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Abstract: Medical titanium alloys are widely used in surgery, orthopedics, stomatology and other
medical specialties because of their good biocompatibility. In traditional rigid internal fixation
applications, titanium alloy strips or plates must be bent to fit the supported surface. Currently, the
common practice is to bend titanium alloy bars in three degrees of freedom manually. However,
it is difficult to ensure bending accuracy and achieve the best shape. In this study, we introduce a
forming robot for internally fixed titanium alloy strips (FRIFTAS). The forming robot is a device that
automatically reshapes the titanium strip with various specifications according to medical needs.
Here, the design of mechanical and electrical systems and the development of the overall system
are described to illustrate how a FRIFTAS is structured and designed. Three bending experimental
tests are conducted. In the bending experiments, the robot bends an initial strip on the roll, pitch and
yaw directions independently. The results show that the robot can bend a section of the alloy strip
at the desired angle. Then, an overall reshaped titanium alloy strip experiment is discussed. The
results show that the titanium-strip-forming robot is capable of automatically reshaping an internally
fixed titanium strip. The proposed robot can perform the numerically controlled bending of the
medical titanium strip according to physicians’ personalized requirements for surgery to improve the
accuracy and efficiency of preoperative preparation and provide a better postoperative appearance
and more effectively functioning treatment scheme for patients.

Keywords: oral and maxillofacial surgery; internally fixed titanium strip; robotic forming; digital medicine

1. Introduction

The development of digital medicine has greatly improved the accuracy and speed
of medical surgery. For example, in oral and maxillofacial surgery, widely used digital
medical technology can design models and surgical tools according to individual bone
shape. Therefore, the operation, which was completed in the surgical process, is advanced
to the preoperative stage. Regarding the new technology’s application in digital medicine,
titanium strip bending is the only existing process that has not been digitized and must
still be operated manually. The operation of this process is cumbersome, inefficient, has
poor precision and lacks repeatability.

Titanium strips are medical consumables with a special hole structure that must be
bent according to the patient’s condition. The medical titanium strip was approved by
Medical Device Approval III. Titanium strips are widely used in medicine. It must be used
after trauma and tumor surgery, and there are many product specifications.

In rigid internal fixation technology, titanium strip repair can be applied to multiple site
fractures with decent curative effects [1-4]. However, the bending of finished titanium strips
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is time-consuming, which leads to problems such as a decrease in physicians’ efficiency,
a long duration of anesthesia and increases in drug use and cost.

In a routine operation, the titanium strip is bent by hand. However, it is difficult to
ensure the bending accuracy and achieve the best shape. Repeated bending may also cause
metal fatigue and reduce the mechanical properties of titanium strips. Several studies have
indicated that the position of the titanium strip, whether it is repeatedly bent or the shape
fits the bone surface will affect the postoperative healing of patients, and serious cases
will lead to infection, titanium strip exposure, titanium strip fracture, bone necrosis and
other problems.

The best way to improve manual bending is to process materials automatically by
numerical control. Currently, the multipoint molding technology of titanium mesh and
robot bending of medical Ni-Ti alloy wire have been developed, but the above methods
cannot be used directly for titanium strip bending.

Clinically, with the development of robotics and control theory and the urgent need to
release orthodontic physicians from heavy workloads, a new type of medical robot, such as
robots that bend Ni-Ti alloy wire, has emerged [5].

Werner Butscher [6,7] proposed a robotic bending apparatus for automatically bending
orthodontic archwires into a particular shape. The robot is known as the SureSmile archwire-
bending robot. In addition to regular bending tools such as griping tools, the SureSmile
robot incorporates force sensors that are used to determine the overbends needed to obtain
the archwire’s desired final shape and may also include a resistive heating system in which
the current flows through the wire while the wire is held in a bent position to heat it and
thereby retain its bent shape.

Gilbert presented a LAMDA [8] system (Lingual Archwire Manufacturing and Design
Aid) of lingual treatment that can be used in customized orthodontic archwire design [9].
This system can realize movement in the XY plane.

Y. Zhang proposed another archwire-bending robot based on MOTOMAN UP6. The
archwire-bending robot is composed of PC, MOTOMAN UP6, and the archwire-bending
actuator. The actuator matches the end of the MOTOMAN robot. The archwire-bending
actuator, which connects with the MOTOMAN robot end, is used to clamp and bend
the archwire [10,11].

J. G. Jiang recently developed a Cartesian-type archwire-bending robot [12-15]. The
archwire-bending robot mechanism consists of the base, rotary, feed, supporting structure
of the archwire, bending die and archwire-bending mechanism. Orthodontic archwire’s
bending process is analyzed, and the structure of the orthodontic archwire-bending robot
is designed using SolidWorks software. Precision control with a third-order pure S acc/dec
profile of an archwire-bending robot is established [15]. Orthodontic archwire-bending ex-
perimentation is performed using a Cartesian-type archwire-bending robot. To compensate
for the archwire’s springback phenomenon, the different types of archwires” springback
mechanical properties (including Ni-Ti alloy archwires) have been studied [16-18]. More-
over, to improve the Ni-Ti alloy wire-bending accuracy, a method for the digital expression
and interactive adjustment of personalized orthodontic archwires is proposed [19]. The
experimental results show that the position of each straight section can be adjusted using
this method to change the arch shape of the orthodontic archwire. The error rate of the bent
archwire ranged between 1.1% and 6.7%.

However, the current medical bending robot is used for oral titanium alloy archwires
rather than titanium alloy strips. Compared with archwire bending, titanium alloy strip
bending is different in that (1) compared with archwire bending, a titanium alloy strip
needs to provide greater processing bending force to make it produce plastic deformation;
(2) the archwire only needs to deform in 2 degrees of freedom (DOF) to fit the tooth shape,
while the titanium alloy strip needs to deform in 3 degrees of freedom to fit the oral shape;
(3) the structure of a titanium alloy strip and archwire is different, and its feeding mode
will be greatly different in automatic machining.
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To fix titanium strip bending in digital medical processes, a robot device is proposed
in this study. The novel robot has the following characteristics: (1) by designing a new
structure, the robot could bend a titanium alloy strip with 3DOEF, so that the bent titanium
alloy strip could fit the external shape of the specified mandible; (2) by selecting a compact
high-power motor, the robot can produce large bending force and realize the bending of
the titanium alloy strip; (3) by designing a new control program, the robot can realize
automatic feeding for a specific titanium alloy strip.

According to medical needs, the proposed forming robot will reshape the titanium
strip with various specifications. Forming is conducted automatically via digital measures.
The system will refer to the manual bending medical specifications for force application to
ensure that the formed materials meet the quality requirements of medical applications.

The robot can perform the numerically controlled bending of the finished medical tita-
nium strip according to the physicians’ personalized requirements for surgery to improve
the accuracy and efficiency of preoperative preparation and provide a better postoperative
appearance and more efficiently functioning treatment scheme for patients.

In this study, the design of mechanical and electrical systems and the development of
an overall system are described to illustrate how a FRIFTAS is structured and worked. We
conducted experiments to show the bending performance of the robot in three bending
directions. The preliminary results show that the titanium-strip-forming robot is capable of
automatically reshaping an internally fixed titanium strip.

2. Materials and Methods
2.1. Mechanical System Design

The main structure of the forming robot consists of three motors, two electric grippers,
one electronic rod and other supporting accessories, as shown in Figure 1.

Roll Motor Roll Motor Electronic Rod Feeding Electric Grip

Titanium Plate

(b)

Figure 1. (a) 3D model of Bending and Forming Robot: overall view. (b) 3D model of Bending and
Forming Robot: upper half part.

The process of forming the titanium alloy strip is roughly illustrated as follows:
(1) In the initial state, the two electric grippers grip two adjacent holes on the strip. (2) The
motors independently drive the rotational electric gripper in three different directions
as the controller commands. Titanium alloy strips are bent and formed by motors. The
movements along each axis are shown in Figure 2. (3) The feeding electric gripper moves to
the next titanium alloy strip hole and feeds the strip forward. (4) The rotational electronic
gripper moves to the adjacent hole next to the feeding electric gripper.
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Figure 2. Robot movement along each DOF: (a) initial state, (b) movement along the roll direction,
(c) movement along the direction, (d) movement along the yaw direction.

The bending origin is designed as the mechanism by which three axes of roll, pitch,
and yaw meet at one point to generate ball joint motion. The meeting point is in the middle
of two holes in the titanium alloy strip. The position of the meeting point on the titanium
alloy strip is shown in Figure 3.

According to the estimation of the conventional human jawbone 3D model, the
maximum deformation angle of titanium alloy strips in each direction is £18° in roll,
£12° in pitch and £12° in yaw. Therefore, in this robot structure, the maximum machining
angles designed in each direction are £30° in roll, +20° in pitch, and 20° in yaw.

To determine the capacity of the actuator in the robot, static force analysis is performed.
The material for the titanium alloy strip is TC4, and the composition is TigAl4V. By checking
relevant parameters in the material handbook, the mechanical properties of titanium alloy
strips at room temperature are shown in Table 1.
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Figure 3. The position of the bending origin point.

Table 1. Mechanical properties of titanium alloy at room temperature.

Mechanical Properties of Titanium Alloy Values
Type Composition TC4
Composition TigAlyV
Strip thickness (mm) 3
Tensile strength &, (MPa) 895
Yield strength &s (MPa) 860
Elastic limit &, (MPa) 967

The titanium alloy strip is a rectangular porous strip. To simplify the calculation, the
titanium alloy strip can be assumed to be a rectangular fastener. The geometric parameters
of the titanium alloy strips are shown in Table 2. Since the yield strength and dimensional
parameters of the titanium alloy strip are known, the minimum bending torque required
for the titanium alloy strip to produce bending deformation can be obtained.

Table 2. Geometric parameter of the titanium alloy strip.

Geometric Parameter of the Titanium Alloy Strip Values
Length (/mm) 13
Width (/mm) 6
Thickness (/mm) 3

For the yaw direction, the bending section coefficient of the titanium alloy strip is
expressed in Equation (1).
I, _ b*  3x6
Ymax 6 6

W, = =18 mm® 1)

In this way, the minimum bending force of the titanium alloy strip in the yaw direction is

Mmin > [6] x W, = 860 MPa x 18 mm® = 15.48 Nm @)

In the roll direction, the bending section coefficient of the titanium alloy strip is
expressed in Equation (3), and the minimum bending force in roll is shown in Equation (4):

I, _b*  6x3

3
7. G G 9mm 3)

Wy, =

Mmin > [6] X W, = 860 MPa x 9 mm® = 7.74 Nm (4)
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Similarly, the minimum bending force in the pitch direction can be estimated by
Equations (5) and (6):

Mpin > [T] X & X W = 0577 X [05] X & x Wr = 6.6 Nm (5)

where
Wr = bh?* =54 x 1078 m? (6)
a = 0.246 @)

Based on the maximum required torque estimation, an STSN40P motor (100 W) with a
nominal torque of 0.32 N-m and a nominal current of 4.7 A was selected for the driving roll
and pitch direction, while an STSN60P motor (200 W) with a nominal torque of 0.64 N-m
and a nominal current of 12.5 A was selected for driving yaw direction.

To amplify motor torque, a 50:1 gear ratio is chosen. Thus, the roll and pitch output-
driven torques at the nominal motor current will be 16 N-m, and the yaw output-driven
torque at the nominal motor current will be 32 N-m. Since the maximum output torque is
greater than the necessary torque at each axis, it is suitable to use ST8N40P and STSN60P
with a gear ratio of 50:1. A harmonic gear is chosen for the reduction gear since it has no
backlash but has high torque transmission performance. Specifications of the motor and
gear are summarized in Table 3.

Table 3. Specifications of the motor and gear.

Object Parameter Configuration
Type ST8N40P
Motor for roll and pitch Nominal Voltage (V) 24
Nominal Output (N-m) 0.32
Type ST8N60P
Motor for yaw Nominal Voltage (V) 24
Nominal Output (N-m) 0.64
Size 20
H G Reduction Ratio 50:1
armonic tear Allowable Max Momentary Torque (N-m) 35
Size ST8N40P

A commercial steel frame, which has a high amount of strength, was used mainly
for the main structure to provide sufficient strength to deform the titanium alloy strip.
However, to reduce the robot’s weight, hollow aluminum is used as a U-shaped part. The
whole platform size is approximately 540 mm x 520 mm x 450 mm.

2.2. Electronic System and Controller Design
2.2.1. Electronic Motors/Sensors

The forming robot uses two 320 W DC motors on roll and pitch and a 640 W DC motor
on yaw. The motor controllers are ADM-15D80-EALT (Tech Servo Co.), which are able to
control the positions of three motors based on position commands from the main controller.
On each motor, an encoder detects the motor’s current position. The encoder signals of
the forming robot are read by each motor controller and sent to the main controller using
EtherCAT communication. All position data are sent to the main controller, which is used
to process various control algorithms.

Two electrical grips are used to clutch the titanium alloy strip. The grip controllers
are DL2-A28-20-AHS, which are able to control the distance of the grips by 0~20 mm. The
communication interface of the grip is R5485.

An electronic rod is used to adjust the position of feeding grips. When the forming
robot finishes bending, the electronic rod drives the feeding electric gripper to move to
the next titanium alloy strip hole. The controller of the electronic rod is chosen to be
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a TC100-01-N1 server motor controller (TOYO CO.). The translational moving range is
0~100 mm, and the motor power is 40 W. R5485 is the communication protocol between
the TC100 and main controller.

The sensors applied in the electrical grips and electronic rod are incremental encoders
that provide the current position of the motors.

2.2.2. Real-Time System

A Simulink real-time system is chosen to be the forming robot’s main control system. A
real-time integrated PC is essential for calculating the control algorithm of the entire system.

Simulink Real-time (RTW) combines the functions of the XPC Target and XPC Target
Embedded Option, allowing one to create real-time applications from the Simulink model
and run them on dedicated target computer hardware connected to the physical system. It
supports real-time simulation and testing, including rapid control prototyping, DSP and
visual system prototyping, and hardware in the loop-HIL simulation.

The control algorithm of the forming robot is conducted on the hardware in the loop
platform. The hardware in the loop platform is built with the help of the rapid control
prototype RCP (Rapid Control Prototype) technology, using MATLAB simulation tools, the
real-time online simulation of the control system, the online modification of parameters,
online recording data and other functions. The system framework is shown in Figure 4.

Development PC Target PC

Object program written RTW
in MATLAB/Simulink or | interface ———| Real time control program(host
other high-leve languages | function downloaded to the target machine)

Windows operating system )
RTW real time kernel(DOS boot

system booting by BIOS)

Hardware driver

Network \/::V Netwrok Target machine
card card hardware

Host hardware

Figure 4. System communication framework.

RTW can use the driver block to extend the Simulink model, automatically generate
real-time applications and perform interactive data or automatic running programs on a
dedicated target computer equipped with a real-time kernel, multicore CPU, universal
I/0 and protocol interfaces. Simulink and the hardware design of the target computer
collaborate to create a real-time system for interactive interfaces and on-site environments.
RTW can also be used with custom target computers and I/O hardware.

In the forming robot control system, BOX-6639 (AAEON CO.) is selected as the target
PC. It is a compact fanless box PC incorporated with a variety of serial I/O connectors,
including 6 COM ports, 4 USB 3.2 Gen 1 and 34 channel DIO which offer flexible config-
urations and expansion capabilities. An overall specification of the real-time target PC is
described in Table 4.

Table 4. Specification of the target PC BOXER-6639.

Specification of the Target PC Configuration
CPU Intel i5-6500TE
CLOCK 2300 MHz

RAM 4GB
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Table 4. Cont.

Specification of the Target PC Configuration
UART 6-Channel
Ethernet 2 x LAN
Memory CFCard

2.2.3. Overall Control System Architecture

An overall control system architecture integration is shown in Figure 5. We command
the desired bending angle and combined movement using the development PC. The
receiver is the target PC, which is connected via LAN communication. Three server motors
are on the forming robot. The motors on roll and pitch of the forming robot are 320 W DC
server motor for high acceleration performance. The motor on yaw direction is a 640 W
DC server motor. The three DC motors are connected via a target PC using EtherCAT as
their communication protocol. There is an encoder for position control of each motor. The
encoder signals are read by the motor controller.

R8485 Feeding electrical

gripper
Rotational electrical
gripper

RS485

RS485

Electronic rod

Development | LAN | Target
PC PC

DC server DC server DC server

driverl driver2 driver3

EtherCAT | EtherCAT EtherCAT |

Roll
Motor

Figure 5. Overall control system architecture of the forming robot.

In total, 3 RS485 interfaces are used to control the feeding electrical gripper, rota-
tional electrical gripper and electronic rod. The sensors applied in the electrical grips and
electronic rod are incremental encoders that provide the motors’ current positions.

During the working process, the target PC runs a Simulink real-time kernel. In the
control experiments, the sampling rate is 1 kHz. On the development PC, a Microsoft
Windows operating system is chosen on which the host control software is developed.

3. Results

Figure 6a shows the overall experimental device of the forming robot for internally
fixed titanium alloy strips. The main hardware includes two 320 W DC server motors for
bending the roll and pitch, a 640 W DC server motor for forming the yaw direction, two
electrical grips for feeding and rotating, and an electronic rod for feeding one grip to the
next titanium strip hole. Figure 6b depicts the closer view of the top of the forming robot.
When the robot is bending the titanium strip, the feeding grip and rotational grip hold the
adjoining two holes to change the shape of the titanium strip.

The flowchart of the forming robot operation is shown in Figure 7. Once the robot
starts to operate, all variables and settings are initiated, and the robot’s standard position
is set using home detection. Once all settings are completed, the robot begins operation
based on the inserted setting.
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Electronic rod Feeding

Rotational \ B Electric grip
Electric grip 1 | =

Feeding
Electric Grip

Rotational
Electric Grip

(b)

Figure 6. (a) Overall experimental device of the forming robot. (b) Zooming in on the top of the
forming robot.

Initial position

¢=

Start forming titanium
plate (roll \ pitchl \ yaw Move electronic rod
bending) to previous position
Open feeding grip y
+ Close rotational grip

Move electronicrod to next
titanium alloy strip hole

Y

Close feeding grip to
hold strip hole

¥

Open rotational grip

Finish forming
titanium plate?

Figure 7. The flowchart of the forming robot operation.

3.1. Roll Direction Reshape Experiment Result

We conducted experimental tests of the roll direction reshape result for the forming
robot. An angular graph of the roll direction is shown in Figure 8. The angular input of the
forming robot for the roll direction movement is represented by the solid line. The actual
angle of the forming robot is shown by the dashed line. We apply an angular input as a
slope function at a rate of 1°/s. In response, the forming robot accelerates for 18.3 s. At
19.4 s, the gripper platform decelerates. In the angular input, the goal is to achieve a 17.0°
bending angle. As shown in Figure 8, the reshaped angle of the strip is measured, and the
actual bending angle is 16.8°. The deviation between the input and output angles is due to
the characteristics of the alloy strip’s elastic deformation. This experiment confirmed that
the forming robot for internally fixed titanium alloy strips can reshape the alloy strip in the
roll direction. The bending error range in roll direction is within £0.2°.
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Figure 8. Roll direction bending response.
3.2. Pitch Direction Reshaping Result
The pitch direction strip bending experimental test was conducted, and Figure 9 shows
the bending result of the motor encoder. We applied an angular input as a slope function
at a rate of 1°/s. The goal was to achieve a 5° bending angle. After 0.29 s, it reaches the
desired velocity, 1.0°/s. At 6.4 s, it decelerates. We proved that the forming robot for
internally fixed titanium alloy strips can reshape the alloy strip in the pitch direction. The
bending error range in pitch direction is within 40.1°.
. 55(
---Pitch Agl ---Pitch Agl, ¢
—Pitch Agl —Pitch Agl

Pitch angle [deg]
F S
3

0 : ‘ .
0 35 7 56 6.35 7
Time [sec] Time [sec]

Figure 9. Pitch direction bending response.
3.3. Yaw Direction Reshaping Result
The yaw direction strip bending experimental test is conducted, and Figure 10 shows
the bending result of the motor encoder. We applied an angular input as a slope function
at a rate of 1°/s. The goal was to achieve a 7° bending angle. After 0.26 s, it reaches the
desired velocity, 1.0°/s. At 8.6 s, it decelerates. We proved that the forming robot for
internally fixed titanium alloy strips can reshape the alloy strip in the yaw direction. The
bending error range in yaw direction is within £0.1°.
8-
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Figure 10. Yaw direction bending response.
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3.4. Overall Reshaped Titanium Alloy Strip Experiment

The purpose of the forming robot is to automatically reshape the initial titanium
alloy strip to reduce the manual intervention of medical staff. Figure 11 shows the overall
reshaped titanium alloy strip. In the experiment, a mandible model is scanned as a digital
3D model in the PC. Next, we simulate a proper form of strip to fit the mandible’s shape.
Third, we calculate the forming angles for each strip hole. Lastly, the forming angles are
programmed as input commands of the forming robot to reshape a titanium alloy strip.
Figure 11 shows that the forming robot is capable of automatically reshaping a titanium
strip to fit the mandible model. To estimate the error of the reshaped titanium alloy strip,
we scan the overall reshaped titanium alloy strip and mandible model, import the digital
models in a 3D software and match the models manually so that both of them fit closely.
By measuring the maximum error of the two models, the error range is 4.3 mm.

3D printing
model of mandible

Formed shape of
titanium strip

Figure 11. Overall reshaped titanium alloy strip.

4. Conclusions

Digital medicine has greatly improved the accuracy and speed of medical surgery.
Titanium strip bending is the only process in digital maxillofacial surgery that has not
been digitized and still requires manual operation. Developing a forming robot that can
automatically and precisely bend titanium strips is the objective of this study.

In this study, a new design of an internally fixed strip forming robot is proposed.
According to the mechanical characteristics of the processed titanium alloy strip, the
motor parameters of the robot are checked, which provides a basis for motor selection.
Development of the electrical control system is discussed, and three bending experimental
tests are presented. The preliminary experimental results show that the titanium-strip-
forming robot is capable of automatically reshaping an internally fixed titanium strip.

Since this robot is designed to automatically bend the internally fixed strip, it can
reduce the manual intervention of medical staff. Another advantage of this robot is that
automatic bending can reduce the failure rate of titanium alloy strip bending, hence
reducing the cost of maxillofacial surgery. In future, the 3D model of the mandible can
be obtained by scanning patients’ mandibles, and an advanced software algorithm can be
developed to automatically match the unbent titanium alloy with the appropriate bending
angle to fit the patient’s mandible model, then the robot proposed in this research can carry
out bending processing. This method will realize the customized strip bending capability
for patients” mandibles.
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