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Robotics technology in the
medical field is one of the 6
major application areas of
service robotics,’ a trend,
particularly in patient health
care, that has been increasing
since the 1980s*® and espe-
cially during the last decade.*®
However, despite the accessi-
bility of high-technology tools,
the use of robotics in medical
processes is still limited
because of the cost, safety re-
quirements, and system com-
plexities.®® The presence of
robotics technology in dental
care is even scarcer.’

Dental implants are impor-
tant in various aspects of oral
health.'”  Although implants
might not be actively helpful in
preserving the host mandible,
they directly interact with the
bone,'" and their success de-
pends on proper placement in
the alveolar bone in addition to
their design and composi-
tion."*'* Compromised alveolar

bone requires clinical evaluation, as strength plays an
important role in the success of an implant."*'© Such
evaluations are generally performed through imaging

Fabrizio Barberis, PhD,® and Matteo Zoppi, PhD®

ABSTRACT

Statement of problem. Determination of interactive loading between a dental prosthesis and the
host mandible is essential for implant prosthodontics and to preserve bone.

Purpose. The purpose of this study was to develop and evaluate a robotic mastication simulator to
replicate the human mastication force cycle to record the required interactive loading using
specifically designed force sensors.

Material and methods. This robotic mastication simulator incorporated a Stewart parallel
kinematic mechanism (PKM) controlled in the force-control loop. The hydraulically operated PKM
executed the wrench operation, which consisted of the combined effect of forces and moments
exhibited by the mastication process. Principal design features of this robotic simulator included
PKM kinematic modeling, static force analysis to realize the masticatory wrench characteristics,
and the architecture of its hydraulic system. Additionally, the design of a load-sensing element
for the mandible and implant interaction was also incorporated. This element facilitated the
quantification of the load distribution between implants and the host bone during the
masticatory operation produced by the PKM. These loading tests were patient-specific and
required separate artificial mandibular models for each patient.

Results. The simulation results demonstrated that the robotic PKM could replicate human
mastication. These results validated the hydraulic system modeling for the required range of
masticatory movements and effective forces of the PKM end-effector. The overall structural
design of the robotic mastication simulator presented the integration of the PKM and its
hydraulic system with the premeditated load-recording mechanism.

Conclusions. The developed system facilitated the teeth-replacement procedure. The PKM
accomplished the execution of mastication cycle involving 6 degrees of freedom, enabling any
translation and rotation in sagittal, horizontal, and vertical planes. The mechanism can simulate
the human mastication cycle and has a force application range of up to 2000 N. The designed
load-sensing element can record interactive forces within the range of 200 N to 2000 N with fast
response and high sensitivity to produce a robotic mastication simulator with custom-made
modules. (J Prosthet Dent 2019;122:389.e1-e8)

technology or indentation and bending stiffness of implants
after their placement.'”'® These evaluations, along with
preceding statistical data analyses of implant success rates,
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Clinical Implications

The robotic mastication simulator, with its
innovative design and optimized structural
components, may facilitate the optimal placement
of dental implants.

help place an implant appropriately. However, a system to
assess the strength of bone quantitatively before implant
placement is lacking."”

Patient-specific evaluation is considered essential for
this procedure because of 2 distinctive aspects: the peri-
odontal ligament (PDL) and the alveolar bone structure.
The PDL attachment to natural teeth disseminates
isotropic forces inside the bone but is lost upon tooth
removal. In the absence of a PDL, implants exert a larger
linear vertical force to the bone,*® with loading from
implants increasing the risk of bony fracture.?’** The
relationship of the maxilla to the mandible is unique to
every patient™ as is the relationship with the temporo-
mandibular joints, making jaw movements and resultant
forces distinctive for every individual.

Robotic mastication systems have been developed for
rehabilitation, food sciences, and dental implant
testing,** with a focus on reproducing the biomechanics
of human mastication. A mastication system was devel-
oped for temporomandibular joint disorders and open
anterior relationship malocclusion. Initially, it was a sin-
gle degree of freedom (Dof) antagonistic muscle model
that was modified into a 3-Dof masticatory robot and
then reconfigured into a 6-Dof mechanism for maximum
dexterity,” > with the aim of replicating the mechanical
structure, Dof, and sensing capability of human masti-
cation. The 6-Dof version was further used for food
texture analysis.>” Other robots used in the food sciences
include a 6-Dof parallel manipulator, a 6-bar linkage
robot, and a tendon-spring robotic mechanism.?°3*

A biomimetic mastication robot with redundant kine-
matic structure, a commercial selective compliance assem-
bly robot arm (SCARA), robot to execute occlusal forces,
and a parallel kinematic mechanism (PKM) to simulate
mastication forces have been reported for testing dental
implant materials.®>? Industrial grade systems have also
been developed to conduct monotonic and cyclic tests,
which are predominately uniaxial compression and tensile
testers.”**® These systems are also used for International
Standards Organization (ISO) 14801 standardization
testing.***° The focus of all these systems is largely on
mandibular biomechanics. Although, the motion capability
of developed systems has ranged from single Dof to kine-
matic redundancy, force sensing is limited. Furthermore,
their control systems have been based on position and
velocity feedback, with the control loop deficient in force
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Table 1. Nomenclature and abbreviations used

Abbreviation Description

PKM Parallel kinematic mechanism—the robotic Stewart mechanism

b Base of the PKM

p End-effector of the PKM

A, B, C D, E, F Legs of the PKM

b1-b6 Vertices of the PKM legs on the base “b”

p1-p6 Vertices of the PKM legs on the end-effector “p”

Tob Initial vector for vertices on base “b”

70p Initial vector vertices on end-effector “p”

Z &(is of rotation for base and end-effector initial vectors 7o, and
Iop

o Radius of base vertices: b1 - b6

" Radius of end-effector vertices: p1 - p6

0p Angle between vertices on smaller side of base

0, Angle between vertices on larger side of end-effector

o Rotational symmetry angle for alternate pair of vertices on “b”
and “p”

H Height of the PKM

I(Eh) Revolute or prismatic Dof, of the PKM

13 Twist for each leg of the PKM

w- One revolute joint of the PKM

pL One prismatic joint of the PKM

o" One screw, reciprocal to all the passive joint twists in respective
leg

J Kinematic Jacobian matrix of the robot

Jg Dimensionless diagonal matrix for forces and translations of the
robot

F The vector of the generalized end-effector or Cartesian forces

T The vector of the articular forces

G Point of interest on the end-effector for resultant forces

M Parametric configuration of forces and moments of the PKM

w The wrench (combined effect of forces and moments)

Q Capacitance of a mesh point of the load-recording sensor

a Nominal area of a sensing patch of the load-recording sensor

Ve Sensing plates separation in a sensing patch of the load-

recording sensor

feedback. Lack of force feedback hinders the achievement
of the required level of masticatory force cycle replication.
An appropriate system for the effective implant-mandible
interactive load examination is required.

To address this need, the present robotic system was
developed to replicate the complex action of the
mandible on the maxilla to replicate forces over a normal
mastication cycle. The end-effector of the PKM acts as
the mandible that interacts with a specially designed
load-recording module fixed within the apparatus. The
PKM executes wrench in 6 Dof—a translation and a
rotation in each of sagittal, horizontal, and vertical
planes. Maximum force is required in the horizontal
plane or the occlusal direction, while lesser forces are
required in other directions. Here, the focus was not on
the end-effector manipulation but on wrench execution
at a point of interest. Human occlusal forces are limited
to 1200 N, with an average range of approximately 300 N
to 600 N in the molar region.*” An optimal level was
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P (end-effector)

pe

b
s Q

Figure 1. Geometry of PKM. Vertices b, to bg on base (b) and p; to ps on
end-effector (p) from initial vectors T op and ?op, angle Gp of pair of vertices
on larger edges, angle 0}, of pair of vertices on smaller edges, rotational
symmetry angle o, and kinematics of leg A. PKM, parallel kinematic
mechanism.

achieved to conduct real-time tests. The apparatus has 3
main modules: the PKM, the hydraulic actuation system,
and the dental implant module. These modules are in-
tegrated with respective control units and the power
supply, focusing on compactness, structural stability,
safety, and user-friendly operation. Design level optimi-
zation for the functional performance of the equipment
has been accomplished. This approach further bridges
the gap between academic research and industrial grade
design for commercial application. The nomenclature
used to describe the system design is listed in Table 1.

MATERIAL AND METHODS

The PKM used 6 identical linear hydraulic actuators as
its legs, which were hinged to the base plate and the
end-effector plate in 3 pairs of vertices distributed in a
circle (Fig. 1). The radii of the vertices were 120 mm
and 102 mm, and the height of the PKM was 165 mm
with an extension stroke of 50 mm. At each hinge
vertex, spherical floating joints were used to compen-
sate for backlash in the mechanism to form a spherical-
prismatic-spherical (SPS) kinematic chain for each leg.
For kinematic modeling, a spherical joint was
composed of 3 revolute joints, commonly perpendic-
ular and intersecting each other. For instance, for leg A,
which was hinged at b; and pg Vertrces 3 revolute
joints at b; were represented as I(E) LI(EY) LI(EY)
which implied Pt =P% PL, and 3 revolute joints at pe
were represented as 1(55)J_l(§6)J_l(%'7) which implied

Pt =pt=PL. The prismatic joint l(§4) of the leg A

Connected perpendlcularly with l(§3) and 1(55) such
that I(85) LI(5}) LI(ES).
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Figure 2. Hydraulic circuit for single leg of PKM. PKM, parallel kinematic
mechanism.

Calculation of the wrench being applied to the end-
effector by the actuators was necessary to determine
the extreme values of articular forces for proper actuators
and passive joint selection. Conversely, limited specifi-
cations of actuators and passive joints were required to
determine corresponding maximal Cartesian forces. A
static analysis was performed to determine these re-
lationships in a static equilibrium state. The methods
used, the screw theory and virtual work principle, fur-
nished the calculation of actuator forces as a function of
externally applied forces or vice versa, eliminating the
need to discover internal reactions in the mechanism. To
derive the static equations of the PKM from its instan-
taneous kinematic ones, the transpose of its Jacobian was
a matrix that correlated the end-effector wrench to the
actuator torques and/or forces. Since the joints were
spherical, the twist equation for each leg was driven out

L L
as £ = W+ whES + WEL + i+ WLEL + WEEL + w%ET
Specifying the revolute and the prismatic joint as p} and
7k, respectively, the equation was modified as £ = wtph +

whp5 + wipk + d4‘E4 + whpk + wbpk + whpk. To simplify the
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25%25mm Load recording sensor

N

5x5mm

Dental implant pin wrapped
in load recording sensor

\\_ Sensors mesh: 4 square and J,

a circular shaped sensitized |
load recording patches |

-/./\\

Figure 3. Force-sensing element with 5 patches: 4 square built-in
sensing patches to wrap around dental implant for bending loads, and 1
bottom rounded patch for vertical load recording.

equation, a screw was chosen depending on passive joint
screws in the leg. For revolute passive joints, the recip-
rocal screw was a zero-pitch screw (that is, a pure force)
with an axis intersecting centers of all revolute passive
joints in the chain. To eliminate passive joint velocities,
each equation was multiplied with a screw which was
reciprocal to all passive joint twists in the leg. So, 6 scalar

equations were derived for 6 legs: ¢"¢ :qﬁLfﬁ(fli, where
L=A, B, C, D, E, F. These equations were arranged in
matrix form as [\x=[,4 and |= ];1]5,, where | was the
Jacobian of the robot that correlated the linear and
angular velocities of the end-effector to the joint rates.

Elaborating the Jacobian further,]x:[é)A(Z)B Pt o ]T

for which@" = [rExufu]”, where u' was a unit vector
along the line of action l(gi) and " was a position vector
of u* with respect to the base frame. The sign “~" on ¢"
pointed out the direction and moment parts, which were
swapped for the sake of manipulation between matrices.
Now, J; = diag(p1T1, 9272, 9373, 9474, P5T5, 9T6), Which
was a diagonal matrix with dimensionless entries because
the forces ¢" and translations t§ were unit screws with
the same direction. Hence, [,=I¢. The principle of the
virtual work revealed that the Jacobian | correlated with
the resultant force and torque applied by the end-effector
to joint torques as .7 = J'F, where .7~ was the vector of
articular forces, F was the vector of a generalized end-
effector or Cartesian forces, and | was the kinematic Ja-
cobian matrix. This correlation indicated that F= J1.7,
which specified that given the pose of the end-effector,
the kinematic Jacobian matrix with the addition of the
articular force can be calculated.

To realize the mastication wrench, an unconventional
hydraulic actuation scheme was implemented in 2 stages:
the initial extension stage of the end-effector to get engaged
with the dental implant module, and the second stage where
the end-effector executed the wrench. The implemented
hydraulic circuit consisted of 6 double-acting hydraulic

THE JOURNAL OF PROSTHETIC DENTISTRY

Forces application
through PKM

Dental implant pin
wrapped in

load recording
sensor

N

Load recording
sensors Interactive
loading

effect

Jawbone
—l

Figure 4. Side view of load-recording sensor module inside mandible:
force-sensing element wrapped around metallic pin and inserted into
hole of mandible model.

cylinders that were linked to a constant displacement hy-
draulic source from their bore sides and to a gas-charged
hydraulic accumulator from the rod sides. Each hydraulic
cylinder used a needle valve and a pressure-relief valve for
hydraulic flow control. Hydraulic architecture for a single leg
is presented in Figure 2. The hydraulic source kept the
volumetric flow constant, with some losses based on the
system pressure dynamics. The accumulator with a pre-
charged pressure of 10 MPa was used. Manually operated
needle valves were set to a fixed open state. An ideally
controlled pressure-relief valve, whose losses were calcu-
lated to simulate the clinical situation, was used for each
actuator. In the first stage, the hydraulic source delivered the
flow to extend the end-effector toward the dental implant
module. In the second stage, the hydraulic source main-
tained the required fluid supply against any pressure dif-
ferential to ensure necessary forces at the end-effector.

The end-effector was equipped with a load cell for
wrench feedback, and hydraulic cylinders were equipped
with respective pressure sensors. Feedbacks from the load
cell and pressure sensors were used to satisfy the rela-
tionship MF=W, where M was the parametric configura-
tion, F was the force vector at the end-effector, and W was
the wrench at the end-effector. The system was solved
with regard to leg extensions to obtain a parametric
configuration that accomplished the control of the hy-
draulic cylinders. The position sensing of the legs was not
incorporated as the system was not a manipulator for
peculiar pose identification, which reduced the complexity
and cost of the system. System-level calibration had been

Tahir et al
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Load recording sensor module(s)
and their placement
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Patient specific jawbone model - '
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Chewing apparatus

Figure 5. Test specimen preparation and fixture on robotic mastication
simulator. Test model preparation and execution of interactive
load-recording operation.

PKM Legs
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Figure 6. Wrench at point of interest G. Vertical arrow on end-effector
(p) gives resultant force N and arc around it. A, C, Torque N.m. B, G at
center of end-effector (p) (no torque case).

PKM Pair of Legs

B C

Figure 7. Maximum forces in PKM legs. A, Conforms to case in Figure 6A. B, Represents forces in pair of legs for complete extension of robot.

C, Corresponds to case in Figure 6C. PKM, parallel kinematic mechanism.

performed through additional pressure sensors at the hy-
draulic source and the accumulator, which also helped
validate the parametric configuration.

For any patient referred for implant-mandible loading
examination, the dental implant module would be set up
in 2 parts: a set of metallic pins with capacitive force
sensors (Figs. 3, 4) and a patient-specific mandible model
with selected sites for load testing (Fig. 5). A single force-
sensing element encompassed 5 strain-sensitive thick-
film resistors including 1 for linear vertical force and 4
for lateral forces to record the resultant bending mo-
ments. The strain was directly affected by the change in
pressure during a load-testing cycle. Wheatstone bridges
and a simple decoupling amplifier helped record and
obtain the respective voltages proportional to the applied
forces. Capacitive sensing systems had been successfully
adapted as sensorized skin for the whole-body tactile
sensing architecture for humanoid robots and robotic
hands.**>! Similar technologies had been adapted to
develop gloves for object handling, especially clothes
manipulation.®>>*
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Figure 8. Stroke of hydraulic actuator.

RESULTS

System modeling had verified its capacity to replicate the
human mastication with a requisite range of occlusal
forces. The relationship between Cartesian forces and
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Figure 9. Hydraulic pressure in actuator and accumulator to complete
robot extension stroke.

PKM Legs
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| Force (N) at actuator’s flange at the PKM end-effector

Figure 10. Effective force produced by actuator at PKM end-effector.
PKM, parallel kinematic mechanism.

Actuator Force (N)

-1000

-2000 f B

A

B C

Figure 11. Occlusal replication. Actuator forces during first and second phases of test cycle. A, C, 6-Dof wrench application during second phase.

B, Persistent force application by end-effector (no torque) during first phase.

articular forces required parallel structures such as force
sensors, as implemented for the current application. The
mechanism was plotted for 6 actuators wrench (Fig. 6),
validating the required resultant force at the point G on
the end-effector as well as the counter moment acting on
the end-effector when G was not at the center. The at-
tained forces for PKM legs (Fig. 7) were used for the
validation of actuators’ design. Hydraulic system
modeling verified 3 aspects: legs actuation (Fig. 8),
accumulator response (Fig. 9), and output force at the
end-effector (Fig. 10). The first stage was accomplished
with 1000-N force at the end-effector and G at its center
to ensure the parallel interface of the 2 modules. In the
second stage, the wrench was executed for the required
range of forces (Fig. 11).

For each of the 5 sensing patches in a single load-
sensing element, the capacitance was Q = ¢&,(a/x)(0x/X),
where ¢, was the dielectric constant, a was the nominal
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area of a sensing patch, ¥ was sensing plates” separation
in a sensing patch, and 0y was the strain. With an
average variation of 4£=0.0005 picofarad(pF), the
capacitance range at which the applied sensor operated
was 10 pF<Q,<20 pF corresponding to the load mea-
surement for 200 N to 2000 N. The sensor had a fast
response rate because of the light inertia of sensing
patches, with high sensitivity especially within the
required range of mastication forces.

Each test cycle was unique in terms of wrench
execution and the test cycle duration based on patient-
specific requirements and was performed in 4 steps:
dental implant module preparation and attachment to
the fixture bridge; PKM operation to engage the end-
effector with the dental implant module; mastication
cycle execution; and recording of the required load-
testing data. To execute a mastication cycle that simu-
lated natural conditions, a fluid bowl was attached at the

Tahir et al
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Figure 12. Robotic mastication simulator. Complete hardware
architecture.

top of the load cell to keep the dental model submerged
in the artificial saliva. Figure 12 described the complete
structural design of the apparatus.

DISCUSSION

The focus of the apparatus was multidimensional, real-
izing an unconventional methodology of executing the
robotic mastication and examining the implant-mandible
interaction in the form of cost-effective dental laboratory
equipment. All the components of the PKM were
customized for the realization of this particular applica-
tion. Spherical floating joints were shaped to accommo-
date the required skewed orientation of the legs between
the base and the end-effector, making the machining
process convenient. Similarly, the valves used in the
hydraulic circuit had also been tailored to achieve the
compactness of the system and an overall economic
solution.

This novel apparatus facilitated implementation of the
masticatory force cycle dexterously and further facilitated
a better imitation of the implant and the mandible
interaction that eventually helped record more realistic
load-testing data. In contrast with the focus of earlier
efforts®®** where mandible motion was accomplished by
means of manipulators operating an end-effector plate
with a focus on its displacement, the current device
focused on force transmission between interacting bodies
with minimal motion manipulation. However, fluidic
compression and joints backlashes during the operational
sequence were transformed into impulsive displacements
between interacting bodies affecting end-effector stroke,
hydraulics operation, and the parameterized configura-
tion. For better performance, these impulsive movements
will be compensated mechanically at design level of the
PKM along with the implementation of additional sen-
sorization for PKM leg movements. These improvements
will further enhance the control of the PKM, serving for
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better masticatory forces transmission and interactive
load data recording.

CONCLUSIONS

Based on modeling and analysis of the design and fea-
tures of the robotic mastication simulator, the following
conclusions were drawn:

1. The PKM effectively implemented the mastication
cycle both in terms of Dof and the required level of
force execution. Hydraulics of the PKM accom-
plished the designed load-testing cycle, validating
its scheme for the required range of forces and 2-
phase operation.

2. The implant-mandible interactive load-sensing
element had the capacity to provide smart load
recording within the range of mastication forces.

3. The system design exhibited its capacity to facilitate
the dental replacement procedure, predicting bone
health and implant stability.
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