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Miniature Intraoral Robot (MIR) for Minimally
Invasive Tooth Preparation
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Ahmet Yildiz, Murali Karnam™, Manuela Eugster™, and Georg Rauter”, Member, IEEE

Abstract—Dental restorations are used to replace the loss of
natural tooth structure for medical reasons, to restore function,
or to improve aesthetics. For this purpose, the affected teeth
are manually prepared to provide adequate space for the dental
restoration. The outcome of tooth preparation depends largely on
the skills and experience of the dentists. To improve consistency,
predictability, and reduce invasiveness, we developed a Miniature
Intraoral Robot (MIR). The MIR was designed to be mounted
inside the mouth and actuated by remotely placed motors via
flexible shafts. This paper presents the workflow, requirements,
concept, prototyped MIR design, and its performance evalua-
tion in positioning accuracy and grinding of resin and dental
hybrid ceramic workpieces on the test bench. Actuation via flex
shafts successfully achieved delay-free 1:1 torque transmission
across various speeds and frequencies. In open-loop control,
the prototype successfully demonstrated circular path-following
motions with and without grinding. The positioning error without
grinding resulted in an average absolute positioning error of
0.18 mm. The deviation of the actual ground surface from the
planned ground surface resulted in an average absolute error
of 0.16 mm. These results suggest that the prototype reached
the required order of magnitude for dental interventions despite
the sole reliance on remotely placed motor encoders without any
position sensors inside the MIR’s joints.
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I. INTRODUCTION

ENTAL restoration is commonly required to address

medical or aesthetic needs in dentistry. The most
prevalent conditions that require such treatment are the loss
of tooth structure due to caries or fractures. These defective
conditions are typically treated with partial or full restoration
of the tooth structure, such as a filling, crown, or veneer.
Dental restoration involves the removal of the decayed tooth
part and sometimes also the removal of healthy tooth structure
in order to generate sufficient space for restoration material
placement. For a crown restoration, a circumferential tooth
preparation is performed to create a tapered shape that allows
the insertion of a restoration. The typical workflow for a
dental restoration involves multiple clinical and laboratory
steps (Fig. 1 top row). After a consultation, dentists manually
prepare the tooth by removing the necessary volume of tooth
substance using electric or pneumatic handpieces with dental
diamond burs. An intraoral scan of the tooth is taken and used
as a template by the dental technician to design and fabricate
a fitting restoration. The subsequent restoration fabrication
process is time-consuming and involves either an additional
patient visit or waiting time. There are two main restoration
fabrication methods: (1) laboratory fabrication by a dental
technician and (2) chair-side fabrication by a dentist. Labora-
tory fabrication requires the patient to visit the dentist another
day to cement the restoration. A chair-side fabrication requires
additional waiting time during the appointment to complete
the manufacturing, and the restoration is then cemented by
the dentist. The restoration can be fabricated only after the
tooth preparation because the tooth is prepared manually
by dentists and the final shape of a prepared tooth cannot
be accurately predicted. Therefore, patients must revisit the
dentist for restoration placement or endure a long waiting time
to avoid additional visits.

Conventional crown preparations are often invasive, requir-
ing extensive removal of healthy tooth substance to accommo-
date full-coverage restorations. During the tooth preparation,
dentists have to visually evaluate the amount of tooth sub-
stance removed. Visual inspection alone does not provide
adequate feedback regarding the amount of material removed
and may result in the removal of more tooth substance
than necessary. It has been reported that traditional crown
preparations may require the removal of up to 75.6 % of the
tooth structure to create sufficient space for the final restoration
[1], [2]. Minimally invasive partial restoration has emerged as
a newer technique that focuses on preserving as much natural
tooth structure as possible by restoring only the damaged
portion of the tooth, rather than covering the entire surface.
A recent review article showed that teeth restored with con-
ventional crown restorations seem to exhibit more biological
complications in short- to mid-term follow-ups compared to
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Fig. 1. Workflow comparison between the current manual workflow (top row) and our proposed alternative workflow (bottom row). The existing workflow
for tooth restoration involves at least three patient visits at the dentist. Manual tooth preparation is carried out in the second visit (top row). Our proposed
alternative workflow requires fewer visits to the dentist. The tooth is accurately prepared according to a digital plan by a robot, and a pre-fabricated restoration

is inserted during the same visit (bottom row).

teeth restored with minimally invasive partial restorations [3].
Another biological cause of restoration failure could be heat-
related trauma generated during tooth preparation, which can
lead to loss of pulp vitality [4], [5]. The amount of heat
generated during the tooth preparation procedure depends on
several factors, including the applied force, spindle speed, type
of bur, duration of continuous grinding, and the effectiveness
of the cooling technique. These parameters have to be selected
by dentists on site while performing delicate tasks requiring
high precision. Therefore, tooth preparation is a procedure
that requires high skills, combining precise bur motions and
clinical judgment. The clinical outcome of tooth preparation is
highly dependent on the skill of dentists, leading to variability
in clinical outcomes.

To achieve more consistent and predictable results while
reducing the invasiveness of treatments, we aim to auto-
mate tooth preparation using robotic systems. We propose an
automated tooth preparation workflow consisting of several
key steps (Fig. 1 bottom row). During the first visit to the
dentist, the patient undergoes a dental examination, including
an intraoral scan. Subsequently, digital planning of the ideal
tooth preparation and the fabrication of the restoration are
performed in the laboratory without the presence of the patient.
In the patient’s second visit, the automated tooth preparation
is carried out according to the digital plan, and subsequently,
the pre-fabricated restoration can be inserted. We expect that
this approach enables a fully integrated digital workflow,
minimizing deviations between the planned and executed
preparation. As a result, the volume of tooth substance removal
can be optimized, and the restoration can be prefabricated
and inserted immediately after automated preparation. This
automated approach is expected to reduce the invasiveness of
tooth preparation and the number of clinical appointments,
thereby improving efficiency and lowering costs.

Existing approaches for tooth preparation that incorpo-
rate digital planning involve analog mechanical guidance
techniques or automated robotic tooth preparation. Analog
mechanical guidance devices, such as FirstFit (Henry Schein,
USA) and DigitalPrep [6], use 3D printed guides to manually
remove layers of the tooth in a step-by-step manner. These 3D
printed tooth reduction guides allowed accurate preparation,
preserving natural tooth structure. However, preparation time
using these guidance devices was not reported [7], [8].

Robotic preparation approaches are often based on large
and stiff robotic arms that operate based on the absolute
position. Such a rigid-robot approach typically consists of

a serial robotic arm with rigid links and an end-effector
holding a dental handpiece, while an external mechanical or
optical tracking system provides patient position feedback to
compensate for positioning inaccuracies resulting from patient
movements.

For example, the feasibility and accuracy of automated
tooth preparation for veneers were evaluated using phan-
tom teeth and serial robots [9], [10]. Accuracy comparisons
between automated and manual approaches yielded mixed
results in these studies. Improved accuracy was demonstrated
using robot-assisted tooth preparation compared to free-hand
preparation in [9], while robot-assisted tooth preparation
exhibited slightly lower accuracy in [10]. Sun et al. proposed
optimization methods for the robot’s trajectories [11], [12],
postures [13], and grinding parameters [12], [14]. They inves-
tigated the influence of the robot’s trajectories, postures, and
grinding parameters on the feasibility of tooth preparation and
the grinding results using isolated human teeth fixed to a test
bench or a phantom head.

Beyond laboratory and phantom-based studies, two robotic
systems have been evaluated on human patients in clinical
trials. Perceptive (Massachusetts, USA) has been developing
a robotic system to automate tooth preparation. Their pre-
liminary preprint article reported the world’s first in-human
study of a semi-automated robotic tooth preparation system,
conducted in Barranquilla, Colombia, with six participants
undergoing tooth preparation for crowns. The system consisted
of a serial robot arm with a dental handpiece and a specialized
suspension system used to support the robot’s weight and
rigidly couple the robotic system to the patients’ own dentition.
This suspension system was employed to compensate for the
minor patient movement without the need for optical motion
tracking. In the shape analysis that compared the planned and
actual tooth geometries, the deviation of root mean square
(RMS) was below 0.050 mm when best-fit alignment was
performed using only the prepared surfaces alone. When
alignment was based on the occlusal surfaces of adjacent teeth,
the deviation was below 0.110 mm [15]. This robotic system
from Perceptive has neither been approved in the USA nor the
EU [16] as of January 2026.

A dental robot from Lupin Dental SAS (Montpellier,
France) underwent a post-market clinical study in Pune, India,
involving tooth preparation of 52 teeth in 12 participants for
laminate veneers. The system used a serial robot arm with
a dental handpiece and an optical tracking system with a
response latency of less than 100 ms. Patient movement was
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tracked using a 3D-printed, patient-specific splint with tracking
markers, which was also used to maintain the opening of
the mouth. The RMS errors between the planned and actual
prepared tooth geometries centered on 0.15 mm, and the
maximum error of 0.865 mm was observed [17]. This system
has not yet entered the markets in the EU or the USA as of
February 2025 [18].

Challenges with serial robotic devices include their bulky
structure, which can obstruct the dentist’s workspace. Further-
more, achieving high accuracy remains a primary challenge
due to the potential patient motion during procedures. Patient
motion can directly affect the robot’s positioning accuracy
with respect to the patient’s teeth, since the robot operates
in a room-fixed workspace in which relative motion of the
patient can occur. Consequently, an external motion tracking
system is essential to register the robot’s position with respect
to the patient. However, using an external motion tracking
system introduces latency since the system must first detect
the patient’s motion, process the data, and then generate and
transmit appropriate control commands to the robot before
relative motions can be compensated. This latency leads to a
delay between the actual motion of the patient and the robot’s
corrective action by design, potentially affecting accuracy and
safety. To our knowledge, there was no report that quanti-
tatively assessed the influence of patient movements on the
accuracy of the existing robotic systems for tooth preparation.
Thus, it remains unclear to what extent patient movement can
be tolerated while still allowing currently available systems
to achieve the required sub-millimeter accuracy for tooth
preparation.

To overcome the positioning challenge of systems that rely
on absolute positioning and have to compensate for relative
patient movements, an alternative approach is to use small
robots mounted directly on the target tissue (i.e., the teeth),
allowing high relative positioning accuracy. Such a small robot
concept was proposed for root canal treatments by Dong et al.,
however, its feasibility and performance of root canal treat-
ments remain unclear [19], [20], [21]. To our knowledge, small
robotic systems for tooth preparation have only been proposed
in patents [22], [23], [24], [25], [26], [27] with no reports
available on their actual development or implementation.

While most existing robotic tooth preparation approaches
use a dental handpiece with mechanical burs for tooth prepara-
tion, Yuan et al. proposed an automatic tooth preparation robot
equipped with an ultra-short wavelength laser. The system was
evaluated using a phantom head, and tooth preparation was
demonstrated in 15 molars with a shape error of 0.05 mm -
0.17 mm [28]. Another example aiming at using a laser for
hard tissue manipulation is a miniature robot prototyped for
minimally invasive laser osteotomy, which demonstrated an
average positioning accuracy of 0.069 mm. This miniature
robot was designed to attach to a target tissue and connect to
external components with a flexible channel to allow accurate
relative positioning of a laser relative to the patient [29], [30].
The local attachment of the miniature robot, combined with
flexible connections, allowed mitigating the propagation of
mechanical disturbances between external components and
internal components to be placed inside the body [31], [32].
However, laser-based tooth preparation potentially has several
drawbacks, including longer preparation times and the produc-
tion of unpleasant odor [33].

To address the challenges associated with the use of a
serial robot, specifically the need for high absolute positioning

Fig. 2. Initial idea of the miniature intraoral robot. The tooth preparation
is carried out by the miniature intraoral robot (MIR) (1). This robot can be
mounted inside the patient’s mouth using a personalized bite block (2) and
precisely guides a dental bur to perform the preparation (3). The robot has a
rigid connection to a personalized bite block, allowing accurate positioning of
a dental bur for tooth preparation (4). The dentist can control and supervise
the process (5). Bulky or heavy components of the robot are located next
to the dental chair (6). All components required for tooth preparation (e.g.,
rotation of bur and cooling) inside the mouth are transmitted through a flexible
supply channel (7).

accuracy and the difficulty of maintaining safety and accu-
racy during patient movement, we propose a patient-mounted
miniature intraoral robot (MIR). Our initial conceptual idea is
illustrated in Fig. 2. The MIR was designed to be mounted
inside the patient’s mouth using a mechanical fixation block
(i.e., bite block). The relative fixation of the robot by the
bite block to the target tissue should allow automating tooth
preparation while ensuring the relative positioning between
the robot and the patient. Based on the prototype of the
miniature robot for laser osteotomy previously presented with
high positioning accuracy [29] and our initial idea of the
miniature intraoral robot (Fig. 2), the robot design was adapted
for the preparation of teeth with mechanical burs, and its
performance was evaluated on the test bench.
This paper presents the following main contributions:
1) The MIR’s requirements, concept, and workflow.
2) The MIR’s prototype design and implementation.
3) The MIR’s positioning accuracy and grinding perfor-
mance evaluation with resin and dental hybrid ceramic
workpieces on the test bench.

II. REQUIREMENTS AND CONCEPT

In this section, requirements and the concept of the minia-
ture intraoral robot (MIR) to automate tooth preparation, such
as crown and veneer preparation, are described.

A. Requirements

Intraoral robots for tooth preparation must satisfy chal-
lenging requirements attributed to the operating environment
within the patient’s oral cavity.

Safety, cleanliness, and sterilization are critical requirements
for medical devices. Depending on the intended use, risk clas-
sification, and the level of contact with the patient, the device
must either be enclosed within a biocompatible housing that
can be cleaned easily or be designed to withstand a validated
sterilization process, such as steam. For example, devices used
in dentistry, such as handpieces, often require cleaning and
autoclaving. Cleaning is required to remove debris and organic
contaminants. Autoclaving typically involves saturated steam
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TABLE I
MINIATURE INTRAORAL ROBOT’S REQUIREMENTS

Robot’s requirements

Reference and relevant information

Degree of Freedom (DoF)

3 translational DoF of bur + bur rotation

abutment tooth preparation without undercuts

X (mesiodistal direction) 11 mm + bur diameter

Maximal mesiodistal tooth diameter [34], [35]

Z (cervicoincisal direction) | 17mm - 32 mm at 2nd molar

Workspace Y (buccolingual direction) 11 mm + bur diameter Maximal buccolingual tooth diameter [34], [35]
Z (cervicoincisal direction) | 11.7mm + gingival recession (0 mm - 4mm) | Maximal cervicoincisal tooth length [34], [35]
and gingival recession [36]-[39]
X (mesiodistal direction) No strict requirements No strict requirements
Robot size Y (buccolingual direction) around 30 mm or smaller Commercial bite block width: approximately 25 mm

Active mouth opening of 75% participants [40]

Overall positioning accuracy 0.12mm

Space between crown and tooth for cementing [41]

Grinding force Around 1N - 3N, below 5N

Literature on grinding force measurements by dentists [42], [43]

at high pressure and temperature (commonly 121 °C or 134
°C). Therefore, a medical device that requires autoclaving has
to withstand the high temperatures and humidity.

Tooth preparation involves the removal of tooth sub-
stance, followed by shaping the remaining tooth structure to
accommodate dental restoration such as a crown or veneer
(e.g., 0.8 mm - 1 mm circumferential tooth substance removal
in crown preparation). Shaping appropriately tapered axial
walls (e.g., recommendation 3 °C - 6 °C for crown preparation)
without undercuts is important to enable proper insertion and
retention of the restoration [41]. A controlled luting agent
space (i.e., a marginal gap between the prepared tooth and a
restoration) is also essential to facilitate the flow and uniform
distribution of the luting agent, ensuring adequate seating,
adhesion, and long-term stability of the restoration [44]. Sev-
eral studies report that gaps between 50 ym and 120 um are
clinically acceptable, whereas others recommend maintaining
gaps below 100 um [45]. Inappropriate luting agent space,
i.e., either excessively thin or thick luting agent, can lead to
reduced clinical performance. For example, excessively thin
luting agents can lead to incomplete seating, point contact
stress, or insufficient distribution of luting agent. However,
a thicker luting agent layer can introduce internal stress
during polymerization, reduce the mechanical strength, and
retention due to lower adhesive strength across a wider luting
agent volume [44]. In addition, an excessively large luting
agent space unnecessarily increases the invasiveness of tooth
preparation and can compromise the marginal integrity of the
restoration, leading to microleakage, secondary caries, and
periodontal inflammation.

Robots intended for intraoral use must comply with specific
anatomical constraints that influence their design and func-
tionality. Anatomical constraints include the mouth opening
that defines the maximum allowable dimensions of the device.
Active mouth opening measured at the Clinic of Reconstruc-
tive Dentistry, University of Ziirich, in Switzerland showed
a mouth opening range of 36 mm - 67 mm at the central
incisor (99 participants), 22 mm - 48 mm in the first molar
(91 participants) and 17 mm - 43 mm in the second molar
(74 participants) [40]. To allow tooth preparation, robots also
need to have a sufficient operational workspace to access and
treat the full dimensions of the targeted tooth. The maximum
buccolingual width of human teeth is typically found in the
first and second maxillary molars, measuring approximately
11 mm. In the mesiodistal dimension, the first mandibular
molar exhibits the greatest width, also approximately 11 mm.
The longest tooth is the central maxillary incisor, which
has a cervicoincisal length of approximately 11 mm [34],
[35]. In addition to the cervicoincisal length, some patients
exhibit gingival recession, a condition in which the gum
tissue retracts from the tooth, exposing the underlying root

surface. This exposed root surface also needs to be pre-
pared and covered by a restoration. The gingival recession
typically ranges from 0 mm - 4 mm [36], [37], [38], [39],
therefore, must be considered in the operational workspace of
the MIR.

Based on these requirements of the tooth preparation
procedure and anatomical constraints, the following robot
design requirements were derived: robot’s degrees of freedom
(DoF), positioning accuracy, size, and operational workspace
(Table I). In addition, the robot should incorporate a mech-
anism for actuating a dental bur (i.e., drill head). This drill
head must be compact for use in the oral cavity.

B. Concept

We developed the following MIR concept based on the
listed requirements. The MIR, equipped with a drill head
for bur rotation, is designed to be mounted inside the oral
cavity using a personalized fixation (bite block). The miniature
intraoral robot can accurately guide a dental bur to perform
tooth preparation. All functions required inside the oral cavity,
including the robot’s motion, bur rotation, and cooling, are
provided through a flexible supply channel composed of
multiple flexible tubes and shafts. Other components, such as
the actuation unit including motors and the control unit, are
externally located near the dental chair. For the rotation of a
bur, a pneumatic-driven, turbine-based drill head was selected
due to its compact size and the feasibility of actuation with
flexible connections.

In this concept, only minimal components need to be placed
inside the oral cavity, while larger, space-consuming units,
such as motors, can be placed externally. This separation of
units is beneficial in fulfilling the MIR’s size requirements.
Furthermore, local fixation of the MIR, combined with a
flexible connection to external components, helps mitigate the
propagation of mechanical disturbances between the external
components and the MIR [31].

Therefore, this concept, featuring local fixation inside the
oral cavity and a flexible supply channel, is expected to enable
accurate bur positioning relative to the patient tissue. Its inher-
ent mechanical decoupling from external components could
potentially enhance robustness against disturbances such as
patient motion, potentially eliminating the need for an external
tracking system to detect unexpected relative motion between
the patient and the robot. As a result, small patient movements
could be potentially accepted without compromising accuracy
and safety, which may contribute to improved patient comfort
compared to setups where the head has to be fixed or the robot
can only react in a delayed manner.

For the tooth preparation procedure, we defined two basic
steps, involving at least one bur exchange (Fig. 3). The first
step, occlusal height reduction, involves reducing the height of
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TABLE I
MINIATURE INTRAORAL ROBOT DESIGN PARAMETERS

Miniature intraoral robot design

Relevant information

Degree of Freedom (DoF) 3 translational DoF of bur + bur rotation
X (mesiodistal direction) > 12.3mm
Workspace Y (buccolingual direction) > 12.3mm
Z (cervicoincisal direction) | 9 mm Bur exchange is required for full crown preparation.
X (mesiodistal direction) < 43 mm at the feed mechanism
Robot size Y (buccolingual direction) < 26.4mm at the feed mechanism
Z (cervicoincisal direction) | < 27.6 mm at the feed mechanism Drill head height is 10 mm.

1: Occlusal height reduction 2: Peripheral preparation

i +w )
S I =
V) V) o\ W

+ gingival recession
Fig. 3. Designed tooth preparation steps using the MIR. The first step can be
performed using a shorter and larger diameter bur for occlusal height reduction
(left). The second step involves peripheral preparation using a thinner and
longer bur to reach the lower regions of the tooth and minimize the risk of
contacting adjacent teeth (right).

the tooth by removing tooth substance at the occlusal surface.
The second step, peripheral preparation, involves shaping the
circumferential surface of the tooth. For the height reduction
step, a relatively short bur with a relatively large diameter
could be used to facilitate the efficient removal of tooth
substance. The peripheral preparation step could be performed
using a longer and thinner bur to access the lower regions of
the tooth and to minimize the risk of unintentional contact with
adjacent teeth. By dividing the tooth preparation procedure
into two steps using different types of burs, the MIR can
access a larger vertical range without extending its vertical
actuation range. This approach enables a more compact robot
design while still satisfying the vertical workspace require-
ments. Thus, the space required for the MIR’s vertical motion
can be adjusted by selecting an appropriate bur combina-
tion depending on the available space inside the patient’s
mouth.

III. IMPLEMENTATION

This section describes the prototype design implemented,
its integration with the actuation components, and the control
scheme.

A. Robot Design

The MIR consisted of two components: a parallel robot
and a feed mechanism in the vertical direction (Fig. 4). The
parallel robot, which can be equipped with a drill head and
a bur, was designed to provide the planar positioning of
a dental bur with three DoF (i.e., two translation and one
rotation planar DoF). The feed mechanism was designed to
allow vertical motion of the parallel robot, guiding the drill
head and the bur. The implemented design parameters are
summarized in Table II. The MIR prototype’s parts were
manufactured using Titanium grade 5 and stainless steel. The
material pairings for the moving parts were selected to avoid
contact between identical materials and to ensure compatibility
with the required cleaning and autoclaving processes.

The movement of the robot was actuated via flexible shafts
(Torque coil, Asahi Intecc Co., Japan) with an outer diameter
of 1 mm and a hollow core (diameter of 0.3 mm) and a length
of 250 mm. These flexible shafts were constructed of steel
wire (SUS304) wound into coils, alternately twisted in three
layers, and designed for transmitting bi-directional torques
with a 1:1 torque transmission [46]. The torque transmission
characteristics of the flexible shaft were experimentally eval-
uated under quasi-static and dynamic conditions. The results
showed the flexible shaft exhibited an approximate 1:1 torque
transmission ratio without delay over an angular speed range
of 0 rad/s to 25 rad/s and a frequency range of 0 Hz to 4 Hz.
An angular speed of 2.5 rad/s represents the average motors’
angular speed employed in this study. The minimal bending
radius of the flexible shafts was approximately 20 mm. These
flexible shafts were connected to DC motors (Maxon Motor
AG, Switzerland) with encoders (Maxon Motor AG, Switzer-
land) using stainless steel couplings. On the parallel robot
side, the flexible shafts were connected to the leadscrews,
which transformed the rotary motion of the motors into linear
movements of the nuts and, therefore, of the parallel robot’s
joints. This parallel robot design was adapted from a miniature
robot originally developed for laser bone cutting and modified
to treat the larger workspace required for tooth preparation.
Readers may refer to the previous publication for detailed
information on the parallel robot’s kinematics [29].

For actuating the feed mechanism, two flexible shafts were
connected in parallel to worm gears (Shenzhen Minhong Tech-
nology Co., Ltd, China), which redirect the rotary motion by
90 degrees and transmitted the rotary motion to the leadscrews
in a vertical direction. The two vertically oriented parallel lead
screws and two vertical guide pins enabled vertical motion
of a sliding frame. This sliding frame supported the parallel
robot and provided vertical positioning. This feed mechanism
provided a vertical motion range of 9 mm, ensuring adequate
workspace for tooth preparation using two burs with different
lengths. Both the parallel robot and the feed mechanism were
designed to use over-actuated (redundant) leadscrew-based
actuations. Redundant actuation in parallel robotics is known
to be effective in reducing positioning error and improving
stability by providing multiple actuation paths for the same
motion [47], [48]. In addition, the leadscrews and the worm
gears exhibit self-locking behavior, which offers resistance
to back-driving. The back-driving resistance prevents external
forces, such as gravitational forces or interaction forces during
grinding, from moving the device unintentionally or from
transmitting these forces back to the motors. This combina-
tion of redundant actuation and self-locking mechanisms is
expected to enhance safety and accuracy while preventing
unintended or uncontrolled motion through interaction forces.

The detailed design, including the size and workspace of
the miniature intraoral robot, is summarized in Fig. 4. It
was designed with minimal overall dimensions to fit inside
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Implementation overview
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Fig. 4. The overview of the MIR’s design and connection with a dental chair (top left). The MIR consisted of a feed mechanism allowing for the sliding
frame, which holds the parallel robot with the drill head moving in the vertical direction (left bottom). The planar motion could be achieved by the parallel
robot. The workspace was 12.3 mm in the x-direction, 12.3 mm in the y-direction, and 9 mm in the z-direction and met the requirements for tooth preparation
(top right). The miniature intraoral robot consisted of the feed mechanism and the parallel robot with the drill head (right bottom).

the oral cavity. This design would fit inside the oral cavity
with a mouth opening of around 18 mm at the second
molar. The parallel robot provided a planar workspace around
12.3 mm x 12.3 mm, which is sufficient to treat the typical
dimensions of molars (i.e., 11 mm in buccolingual direction
and 11 mm in mesiodistal direction) with a bur diameter of
1.3 mm. The feed mechanism provided a vertical range of
motion of 9 mm, allowing to treat a maximum tooth length
of 11.7 mm with a gingival recession of 2.2 mm, using burs
with the length ranging from 14 mm to 25 mm.

B. Drill Head Actuation and Cooling

The smallest commercially available turbine handpiece’s
drill head (NSK, Nakanishi Inc., Japan) was integrated into
the MIR prototype using a 3D printed adapter. This drill head
could accommodate commercial ISO-standard dental burs with
friction grip (i.e., burs with ISO code numbers where the 4™
and 5" digits are 31). Actuation of the burs was achieved
using compressed air. The drill head included three channels:
a compressed air channel for bur rotation, a compressed
air channel for cooling, and a water channel for cooling.
These channels were extended using silicone and polytetraflu-
oroethylene (PTFE) tubes and connected them to a coupling.
This coupling enabled easy integration with a standard dental
chair’s turbine handpiece connection, allowing the miniature
intraoral robot system to utilize the chair’s compressed air
and water cooling supplies. A modified dental chair’s foot
switch was connected to the centralized robot controller to
allow compressed air and cooling supply activation through
the miniature intraoral robot’s controller (Fig. 4).

C. Calibration and Position Sensing

The position of the actuators inside the parallel robot (i.e.,
leadscrew and nut) was calibrated once by driving the nuts to
their mechanical end-stops and defining these positions as the

reference positions. Similarly, the positions of the actuators
in the feed mechanism were measured using a vernier height
gauge with 0.01 mm accuracy (Dial height gauge, Mitutoyo
Corporation, Japan) and defined as the reference positions. The
motor shaft positions were measured using encoders.

D. Control

A central controller unit, equipped with a real-time CPU
module (Beckhoff AG) and motor drives (Maxon AG), enabled
centralized control of the miniature intraoral robot’s motion,
bur rotation, and cooling functions with an update rate of
1 kHz. Motors’ encoder positions were used to control the
miniature intraoral robot. A position controller was used to
move the robot through predefined paths in an open-loop
scheme since there were no sensors, integrated measuring the
absolute position of the miniature intraoral robot (Fig. 5). The
miniature intraoral robot had 4-DoF for positioning a bur,
consisting of three planar DoF of the parallel robot and one
vertical DoF for the feed mechanism. The planar orientation
of the robot (¢) was a redundant DoF for the grinding task and
formed the null space. In an offline step, the desired Cartesian
(3-DoF) path was augmented with a desired orientation using
a null space selector. The null space selector sampled for
all possible orientations in the workspace and selected the
orientation that was farthest from kinematic singularities. The
desired parallel robot pose on the planar path was converted
to desired joint positions for the four joints (g — ¢4) using
an analytical inverse kinematics solution (previously described
in [29] for the parallel robot). The desired height for the feed
mechanism (z4e5) Was directly mapped to the joint positions for
the last two joints (gs and g¢). The desired joint positions were
checked for the task space workspace position limits, velocity,
and torque limits, and commanded to the low-level position
controller on the motor drives. The measured joint positions
by the motors’ encoders were converted to the estimated robot
pose with forward analytical kinematics (previously described
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Fig. 5. Control overview to move the robot on a desired pre-planned path. In an offline path planning step, a point-wise 3-DoF path was iteratively sampled in
the null space (¢) of the robot to include only feasible robot poses ()?des). During real-time control, a position control scheme was used to command the robot
through all the desired poses sequentially. The desired pose (Xaeslk]) was converted to desired joint positions (gges) using an analytical inverse kinematics
solution. After verifying that the robot fulfills all the safety limits (position, velocity, torque), the commanded joint positions (Gemd) Were sent to the motor
drives. The motor drives were set to position control mode.
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Fig. 6. A discrete conical path used in the experiments, shown with a workpiece and a bur tip in 3D view (a), and in side view (b). The path consisted of
three layers, each composed of circular paths with different diameters. The miniature intraoral robot’s angle (Yaw ¢) along the path is represented by the color
of the path. The discrete conical motion path started at the top of the cylindrical workpiece. The first layer consisted of three circular paths with decreasing
diameters, each reducing the radius by 0.25 mm and cutting 0.5 mm deep into the material in the z— direction. The first layer in this path resulted in a total
radial material removal of 0.75 mm. The second layer consisted of two circular paths, spaced 0.25 mm apart in radius with a further 0.5 mm depth of cut.
This second layer path resulted in a total radial material removal of 0.5 mm at a depth of 1.0 mm. The third layer consisted of a single circular path at the
outermost diameter, completing the conical shape with material removal of 0.25 mm at the depth of 1.5 mm. Each circular path corresponds to a constant

width of cut of 0.25 mm and a depth of cut of 0.5 mm, resulting in a stepped approximation of a conical profile.

[29] for the parallel robot). The path manager then moved
to the next desired pose in the path when the error between
the estimated and desired current robot poses was less than
0.01 mm in position and 2.5 ° in orientation.

IV. EXPERIMENTS
A. Experimental Design

To evaluate the positioning and grinding functionalities of
the miniature intraoral robot, experiments were carried out
in two parts: 1) positioning accuracy evaluation experiment
without grinding an object (i.e., no interaction forces in
the bur) and 2) grinding performance evaluation experiment
(i.e., including interaction forces in the bur). In both experi-
ments, path-following experiments were performed in which
the MIR was controlled to move along a predefined path
with an average speed of 0.18 mm/s in the operational space.
A discrete conical path (Fig. 6) was used to evaluate the
path following and grinding performance required for tooth
grinding in a simplified manner. The same path was used
for both experiments. This discrete conical path consisted of
circular motions with different diameters performed layer by
layer. This path was generated to produce a stepped conical
shape by grinding cylindrical workpieces with a diameter of
7 mm, using a defined set of grinding parameters, namely the

diameter of the bur, the width of the cut, and the depth of
the cut for each pass. Specifically, the path was generated for
grinding with a bur diameter of 1.5 mm, a width of cut of
0.25 mm, and a depth of cut of 0.5 mm (in z-position) per
circular path. These grinding parameters were selected based
on preliminary tests to ensure that the grinding forces remained
low enough (<2 N), thus avoiding excessive mechanical stress
on the MIR.

B. Experimental Setup, Procedure and Data Analysis

All experiments were performed using the setup shown in
Fig. 7. The experiment 1) positioning accuracy evaluation was
performed without grinding an object; therefore, the workpiece
and force torque sensor were removed from the setup. The
experiment 2) grinding performance evaluation was performed
with the force torque sensor and the grinding workpiece.

1) Positioning Accuracy Evaluation Experiment: The fol-
lowing procedure was used for the positioning accuracy
evaluation experiment, and repeated three times. Before the
experiments, the motion tracking system was calibrated using
the calibration kit provided by the manufacturer. The miniature
intraoral robot’s bur tip was positioned at the starting position
(Fig. 6 (a)), and subsequently, the path-following motion was
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Fig. 7. Experimental setup with the prototype of the miniature intraoral robot (1). The miniature intraoral robot was fixed to the base by a 3D printed
holder (2). The MIR’s positioning mechanism was actuated by motors (3) connected by flexible shafts (4). The drill head (5) holding a bur on the miniature
intraoral robot was connected to the turbine handpiece outlet (6) of the dental chair (7) via a coupling (8) for bur rotation and cooling. The developer computer
(9) and the dental chair’s foot switch (10) were connected to the miniature intraoral robot’s central controller unit (11). The central controller unit, equipped
with a real-time CPU module (Beckhoff AG), motor drives (Maxon AG), enabled centralized control of the miniature intraoral robot’s motion, bur rotation,
and cooling functions. Reflective markers were mounted on the miniature intraoral robot’s drill head using a 3D printed marker holder (12). The grinding
workpiece (13) was fixed above the force torque sensor (14) (Nano 17, ATI Industrial Automation), which was fixed to the base by the 3D printed holder. The
position of the drill head was tracked using a motion capture system (15) (Qualisys AG). For the positioning accuracy evaluation experiment 1), the grinding
workpiece and the force torque sensor were removed to allow the MIR’s motion in the air without grinding.

activated to follow the predefined discrete conical motion path
(Fig. 6) in the air. The miniature intraoral robot’s drill head
position was measured by tracking the position of the reflective
markers attached to the drill head using a motion capture
system (5 x Miqus M5, Qualisys, Sweden). The motion track-
ing data was recorded during the path following motion with
Qualisys Track Manager (QTM) software (v2022.1, Qualisys,
Gothenburg, Sweden) at a sample rate of 100 Hz.

The standard deviation of the wand length obtained from
the calibration of the tracking system was 0.117 mm. The
standard deviation of the distance measurements between the
markers fixed on the drill head was smaller than 0.023 mm
throughout the measurements. Thus, this measurement setup
was considered sufficiently accurate.

2) Grinding Performance Evaluation Experiment: In the
grinding performance evaluation experiment, a cylindrical
workpiece of 7 mm diameter was ground layer by layer using
the MIR prototype. Two types of workpiece materials were
tested: a resin (SprintRay EU Temporary Crown & Teeth,
SprintRay Europe GmbH, Germany) typically used for tempo-
rary crowns, and a dental hybrid ceramic (Vita Enamic, VITA
Zahnfabrik H. Rauter GmbH & Co. KG, Germany) typically
used for definitive crowns exhibiting a Vickers hardness closer
to natural tooth enamel. The resin workpiece was made by
additive manufacturing (SprintRay Pro S, SprintRay Europe
GmbH), while the hybrid dental ceramic workpiece was
made using a five-axis dental milling machine (Coritec One+,
imes-icore GmbH). A coarse-grit diamond bur (FGM 204/10,
Intensiv SA, Switzerland) with a total length of 16.5 mm, a
working length of 3.9 mm, and a diameter of 1.5 mm was used.
The force torque sensor (Nano 17 IP 68 with calibration SI-
12-0.12, ATI Industrial Automation, USA) was placed below
the workpiece to measure forces applied to the workpiece
(grinding forces). The compressed air and water supply for
the bur rotation and cooling of the miniature intraoral robot
was provided by the dental chair (Sinius, Dentsply Sirona,
USA). The air pressure for the bur rotation was set to 3 bar
through the dental chair, which is a typical setting used for the

actuation of a turbine handpiece. The modified dental chair’s
foot switch was interfaced with the robot’s central controller to
automate activation of the air and water supply without manual
foot pedal activation. A rubber sheet was used to protect the
MIR’s mechanisms from debris and water. For the grinding
experiments, the miniature intraoral robot was fixed to the
base using a 3D printed holder. The workpiece was fixed to the
force torque sensor mounted to the base using the 3D printed
holder at a predefined location with respect to the robot. The
cylindrical workpiece was registered by sequentially detecting
its boundary before each grinding experiment. The robot was
commanded to move first along the x—axis and subsequently
along the z—axis, with each motion continuing until contact
with the corresponding surface was detected by the force
torque sensor. The midpoint of the x—ends was registered as
the workpiece center, and the z—contact position was registered
as the top of the workpiece. The robot was then moved to the
starting position of the path.

The force torque sensor data was sent to the MIR’s central
controller and recorded at 1 kHz. After zeroing the force
torque sensor, the path-following motion was activated. The
bur rotation and cooling were activated throughout the path-
following motion. The force torque data were recorded during
the path-following motion. For the analysis of the grinding
performance, the workpiece surface was scanned by a surface
scanner (iMetric 4D, Imetric 4D Imaging, Courgenay, Switzer-
land) before and after the grinding experiment.

3) Data Analysis: All data were processed and analyzed
in MATLAB R2023b (Mathworks Inc., USA). The bur tip
position was calculated using the QTM software (v2022.1)
based on the rigid body marker mounted on the drill head. This
bur tip position was used for the evaluation of the positioning
accuracy. The calculated bur tip position was zeroed at the start
position of the discrete conical path during the data analysis.
The bur tip position during the circular motion of the discrete
conical path was used for the positioning error analysis. Two
types of positioning error analysis were performed to evaluate
the accuracy of the MIR motion: a) positioning error relative
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to the preplanned circle and b) positioning error relative to
the fitted circle.

a) Positioning error relative to the preplanned circle:
For each measured point in the circular path, the corresponding
point in the planned circular path was determined by scaling
the vector from the measured position to the center of the
planned circle to match the radius of the planned circle. The
positioning error was calculated as the Euclidean distance
between the measured point and its corresponding point on
the planned circular path, representing the absolute positioning
errors from the planned circular path.

b) Positioning Error Relative to the Fitted Circle: A
best-fit circle was estimated for each measured circular path
by finding the center of the circle that minimized the sum
of errors between the fitted circle and the measured points.
Subsequently, the corresponding point in the fitted circle was
determined for each measured point, and the positioning error
was calculated with respect to the fitted circle using the same
procedure used in Section IV-B3a) positioning error relative
to the preplanned circle.

¢) Grinding Surface Error Analysis: Grinding perfor-
mance was evaluated by comparing STL surface data from the
ground workpiece (i.e., actual data) and the planned ground
surface (i.e., reference data) generated in Computer-Aided
Design software (CAD) (SolidWorks, Dassault Systémes
SolidWorks Corporation, USA), using ZEISS INSPECT (Carl
Zeiss AG, Germany). The two surface data sets were aligned
using a best-fit algorithm across the complete workpiece, and
the error on the manually selected ground surface region was
calculated using a function called “Create Surface Comparison
on Actual” provided by the ZEISS INSPECT software. This
function computed the perpendicular distance of each polygon
point on the actual data to the reference data.

V. RESULTS
A. Miniature Intraoral Robot (MIR)

The requirements for the miniature intraoral robot (MIR)
were thoroughly analyzed, forming the basis for the
development of its concept, design, and operational workflow.
A first prototype was successfully manufactured, assembled,
and commissioned for experiments on the test bench.

This MIR prototype was designed to feature three transla-
tional DoF and one rotational DoF for positioning of the bur,
and one rotational DoF for bur rotation, providing sufficient
DoF required for tooth preparation. In addition, the MIR pro-
totype was designed to ensure the ability to prepare different
types of teeth, even in their largest dimensions.

The entire MIR, including the drill head, fits inside a cuboid
with the dimensions 43.0 mm X 26.4 mm X 27.6 mm. The
drill head has a diameter of 8.6 mm and a height of 10 mm.
The entire miniature intraoral robot can be mounted within
a mouth opening of 18.2 mm in the second molar position,
meeting the defined spatial requirements. The percentage of
the population for whom the system is usable will vary
depending on available bur lengths, location of the tooth to
be prepared, and the preparation depth. Based on our planned
workflow that includes up to one exchange of burs, we expect
that we should achieve a coverage of 75% to 90% of the
population, depending on which literature for the required
gingival recession is taken into account and based on the
measurements for mouth openings of 18.2 mm at the second
molar performed at the the Clinic of Reconstructive Dentistry,
University of Ziirich (Section II-A. Requirements). [40]).

TABLE III
ERROR BETWEEN THE PLANNED AND ACTUAL CIRCULAR PATHS

Circular path error [mm]
Mean Max

Trial 1 0.17 0.46

Trial 2 0.18 0.46

Trial 3 0.18 0.47

All 0.18 0.47
TABLE IV

ERROR BETWEEN FITTED AND ACTUAL CIRCULAR PATHS

Circular path error [mm] Circle center error [mm]
Mean Max Mean Max

Trial 1 0.091 0.32 0.24 0.30

Trial 2 0.081 0.33 0.30 0.33

Trial 3 0.089 0.33 0.24 0.25

All 0.087 0.33 0.26 0.33

1) Positioning Accuracy Evaluation Experiment: A discrete
conical path-following motion, which included a circular path
with an 8 mm diameter, was performed. This experiment
confirmed that the prototype is capable of covering a circular
workspace of 8 mm in diameter, representing one example of
the required workspace for tooth preparation. The position of
the MIR’s bur tip during the experiment in the first trial run is
shown in Fig. 8. The results from Trials 2 and 3 are provided
in the supplementary material. Two types of positioning error
analyses were performed to evaluate the accuracy of the MIR’s
motion: a) positioning error relative to the preplanned circle,
and b) positioning error relative to the fitted circle as described
in IV-B3 Data analysis.

a) Positioning error relative to the preplanned circle:
As a representative position measurement result using the
optical tracking system, the measured bur tip position data
is shown in (Fig. 8 (a). The circular paths in each layer are
shown in the xy-plane together with the preplanned circular
paths (Fig. 8 (b)-(d)). The positioning errors relative to the
preplanned path for the circular paths were analyzed and
summarized in Table III. The positioning errors with respect
to the planned path resulted in an average error of 0.18 mm
over the three trials, and a maximal error of 0.47 mm.

b) Positioning Error Relative to the Fitted Circle: As
a representative example, measured, preplanned, and fitted
circular paths are shown in Fig. 8 (d-2). The positioning
errors relative to the fitted circular path are summarized in
Table IV. The positioning errors with respect to the fitted
circular path resulted in an average error of 0.087 mm, and a
maximal error of 0.33 mm. The errors in the estimated circle
centers were 0.26 mm on average, with a maximum error of
0.33 mm.

2) Grinding Performance Evaluation Experiment: The
workpieces were ground using the discrete conical path as
described in section IV-A. Grinding performance was evalu-
ated by analyzing the measured grinding forces and the scans
of the workpiece.

a) Grinding Force Analysis: The maximum grinding
force applied on the workpiece was below 5 N throughout
the grinding process, fulfilling the grinding force requirement.

b) Grinding Surface Error Analysis: The error between
the planned ground shape and the actual ground shape of the
workpiece is shown in Figure 9. The ground shape included an
average absolute error of 0.176 mm for the resin workpiece
and 0.176 mm for the dental hybrid ceramic (Vita Enamic)
workpiece. The maximal absolute error was 0.593 mm for the
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Fig. 9. Error between the planned mill surface and measured surface shown as a heat map projected on the 3D scan of two workpieces after grinding for
resin (top) and dental hybrid ceramic (bottom) materials. The color map shows the distribution of the measured error. The results of the repetition grinding

experiment for the resin workpiece (Trial 2) are provided in the supplementary material.

resin workpiece and 0.708 mm for the dental hybrid ceramic
workpiece, respectively. The average error is 0.056 mm greater
than the required positioning accuracy of 0.12 mm for the resin
and the dental hybrid ceramic workpieces. The results of the
repetitions of the grinding experiment for the resin workpiece
(Trial 2) are provided in the supplementary material.

VI. DISCUSSION

The first prototype of the MIR for tooth preparation was
developed based on predefined requirements. The performance
of this prototype was evaluated on the test bench using the
path following experiments in the air and while grinding a
cylindrical workpiece. We demonstrated that it is feasible to
mill a discrete conical shape on the cylindrical workpiece with
the MIR.

1) Design Requirements and Implementation:

We used the optical tracking system to evaluate the MIR’s
positioning accuracy during the experiments. However, optical
tracking systems using reflective markers are not intended
for use in a clinical application, as line-of-sight cannot be
guaranteed inside the mouth.

In the current prototype, only the motors’ encoders were
used for position information, although direct absolute position
measurements from the MIR are desirable in the future to
ensure accurate and safe control. This sole reliance on motor
encoder positions was due to the unavailability of commercial
sensors suitable for direct integration into the MIR within
the tight space constraints. However, in reality, transmission
elements between the motors and the bur, such as flexible
shafts, gears, and lead screws, can introduce errors due to
transmission loss, elasticity, or backlash. In addition, other
error sources, such as mechanical play and the effects of

manufacturing tolerances, are also present. Detailed analysis
of the contributors to the positioning errors is summarized in
the literature for the parallel robot design [29]. To incorporate
closed-loop control using direct position feedback for the MIR,
it is required to develop and integrate a miniature sensing unit
that can fit within the MIR in the future.

The MIR’s prototype was manufactured with autoclave-
compatible materials, i.e., titanium grade 5 and stainless steel.
However, when electronic components such as sensors are
integrated into the MIR in the future, the sterilization concept
needs to be reassessed carefully. Encasing the MIR could be
an alternative approach to autoclaving the entire device, which
would also allow for the protection of the MIR’s mechanical
components, such as the lead screws, from machining debris.

2) Positioning Accuracy Evaluation Experiment:

The path-following motion with the discrete conical motion
was successfully demonstrated, showing the basic feasibility
of the three-dimensional motion required for tooth preparation.
The average positioning error relative to the preplanned path
was 0.18 mm on average over three trials, with a maximum
error of 0.47 mm, showing the measured absolute accuracy did
not yet fulfill the required positioning accuracy of 0.12 mm.
However, positioning errors relative to the fitted circles aver-
aged 0.087 mm, with a maximum of 0.33 mm, indicating
that, while absolute precision was limited, consistency in fol-
lowing a circular path remained within the required accuracy
range.

The maximum error observed was 0.47 mm relative to
the pre-planned path, which is higher than the positioning
accuracy requirements of 0.12 mm. The MIR was controlled
using only the sensor data from the motor encoders, which
are about 30 cm away from the MIR. Although further
improvement in positioning accuracy is required, these results
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indicate that the first prototype of the MIR already operates
in the order of magnitude of the error necessary for dental
interventions. Potential improvements will therefore focus on
including position sensors in the joints of the MIR and
employing closed-loop control, which is expected to increase
accuracy to the required level. Furthermore, fine-tuning the
manufacturing tolerances is also expected to eliminate the
remaining backlash in the mechanism, which will additionally
contribute to further improving the positioning accuracy.

3) Grinding Experiment:

Cylindrical workpieces were ground with three layers of
circles with different diameters. The ground workpieces exhib-
ited a discrete conical shape with three steps, demonstrating
the basic feasibility of layer-by-layer grinding at the sub-
millimeter scale in resin and in dental hybrid ceramic that
exhibits a Vickers hardness closer to natural tooth enamel.

In this report, experiments were performed on the test bench
with firm fixations of the robot to the base using screws.
The position of the workpiece was registered relative to the
robot position using the force torque sensor for evaluation
purposes in this experiment. We plan to develop a mechanical
fixation block (i.e., bite block) for mounting the MIR inside
the patient’s mouth, which is expected to eliminate the need
for the registration process. The robot showed that it is close
to the desired performance requirements under the forces of
interaction with the workpiece. The improvements previously
suggested for including position sensors directly on the robot,
which will allow closed-loop control, are expected to lead to
the desired increase in positioning accuracy.

The MIR’s performance with an average speed of 0.18 mm/s
was tested as a first feasibility evaluation. In the future, a
further performance evaluation with different grinding speeds
is required to investigate their effect on the grinding per-
formance and whether the entire tooth preparation can be
performed in a reasonable time and with acceptable accu-
racy. In addition, further quantitative performance evaluation
experiments in a condition closer to the real use case scenario,
such as experiments inside a simulated intraoral environment
considering neighboring teeth, different mouth opening, and
other surrounding soft tissues, are required to understand
the performance in the future. For example, a sensorized
dental phantom head has recently been proposed to enable
quantitative measurement of tooth preparation [49]. Such a
platform could be leveraged for systematic benchmarking and
further optimization of the MIR in the future. To advance
toward automated full tooth preparation, several developments
are still required, including digital ideal preparation designs
relative to a defined restoration insertion axis and the gen-
eration of bur paths. Additionally, comprehensive evaluations
of the preparation results on real teeth, such as assessments
of surface roughness, temperature changes, and finish-line
accuracy, will be essential to establish the performance and
clinical applicability of the MIR.

VII. CONCLUSION

A miniature intraoral robot (MIR) concept was developed
based on requirements derived from dental crown preparation
procedures. The robot was then prototyped, commissioned,
and evaluated on a test bench using path following experiments
in air and during grinding of a cylindrical resin and dental

hybrid ceramic workpieces. The results demonstrated sub-
millimeter positioning accuracy and successful grinding of
the workpiece. The feasibility of grinding workpieces using
the prototyped MIR was shown on the test bench. Consistent
circularity of the path was achieved with an average error
of 0.087 mm, and an average absolute positioning error was
0.18 mm. This performance was achieved despite the absence
of direct position feedback from the MIR and the sole reliance
on the remote motor encoder positions in this experiment.
Already at this initial stage of prototype evaluation, the robot
is close to the desired accuracy required for the preparation
of dental crowns. We expect that the integration of additional
position sensors on the joints of the MIR will further improve
positioning accuracy. With the implementation of the closed-
loop control with the additional position sensors on the MIR,
we believe that the positioning accuracy requirements for tooth
preparation will be fully satisfied. Following the successful
demonstration of grinding feasibility and grinding perfor-
mance on the test bench, future work will include refining
manufacturing tolerances, including direct position feedback
from the MIR, and evaluating performance with realistic tooth
geometries and materials in a setting closer to the actual oral
cavity.
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