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Robotic minimally invasive surgery (MIS) has changed numerous surgical techniques in the past few years and
enhanced their results. Haptic feedback is integrated into robotic surgical systems to restore the surgeon’s
perception of forces in response to interaction with objects in the surgical environment. The ideal exact
emulation of the robot’s interaction with its physical environment in free space is a very challenging problem to
solve completely. Previously, we introduced the surgical robotic platform (SRP) with a novel concentric

connector joint (CCJ). This study aims to develop a haptic control system that integrates an active constraint
controller into a surgical robot platform. We have successfully established haptic feedback control for the sur-
gical robot using constraint control and inverse kinematic relationships integrated into the overall positioning
structure. A preliminary feasibility study, modelling, and simulation were presented.

1. Introduction
1.1. Surgical robotics

In recent years, there has been a significant increase in interest in the
field of robotic surgery, both in terms of financial investment and
research. Robots have been created for a variety of surgical procedures,
and they are more accurate overall than traditional techniques because
of their various sizes and cutting abilities [1].

Robotic surgery promises greater dexterity and greater accuracy by
minimizing human error and incorporating myriad other surgical
methods that can be performed with the help of a computer. Surgical
robots are designed to improve surgical success by increasing fidelity
and thus minimizing patient trauma, but a lack of power and tactile
feedback appears to limit clinical success [2]. It has been found that
surgeons using robotic surgical probes find that the lack of feedback
eliminates tactile cues, masks force cues, and in some cases increases
intraoperative injury [3,4]. Widespread adoption of surgical robots is
therefore unlikely unless a way is found to address arguably the biggest

problem in surgical robotics, the lack of touch.

1.2. Haptic technology

In general, haptics refers to the simulated interactions of humans,
robots, and simulated or remote environments [5]. The biggest obstacle
to the widespread use of the surgical robot is the inability of the surgeon
to feel the surgical environment through the use of robots. Haptic
technology aims to solve this problem by providing cutaneous (tactile)
and kinesthetic (force) feedback to the user.

Using kinesthetic haptics, a robot simulates touch interaction with a
patient and transmits important information about the operating envi-
ronment to the surgeon. As a result, kinesthetic haptic positional feed-
back control is used to assist the user in safely and successfully
performing certain operations using a robotic manipulator.

The integration of haptic feedback into teleoperated robotic surgical
systems poses a notable difficulty since system communication time
delays induce a trade-off between transparency and stability. By inte-
grating an environment estimation and force prediction methodology

Place of work: The Department of Mechanical Engineering, Imperial College London, South Kensington Campus, London SW7 2BX, United Kingdom.
* Corresponding author at: The Department of Engineering, The University of East London, University Way, London, E16 2RD, UK.
E-mail addresses: s.morad@uel.ac.uk (S. Morad), Christian.Ulbricht@imperial.nhs.uk (C. Ulbricht), paul.harkin@formchangingstructures.com (P. Harkin), justin_
chy@hotmail.com (J. Chan), k.parker@imperial.ac.uk (K. Parker), r.vaidyanathan@imperial.ac.uk (R. Vaidyanathan).

https://doi.org/10.1016/j.medengphy.2024.104236

Received 29 December 2023; Received in revised form 28 August 2024; Accepted 2 September 2024

Available online 2 September 2024
1350-4533/© 2024 The Author(s).
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier Ltd on behalf of IPEM. This is an open access article under the CC BY license


mailto:s.morad@uel.ac.uk
mailto:Christian.Ulbricht@imperial.nhs.uk
mailto:paul.harkin@formchangingstructures.com
mailto:justin_chy@hotmail.com
mailto:justin_chy@hotmail.com
mailto:k.parker@imperial.ac.uk
mailto:r.vaidyanathan@imperial.ac.uk
www.sciencedirect.com/science/journal/13504533
https://www.elsevier.com/locate/medengphy
https://doi.org/10.1016/j.medengphy.2024.104236
https://doi.org/10.1016/j.medengphy.2024.104236
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2024.104236&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Morad et al.

into an experimental robotic minimally invasive surgical system, these
time delays are reduced [6].

The particular instance of laser microsurgery assisted by a robot is
examined by Olivieri et al. [7]. Here, stereoscopic visualisation and 3D
reconstruction are used to create a fictional force feedback that enables
the surgeon to manipulate a non-contact surgical laser while haptically
sensing the operative area.

In their study to investigate the effect of haptic feedback on suturing
accuracy and performance, Ehrampoosh et al. [8] presented a new
force-sensing and semi-automated robotic needle driver for teleoperated
MIS suturing activities. The proposed methodology offers the surgeon
with two types of force information via the haptic feedback control ar-
chitecture: virtual fixture force and needle-tissue contact force.

Souipas et al. [9] demonstrated the use of SimPS-Net, a monocular
RGB (Red-Green-Blue) camera-based network, that can recognise and
locate surgical instruments in three dimensions, to generate and enforce
active constraints [10]. Real-time network deployment was done in
order to define boundaries. Later on, this boundary was employed to test
constraint enforcement. Two distinct active limitations were tested with
the robot: a restricted region and a safe region.

In addition to measuring conventional grabbing forces, an actuated
modular force feedback-enabled laparoscopic tool was proposed by
Dalvand et al. [11] that can monitor the forces of tip-tissue lateral
interaction. Additionally, the device can change the direction in which it
grasps the patient’s body.

A master-slave robotic system for needle indentation and insertion is
described by Shin et al. [12]. This robotic device can characterise touch
interactions with soft tissue. For robotic indentation and needle inser-
tion, a bilateral controller with a linear motor is used. A new nonlinear
state observer is created by combining unscented Kalman filter (UKF)
with the Hunt-Crossley (H—C) model to estimate the contact interaction
with soft tissue in real time.

A new technique is proposed by Abeywardena et al. [13] for esti-
mating the tool-tissue force interaction in robot-assisted minimally
invasive surgery that does not rely on external force measurement. To
estimate the force interaction, the suggested technique uses the current
from the surgical instrument’s motors as well as neural network algo-
rithms. Offline and online testing are carried out to determine the
practicality of the created algorithm. The authors demonstrated that the
devised approach shows promise in allowing for a live estimate of
tool-tissue force, potentially enabling haptic feedback in robotic
surgery.

Wearable Haptic Devices (WHDs) such as Hand Exoskeletons (HE)
have emerged as the future focus for haptic devices. WHDs such as
wearable Fingertip Haptic Device (FHD) [14-16] can provide more
freedom of movement, mimic the hand movements of the operator and
potentially remove the cognitive gap in tele-operation.

In robotic-assisted MIS, real-time identification of soft tissues is
important to provide accurate force feedback during robot’s surgical
activities. In their study, Zhu et al. introduces an online approach for soft
tissue characterisation. Online soft tissue parameter identification is
created using the extended Kalman filter (EKF). It based on the nonlinear
Hunt-Crossley (H—C) contact model being dynamically linearized with
respect to the system state [17,18]. A technique for realistic modelling of
human soft tissue, incorporating dynamic soft tissue characterisation
was introduced by Song et al. [19]. It uses maximum likelihood theory,
nonlinear filtering, and the nonlinear finite element technique (NFEM)
to describe nonlinear tissue deformation behaviour. This method helps
identify mechanical characteristics and estimate soft tissue deformation
behavior, creating a nonlinear state-space equation based on
hyperelasticity.

In comparisons to the above existing haptic technology, guidance
constraints and regional constraints are considered in this paper.
Guidance constraints are used to guide the user through a path. This
technique has many limitations when used to guide robotic surgical
probes along convoluted pathways inside the human body. The probe
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can only operate in a specific active space. It is important to keep the
probe’s degree of motion within the surgical environment. The paper is
intended to set out the initial results of this control system, to set the
scene for further analysis, simulation and testing.

1.3. Active constraints

It is typically assumed when examining the active constraint defi-
nition process that the constraint geometry has either been defined a
priori or can be produced using a generated point-cloud [20]. Creating
and combining primitive shapes (such as spheres, cylinders, etc.) is
another common application. Then, by combining these basic forms, a
more intricate active constraint geometry can be created [21]. However,
it should be highlighted that creating the constraint geometry by itself is
insufficient when investigating the idea of active constraint definition. It
is necessary to "anchor" the created active constraint border to the tissue
of the operated patient. By doing this, the produced geometry can be
localised by any registered robotic system.

During the development of a prostatectomy robot, an active
constraint theory was put into practice [22]. The mechanical constraint
was further developed to be used in knee replacement surgery.

Three zones were defined for bone removal. A robot in a safe zone I
can be moved by an operator. The power of the motors is turned on when
entering transition zone II and moving towards the cutting boundary.
The stationary position command is set in the direction of the boundary
in accordance with the active constraint. The cutter is prevented from
entering the forbidden zone III by using this control concept.

An illustrative example of constrained control is provided [23].
Staying on a point, avoiding plane penetration, moving along a line and
rotating around a line are some of the geometric constraints that are
relevant to surgical robots. M. Scheint et al. [24] studied trajectory su-
pervision and rendering with invariance control. An example of regional
constraint implementation is presented.

The laser interferometry-based sensing and measuring (LISM)
approach was initially studied for dynamic measurements of the end
effector of a robot manipulator in motion. This approach may give dy-
namic position measurements in real time while maintaining high pre-
cision, a vast working space, a high sample rate, and autonomous target
tracking [25]. An approach based on the LISM technique is suggested to
provide laser interferometry-based guiding (LIG) for precise placement
of a robot manipulator in high precision manufacturing processes. The
LISM equipment is used in the approach to guide the robot’s end effector
to a desired place or along a desired path by guiding the robot to follow
the laser beam-mapped trajectory [26].

In their work, Clark et al. [27] describes a novel approach for sensing
position and orientation in micro/nano positioning stages with three
planar degrees of freedom (DOF). To prevent misalignment, the mech-
anism is counter-rotated utilizing a laser interferometry-based sensing
approach. A position-sensitive diode sensing approach identifies
misalignment, while a feed-forward feedback compound controller
minimizes misalignment errors. The approach was experimentally
validated on a three DOF planar micro/nano positioning stage, con-
firming its capacity to give both linear and angular measurements.

The purpose of this paper is to explore the design of a working po-
sitional control structure incorporating a robotic framework, developed
for use in spine surgical procedures, which serves as the guide and
moving mount. In order to simplify the mechanical design of the
framework. The parallel manipulator uses novel concentric joints [28].
The design of a surgical tool that can remove tissue from both the
anterior and the posterior sides of the spine will be developed in a
separate paper. This paper is part of a PhD thesis defended by the author
[29].
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2. Control system
2.1. System definition

The SRP has six prismatic actuators that actuate an end-effector
independently and separately. In this study, six extensible legs were
controlled by direct current (DC) motors to move an articulating surgical
probe in 6DOF: three linear movements (latitude, longitudinal and
vertical) and three rotations (pitch W, roll 6 and yaw ®). The SRP was
mounted on a cuboid frame, inverted to mimic the way it would be
positioned in the operation theatre, above the patient [28].

The mobile plate of the SRP has a surgical probe attached to it. It has
a high-pressure water jet tool that can be used to remove human tissue,
and is intended to be introduced in detail in a separate paper.

The user-side controller generates kinesthetic haptics (force feed-
back) through the implementation of the 3DOF Novint Falcon haptic
enabled controller (NF) to control the three translational inputs [30]. A
graphical user interface (GUI) was generated to control the three rota-
tional input values.

Each of the six DC motors was connected to a rotary encoder via a
custom-made adapter to provide positional feedback regarding each leg
(Fig. 1-A). A unipolar stepper motor was controlled by a single
ULN2003a transistor array, which was connected to the flexible probe
(Fig. 1-B).

2.2. Position control of the SRP

With the NF, user inputs of up to 3DOF can be made and mechanical
force feedback can be passed back to the user. Fig. 2 shows the structure
of the code used to translate this user input into meaningful motion for
the platform. Programming begins with the definition of global vari-
ables, inputs, and outputs. In the main loop, the program continues to
read the positional input from the NF and controls the motors, adjusting
the six-leg lengths as necessary, to achieve the desired position for the
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Fig. 2. Code structure used to process the user input (NF) into the meaningful
motion of the robot platform. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 1. The installed motor-encoder units on the platform legs via motor-encoder adapter (A). The stepper motor attached to the probe tensioning screw via a motor-
tensioning screw adapter (B). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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end effector.

The program calculates each leg’s target length using inverse kine-
matics, using a rotational matrix and positional matrix. Using six en-
coders, one on each leg, the position control creates a feedback loop. At
the beginning of the program, the legs are datumed with a home flag,
which indicates the base’s initial position. The encoder readings in
relation to this home position value represent the length of each of the
six legs of the platform.

In Fig. 3, the electronics used as well as the associated software that
implements full control of the position of the platform are shown. The
figure clearly illustrates how the electronic components are connected,
powered and controlled from the input side to the output side.

2.3. Inverse kinematics

The input controller specifies the position of the end-effector in the
positional control loop. In this scenario, the user specifies the orientation
and position of the flexible probe in 6DOF. To impose the desired end-
effector orientation on the robot platform, each of the six legs of the
platform needs to be calculated to be the required length. In their paper
[28], the authors introduce the full details of the robot platform’s ki-
nematics, and they formulate the inverse kinematic relationships for a
3-3 surgical robot platform.

2.4. Simulation

As a validation of the inverse kinematics derived in [28], a MATLAB
simulation was created of a robot model receiving inputs from an NF to
model the movement of a 6DOF model. The desired position (x, y, z) and
orientation (¢, 6, W) of the end-effector was specified and the nominal
leg lengths of each of the six platform’s legs were calculated. The leg
lengths were plotted in a real-time 3-D model (Fig. 4).

Simulation is structured into three main subsections: the model
construction, the GUI initialization, and the draw function. In model

Novint Falcon

Computer - MATLAB
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construct script, the figure is initialized and created. A fixed coordinate
system is used to define the manipulator geometry including the tool,
base and legs. In the next script, the GUI is initialized. A menu bar, la-
bels, and position values indicating the orientation and location of the
end effector are created in the on-screen user interface. Finally, MATLAB
reads the input from the NF and performs the inverse kinematics to get
the six-leg lengths. In the draw function, the robot platform figure is
continuously updated in real-time as the simulation continues.

Regional constraints were implemented by generating force feed-
back when an inadmissible position was reached. Due to the physical
limitations of the robot’s actuation and/or geometry, some robot ma-
nipulators have a fixed workspace beyond which they will not be able to
reach. Therefore, kinesthetic haptics, or active constraints, are used to
keep the user within a certain predefined spatial area, namely the robot
platform’s workspace.

3. Haptic modelling
3.1. Haptic rendering

Haptic rendering enables the surgeon to perceive forces in the sur-
gical environment in response to interaction with objects. From a control
theory perspective, haptic rendering is a problem with constrained
control, since rigid walls are rendered. A set of constraints and bound-
aries that are impermissible or inadmissible to the robot are specified.
Fig. 5 shows the basic structure of the control loop used for haptic
rendering.

3.1.1. Control loop structure

A position and orientation of the end-effector are specified by an
input set (p) to the nominal controller (NC). Inverse kinematics and all
necessary calculations are performed by the NC to determine the nom-
inal control signals (uyom) for the system to achieve the desired position
without taking into account any constraints. The constraint controller
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Fig. 3. The component layout of the surgical robot platform (SRP) system. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Control loop structure for haptic rendering. User input information (p) is sent to the nominal controller (NC) to provide signals (tom) to control the system’s
output within permissible regions. Otherwise, the constraint controller is involved to generate forces (f) that keep the system’s output within the permissible region.

(CC) monitors the state of the system and only activates when the system
approaches the boundaries of a forbidden region. By modifying unom and
generating a corrected control signal (i), the CC prevents the system
from entering the forbidden area. In addition, it computes feedback
force whose magnitude is proportional to the severity of the constraint
exceeded.

In addition to determining the appropriate direction of force inser-
tion, the CC also decides in which direction this force should be applied,
which is in the opposite direction of the direction of error, normal to the
boundary at which the constraint is applied. The force vector f is then
sent to the haptic device to provide corrective kinaesthetic haptic
feedback to the user. A closed-loop feedback control structure of the NC
and CC monitors the real-time state of the system, in this case, the
orientation of the robot platform.

3.1.2. Constrain set

To test the control loop, a virtual environment is created with basic
constraints. Through modifying the constraint set by which the CC
samples, the output of the haptic device and the robot platform can be
controlled. In [23], the methods of superposition and linear combination
can be used to define any boundary system. There are five constraints:
point limit, cuboid constraint, plane constraint, cylindrical constraint,
and spherical constraint (Table 1).

fi = —(i—LB;), Uor = LB;, for i < LB; (€]

fi = —(i— UB)), Uicor = UB;, for i > UB; )

fl:O uicor:i

A haptic device produces force feedback in three translational

Table 1

The five basic types of constraints.

Constraint
type

Description

Example of physical uses

Point limit

Limits the robot end
effector to a particular
point

A set of point limits can be
superimposed to create a 3D path

Cuboid Restricts the robot to Used to define the robot’s
Constraint motion within a cuboid- workspace
shaped region
Plane Prevent the robot from A combination of planes can be
Constraint penetrating a plane generated to recreate a particular
environment
Cylindrical Confines the robot to a Linear combination with point limit
Constraint cylindrical region to give hard and soft constraint for
motion along a path
Spherical Defines a critical spherical ~ Limiting the robot’s functional
Constraint region space to a 3D curved surface

coordinates (%, y and z), so there are 3D boundary conditions for each
constraint. The CC block in Fig. 5 is expanded to show how the code
within this program determines the appropriate force output f and the
Ucor to the output. Fig. 6 shows the control logic.

Egs. (1) and (2) are the mathematical equations governing the
constraint controller, where UB and LB are the upper and lower
boundaries respectively, f is force magnitude, and i the position along
each of the Cartesian axis x, y, z.

As an example of a geometric constraint, cylindrical constraints can
be defined using 2D polar coordinates (Fig. 7). The associated equations
for a cylinder with radius r cantered about the origin O are:
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Fig. 6. Constraint controller control logic. The (NC) signals are used to control the output of the system within the pre-defined boundaries. The constraint controller
becomes active at the boundaries of the constraint region, generating forces that keep the system within pre-defined boundaries.

(8}

N

X

Fig. 7. A cylinder with radius r centred about the origin O.

Table 2
Constraint set for cylindrical constraint.
Axis Region Value
X Upper boundary, UBx rxcos 6
Lower boundary, LBx —rxcos 6
y Upper boundary, UBy rxsin 0
Lower boundary, LBy —rxsin 0
z Upper boundary, UBz 25
Lower boundary, LBz 24

r=vxt1y? 3)
— a1 (Y
0 = tan (x) @

Table 2 present the constraints of the cylinder, including LB and UB
of the Cartesian coordinates (x, y and z). From this, the direction of the
force vector depends on which of the four quadrants the robot is in, so as
to act to force the user inwards towards the centre of the cylinder. By
inverting the constraint set, the constraint controller will keep the robot
outside the boundaries.

3.2. Trajectory supervision

Since the robot’s trajectory is not designed to run autonomously from
one point to another, there is no need to model the robot’s trajectories.
Due to the real-time nature of the robot’s application, it is sufficient to
ensure that the end effector’s position is within an allowable threshold
of the input position. Since the input control signals are monitored by
the constraint controller; The robot end effector’s trajectory or path will
never enter an inadmissible region as long as the end effector’s real-time
position is always equal to the input. In other words, if the real-time
position of the robot end effector is always equal to the corrected con-
trol position signal, the end effector will never enter a restricted area
because the corrected control position signal will never output an
inadmissible signal.

Thus, the robot’s trajectory monitoring is achieved by incorporating
a closed-loop feedback mechanism. In this case, a proportional-integral-
derivative (PID) controller was implemented to ensure that the robotic
platform’s leg lengths increase to the desired length in the optimal time.
This is illustrated by signal h in Fig. 5. The constraint controller contains
two additional constraint sets: the first, a speed limit set, and the second,
an allowable threshold set.

3.2.1. Velocity limit

The system needs time to accelerate and decelerate to achieve target
alignment. If the rate of change of the entered targets is critically high,
the system will not have enough time to acceptably respond to the target
orientations.

In Fig. 8, the black arrows show the same path inputs from u,,. Due
to the constraint control, the arrows will never enter the forbidden area.



S. Morad et al.

Medical Engineering and Physics 132 (2024) 104236

Fig. 8. Illustrative diagram showing the effects of input signal velocity. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

In the figure, two different instances of the system response trajectory
are shown. The green line trajectory corresponds to input speeds below
the critical speed. In this case, the PID controller maintains the robot’s
trajectory within a threshold acceptable to the input signal in real time,
allowing the system to react in time. Notice what happens when the
input speed is increased to a speed higher than the critical speed. As a
result, a red line represents the robotic end effector’s path through the
prohibited area. To avoid this, the input velocity must be limited to be
below the critical value at all times. This is done by incorporating a
velocity limit constraint that generates a haptic force that slows the user
down if the critical velocity is exceeded.

3.2.2. Permissible threshold

Fig. 8 shows that the robot’s real-time trajectory does not exactly
match the control signal trajectory u.,,. By reducing the input velocity,
At will increase, and the robot’s trajectory will closely follow the input
signal. Since the input signals are constantly changing, the robot’s path
cannot correspond to them. Consequently, the system will always have
an error as long as the inputs change, since the system requires time to
react. In order to correct the motion, a suitable acceptable error
threshold must be established, beyond which the constraint controller
must intervene. Through empirical testing integrated with MATLAB GUI
demonstrating a geometrical constraint of various shapes (Fig. 9), 10
mm has been found to be an acceptable value for this threshold. The NF

(A)

(B)

()

(D)

Fig. 9. MATLAB demonstration of various geometrical constraints. (A) point, (B) circle, (C) box, and (D) sphere. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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has 3 actuators which work together to exert a push/pull force in 3D
space. In essence the 3 curved arms of NF have tendons connecting them
to 3 motors (1 each). The software receives inputs of force vectors and
magnitudes in the form of a 3 by 1 array (e.g. [Fx F, F.]) and applies
its proprietary calculations to generate the appropriate actuation of the
3 motors to generate the desired force. This is felt by the user as a
pushing/pulling force. The controller is designed to output force feed-
back that is proportional to the error hence, if the user moves the
controller to outside the permissible zone, the force will be large and the
vector will act to force (push/pull) the user’s hand back into the
permissible zone. As the user approaches the boundary the force de-
creases gradually since the magnitude of error decreases as well, until
the user is on the boundary and the error is reduced to 0 where the force
vector also becomes 0 and the controller ceases to exert a force. This
ensures an optimal balance between the allowable speed and precision
of the end effector.

4. Motor-Encoder testing and results

Rotary encoders are notoriously susceptible to signal noise. When the
quadrature encoder is rotated, it acts like two switches producing
cyclical outputs operating at 90° out of phase with one another. It is this
phase shift that allows the software to determine if the shaft is rotating
clockwise or anticlockwise. These switches produce noise when they
latch on and latch off. The extent of the noise is a property of the
particular encoder in use. In our case, Tyco Electronics DPL12 Rotary
Encoder produces chattering noise and rotational noise. These signal
artifacts, if not dealt with, falsely trigger the software interrupts which
lead to highly inaccurate encoder readings. There are two ways of
eliminating the signal noise: hardware filter, also known as debouncer
circuits, and software filter. Both methods were employed in the control
structure to ultimately produce a robust and accurate encoder. The
software debouncer was implemented by introducing a simple timer
script that waits 3.0 ms every time the interrupt is called before checking
the signal again to ascertain if the signal was noise; disregarding it if it is.
Individual functional cells were tested for accuracy and robustness
before being assembled into the robot. There are, in total, six motor-
encoder functional cells incorporated in the robot. Fig. 10 shows the
test cell setup, which consists of a DC motor, rotary encoder, and
adapter. From the encoder datasheet, one revolution of the encoder
produces 96 pulses.

4.1. Motor-Encoder cell accuracy with filter circuit

To test the accuracy of the function cell, a series of target encoder
pulses were sent to the DC motor. The response variable in this experi-
ment is the speed of the DC motor. The motor speed was held constant at

Adapter

DC Motor

Fig. 10. Motor-encoder test cell. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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60 rpm, which is the rated speed of the quadrature encoder. The results
(Fig. 11) clearly show the effectiveness of the filter circuit; the resulting
errors with the filters are reduced by over 90 %.

4.2. Effects of increasing motor speed

The encoder errors were also tested as a function of motor speed
measured in revolutions per second (rpm). To control the motor’s speed,
pulse width modulation was used. The results for three different motor
speeds are shown in Fig. 12. The error increases by approximately 0.1 %
when the speed is increased from 60 rpm to more than three times its
nominal speed, 200 rpm. Due to the encoder running at more than three
times its rated speed, there is a large increase in error. At 400 rpm, the
increase is slightly smaller, about 0.03 %. Accordingly, the errors caused
by the encoder running above its nominal speed are relatively constant
at higher speeds.

5. Discussion

For minimally invasive procedures, a surgical robotic platform with a
novel concentric joint had previously been introduced. The purpose of
this study was to develop and test a working position control structure
for a surgical robot that incorporates haptic technology. The inverse
kinematic equations were validated using a computer simulation model
developed in MATLAB. A position control code with haptic rendering
and trajectory monitoring was successfully implemented using the
required hardware, software, and electronics. Tests were conducted to
determine the accuracy and robustness of the system.

During the robot test, it was found that the probe’s end effector was
very sensitive to the movements of the input device, the NF. This
problem could be solved by introducing a scaling system into the control
scheme [31]. This allows the surgeon to control the robotic end effector
at the microscopic level by scaling down the macroscopic movements of
the system input device. An example of what the logic of the scaling code
would look like is shown in Fig. 13.

The scaling controller sits between the input devices and the nominal
controller. Signal p is modified to produce signal p, which is the scaled
control output signal. For macro-scale, p = p, and for micro-scale, p =
p/100. Any level of control accuracy can be achieved by adjusting this
scaling factor. Scaling control improves the surgeon’s dexterity to pre-
viously unattainable levels of precision.

The NF can only input 3DOF. This does not provide a complete
definition of the robot’s end effector orientation. A MATLAB GUI was
created in this study to specify the remaining 3DOF, partially resolving
the problem. Future versions of this device should use a 6DOF haptic
input device, such as Phantom Omni, to replace the NF and GUI As a
result, controlling the robot becomes more intuitive and reduces
cognitive load for the surgeon.

It was determined that a single motor revolution corresponds to a 3.1
mm change in leg length based on the dimensions of the gears in the
robot’s leg. It would take 59.68 turns (5730 encoder pulses) to span the
entire leg range since the leg range is (Lygx — Lmin = 491 — 306 =
185 mm). As a result of the filter circuit, a percentage error of
approximately 0.2 % is expected. The pulses correspond to 11.46 rev-
olutions, or 0.37 mm, or 0.11937 pulses. For this study, this is an
acceptable level of accuracy with a very small error. The observed
rotation values were always less than or equal to the expected values. In
this case, noise is the main cause of the error.

The motor should run at as high a speed as possible. With a higher
motor speed, the leg would reach a target extension or retraction in less
time, thus decreasing the system’s response time. The error introduced
by a DC motor speeding at 400 rpm is 0.45 % per leg span (185 mm) or
0.832 mm. Compared to an encoder operating at a nominal 60 rpm, this
represents a 125 % increase in linear position error. Although the per-
centage is large, the absolute value of the error is minimal. It is on the
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Fig. 11. Graph of percentage errors against the number of encoder pulses for motor test cell with filter and without a filter. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Graph of percentage error of rotation against encoder pulses for different motor speeds. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 13. Scaling controller logic flow chart. Position and orientation information from the user interface (P) will be scaled down by the scaling controller before
entering the nominal controller.
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order of 10~* m. It is therefore acceptable to run the motor at maximum
speed.

For extending and retracting its legs, the robotic platform was
equipped with DC geared motors. Despite being inexpensive, DC motors
cannot instantly adjust the length of the legs. As a result, tracking the
trajectory was particularly difficult. Trajectory path control is achieved
by limiting input speed to a certain level. The system then has sufficient
time to respond to the input signals. Due to the slow leg extension caused
by DC motors, the threshold was very low. As a result, the input signals
were also limited to a very slow rate. It is also possible to use pneumatic
or linear drives instead of DC motors. In the surgical application at hand,
these actuators provide sufficient accuracy and holding torque to pro-
vide desirable response times.

6. Conclusion

We present the design and development of a working position con-
trol structure that integrates haptic technology into the surgical robotic
platform on the basis of our previous work on a surgical robotic platform
with a concentric connecting joint. A surgical robot’s position control is
integrated with constraint control and inverse kinematics, resulting in
haptic feedback control. We developed a computer simulation model in
MATLAB and validated the inverse kinematic equations based on it. A
position control code incorporating haptic rendering and trajectory
monitoring was successfully implemented using the required hardware,
software, and electronics. Tests were conducted to determine the accu-
racy and robustness of the system. Future work will improve the design
and further investigate the implementation of haptic technology in
surgical robots based on the findings of this study.

Future work will involve designing and developing a flexible robotic
surgical device that includes a water jet tool and an articulated distal tip
(ADT).
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