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Abstract: This paper presents a Model-Based Design (MBD) approach for the design and control of a customized manipulator intended for drilling and positioning of dental implants accurately with minimal human intervention. While performing an intra-oral surgery for a prolonged duration within a limited oral cavity, the tremor of dentist's hand is inevitable. As a result, wielding the drilling tool and inserting the dental implants safely in accurate position and orientation is highly challenging even for experienced dentists. Therefore, we introduce a customized manipulator that is designed ergonomically by taking in to account the dental chair specifications and anthropomorphic data such that it can be readily mounted onto the existing dental chair. The manipulator can be used to drill holes for dental inserts and position them with improved accuracy and safety. Furthermore, a thorough multi-body motion analysis of the manipulator was carried out by creating a virtual prototype of the manipulator and simulating its controlled movements in various scenarios. The overall design was prepared and validated in simulation using Solid works, MATLAB and Simulink through Model Based Design (MBD) approach. The motion simulation results indicate that the manipulator could be built as a prototype readily.
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1  Introduction

Based on various studies conducted worldwide, a huge population is affected with dental diseases. A survey by [1,2] reported nearly 2.4 billion people were affected with dental caries, tooth decay, loss of tooth, injuries in jaw and periodontal disease; the count reaches around 621 million people including the children. These dental diseases cause various problems in day-to-day activities like sleeping and eating; and further it affects the quality of life, as reported in [3,4]. Besides, [5,6] identified that the dental diseases are commonly associated with various chronic conditions/diseases such as cardiovascular diseases, diabetes, obesity, transient ischemic attacks and so forth. Fortunately, the dental implantation is one of the proven techniques to overcome the aforementioned problems and it provides a predictable, effective, and reliable means for tooth replacements. Essentially, dental implantation is a set of procedures to substitute the missing tooth with an artificial tooth wherein the jawbone/mandible is the base upon which all dental procedures are carried out [7]. Hence, dental implantation helps to regain the daily routine of edentulous patients. This includes importantly mastication, deglutition, facial aesthetics and etc. The feel of regained aesthetics enhances the mental and physical well-being of an individual as substantiated in [8,9]. Owing to these reasons, about three million people were subjected to dental implants worldwide and the number is expected to increase year after year. Nevertheless, most people from underdeveloped countries like India have difficulty affording these expensive procedures. This solution needs to be effective and reasonably economical. This work is a step towards creating an implantation system like that. Generally, the existing dental implantation techniques may be broadly categorised as hand drilling method, surgical template guidance method, and vision-guided robotic method. The manual approach has several shortcomings like inaccuracy, safety, and etc. Better accuracy and safety are typically sought when choosing the implantation method, but it is also quite expensive and complex. We propose a dental implantation system centred on a customised manipulator. It is suitable for either surgical template guidance or vision-guided methods. In this paper, we specifically customise a dental manipulator so that it can be fitted onto existing dental chairs.

1.1 Objectives

The primary objective of this work is to develop a custom manipulator that is user-friendly and efficient for performing orthodontic implantation surgery. Furthermore, dental implantation system is typically a mechatronic system and hence we would adopt the model-based design as an integral approach for the design of manipulator. Indeed, we eventually aim to build a high-fidelity digital twin for the entire system. This, we believe, would be an essential feature that might enable the dentist to efficiently perform preoperative planning and validation of surgery on the digital twin before it can be done on patients using the actual system.

1.2 Key Contributions and Salient Features

The key idea behind this work is providing a cost-effective manipulator design that will be an add on for the existing dental chair. It must be flexible and intuitive. However, it should be ensured that the accuracy and safety are not compromised. Thus, the mechatronic approach is adopted to achieve this trade off by optimizing these design metrics through several design iterations and simulations. The major contributions of this work are given below:
•   A customized dental robot with a ready-to-mount feature on dental chair by taking in to account the dental chair specifications and anthropomorphic data.

•   Step-by-step procedures for the design and analysis of the robot through multi-body motion simulations using Solid works and MATLAB/Simulink.

•   An exhaustive simulation of the manipulator in different scenarios.

2  Related Works

Dental implantation procedures and issues are briefly outlined in this section. We begin by describing a number of dental implantation methods and their issues. A small incision is made on the gum to expose the jawbone. To avoid temperature elevation and burning of tissue, sequential drilling is then employed. Subsequently, screwing in a crown is done next, followed by placement of a false tooth over on it. Dentists are trained with various surgical models, such as acrylic, plaster of Paris, and 3D surgical models. In the whole implantation procedure, various problems are identified. First, locating the implant site and application of force and torque required to do drilling is major concern [10]. Second, holding a dental hand piece for time taking procedures, application of desired payload and torque and locating the proper position of implant site could cause muscle fatigue and tremor in the hand [11]. Third, manual handling of dental drill creates phobia.

Furthermore, the manual dental implantation procedures require lot of skills to achieve preciseness, and above all, they are highly time-consuming [9,12]. Due to these reasons, most often the manual methods failed miserably in spite of dentist's experience. Evidently, improper positioning would result in technical complication, damaging of vital structure of jaw and affect aesthetic and appearance. The aesthetic failure may even lead to psychological problems [13]. In a nutshell, drilling a hole precisely for implantation is a bottle-neck task. The increasing number of patients with dental problems, lack of healthcare professionals to meet this supply and demand and requirement of preciseness in these procedures opened new technological development in dental health industries. The advancement in the field of robotics fused with dental healthcare requirements brought in various robots for dental applications in the recent past. The solutions started with training and assisting the surgeon during the surgery. Then the training robots were used to simulate human response, so that surgeon could learn and get trained [14–16]. The Food and Drug Administration (FDA) agency approved its first robotic surgery in the field of dental in 2017. The researchers from China invented another robot which can perform implantation surgery autonomously [9,17–19]. Most recently, a method exploiting the human-robot collaboration was proposed by [20], where the authors claim that the accuracy and safety of implantation were improved through such collaboration.

3  Method Overview

Model based design is a proven approach for developing complex engineering systems like the one presented in this paper. For instance, consider various processes involved in a typical dental implantation system as shown in Fig. 1, which involves several conflicting design requirements. This means that the system design will undergo a number of iterations with various design changes and refinements before the final optimal design is arrived at. Although the major focus of this work is on only the design and control of a manipulator, the overall process involved in the implantation method is illustrated here for the sake of completeness, which enables one to get the system level picture, inter-dependency among various subsystems and above all the reason behind using the MBD approach for the design. The entire dental implantation process can be described in five steps from a system perspective as follows: The first step is image acquisition wherein the details of mandibular bone along with teeth are scanned and stored as images using Cone-Beam Computed Tomography systems (CBCT).
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Figure 1: Dental implantation processes

The second step is preoperative planning wherein the images acquired from the previous step are used to reconstruct a 3D model of the mandibular bone and teeth. Further, image registration is done to get the 3D model in oral coordinate system. From this, most crucial details are obtained to decide the location, size, angle and depth details for drilling hole and select or fabricate appropriate dental implant. In addition, surgical template with marker is also designed and fabricated in this step if required. Third step is preoperative calibration in which the dental hand piece, drill bit and patient tracker are calibrated. In the fourth step, the trajectories are generated and executed by the manipulator according to the locations where holes are drilled as planned in the second step. Subsequently, the implants are immersed in the designated holes. Finally, in the fifth step, postoperative check is done to assess if any deviation from the preoperative planning. It can be understood that these processes are highly interwoven and any issue in one process will affect the overall system performance adversely. Furthermore, inaccuracies in image acquisition and uncertainties in sensors and models would result in accuracy and safety issues in the final implantation process. Therefore, the mechatronic approach allows us tight integration of these subsystems using concurrent development that is inherently achieved by the help of MBD. In this work, we use Solid works software to design the mechanics of the manipulator, and the MATLAB/Simulink software to perform multi-body motion simulations similar to the work in [21]. In addition, we derive kinematic and dynamic models of the manipulator to aid the simulation and validate some results analytically.

3.1 Manipulator Design

The proposed robot has five links and four revolute joints (4R configuration) as shown in Fig. 2a. The links and joints are formed in such a way that the manipulator gives joint-1 the freedom of rotating a full 360° as shown in Fig. 2b, joint-2 with 60° and joint-3 with 120° as shown in Fig. 2c, joint-4 with 360° as well as shown in Fig. 2d. The simplified Computer Aided Design (CAD) is shown in Fig. 2e, the assigned frames of all links are shown in Fig. 2f and simplified CAD model (left) and the frames assignment (right) are shown in Fig. 2g.
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Figure 2: The customized dental manipulator:(a) CAD model of the customized dental manipulator with five links designated as L0, L1, L2, L3 and L4, and four revolute joints designated as J1, J2, J3 and J4 respectively, (b) The joint J1 could rotate through an angle (θ1) of 360°, (c) The joints J2 and J3 could rotate through angles (θ2) of 60◦and (θ3) of 120° respectively, (d) The joint J4 could rotate through an angle (θ4) of 360°, (e) The simplified CAD model before it could be imported as a physical model in Simscape/Simulink environment, (f) Frames assignment for all the links, (g) Simplified CAD model (left) and the frames assignment (right)

The joint limitations can be understood visually through these figures. The link lengths and joint limits are given in Tab. 1.
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These dimensions were chosen based on the dental chair specifications and anthropomorphic data. Moreover, these dimensions would be further optimized through motion simulation by generating the required workspace in which the dental procedures need to be performed by the dental piece. The entire design of the manipulator was carried out using the Solidworks software. We chose aluminium for the prospective product fabrication and the same is considered for the simulation. The Aluminium material has several favourable properties such as good durability, strength, corrosion resistance and cost effectiveness. Besides, it is generally the ready-to-go material for the machining/manufacturing of robots. The weights of each link calculated with aluminium as chosen material are given in Tab. 2.
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3.2 Preparation of CAD Model for Exporting it to Simscape/Simulink

The CAD model prepared using the Solidworks has to be exported to Simscape/Simulink in order to perform motion simulations. Before exporting the CAD model to Simulink, it is necessary to simplify the model by keeping the joints and links that would contribute to the motion simulation. This is done by combining all the secondary parts to a main part or link (Secondary parts implies nuts, bolts, washers, etc.). The simplified CAD model is shown in Fig. 2e. The simplified Solidworks model is then exported to Simulink using the Simscape Multibody Link Add-on. Imported model under Simscape environment is shown in Fig. 3a, and this model is otherwise called as physical model. As this physical model was created just from the manipulator CAD model and hence it has the definition for only the solid elements of structure. However, for simulating the motion of the manipulator, this model should be added with the control definition and this is explained in subsequent sections.

[image: images]

Figure 3: The physical model of the designed manipulator: (a) The physical model of the manipulator resulted after the simplified CAD model is imported under Simscape environment, (b) The overall physical model of the manipulator with Proportional Integral and Derivative (PID) controller, trajectory planner and scopes for observing various parameters of multi-body motion simulation

3.3 Kinematic and Dynamic Models

In this section, the kinematic and dynamic models are derived. To do so, defining various coordinate systems and transformation from one to another is important. Considering the overall dental implantation system, coordinate systems can be built to the robot, robot tool, surgical guide and oral cavity, and the transformation matrices to transfer from one coordinate system to another can also be derived. However, this work focuses only on the manipulator, therefore coordinate systems or frames are defined to each link of the manipulator and transformation matrices are derived using the Denavit Hartenberg (DH) formulation. To define coordinate systems to the manipulator, the simplified CAD model showing the links distinctly is obtained as shown in Fig. 2f. Then, the frames are assigned to each link as per DH approach. The details of frames are shown in Fig. 2g. Finally, the DH parameters are obtained as given in the Tab. 3.
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The homogeneous transformation matrices are given below:

For the link-1,


 0T1=[cosθ 10sinθ10.008∗cosθ1sinθ10−cosθ10.008∗sinθ10100.0680001]
(1)

For the link-2,


 1T2=[−sinθ2−cosθ20−0.3∗sinθ2cosθ2−sinθ200.3∗cosθ200100001]
(2)

For the link-3,


 2T3=[cosθ30sinθ30.0285cosθ3sinθ30−cosθ30.0285sinθ301000001]
(3)

For the link-4,


 3T4=[cosθ4−sinθ400sinθ4cosθ4000010.2690001]
(4)


Jb=[Jb1Jb2Jb3Jb4]
(5)


[α˙β˙γ˙]=[0sin(θ1)sin(θ1)cos(θ1)cos(θ2)cos(θ3)−cos(θ1)sin(θ2)sin(θ3)0−cos(θ1)−cos(θ1)cos(θ2)∗cos(θ3)∗sin(θ1)−sin(θ1)∗sin(θ2)∗sin(θ3)100cos(θ2)∗sin(θ3)+cos(θ3)∗sin(θ 2)][θ˙1θ˙2θ˙3θ˙4]4
(6)


τ=(Jb)T.F^
(7)

>> roblocks

We used the robotics toolbox for determining the inverse kinematics of the manipulator. In order to account for the forces and torques involved, we must obtain the Jacobians or dynamic models. To calculate the joint torques, the Jacobians are required and are derived in this section. The Jacobian matrix is of 6*4 sizes and is given in Eq. (5). Each element of this matrix contained several terms, hence we presented it column wise. Besides, the equation that relates joint velocities to the tool velocity in Cartesian space is derived using the Jacobian as given in Eq. (6). Furthermore, the relationship between the end effector force vector and joint torques is given in Eq. (7).

3.4 Motion Planning and Control

In this section, we briefly describe about adding PID controller as a trajectory tracker and polynomial trajectory planner to the physical model obtained of the manipulator in the previous section. Fig. 3b is the final model in which the trajectory planner is added to the model. The polynomial trajectory block is responsible for generating the trajectory by using three inputs; time, waypoints and time points. Time is equal to simulation time. Waypoints are points where the user wants the end-effector to reach and time points are the time at which the robot should reach the mentioned points. The block outputs position, velocity, and acceleration for the respective time. The dimension of waypoints vector is always 3 × N where 3 implies x, y, z and N implies the number of points the robot has to reach. Initial conditions are zero and the equation is a cubic polynomial. The dimension of time points vector is always a row vector with times values in seconds and the number is equal to the number of waypoints.

4  Results and Discussion

The models were created and simulated in Solid works and MATLAB/Simulink software on a Dell laptop with i7 8th Gen processor and 16 GB Random Access Memory (RAM). In order to validate the feasibility of the robot, we conducted several trials of simulations in different scenarios which are detailed further. Note that a random noise with amplitude in the range of 10−5 was inserted into the model to account for the sensors and modelling uncertainties. This was used while performing simulations in all the scenarios that we considered in this work.

4.1 Work Volume

Since the manipulator was designed considering the specifications of the dental chair and the average heights of humans when seated on it, the work volume of the manipulator has to encompass all possible locations of the mouth and the implant sites in it. Therefore, the workspace of the manipulator was generated in simulation by incorporating the designed link lengths and joint limits on MATLAB. The resulting workspace of the manipulator is almost spherical shaped and is shown in Fig. 4.
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Figure 4: The spherical workspace of the manipulator encompassing the possible oral volume in which implantation can be done, where x, y and z axes values are in m

The total work volume computed through simulation is 0.2057 m3 and it was also validated analytically. It is also verified that this workspace is sufficient enough to let the dental hand piece maneuver within the mouths of people of different heights.

4.2 Positioning and Trajectory Tracking Efficiency

In order to analyse the positioning accuracy as in [22] the repeatability test was conducted by making the manipulator to reach a same known position repeatedly for 10 trials and the mean values are 0.0045, 0 and 0.0028 along x, y and z-axis respectively in m. Furthermore, for analysing the trajectory tracking efficiency, a set of trials was conducted in two different scenarios. In the first scenario, we assumed that the hand piece would be manually dragged somewhat closer to the point that lies between two incisors as can be seen in Fig. 5 and then the manipulator would automatically position itself to the point accurately enough with the feedback as in [21] or using surgical guide. Considering this point as a reference on the oral coordinate system, trajectories are then planned for each tooth and executed. This scenario was simulated for 10 trials and the mean positioning errors along each axis are given in Tab. 4.
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Figure 5: Trajectories executed by the robot (Courtesy: The base image was obtained from Wikipedia and the red color overlaid traces imply the trajectories tracked by the drill bit.)
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The same results are also plotted in Figs. 6a and 6b. Based on these results, it can be inferred that as the distance to the commanded position increases, the positioning error slightly diverges. It can however be treated as a systematic error and overcome.
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Figure 6: Trajectories of the end effector: (a) 3D sketch of the trajectories tracked by the end effector, where x, y and z axes are with position coordinate values in m, (b) 2D sketch of the trajectories tracked by the end effector

In the second scenario, the drill bit was commanded to track the trajectory planned from the right wisdom tooth to the left one passing through all the way-points (here all teeth locations) lying between these two extremes. The trajectories (position, velocity, acceleration and torque) of each joint are plotted in Figs. 8a–8d. In addition, the trajectories tracked by the drill bit in Cartesian space are also shown in Figs. 9a–9c. These results confirm that the manipulator is able to track the planned trajectories accurately enough with a tracking error less than 2%.
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Figure 7: Static torque of joints: (a) Static torque (Nm) of joint-1, (b) Static torque (Nm) of joint-2, (c) Static torque (Nm) of joint-3, (d) Static torque (Nm) of joint-4, (e) Dynamic torque (Nm) of joint-1, (f) Dynamic torque (Nm) of joint-2, (g) Dynamic torque (Nm) of joint-3, (h) Dynamic torque (Nm) of joint-4
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Figure 8: Trajectories in the joints space: (a) Trajectory plot of the revoulte joint-1 when the tip of the drill moving from the right wisdom tooth to the left one, where the trace-1 is angular position (rad), trace-2 is velocity (rad/s), trace-3 is acceleration (rad/s2) and trace-4 is torque (Nm) with respect to time(s) from top to bottom, (b) Trajectory plot of the revoulte joint-2 when the tip of the drill moving from the right wisdom tooth to the left one, where the trace-1 is angular position (rad), trace-2 is velocity (rad/s), trace-3 is acceleration (rad/s2) and trace-4 is torque (Nm) with respect to time(s) from top to bottom, (c) Trajectory plot of the revoulte joint-3 when the tip of the drill moving from the right wisdom tooth to the left one, where the trace-1 is angular position (rad), trace-2 is velocity (rad/s), trace-3 is acceleration (rad/s2) and trace-4 is torque (Nm) with respect to time(s) from top to bottom, and (d) Trajectory plot of the revoulte joint-4 when the tip of the drill moving from the right wisdom tooth to the left one, where the trace-1 is angular position (rad), trace-2 is velocity (rad/s), trace-3 is acceleration (rad/s2) and trace-4 is torque (Nm) with respect to time(s) from top to bottom
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Figure 9: Trajectories in the cartesian space: (a) Trajectory along x-axis (position(m)) with respect to time(s), (b) Trajectory along y-axis (position(m)) with respect to time(s), (c) Trajectory along z-axis (position(m)) with respect to time(s)

4.3 Analysis of Joint Torques

With an aim to size the motors for joints actuation, we carried out simulations in three different scenarios. A payload of 5 kg was included which is the typical payload used with any dental robot. In the first scenario, the manipulator is assumed to be still at its home position and the static torques are simulated as shown in Figs. 7a–7d. In addition, the theoretical torques were calculated using the Eq. (4) and are equal to 0, 6.1510, 6.1510 and 0 Nm for the joints 1, 2, 3 and 4 respectively. The torques observed in the physical model simulated in Simulink at the same position are 0, 0.622, 0.622 and 0 Nm for joint 1, 2, 3 and 4 respectively. Note that the position of end-effector is at (0.277, 0, 0.3965) m.

In the second scenario, the robot was commanded to move its end-effector to a point [0.3, 0, and 0.3965] m from home position and dynamic torques were obtained in simulation as well as calculated. The theoretical torques calculated for this position are 0, 6.6771, 6.1488 and 0 Nm for joint 1, 2, 3 and 4 respectively, while the torques observed in the physical model simulated in Simulink at the same position are 0, 7.44, 5.790 and 0 Nm for joint 1, 2, 3 and 4 respectively as shown in Figs. 7e–7h. As there was no option to add the weights of each links separately in the theoretical equation, the total weight of all links was added along with the payload to calculate the torques. This must be the reason behind the difference in values between simulated and calculated torques.

The third scenario is already presented in the previous section where the last plot in every figure is the torque profile of the corresponding joint with respect to time while the end-effector traverses from the right wisdom tooth to the left via the midpoints of all other teeth lying in between. Based on these simulation results, it is clear that the customized robot meets all the functional requirements satisfactorily. Besides, the accuracy and repeatability are also within acceptable levels. Nonetheless the model still has room for several improvements. In particular, to use this manipulator model in a digital twin of the dental implantation system, the real-time constraints should be further studied and improved.

5  Conclusions and Further Work

In this paper, a customized manipulator for performing various dental implantation procedures was introduced. Unlike the existing designs, the proposed manipulator was customized to fit onto the existing dental chairs easily. We considered the relevant dental chair specifications and anthropomorphic data to ensure that the manipulator work space encompasses the drill sites that may vary based on the height of patients. Through MBD approach, the design of the manipulator was substantially improved in a way that it is not only compact and user-friendly but also reasonably accurate. This trade-off could be attributed to the MBD approach. Furthermore, the exhaustive simulation suggests that the manipulator design is functionally complete and it can be built as a prototype to further check its performance in real.

There are several avenues to improve this work. First of all, the proposed design could be developed as a physical prototype and validated. In addition, models for the remaining sub systems can also be created to build the overall digital twin of the dental implantation system. With learning techniques, it may be possible to improve the trajectory generation and tracking efficiency of the manipulator and the overall processes involved.
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Table 1: Dimensions of links and joints

Link/Joint # Link length (m) Joint limits (deg)
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Table 3: DH table

Joint # O(deg) d(m) a(m) a(deg)
1 01 ;v 0.068 0.008 90

2 02 +90 v 0 0.3 0

3 03 ;v 0 0.0285 90

4 04 ;v 0.269 0 0
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Table 4: Positioning errors

Tooth ID x(m) y(m) z(m)

A 0.0011 0.0003 0.0026
B 0.0007 0.0003 0.0023
C 0.0003 0.0002 0.0024
D 0.0001 0.0002 0.0023
E 0.0001 0.0003 0.0023
F 0 0.0001 0.0026
G 0 0 0.0026
H 0 0 0.0026
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Table 2: Weight of links

Link# Link weight (Kg)
0 2.889

1 3.207

2 2.987

3 1.157

4 0.8

Total weight 11.04
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