature

Year Research worker Model Influencing factors considered
number
_ B Modeling orthodontic archwires according to
2010 Du y=ax the shape of the dental arch (501
y=a,-x" xe[O,xl]
y=a, P xe [xz,xz]
y:(lz'xﬁ3 xe[x4,x5] . o .
The special shape of the position of the canines
2011 Zhang _ (y3 =¥, ) (X =X, ) and molars in the orthodontic archwire is taken [65]
Y=yt X& [xl’XZ] into account
(x-x,)
(J’zz —y3)(x—x3)
Y=y H————"" Xx€ [xz,x4]
(=)
P(t)=P,(1-t) +3B(1=t)' +3P# (1-1)+ PF
X5 _V™n _ 272 Complex cases of malocclusion and three-
2017 Zhang and Jiang X, =X, V,=W Z,—Z dimensional modeling of orthodontic archwires [71-73]

X=X _ Y=V _Z27%

Xy =Xy Vy— Vs Z,7Z3

were considered

the orthodontic archwires created is standard and accurate,
as well as whether the characteristics of the current orthodon-
tic archwire models are summarized in Table 2.

B. MODEL PLANNING METHODS OF ORTHODONTIC
ARCHWIRES

This study categorizes the techniques for planning orthodon-
tic arch wire bending using virtual and solid models into
model planning approaches. The following section provides
an overview of the many types of model planning methods.

Deng et al. [34], [40] used software to design the final
shape of the orthodontic archwire (see Fig. 3h). They cre-
ated a virtual model and treated the archwire as a series
of connected straight segments (Fig. 3i). Each segment’s
endpoint became a bend point, where the actual bending
would begin. By analyzing these segments and the desired
final shape, they determined the direction and angle of each
bend, enabling precise planning of the archwire as shown
in Fig. 3j.

Furthermore, certain researchers have employed tangible
models of orthodontic archwires to strategize the manip-
ulation of orthodontic archwires by means of an image
recognition technique, in addition to the aforementioned vir-
tual modeling approaches. He and his colleagues employed a
single pair of cameras to record photos of orthodontic arch-
wires. They then utilized the Otsu threshold segmentation
and flood fill approach to extract the arch contours from
the images. Subsequently, they employed corner detection on
the derived contours to determine the precise positions of all
bending points. Afterwards, the slope-based corner filtering
method is applied to all the acquired bending points in order
to extract the useful bending points.

Subsequently, the bending parameters, such as the bending
angle, are calculated based on these useful bending points
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to finalize the bending planning [35]. This process is illus-
trated in Fig 3k) and 31). Chen et al. introduced a method
for selecting the bending point of an archwire using contour
localization and binocular vision. The process involves cor-
recting the stereo image, identifying the orthodontic archwire
skeleton, and extracting the bending point using a multi-
layer contour detection method [74]. This can be seen in
Fig 3m) and 3n).

The model planning approach relies on the obtained tar-
get model, which exhibits superior accuracy in comparison
to the modeless planning method. However, the process of
acquiring a virtual or physical model of the target orthodon-
tic archwire is a crucial matter that requires investigation.
Utilizing software for virtual orthodontic treatment planning
and generating virtual models of orthodontic archwires is a
viable method. However, it is crucial to investigate how to
assess the rationality of the planned orthodontic pathways and
the effectiveness of the resulting orthodontic archwire models
for successful treatment. In regards to the modeless planning
method, constructing a precise model is a necessary require-
ment for logical planning. Inadequate planning of orthodontic
archwire bending can result in interference, collisions, and
other issues during the bending process. This directly impacts
the accuracy of the orthodontic archwires and reduces the
efficiency of the robot. Therefore, enhancing the rationality of
the planning of orthodontic archwire bending and improving
the accuracy of the orthodontic archwire model are crucial
aspects in the advancement of the orthodontic archwire bend-
ing robotic system.

IV. ORTHODONTIC ARCHWIRE BENDING SPRINGBACK
COMPENSATION METHOD

During the process of bending orthodontic archwires, the
archwire contains both elastic and plastic deformation
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Modeless Planning

Modelling Planning

Adjacent marking points in the bracket
' linear modelling
Adjacent marking points outside the bracket:
. Bezier curve modelling

f)

k) The bending point ]) ... / r\‘u

Feature length

n)

The angle between
feature segments

FIGURE 3. Planning of orthodontic archwire bending. a) Segmental power function modelling process for orthodontic archwires proposed by

Zhang et al. b) Segmental power function modelling of orthodontic archwires. c) An incremental approach to planning orthodontic archwire bending.
d) Planning of orthodontic archwire bending by the finite point spreading method. e) Orthodontic archwire modelling marking points. f) An
orthodontic archwire segmentation model based on marker points. g) Orthodontic archwire effect model. h) Virtual model of target orthodontic
archwires by Deng et al. Reprinted with permission from [34]. Copyright 2015, IEEE. i) Principles of orthodontic archwire bending point planning by
Deng et al. Reprinted with permission from [34]. Copyright 2015, IEEE. j) Modelling planning for lingual orthodontic archwire realization by Deng et al.
Reprinted with permission from [34]. Copyright 2015, IEEE. k) Orthodontic archwire bending point selection principles and bending distance, bending
angle calculation methods by He et al. Reprinted with permission from [35]. Copyright 2018, IEEE. I) Planning of bending points for orthodontic
archwires using image extraction by He et al. Reprinted with permission from [35]. Copyright 2018, IEEE. m) Solid model of target

orthodontic archwires with bending point extraction results by Chen et al. Reprinted with permission from [74]. Copyright 2022, IEEE. n) Target
orthodontic archwire bending points by Chen et al. Reprinted with permission from [74]. Copyright 2022, IEEE.

regions [75]. When the bending force is removed, the elastic
deformation region will return to its original shape. This
phenomenon is known as the springback phenomenon of
orthodontic archwires [76]. The springback effect of the arch-
wire directly results in the inability of the bent archwire to
achieve the desired geometric shape, rendering it ineffec-
tive for orthodontic treatment. Additionally, this may cause
the archwire to interfere or collide with the clamp during
the bending process, thereby compromising the accuracy
of the final shape. In order to achieve precise shaping of
orthodontic archwires, numerous researchers have conducted
extensive studies on the issue of archwire springback. They
primarily employ experimental methods to comprehend the
mechanical properties of various materials, analyze various
influencing factors, and compensate for the bending process,
all with the aim of achieving accurate shaping. This research
specifically examines studies pertaining to the management
of archwire springback in the two primary types of arch-
wires used in orthodontic treat: stainless steel archwires and
nickel-titanium alloy archwires [77].

A. STAINLESS STEEL ARCHWIRE SPRINGBACK
COMPENSATION STUDY FOR WIRE BENDING

Several factors influence the angle at which the stainless
steel archwire springback during the bending operation. The
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latest research indicates that the primary parameters that have
an impact are the curvature’s bending radius [78], [79], the
bending angle [80], [81], [82], the location of the neutral
layer [67], [83], and the wire diameter’s dimensions [79].
This portion presents a comprehensive analysis of pertinent
studies investigating the elements influencing stainless steel
bow wires and the methods for making compensation.

Turke, K.S. et al. conducted a study on the springback
properties of circular cross-section archwires. The experi-
mental findings revealed a correlation between the amount of
archwire springback and torque. Specifically, higher torque
resulted in a decrease in archwire springback, while a larger
radius of the bending curvature led to an increase in spring
back [78].

Zhang et al. employed MSC. Marc finite element analysis
software to examine the flexural properties of four different
types of archwires: nickel-titanium alloy, B-titanium alloy,
Australian stainless steel, and domestically produced stain-
less steel. The findings revealed a sequential decrease in
archwire springback among the four orthodontic arch wires,
with the angle of archwire springback increasing proportion-
ally to the bending angle [80]. The researchers conducted
theoretical calculations, finite element analyses, and bend-
ing tests on circular Nitinol archwires, square stainless steel
archwires, and circular Australian stainless steel archwires.
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They applied the theory of large deformations and found that
the archwire springback angle increases as the bending angle
increases [81], [82].

Jiang et al. conducted a study to address the issue of the
orthodontic archwire springback and its impact on the accu-
racy of the archwire formation. They analyzed the springback
characteristics of Australian stainless steel archwire and con-
sidered the displacement of the neutral layer and the bending
force arm during the bending process. Based on their analysis,
they developed a theoretical model for the springback of the
Australian stainless steel archwire. To validate their model,
they conducted experiments using a wire bending robot. The
results showed that their model achieved an error rate of less
than 15% for all item parameters of orthodontic archwires
[83]. The researchers also examined how the movement of the
stress-strain neutral layer of the orthodontic archwire during
bending affects the springback of the archwire. They pro-
posed a model for calculating the springback of orthodontic
archwires with rectangular cross-section. To verify the model,
they used a bending robot for bending and found that the
errors in the parameters of the archwire were reduced from
22.46% and 10.23% to 11.35% and 6.13%. The improved
accuracy of the model was significant [84]. The researchers
analyzed the impact of two specific situations that occur in
the archwire during the bending process, taking into account
the robot’s structural characteristics. They developed a model
to explain how the stainless steel square archwire springback
when it experiences slip and warp. Through experimentation,
they confirmed that considering the effects of slip and warp
can enhance the precision of archwire bending [85].

Kono and Kikuchi [79]. conducted a study to determine
the theoretical bending angle and the actual forming angle
of stainless steel and cobalt-chromium alloy archwires. They
also developed a model to compensate for the springback of
the archwire, considering factors such as the wire diameter
and the bending radius of curvature. Deng et al. introduced a
technique for compensating for rebound in the use of model
prediction. This method involves detecting the springback
state of the archwire while simultaneously using force sen-
sors to measure the force on the pincer. When the force

reaches zero, it indicates the end of the archwire rebound. The
technique then determines whether the current forming angle
meets the standard. If it does not, the archwire is bent further
until the forming angle reaches the desired standard. This
approach effectively controls the error of the special function
curves within a range of &1mm [52], [86].

To address the issue of archwire springback in stainless
steel, the primary approach is to employ a model that can fore-
cast the angle of springback. This model takes into account
the angle of bending to ensure precise angular forming. The
accuracy of the model relies heavily on the modeling process,
which considers various factors that influence springback.
Table 3 provides a summary of the current models used for
springback compensation, taking into account the factors and
the associated error.

B. STUDY ON SPRINGBACK COMPENSATION IN HEAT
TREATMENT OF Ni-Ti ALLOY ARCHWIRES
In orthodontics, Nitinol most widely usable material for
archwires due to its exceptional resistance to corrosion and
remarkable super-elasticity. The exceptional elasticity of
Nitinol renders it highly resistant to deformation through cold
bending. Attempting to bend the Nitinol archwire through
cold bending may lead to the deterioration of its mechanical
properties. However, Nitinol, being a memory alloy, can be
shaped through the application of heat treatment [87], [88].
During the transition from the previous century to the current
one, numerous scholars conducted experimental research on
the impact of heat treatment on the mechanical characteristics
of Ni-Ti alloy bow wires. The findings indicate that bending
Ni-Ti alloy bow wires during heat treatment can permanently
alter their shape without significantly impacting their super
elasticity [89], [90], [91], [92], [93], [94], [95], [96], [97],
[98]. This article presents a comprehensive overview of the
existing techniques used for heat treatment of nickel-titanium
alloy bow wires. It also outlines the merits and drawbacks
associated with each method.

The initial heat treatment and shaping of nickel-titanium
orthodontic archwires were conducted using either melting
furnaces [99] or vacuum furnaces [100]. These furnaces have

TABLE 3. Summary of a study on rebound compensation modeling for orthodontic archwire bending.

Year Research worker Material properties applicable to the model Influencing factors considered Model error L;frfglcl;c
2015 Jiang Australian s‘tamle_:ss steel wire with a cross- Neutral layer movement and bending force Less than 15 % [83]
section diameter of 0.38mm arm length
2016 Deng 0.017*0.022inch stainless steel bow wire 5% [52, 86]
2017 Jiang 0.44*0.54mm Stainless Steel Square Wire Neutral layer shifts in stress and strain 6.13%-11.35% [84]
2018 Jiang 0.16*0.16inch stainless steel square wire Two special cases of slip and warp - [85]
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FIGURE 4. Future trends of orthodontic archwire bending robotic system and comparison of traditional orthodontic
treatment process and robot-assisted orthodontic treatment process.

the capability to heat the archwires as a whole unit, but
they lack precise temperature control. Therefore, Miura et al.
introduced a heat treatment technique called the direct resis-
tance heat treatment method (DERHT) for Ni-Ti alloy bow
wires. This technique employs pliers to secure the bow wire
segments that need to be heated. These segments are then
electrified to create the desired heating and shape. Addition-
ally, scientists have discovered that reducing the diameter
of the archwire decreases the amount of electric current
needed to permanently shape it. This method does not impact
the mechanical characteristics of the archwire. Furthermore,
heating and shaping specific segments of the archwire leads to
the best hyper-elasticity of the orthodontic archwire on each
individual tooth [101].

TOMY has enhanced the safety protocols of the DERHT
process by incorporating a control panel that allows for
precise adjustment of current intensity and heat levels,
in addition to integrating necessary sensors. While operating
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the equipment, the machine delivers an electric current to the
bow wire in order to perform heat treatment. This occurs only
when the two pliers securely grip the bow wire and position it
on top of the sensors. Additionally, it is possible to control the
activation and deactivation of the current using a foot pedal
[102], [103].

In order to understand the practicality of heating Nitinol
orthodontic archwires, Yufeng et al. [104], [105]. conducted
numerous tests to measure the temperatures achieved by var-
ious archwire models at varying levels of electric current.
They then established the current-temperature relationships
for each archwire model. The control circuit in this approach
has the capability to autonomously establish the duration of
the heat treatment after the archwire model is determined,
and subsequently terminate the power supply upon comple-
tion. Xia et al [106].’s method enables real-time temperature
detection and feedback during the archwire heating process.
It adjusts the output current value based on the feedback
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information to regulate the archwire’s heating temperature.
This establishes a closed-loop control network for precise
control of archwire heating.

All of the aforementioned techniques are heating mecha-
nisms and approaches that operate autonomously from the
robotic system. The “Suresmile” and “LAMDA” robotic
systems both include an orthodontic archwire heating device
that can heat and shape the wires while they are being bent
by the robots. The “LAMDA” robotic system has the ability
to elevate the temperature of Ni-Ti archwires to 600°F for a
specific duration, enabling them to be flexed without com-
promising their internal metallic structure [31], [45].

Currently, the research on heat treatment and shaping of
Ni-Ti alloy archwire primarily emphasizes the safety and
convenience of processing. However, the author argues that
while safety remains a priority, the focus should shift towards
controlling the processing temperature. This control is neces-
sary to ensure the proper shaping of the Ni-Ti alloy archwire
while also maintaining its desired elasticity. By achieving
this, the bent orthodontic archwire can effectively provide
the necessary elasticity for orthopedic treatment, ultimately
improving the efficiency of the treatment process.

V. CONCLUSION AND FUTURE TRENDS

To address the issues of strong personalization of orthodon-
tic archwires and high forming accuracy requirements, the
design of an orthodontic archwire bending robot, plan-
ning of orthodontic archwire bending, and compensation of
orthodontic archwire springback were carried out in order to
inhibit the bending archwire springback of orthodontic arch-
wires and obtain orthodontic archwires with high forming
precision. This paper discusses the research and development
process of orthodontic archwire bending robotic systems.
It also introduces the structure types of orthodontic archwire
bending robots, orthodontic archwire bending planning, and
the current state of research on orthodontic archwire spring-
back compensation methods.

Researchers have dedicated significant effort to studying
orthodontic archwire-bending robots, leading to advance-
ments in intelligent orthodontics and notable progress. Sev-
eral challenging processing capabilities have been effectively
accomplished, including the capacity to manipulate intri-
cate geometries, such as T-shaped curves, and the ability
to limit the mistake in orthodontic archwire springback to
within 5 percent after bending. After conducting a thorough
analysis of existing research findings, we have discussed
and evaluated the future development direction and chal-
lenges of the orthodontic archwire bending robotic system.
Based on this, we have identified several areas for future
in-depth research, as depicted in Fig 4. These research ideas
offer potential avenues for further advancing the orthodontic
archwire bending robotic system. Additionally, we have com-
pared the traditional orthodontic treatment process with the
robot-assisted orthodontic treatment process and envisioned
the future of robot-assisted treatment.
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A. STRUCTURAL OPTIMIZATION OF AN ORTHODONTIC
ARCHWIRE BENDING ROBOT

The central component of the orthodontic archwire bend-
ing system is the robot itself, responsible for manipulating
the wires. This paper classifies these robots into three main
types based on their design: planar, articulated, and Carte-
sian coordinate. Each type is built differently and offers
unique capabilities. For example, planar robots boast a simple
design, small size, and impressive agility. However, their tool
(end-effector) is limited to movement within a single plane,
hindering their flexibility and making complex bending tasks
challenging. In contrast, robots built around a 6-degree-of-
freedom articulated arm offer much greater flexibility. This
increased flexibility enhances the robot’s processing abilities
and helps prevent interference during the bending process.
Optimizing robot structure remains a critical area of research
in orthodontic archwire bending robots.

B. ACCURATE AND RATIONAL BENDING PLANNING

Both modeless and modeled planning methods for design-
ing orthodontic archwire bends have drawbacks. Modeless
methods often rely on templates based on ‘““ideal” arches,
which may not be suitable for every patient. Research into
creating personalized archwires with minimal treatment time
is a promising area. Current planning methods primarily
focus on the initial stages of treatment. However, there’s a
need for more sophisticated methods that can handle wires
with unique bends and complex shapes. Improving the logic
and accuracy of the planning process is essential for efficient
and precise robotic bending. Ultimately, the goal is to develop
planning methods that are universal and applicable to a wider
range of patients.

C. MULTI-FACTOR INTEGRATION OF SPRINGBACK
COMPENSATION STRATEGIES

Prior studies have examined the elements that affect bending
rebound and have sought to build a rebound compensation
model based on the rebound mechanism. However, the major-
ity of these studies have focused on a single-factor model.
The factors that influence bending rebound are intricate and
intricate. To enhance the precision of the model’s prediction,
it is necessary to integrate multiple factors and establish a
rebound compensation model that takes into account various
influencing aspects. This will not only improve the accuracy
of the model’s predictions but also expand its applicability.
Investigating the variables influencing rebound will be a
crucial area of study. Previous research has explored factors
affecting bending rebound and attempted to create compensa-
tion models based on the rebound mechanism. However, most
studies have focused on models considering only one factor at
a time. In reality, bending rebound is influenced by a complex
interplay of factors. To improve the accuracy of these models,
we need to consider multiple factors simultaneously. Build-
ing a multi-factorial rebound compensation model would
not only enhance prediction accuracy but also broaden its
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applicability to a wider range of scenarios. Investigating the
variables that influence rebound remains a crucial area of
future research.

REFERENCES

(1]

[2]

3

[4]

[5

[7]

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Y. S. Kwoh, J. Hou, E. A. Jonckheere, and S. Hayati, “A robot
with improved absolute positioning accuracy for CT guided stereotactic
brain surgery,” IEEE Trans. Biomed. Eng., vol. 35, no. 2, pp. 153-160,
Feb. 1988.

B. Ding, X. Li, C. Li, Y. Li, and S.-C. Chen, ““A survey on the mechanical
design for piezo-actuated compliant micro-positioning stages,” Rev. Sci.
Instrum., vol. 94, no. 10, pp. 1-8, Oct. 2023.

J. Chen, X. Bai, Y. Ding, L. Shen, X. Sun, R. Cao, F. Yang, and L. Wang,
“Comparison the accuracy of a novel implant robot surgery and dynamic
navigation system in dental implant surgery: An in vitro pilot study,”
BMC Oral Health, vol. 23, no. 1, pp. 1-9, Mar. 2023.

T. C. T. van Riet, W. M. de Graaf, R. van Antwerpen,
J. van Frankenhuyzen, J. de Lange, and J. Kober, ‘“Robot technology in
analyzing tooth removal—A proof of concept,” in Proc. 42nd Annu. Int.
Conf. IEEE Eng. Med. Biol. Soc. (EMBC), Jul. 2020, pp. 4721-4727.

T. Otani, A. J. Raigrodski, L. Mancl, I. Kanuma, and J. Rosen, “In vitro
evaluation of accuracy and precision of automated robotic tooth prepa-
ration system for porcelain laminate veneers,” J. Prosthetic Dentistry,
vol. 114, no. 2, pp. 229-235, Aug. 2015.

J. Dong, S. Hong, G. Hesselgren, and P. Dds, “WIP: A study on the
development of endodontic micro robot,” in Proc. I/ME-INTERTECH
Conf., 2006, pp. 104-110.

J.-G. Jiang, Y.-D. Zhang, C.-G. Wei, T.-H. He, and Y. Liu, “A review on
robot in prosthodontics and orthodontics,” Adv. Mech. Eng., vol. 7, no. 1,
Jan. 2015, Art. no. 198748.

K. Hara, Q. Ma, H. Suenaga, E. Kobayashi, I. Sakuma, and K. Masamune,
“Orthognathic surgical robot with a workspace limitation mecha-
nism,” IEEE/ASME Trans. Mechatronics, vol. 24, no. 6, pp. 2652-2660,
Dec. 2019.

J. Zhang, W. Wang, Y. Cai, J. Li, Y. Zeng, L. Chen, F. Yuan, Z. Ji,
Y. Wang, and J. Wyrwa, “A novel single-arm stapling robot for oral and
maxillofacial surgery—Design and verification,” IEEE Robot. Autom.
Lett., vol. 7, no. 2, pp. 1348-1355, Apr. 2022.

B. Dotzer, T. Stocker, A. Wichelhaus, M. Janjic Rankovic, and H. Sab-
bagh, “Biomechanical simulation of forces and moments of initial
orthodontic tooth movement in dependence on the used archwire sys-
tem by Ross (robot orthodontic measurement & simulation system),” J.
Mech. Behav. Biomed. Mater., vol. 144, Aug. 2023, Art. no. 105960.

R. Rudolf and J. Fercec, ‘“Force measurements on teeth using
fixed orthodontic systems,” Vojnotehnicki Glasnik, vol. 61, no. 2,
pp. 105-122, 2013.

C. L. Seidel, J. Lipp, B. Dotzer, M. J. Rankovic, M. Mertmann,
A. Wichelhaus, and H. Sabbagh, “Investigation of forces and moments
during orthodontic tooth intrusion using robot orthodontic measurement
and simulation system (ROSS),” Bioengineering, vol. 10, no. 12, p. 1356,
Nov. 2023.

F. Elkholy, F. Schmidt, R. Jager, and B. G. Lapatki, ‘“Forces and moments
applied during derotation of a maxillary central incisor with thinner align-
ers: An in-vitro study,” Amer. J. Orthodontics Dentofacial Orthopedics,
vol. 151, no. 2, pp. 407-415, Feb. 2017.

N. C. Panayi, “Designing and manufacturing customized orthodontic
appliances,” in Integrated Clinical Orthodontics. Hoboken, NJ, USA:
Wiley, 2023, pp. 531-540.

B. M. George, S. Arya, G. Shwetha, K. Bharadwaj, and N. Vaishnavi,
“Robotic archwire bending in orthodontics: A review of the literature,”
Cureus, vol. 6, pp. 1-8, Mar. 2024.

R. A. Hamid and T. Ito, “3D prosthodontics wire bending mechanism
with a linear segmentation algorithm,” J. Adv. Manuf. Technol. (JAMT),
pp. 33-46, Jan. 2016.

A. M. Kusaibati, K. Sultan, M. Y. Hajeer, and N. Gkantidis, “‘Digital
setup accuracy for moderate crowding correction with fixed orthodontic
appliances: A prospective study,” Prog. Orthodontics, vol. 25, no. 1,
p- 13, Apr. 2024.

M. Tania, S. Veerasankar, H. Ponniah, L. X. Dhayananth, R. Preeti, and
M. S. Missier, “Comparison of patient satisfaction between invisible
appliance and fixed orthodontic appliances—A systematic review,” J.
Pharmacy Bioallied Sci., vol. 16, no. 2, pp. S1017-S1021, 2024.

VOLUME 12, 2024

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

V. Quinzi, E. Carli, A. Mummolo, F. De Benedictis, S. E. Salvati, and
G. Mampieri, “Fixed and removable orthodontic retainers, effects on
periodontal health compared: A systematic review,” J. Oral Biol. Cran-
iofacial Res., vol. 13, no. 2, pp. 337-346, Mar. 2023.

L. B. Moda, R. T. D. R. M. Bastos, C. Flores-Mir, and D. Normando,
“Patients’ perception of orthodontic retainers: A systematic review,” Eur.
J. Orthodontics, vol. 46, no. 1, Jan. 2024, Art. no. cjad068.

H. D. Kesling, “Coordinating the predetermined pattern and tooth posi-
tioner with conventional treatment,” Amer. J. Orthodontics Oral Surg.,
vol. 32, no. 5, pp. 285-293, May 1946.

S. K, B. P. Unni, L. Lakshmanan, V. Joje, and S. Thomas, “Future of
orthodontics: Let us look before we leap—A review article,” Saudi J.
Oral Dental Res., vol. 4, no. 10, pp. 723-725, Oct. 2019.

J. Morton, M. Derakhshan, S. Kaza, and C. Li, “Design of the Invisalign
system performance,” Seminars Orthodontics, vol. 23, no. 1, pp. 3-11,
Mar. 2017.

Y. Zhang, Y. Ning, and D. Liu, “Orthodontic force measurement meth-
ods for clear aligners—A review,” Measurement, vol. 216, Jul. 2023,
Art. no. 112968.

M. Kamatovic, “A retrospective evaluation of the effectiveness of the
invisalign appliance using the PAR and irregularity indices,” M.S. thesis,
Dept. Orthodontics, Univ of Toronto, Toronto, ON, Canada, 2004.

X. Phan and P. H. Ling, “Clinical limitations of Invisalign,” J. Can.
Dental Assoc., vol. 73, no. 3, pp. 263-266, 2007.

Y. Ke, Y. Zhu, and M. Zhu, “A comparison of treatment effectiveness
between clear aligner and fixed appliance therapies,” BMC Oral Health,
vol. 19, no. 1, pp. 1-10, Dec. 2019.

S. Adel, A. Zaher, N. El Harouni, A. Venugopal, P. Premjani, and N. Vaid,
“Robotic applications in orthodontics: Changing the face of contempo-
rary clinical care,” BioMed Res. Int., vol. 2021, pp. 1-16, Jun. 2021.

P. Ahmad, M. K. Alam, A. Aldajani, A. Alahmari, A. Alanazi,
M. Stoddart, and M. G. Sghaireen, “Dental robotics: A disruptive tech-
nology,” Sensors, vol. 21, no. 10, p. 3308, May 2021.

R. Rukshana and G. Gandhi, “Robotics in orthodontics,” J. Datta Meghe
Inst. Med. Sci. Univ., vol. 17, no. 1, p. 180, 2022.

J.Jiang, Z. Wang, Y. Zhang, X. Yu, X. Guo, and Y. Liu, ‘“Recent advances
in orthodontic archwire bending robot system,” Recent Patents Mech.
Eng., vol. 9, no. 2, pp. 125-135, May 2016.

R. A. Hamid and T. Ito, “A review of computer-aided wire bend-
ing systems for prosthodontics and orthodontics,” in Proc. 5th JSME
Chugoku-Shikoku Regional Conf., 2016, pp. 1-12.

A. Gilbert, “An in-office wire-bending robot for lingual orthodontics,” J.
Clin. Orthodontics, vol. 45, no. 4, p. 230, 2011.

H. Deng, Z. Xia, S. Weng, Y. Gan, J. Xiong, Y. Ou, and J. Zhang, ‘““Motion
planning and control of a robotic system for orthodontic archwire bend-
ing,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst. (IROS), Sep. 2015,
pp. 3729-3734.

B. He, Y. Gan, J. Xiong, and Z. Xia, ““A vision inspection method for the
parameter extraction of orthodontic archwire,” in Proc. IEEE Int. Conf.
Cyborg Bionic Syst. (CBS), Oct. 2018, pp. 112-115.

H. Fischer-Brandies, W. Orthuber, L. Pohle, and D. Sellenrieck, “Bending
and torquing accuracy of the bending art system (BAS),” J. Orofa-
cial Orthopedics/Fortschritte der Kieferorthopiidie, vol. 57, pp. 16-23,
Jan. 1996.

J. Johny, S. Sreedharan, T. Alex, J. Kuniyedathchalil, and R. Sunil,
“Robot: Next table turner in dentistry,” Tanta Dental J., vol. 19, no. 1,
p. 52, 2022.

F. Riemeier, W. Butscher, F. Witte, C. Radinger, A. Cordell, and
R. Sachdeva, “Apparatus and method for customized shaping of
orthodontic archwires and other medical devices,” U.S. Patent 8 266 940,
Nov. 18, 2012.

Y. Zhang and Y. Jia, “The control of archwire bending robot based on
MOTOMAN UP6,” in Proc. 2nd Int. Conf. Biomed. Eng. Informat.,
Oct. 2009, pp. 1-5.

Z.Xia, H. Deng, S. Weng, Y. Gan, J. Xiong, and H. Wang, “‘Development
of a robotic system for orthodontic archwire bending,” in Proc. IEEE Int.
Conf. Robot. Automat. (ICRA), May 2016, pp. 730-735.

J. Jiang, Y. Zhang, K. Zhou, and J. Jiang, “‘Structure design of archwire
bending robot for orthodontic treatment,” in Proc. 8th Int. Forum Strate-
gic Technol., vol. 2013, pp. 696-699.

Y. Zhang and J. Jiang, ““Study on precise acceleration/deceleration plan-
ning of archwire bending robot,” ICIC Exp. Lett., vol. 7, no. 1, pp. 73-78,
2013.

167651



IEEE Access

H. Liu et al.: Review of the Research Progress of Orthodontic Archwire Bending Robot

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]
[59]

[60]

[61]

[62]

[63]

[64]

J.-G. Jiang, Y.-D. Zhang, M.-L. Jin, and C.-G. Wei, “Bending process
analysis and structure design of orthodontic archwire bending robot,” Int.
J. Smart Home, vol. 7, no. 5, pp. 345-352, Sep. 2013.

A. G. Reisman, “Orthodontic wire-bending robot for lingual orthodontic
technique,” U.S. Patent 17294 861, Nov. 13, 2022.

R. P. Kusy, “A review of contemporary archwires: Their properties and
characteristics,” Angle Orthodontist, vol. 67, no. 3, pp. 197-207, 1997.
T.J. Alford, W. E. Roberts, J. K. Hartsfield, G. J. Eckert, and R. J. Snyder,
““Clinical outcomes for patients finished with the SureSmile method com-
pared with conventional fixed orthodontic therapy,” Angle Orthodontist,
vol. 81, no. 3, pp. 383-388, May 2011.

J.-Y. Song, Y.-J. Kim, J.-H. Lee, S.-M. Kim, Y. H. Jung, and K. S. Choi,
“System of manufacturing orthodontic wire, method for manufac-
turing the orthodontic wire using the same, and orthodontic wire
bending machine for performing the same,” U.S. Patent 10952 820,
Nov. 23, 2023.

L. Han, J. Jingang, L. Yanze, and Z. Yongde, ‘“‘Structural design and
simulation analysis of an orthodontic wire bending robot,” in Proc. IEEE
Int. Conf. Mechatronics Autom. (ICMA), Sep. 2023, pp. 1419-1424.

S. Lu, B. Ding, and Y. Li, “Minimum-jerk trajectory planning pertain-
ing to a translational 3-degree-of-freedom parallel manipulator through
piecewise quintic polynomials interpolation,” Adv. Mech. Eng., vol. 12,
no. 3, Mar. 2020, Art. no. 168781402091366.

D. Haiyan, J. Yuxiang, Z. Yongde, and L. Yi, “Trajectory planning
of archwire bending robot,” China Mech. Eng., vol. 21, no. 13,
pp. 1605-1608, 2010. [Online]. Available: https://kns.cnki.net/kcms2/
article/abstract?v=f950eQlbaWkMy;j3YLgKUPs4dBwbclvJAGbtZNoM
095XPVRE02VovtfeonLcdAgh09V95ql4nz-6_8CQCHicAlmmlugxC
FmUYosuG;j7-5rz1 XppVnLTjEUvN3pLJ9p-ABgTeRiWbW Sc=&unipla
tform=NZKPT&language=CHS

Z. Yongde, W. Chunge, J. Jingang, J. Jixiong, L. Yi, and W. Yong,
“Motion planning for archwire bending robot in orthodontic treatments,”
Int. J. Control Autom., vol. 7, no. 7, pp. 287-298, Jul. 2014.

H. Deng and S.-B. Liu, “Compensation of Springback effect based on
an overbend prediction model and a force sensor for automatic arch-
wire bending,” in Proc. Int. Conf. Mechatronics Autom. Eng. (ICMAE).
Singapore: World Scientific, Mar. 2017, pp. 269-276.

A. Saffar Shahroudi, A.-H. Mirhashemi, H. Noroozi, H. Ghadirian, and
T. H. Nik, “An overview on dental arch form and different concepts on
arch coordination in orthodontics,” Iranian J. Orthodontics, vol. 6, no. 1,
pp. 48-57, 2011.

A.R. Burdi and J. H. Lillie, ““A catenary analysis of the maxillary dental
arch during human embryogenesis,” Anatomical Rec., vol. 154, no. 1,
pp. 13-20, 1966.

S. H. Pepe, “Polynomial and catenary curve fits to human dental arches,”
J. Dental Res., vol. 54, no. 6, pp. 1124-1132, Nov. 1975.

X. Wang, L. Xia, J. Li, L. Li, F. Yu, L. Yuan, B. Fang, and N. Ye,
“Accuracy of dental arch form in customized fixed labial orthodontic
appliances,” Amer. J. Orthodontics Dentofacial Orthopedics, vol. 162,
no. 2, pp. 173-181, Aug. 2022.

R. M. Shrestha, “Polynomial analysis of dental arch form of Nepalese
adult subjects,” Orthodontic J. Nepal, vol. 3, no. 1, pp. 7-13, Dec. 2013.
H. Noroozi, T. H. Nik, and R. Saeeda, “The dental arch form revisited,”
Angle Orthodontist, vol. 71, no. 5, pp. 386-389, 2001.

S. Braun, W. P. Hnat, D. E. Fender, and H. L. Legan, “The form of the
human dental arch,” Angle Orthodontist, vol. 68, no. 1, pp. 29-36, 1998.
E. A. Begole, “Application of the cubic spline function in the description
of dental arch form,” J. Dental Res., vol. 59, no. 9, pp. 1549-1556,
Sep. 1980.

E. A. BeGole and R. C. Lyew, “A new method for analyzing change
in dentalarch form,” Amer. J. Orthodontics Dentofacial Orthopedics,
vol. 113, no. 4, pp. 394-401, Apr. 1998.

A.P. Valenzuela, M. A. Pardo, and S. Yezioro, “Description of dental arch
form using the Fourier series,” Int. J. Adult Orthodontics Orthognathic
Surg., vol. 17, no. 1, pp. 59-65, 2002.

Y. Zhang, J. Jiang, P. Lv, and Y. Wang, ““Coordinated control and exper-
imentation of the dental arch generator of the tooth-arrangement robot,”
Int. J. Med. Robot. Comput. Assist. Surg., vol. 6, no. 4, pp. 473-482,
Dec. 2010.

Z. Yong-de, J. Jin-Gang, L. Pei-Jun, and W. Yong, “Study on the
multi-manipulator tooth-arrangement robot for complete denture manu-
facturing,” Ind. Robot, Int. J., vol. 38, no. 1, pp. 20-26, Jan. 2011.

167652

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Y. D. Zhang and J. X. Jiang, “Trajectory planning of robotic orthodontic
wires bending based on finite point extension method,” Adv. Mater. Res.,
vols. 201-203, pp. 1873-1877, Feb. 2011.

Y. D. Zhang and J. X. Jiang, “Analysis and experimentation of the
robotic system for archwire bending,” Appl. Mech. Mater., vols. 121-126,
pp. 3805-3809, Oct. 2011.

J. Jingang, H. Yingshuai, Z. Yongde, L. Yi, W. Fujia, and J. Jixiong,
“Forming control point planning and experimentation of orthodontic
archwire with robotic bending,” Chin. J. Sci. Instrum., vol. 36, no. 10,
pp. 2297-2303, 2015, doi: 10.19650/j.cnki.cjsi.2015.10.018.

J. Jiang, X. Ma, S. Zuo, Y. Zhang, and Y. Liu, “Digital expression and
interactive adjustment method of personalized orthodontic archwire for
robotic bending,” J. Adv. Mech. Des., Syst., Manuf., vol. 13, no. 2, 2019,
Art. no. JAMDSMO031.

J. Jingang, G. Xiaowei, Z. Yongde, L. Yi, and Y. Xiaoyang, “Formed
control point planning of orthodontic archwire based on finite point
extension method,” Chin. J. Sci. Instrum., vol. 38, no. 3, pp. 612-619,
2017, doi: 10.19650/j.cnki.cjsi.2017.03.013.

J. Jiang, Y. Zhang, Y. Liu, and Y. Liu, “Algorithms comparison of
control points planning of target archwire,” ICIC Exp. Lett, vol. 3, no. 4,
pp. 923-930, 2012.

Z. Yongde, Z. Sihao, J. Jingang, L. Yi, and L. Yanju, “Inter-
active adjustment of individual orthodontic archwire curve,” Chi-
nese J. Sci. Instrum., vol. 38, no. 7, pp.1616-1624, 2017, doi:
10.19650/j.cnki.cjsi.2017.07.007.

J. Jiang, X. Ma, Y. Zhang, B. Huo, and Y. Liu, “Study on three-
dimensional digital expression and robot bending method of orthodontic
archwire,” Appl. Bionics Biomechanics, vol. 2018, pp. 1-10, Dec. 2018.
J. Jingang, C. Houjun, M. Xuefeng, Z. Yongde, and L. Yi,
“Forming planning method and experimentation of personalized
orthodontic archwires,” China Mech. Eng., vol. 31, no. 11,
pp- 1323-1330 and 1336, 2020. [Online]. Available: https://link.cnki.
net/urlid/42.1294.TH.20190717.1728.004

M. Chen and J. Wang, “A visual contour-based detection method for
orthodontic archwire during robotic bending,” in Proc. 4th Int. Conf.
Robot. Comput. Vis. (ICRCV), Sep. 2022, pp. 350-354.

B. Ding, Y. Li, X. Xiao, Y. Tang, and B. Li, “Design and analysis of a 3-
DOF planar micromanipulation stage with large rotational displacement
for micromanipulation system,” Mech. Sci., vol. 8, no. 1, pp. 117-126,
May 2017.

R. H. Wagoner, H. Lim, and M.-G. Lee, “Advanced issues in Spring-
back,” Int. J. Plasticity, vol. 45, pp. 3-20, Jun. 2013.

S. Y. Fan Chengtao, “‘Performance and clinical application of commonly
used orthodontic arch wire,” Chin. J. Dental Mater. Devices, vol. 4,
pp. 211-212, Jan. 1999. [Online]. Available: https://kns.cnki.net/kcms2/
article/abstract?v=f950eQlbaWkSDwBUdgQKSwPbLvqXOT9ZY Pe8y

bIAO01YSyVP8pYMngvEX2BMimHGCS5vrwFk2VNJvsASKvsZsD_pt

DT1vfZRUaEU-IkDeKkPcI3TgojpTCEbKuT8WellciF5Ggm482e AU=

&uniplatform=NZKPT&language=CHS

K. Turke and S. Kalpakjian, “Springback in bending round wires,” in
Proc. 3rd North Amer. Metalworking Res. Conf. Pittsburgh, PA, USA:
Carnegie Press, 1975, pp. 246-261.

H. Kono and M. Kikuchi, “Analysis of orthodontic wire springback to
simplify wire bending,” Orthodontic Waves, vol. 79, no. 1, pp. 57-63,
Feb. 2020.

Z. Yongde and J. Jixiong, “Bending property analysis and experimental
study of orthodontic wires,” China Mech. Eng., vol. 22, no. 15,
pp. 1827-1831, 2011. [Online]. Available: https://kns.cnki.net/kcms2/
article/abstract?v=f950eQlbaWnRHde_pNeA_hUIB3pMJ0OeToiEFIShR
DRksq5aDwtMnE8HmjxEOAVphY3IXLyeiseCs3GnnlInvHjeihJgpfHS

QEmn4JgSTeGPFkcRcBSeOPhTaue AISP3KCo1QY7Y vbzE=&uniplat
form=NZKPT&language=CHS

Y. Zhang, J. Jiang, and Y. Liu, “Theoretical analysis and experimental
study of springback mechanism of archwire bending,” Res. J. Appl. Sci.,
Eng. Technol., vol. 6, no. 13, pp. 2495-2501, Aug. 2013.

J. Jin-Gang, W. Zhao, Z. Yong-De, J. Ji-Xiong, N. Suo-Liang, and L. Yi,
“Study on springback properties of different orthodontic archwires in
archwire bending process,” Int. J. Control Autom., vol. 7, pp. 283-290,
Jan. 2014.

J. Jingang, W. Zhao, Z. Yongde, L. Yi, and J. Jixiong, “Spring-
back mechanism analysis and experiment study of Australian,”
Chin. J. Sci. Instrum., vol. 36, no. 4, pp.919-926, 2015, doi:
10.19650/j.cnki.cjsi.2015.04.025.

VOLUME 12, 2024


http://dx.doi.org/10.19650/j.cnki.cjsi.2015.10.018
http://dx.doi.org/10.19650/j.cnki.cjsi.2017.03.013
http://dx.doi.org/10.19650/j.cnki.cjsi.2017.07.007
http://dx.doi.org/10.19650/j.cnki.cjsi.2015.04.025

H. Liu et al.: Review of the Research Progress of Orthodontic Archwire Bending Robot

IEEE Access

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

J.-G. Jiang, Y.-S. Han, Y.-D. Zhang, Y.-J. Liu, Z. Wang, and Y. Liu,
“Springback mechanism analysis and experiments on robotic bending of
rectangular orthodontic archwire,” Chin. J. Mech. Eng., vol. 30, no. 6,
pp. 14061415, Nov. 2017.

J. Jin-Gang, M. Xue-Feng, Z. Yong-De, L. Yi, and H. Biao, “Springback
mechanism analysis and experimentation of orthodontic archwire bend-
ing considering slip warping phenomenon,” Int. J. Adv. Robotic Syst.,
vol. 15, no. 3, May 2018, Art. no. 172988141877422.

D. Hao, W. Shaokui, X. Zeyang, G. Yangzhou, and X. Jing, “A
compensation method of springback effect for automatic orthodontic
archwire preparation,” J. Integr. Technol., vol. 5, no. 3, pp.20-27,
2016. [Online]. Available: https://kns.cnki.net/kcms2/article/abstract?
v=1fhXvtqifPIqurjBm6TFENtIbSFO4xil5sdhjKpzj6toNtinda-37YbARR
4xqqDqSKfVbthb750_7HK8VRfdbmgVKQfSZu7xGFIk3jFDPc_PV_b
UD60EAN6UamgJ5xsDyeGwwb-kV6hx52LP4ARPkMg==&uniplatfo
rm=NZKPT&language=CHS

M. Maroof, R. Sujithra, and R. P. Tewari, ““Superelastic and shape mem-
ory equi-atomic nickel-titanium (Ni-Ti) alloy in dentistry: A systematic
review,” Mater. Today Commun., vol. 33, Dec. 2022, Art. no. 104352.
C. Sander, W. E. Roberts, F. G. N. Sander, and F. M. Sander, “Repro-
gramming the memory of superelastic nickel titanium archwires,” J. Clin.
Orthodontics, vol. 43, no. 2, pp. 90-96, 2009.

T. R. Meling and J. @degaard, “The effect of short-term temperature
changes on superelastic nickel-titanium archwires activated in orthodon-
tic bending,” Amer. J. Orthodontics Dentofacial Orthopedics, vol. 119,
no. 3, pp. 263-273, 2001.

W. Kiattiwongse, A. Khantachawana, and P. Santiwong, “Effect of
direct electric resistance heat treatment on mechanical properties of NiTi
orthodontic arch wires,” Adv. Mater. Res., vols. 55-57, pp. 249-252,
Aug. 2008.

S. Alavi, S. H. Raji, and A. A. Ghorbani, “Effects of steam and dry-heat
sterilization on bending properties of NiTi wires,” Orthodontic Waves,
vol. 68, no. 3, pp. 123-128, Sep. 2009.

L. M. Brauchli, H. Keller, C. Senn, and A. Wichelhaus, “Influence
of bending mode on the mechanical properties of nickel-titanium
archwires and correlation to differential scanning calorimetry measure-
ments,” Amer. J. Orthodontics Dentofacial Orthopedics, vol. 139, no. 5,
pp. €449—e454, May 2011.

S. M. S. Aghamiri, M. N. Ahmadabadi, and S. Raygan, “Combined
effects of different heat treatments and cu element on transformation
behavior of NiTi orthodontic wires,” J. Mech. Behav. Biomed. Mater.,
vol. 4, no. 3, pp. 298-302, Apr. 2011.

L. Lombardo, G. Toni, F. Stefanoni, F. Mollica, M. P. Guarneri, and
G. Siciliani, “The effect of temperature on the mechanical behavior
of nickel-titanium orthodontic initial archwires,” Angle Orthodontist,
vol. 83, no. 2, pp. 298-305, Mar. 2013.

S. Dechkunakorn, C. Sujaritviriyakul, N. Anuwongnukroh, and N. Tangit,
“Effect of direct electric resistance heat treatment on loading/unloading
behavior of nickel titanium orthodontic wire,” Appl. Mech. Mater.,
vol. 487, pp. 135-140, Jan. 2014.

H. Bellini, J. Moyano, J. Gil, and A. Puigdollers, ‘“Comparison of the
superelasticity of different nickel-titanium orthodontic archwires and the
loss of their properties by heat treatment,” J. Mater. Sci., Mater. Med.,
vol. 27, no. 10, pp. 1-10, Oct. 2016.

K. Pongpat, S. Dechkunakorn, N. Anuwongnukroh, and
A. Khantachawana, “Mechanical properties of curved nickel-titanium
orthodontic archwires prepared by cold bending and heat bending
techniques,” Solid State Phenomena, vol. 266, pp. 245-251, Oct. 2017.
S. Suwankomonkul, A. Khantachawana, and C. Changsiripun, “Com-
parison of cold-hardening bending and direct electric resistance heat
treatment on the mechanical properties and transformation temperature
of NiTi archwire: An in vitro study,” Int. Orthodontics, vol. 18, no. 1,
pp. 147-153, Mar. 2020.

'W. A. Brantley, “Evolution, clinical applications, and prospects of nickel-
titanium alloys for orthodontic purposes,” J. World Fed. Orthodontists,
vol. 9, no. 3, pp. S19-S26, Oct. 2020.

K. Oh, U. Joo, G. Park, C. Hwang, and K. Kim, “Effect of silver addition
on the properties of nickel-titanium alloys for dental application,” J.
Biomed. Mater. Res. B, Appl. Biomaterials, vol. 76B, no. 2, pp. 306-314,
Feb. 2006.

F. Miura, M. Mogi, and Y. Ohura, “Japanese NiTi alloy wire: Use of the
direct electric resistance heat treatment method,” Eur. J. Orthodontics,
vol. 10, no. 3, pp. 187-191, Aug. 1988.

VOLUME 12, 2024

[102] A. Torres, I. AlYazeedy, and S. Yen, “A programmable expander for

patients with cleft lip and palate,” Cleft Palate-Craniofacial J., vol. 56,
no. 6, pp. 837-844, Jul. 2019.

[103] Y. Ikeda, S. Kokai, and T. Ono, ““A patient with mandibular deviation

and 3 mandibular incisors treated with asymmetrically bent improved
superelastic nickel-titanium alloy wires,” Amer. J. Orthodontics Dento-
facial Orthopedics, vol. 153, no. 1, pp. 131-143, Jan. 2018.

[104] Z. Yufeng, L. Li, Z. Fengwei, Z. Qi, and M. Heng, “Orthodontic arch-

wire forming method and its apparatus,” C.N. Patent 100447258 C,
Nov. 31, 2008.

[105] Z. Yufeng and H. Bingmin, ‘‘Heat-activated titanium-nickel orthodontic

wire and its production process,” C.N. Patent 111 1607 C, Nov. 18, 2003.

[106] X.Zeyang, D. Hao, W. Shaokui, G. Yangzhou, and X. Jing, “Orthodon-

tic archwire forming device and its control method,” C.N. Patent
105033 105 B, Nov. 26, 2017.

HAN LIU was born in Heilongjiang, China,
in 1999. He received the B.Sc. degree in mecha-
tronic engineering from Harbin University of
Science and Technology, Harbin, Heilongjiang,
in 2022, where he is currently pursuing the M.S.
degree in mechatronic engineering. His research
interests include medical robots, minimally inva-
sive interventional robots, and dental robots.

JINGANG JIANG (Senior Member, IEEE)
received the B.Sc., M.Sc., and Ph.D. degrees from
Harbin University of Science and Technology,
in 2005, 2008, and 2013, respectively. Currently,
he is a Professor and a Doctoral Supervisor with
Harbin University of Science and Technology. His
main research interests include medical robots and
biomimetic robots.

JINGCHAO WANG was born in Harbin, China,
in 1993. He received the B.Sc. and M.Sc.
degrees in stomatology from Harbin Medical Uni-
versity, in 2016 and 2020, respectively. He interned
at The First Affiliated Hospital of Harbin Medical
University, from 2013 to 2016. From 2017 to 2020,
he studied at the Department of Orthodontics,
The Second Affiliated Hospital of Harbin Medical
University, and engaged in research on invis-
ible orthodontics without brackets. His current

research interest includes orthodontic biomechanics.

167653



IEEE Access

H. Liu et al.: Review of the Research Progress of Orthodontic Archwire Bending Robot

L]

P

SHAN ZHOU was born in Heilongjiang, China,
in 1973. She received the bachelor’s, M.Sc.,
and Ph.D. degrees in stomatology from Harbin
Medical University, in 1996, 2004, and 2012,
respectively. From 2009 to 2012, she was the
Deputy Director of the Orthodontics Department,
The Second Affiliated Hospital of Harbin Medical
University. She has been the Director of the
Orthodontics Department, since 2012, where she
was promoted as a Professor, in 2019, and a Doc-

toral Supervisor, in 2022. Her current research interests include orthodontic
tooth movement and orthodontic biomechanics

YONGDE ZHANG (Member, IEEE) was born in
Jilin, China, in 1965. He received the B.S. degree
in mechanical engineering and the M.S. and Ph.D.
degrees in mechanical engineering from Harbin
Institute of Technology, Harbin, Heilongjiang,
China, in 1988, 1993, and 1999, respectively.
From 1999 to 2001, he was an Associate
Researcher with the Automation Research Center,
City University of Hong Kong. In 2004, he was a
Researcher with the Computer-Assisted Interven-

tional Medicine Laboratory, Nanyang Technological University, Singapore.
From 2004 to 2006, he was a Visiting Scholar with the University of
Rochester Medical Center. Since 2007, he has been a Professor and a
Doctoral Supervisor with the School of Mechanical Power Engineering and
Robotics and the Engineering Research Center, Harbin University of Sci-
ence and Technology. His current research interests include medical robots,
education robots, and biomimetics.

167654

SINAN LIU was born in Qigihar, Heilongjiang,
China, in 1997. He received the B.S. and
M.S. degrees in mechatronics engineering from
Harbin Institute of Technology, Harbin, China, in
2015 and 2023, respectively. His research interests
include medical robotics, puncture robotics, and
dental robotics.

VOLUME 12, 2024



