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Abstract

Prostate brachytherapy is a validated treatment for prostate cancer. During the procedure,
the accuracy of needle placement is critical to the treatment’s effectiveness. However, the
inserted needle could deflect from the preset trajectory because of the needle deflection,
tissue shifting caused by the interaction between the needle and soft tissue, as well as the
effects of pre-inserted needles. There are significant challenges in needle placement areas,
especially in prostate brachytherapy, because multiple needles are required for the
effectiveness of radiation. To overcome these limitations, relevant research is carried out
in mechanical, computer science, and material science areas. With the development of
surgical robotics, researchers are also exploring the possibilities of raising the accuracy of
needle placement with surgical-assisted robotics. This study provides a review over the
last 3 decades in each of the component research areas that constitutes a surgical robotics
system, including needle steering approaches, needle-tissue deformation models, path
planning algorithms and different automatic level surgical robotics systems used for
prostate cancer treatment, especially prostate brachytherapy. Further directions for re-

1 | INTRODUCTION

Prostate cancer is one of the most common cancers in men,
especially men over 50. According to Ref. [1], about 1.2 million
prostate cancer cases were diagnosed globally each year. Per-
manent brachytherapy is an efficacious treatment for prostate
cancer due to its excellent success rate [2]. The procedure
provides radiation to the tumour by implanting radioactive
seeds near or inside the tumour through long, hollow needles.
The detailed brachytherapy procedure is as follows. First the
patient arrives in the theatre and receives spinal anaesthetic and
places transcrectal ultrasound probe in position on the stepper
arm with an attached needle guide template. Then, use ultra-
sound to guide the needles into the prostate using a grid on the
ultrasound, which matches the external template. In this step,
currently, the most common clinical used imaging device is
transrectal ultrasound scan (TRUS). With the use of TRUS,
needles are placed from the top of the prostate to the bottom
(anterior to posterior) due to ultrasound shadowing if done the
other way. This is the end of the needle insertion process. After
the needle insertion process, the patient would be delivered to
the CT room. The surgeon would make a physics treatment

searchers are also suggested.

plan based on the needle steering positions. The patient would
be connected to the treatment afterloader via guide tubes from
the machine to needles. The radioactive seeds would be
delivered remotely to the patient based on the treatment plan
by the surgeon. After the treatment is finished, the needles
would be removed.

Despite the clinical benefits, there is still scope for the
improvement of prostate brachytherapy. Improving the ac-
curacy of placing radiation seeds and reducing the damage to
normal tissues are major challenges for prostate brachyther-
apy. With the rapid development of medical robots in the
past decade, surgeons often take surgical robots as assistants,
as the use of surgical robotic systems enhances and expands
the ability of surgeons to provide a high degree of flexibility
and accuracy in diagnosis and treatment. One of the prime
challenges is the accuracy of the placement of the radioactive
seeds due to the deflection of the needle and the placement
of the tissue [3]. To overcome this problem, researchers have
made a considerable effort to develop robotic systems to
achieve the automatic steering and guiding of the needles.
One of the earliest fully automatic surgical robots is proposed
by Harris et al. [4], which is applied to perform prostate
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resection. Since then, relative topics such as modelling and
trajectory planning that could achieve the automatic level of
surgical robotics have been proposed and researched. Re-
searches for the fully automatic surgical robotics are pro-
posed [5-13]. Due to both technical and ethical issues,
currently fully automatic surgical robotics still only exists in
research. The raise of automation level of robotics is an
achievable goal both in the research areas and in real clinics.
Another research direction is to improve the design of sur-
gical puncture needles. Currently, the high stiffness needles
are mostly used to reduce the effect of target shifting and
needle deflection. Okamura et al. [14] proposed a design of
diamond-tip needles, which provided a lower resisting force
compared to normal bevel-tip needles during insertion. A
prostate fixation technique was proposed by Dattoli & Waller
[15] that could restrict the motion to 0.2 mm. Podder, Clatk,
Sherman, et al. [16] defined the needle insertion force re-
quirements for a typical clinical-used needle (18G) at the skin
of around 8N-10N to puncture the prostate. In addition, the
authors also state that the use of axial force could reduce the
internal deformation of soft tissue. Podder, Clark, Fuller,
et al. [17] proposed that controlling the needle through the
axial rotation during the puncture process inside the soft
tissue could reduce the deformation and trauma of the soft
tissue. Compared with the characteristics of a high stiffness
needle, the flexible needle (which is the low stiffness needle)
could utilise the deformation generated by the needle-tissue
coupling effect to bypass normal tissues and reach the
target position. This has attracted extensive attention in the
surgical robotics research community. Researchers have con-
ducted considerable research on the solutions of using flex-
ible needles for prostate brachytherapy based on bevelled
tips. However, it is an under-actuated system which has non-
holonomic constraints that inserts a flexible needle into soft
tissue. The steering with the flexible needle is challenging due
to measurement errors, tissue heterogeneity, and uncertainty
in dynamic models. This study reviews the cross-section
between robotic surgery and needle-based prostate brachy-
therapy. The main contribution of this study is to provide a
review over the last 3 decades in each of the component
research areas that constitutes a surgical robotics system,
including needle steering approaches, needle-tissue deforma-
tion models, path planning algorithms, and different auto-
matic level surgical robotics systems used for prostate cancer
treatment especially prostate brachytherapy. Several further
research areas are also discussed to give readers potential
directions for further research. The structure of this review is
as follows: Section 2 provides the main needle steering
approach based on different characteristics of the needle
Section 3 provides an introduction to the mainstream needle-
tissue coupled deformation model. Section 4 provides an
introduction to different path planning methods. And Sec-
tion 5 concludes the current clinical and research use of
needle steering devices based on different levels of automa-
tion. Section 6 provides the conclusion for this review.

2 | NEEDLE STEERING APPROACHES

Needles used in the treatment can usually be divided into two
types of needles which are high stiffness needles with sym-
metric needle tips and low stiffness needles with asymmetric
needle tips. The former is usually the tip of a conical needle,
while the latter is a slant. Currently, the high stiffness needles
are the most commonly used needles in the clinic. During the
needle insertion process, the high stiffness needle aims to
reduce the effect of target shifting and needle deflection, which
is straightforward for the surgeon to use and check the needle
insertion situation. However, the research area tends to
research the possibility of using low stiffness needles in pros-
tate brachytherapy. During the needle insertion process, the
bevelled shape tip generates force at the needle-tissue interface
that exerts bending force on the needle during insertion. As a
result, the bevelled tip needle tends to bend due to its tip
asymmetry. The current surgical robotics researches tend to
emphasise this deformation to explore novel approaches for
cancer treatment and radioactive seeds placement. There are
two main asymmetric needles which are bevelled needles and
pre-bent needles. The needles and their controlling approaches
would be discussed in detail in the following sections.

2.1 | Bevelled tip needle

The most basic method of needle steering is to use a bevelled
tip which is straightforward to manufacture and control. The
advantage of using a bevelled tip is that it is intuitive for the
operator to understand and control manually, which makes it
also amenable for designing a surgical robotics system to
control. The basic bevelled tip controlling approach consists of
inserting the needle and rotating the needle shaft. Webster 111
et al. [18] proposed a non-holonomic model of a flexible
needle steering into soft tissue using an asymmetric tip needle.
This model envisages the movement of the needle tip as a
small bicycle with a locked front wheel, so the trajectory of the
inserted needle is an arc on the plane. The direction of cur-
vature is controlled by the orientation of the bevelled tip. And
the bevelled tip could be controlled by rotating the base of the
needle from outside the tissue through the needle shaft. These
would be formally discussed in Section 3. Because of the ad-
vantages of ease of use and manufacture, the bevelled tip
needle is the most common type of asymmetric needle used in
brachytherapy research. And it is commonly controlled by the
movement of the needle base as mentioned above. DiMaio &
Salcudean [19] developed a needle tip model that is expressed
in terms of the motion of the substrate, representing the
relationship between the trajectory of the needle tip and the
translational and rotational velocities of the substrate. One of
the limitations of the model is that it requires a finite element
method, which limits the application of offline planning rather
than online simulation. Glozman & Shoham [20] proposed an
accelerated base-centred model that took the flexible bevel-tip
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needle insertion problem as an inverse kinematics problem,
which assumed the location and orientation of the tip trajec-
tory then deriving the moving sequence of the base of the
needle.

2.2 | Pre-bent needle tip

Another needle steering approach is the use of a pre-bent
needle tip. Its curvature radius varies with the length of the
needle and the degree of asymmetry. It is also feasible to
modulate the curvature of the needle by varying the curvature
of the needle tip. Reed et al. [21] demonstrated a needle
steering system based on pre-bending needles that integrate
image-based control, torsion compensation, and real-time
motion planners. Achieving a smaller radius of curvature un-
der a large perpendicular force is one main advantage of using
the curved needle. However, due to the lack of intuitive manual
controls, especially in the deployment of concentric tubes, it is
necessary to design an automated control model or design the
constraints to limit the change of curvature when using the
pre-bent needle. Konh et al. [22] proposed a method using
shape memory alloy to control the needle tip curvature.
Another approach is proposed by Ebrahimi et al. [23], which is
to cover the bent part of the needle shaft within the cannula to
constrain the curved needle. The stiffer covering could
straighten out the shape of the inserted needle. The needle
could be controlled by the length of the uncovered part of the
needle. Based on the previous design of cannula [23], Dupont
et al. [24] proposed a design of concentric tube robots for
needle steering. By the interaction and rotation between the
tubes, they cooperatively pass an arbitrary 3D path to the
sutgical robot to control the needle's shape along its shaft. A
general coordinate-free energy formulation was proposed by
Rucker et al. [25], which models the shape of the concentric
tube continuum robots that consider stiffness and pre-
curvature as they vary with the length of the tube.
Compared to bevelled tip needle, the pre-bent needle tip is not
intuitive enough for surgeons to work with and manually
control, it still has the potential for fully automatic robot
control.

3 | NEEDLE-TISSUE COUPLED
DEFORMATION MODEL

In this section, the steerable flexible needle with an asymmetric
bevelled tip will be considered and analysed. During the insertion
process, the behaviour of the needle depends on the coupled
deformation effect between the needle shaft and the soft and
calcified tissues, as well as the effects of pre-inserted needles. The
force applied to the needle could be summarised into four cat-
egories which are the needle puncture force, cutting force, fric-
tion, and deformation force. The needle puncture force is
generated in the duration between the first contact of the needle
and tissue and the moment the needle penetrates the skin. After
the needle has penetrated the skin, the numerical value of force

will drop greatly and the puncture force will be converted to the
cutting force. At the moment, the friction and deformation
forces are also generated. With the steering process proceeding,
the increase in the interaction area will lead to the increase in the
deformation effect and then could result in the change of
deformation force. Because of using bevelled tip, the deforma-
tion force could affect greatly on the heading direction of the
steered needle, which also provides opportunities for bending
the flexible needle to bypass the normal tissue to reach the target
location. The needle could be controlled outside the soft tissue by
reorienting the bevel-tip through rotating the needle base. In
most of the needle-tissue coupled models, the soft tissue is
considered as homogeneous tissue. Unless it is mentioned, this
condition is used as the premise of the following needle-tissue
interaction force model.

3.1 | Non-holonomic model

Webster IIT et al. [18] proposed a non-holonomic model of the
kinematics of a bevelled tip needle, which compares the steered
needle with the locked steering bicycle. Based on this model,
the needle tip moves forward along a pre-defined trajectory.
Although the front wheel does not move sideways, the needle
tip could reach any pre-defined location within the plane. As
depicted in Figute 1, the angle parameter ¢ and the L,
determine the curvature k£ of the needle insertion path. The
needle tip would be constantly pressured by the deformation
force which comes from the direction of y and which is
perpendicular to the tip of the needle. By controlling the di-
rection of y, the angle ¢ could be affected by the deformation
force accordingly, which further led to a change of needle
curvatute. L, ate the points along with the bicycle that is
attached to the needle tip. If we simplify the model and ignore
the patameter L,, the model could be considered as a unicycle.
Like a unicycle, the needle could reach any point within a plane
by changing the curvature and the curvature can be modulated
by controlling the insertion speed U, and rotation speed Us, in
conjunction with a duty cycle strategy to control the needle
trajectory. The research of Engh et al. [26] has shown that
constantly spinning could eliminate the deformation forces and
lead the needle to follow a straight-line path (In 3D space, the
path is helical actually). It is that the asymmetric force exerted
on the tip of the bevelled needle could be eliminated by a
continuous spinning, which results in a straight insertion tra-
jectory. On the contrary, the needle would produce a trajectory
with maximum curvature without any spinning. And the needle
would produce a halfway trajectory between the straight tra-
jectory and the maximal curved path with a 50% of duty cycle.
As depicted in Figure 2, a complete absence of spinning of the
needle will produce a curvature closer to the maximal curva-
ture which is the needle's original curvature. A continuous
spinning will be closer to a zero curvature. However, when
applying duty-circle strategy in surgery, it needs to make cor-
responding changes in real control based on different param-
eters of the soft tissue. The real soft tissue is inhomogeneous
medium and it could vary for different patients. So it is more
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FIGURE 1 A unicycle non-holonomic model. U1 is the insertion
speed and U2 is the rotation speed. Data from Ref. [18]
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FIGURE 2 Relation between the duty cycle and the curvature of the
inserted needle. Data from Engh et al. [26]. So the operator could control
the needle curvature using this strategy by proceeding and stopping the
rotating operation. Then the trajectory of the steered needle could be
controlled. The workspace of the needle is the space between the upward
curved original curvature of the needle and the downward curved original
curvature of the needle

complicated when applying it to real scenario. Still, it is a
commonly used strategy in researching area when combining it
with haptic or visual feedback.

Carriere et al. [27] proposed a depth-dependent, three-
dimensional non-holonomic model to monitor the motion of
needle tip during insertion. Based on this model, a surgeon-
central needle deflection controller is also proposed. The sys-
tem provides haptic feedback which assists the surgeon to keep
the needle on its desired trajectory. The use of lightweight device
suits the need of the current clinical and reduce the negative
impact caused by equipment failure. Majewicz & Okamura [28]
presented a non-holonomic teleoperation system that allows the
user to specify a desired location in Cartesian space for the needle
to reach. They state that steering asymmetry needles under non-
holonomic constraints are difficult to be manually controlled in
joint space. In their proposed system, while respecting needle
kinematic constraints, the needle is controlled from a haptic
teleoperation device by pointing out the desired needle insertion
trajectory. This proposed teleoperation system aims to decrease
the difficulty of controlling steerable needles by converting a
non-holonomic task to a Cartesian positioning task. Based on
their statement, humans prefer to make movement in spatial
space rather than joint space because spatial space control is
more intuitive for humans.

3.2 | Beams model
To explain the needle deflection and tissue deformation
coupling effect, researchers have developed mechanic-based
models to explain the needle motion in tissue. Glozman &
Shoham [20] proposed a beam model to represent the inter-
action between the inserted needle and the penetrated tissue. It
considers the interaction to be a set of virtual, distributed ag-
gregation of springs that can be linearised and formalised as a
collection of forces as shown in Figure 3.

At each virtual interaction point, the force could be
expressed as

E=K(W;-W,) (1)

where F; is the virtual spring coefficient, W, is the
displacement at each point, and W, is the position of freed
spring, Since forces are proportional to the deflection, the
deflected motion can not be estimated by one element. It is
necessary to convert the simple beam model into a finite
collection of beam models. Each beam element is subject to
two neighbouring forces applied at its end-points. Each set of
springs has a different spring constant to monitor the
different forces received from the different parts of the soft
tissue, which leads to a variety of stiffness coefficients of
springs along the needle shaft. The needle deformation then
could be expressed as:

Y(x) = Ny + Nogp, + Nochs + Nugh, (2)

whete Nj, N; ate the coordinates and N,, N, ate the slopes at
x = 0, x = [. ¢ represents the shape function of the third
degree. Combining the beams model and the forward and in-
verse kinematics, path planning and correlation could be ach-
ieved in real-time. Similar models were proposed by
Abolhassani & Patel [29], which modelled the infinitesimal
force, as a function of unit tissue. And Abolhassani et al. [30]
have also updated the needle deflection condition based on a
beam with spring support. They have investigated the rela-
tionship between the needle base torques and needle deflection
in order to estimate the level of needle deflection during the
insertion process, which provides the theoretical basis for the
design of path planning algorithms.

Lehmann et al. [31] have presented three tissue-independent
models to estimate needle deflection based on the beam model
to further improve the beam model depending on the different
sources of force. One advantage of this improved model is that it
is tissue-independent, which means it is unnecessary to know the
parameters of the soft tissue. Only measurements from the force
sensor are needed. However, it assumes that the inner tissue is
homogeneous, which makes it unsuitable for real scenarios.
Barbé et al. [32] have developed a haptic feedback needle
insertion device combining force sensors and beams model to
provide haptic feedback to the user. Using the data of the force
sensor and the calculation of the pressure force on both sides of
the needle using the beam model, the device could provide inner
needle force conditions to the operator through haptic. One
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FIGURE 3 Beams model: Considering the interaction force between
the needle and the penetrated tissue as a set of spring data from Glozman &
Shoham [20]

main advantage of this model is that it has considered the in-
homogeneity and non-linearity properties based on the model of
Abolhassani et al. [30]. And the provision of force feedback gives
the surgeon more information about the inner steering during
the surgeon-central control loop.

3.3 | Data-driven model

The reason for researchers to investigate the data-driven model
is to compensate the uncertainties caused by the unmodelled
factors like tissue heterogeneity, needle buckling, and the pre-
vious needle insertion tracks. Yan et al. [33] proposed a
framework using depth varying mean parameters to consider
the tissue property such as tissue stiffness and viscosity. They
designed an online parameter estimator to predict the tissue
parameters based on the least square method with forgetting
factors and an online dataset. Carriere et al. [34] proposed a
real-time model to predict the shape of a flexible needle that
uses image segmentation from transrectal ultrasound (TRUS)
and a particle filter to inform the kinematic model about the
flexible needle shape to construct the self-updated loop to
predict the radius curvature of needle. It updates the param-
eters from each ultrasound image and predicts the needed
curvature for the needle tip to follow the pre-defined path. At
the same time, Moreira & Misra [35] proposed a method to
predict the needle curvature using the tissue properties. It
could continuously adjust the needle spinning force to main-
tain the needed curvature based on tissue property parametets.
However, the current method for obtaining the property
parameter is through prior insertions, which have a significant
pragmatic limitation in the real clinic and the prostate tissue
differs for different patients. Rossa, Khadem, et al. [36] pro-
posed another framework to estimate the parameters for local
tissue properties without prior insertions. It combined the
insertion force parameter obtained from the force sensor, and
the image from an ultrasound probe, using the minimum po-
tential energy method to predict the local variability in the
tissue properties. By building a model from the needle-tissue
interaction to predict the local tissue property parameters,
the framework is valuable for estimating the system output
without knowing the accurate tissue properties.

4 | PATH PLANNING

4.1 | Minimise deflection

One proposed path planning direction for needle insertion is to
minimise the measured deflection at all points along the
steering trajectory. It could be seen as a straight line connecting
the insertion location to the target location inside the tissue.
One common and intuitive approach to minimise deflection
impact is to control the needle base with the duty-cycled
rotation strategy. As mentioned in Engh et al. [20], the needle
will follow a trajectory of nature curvature when the orientation
of the bevel angle of the needle tip remains the same. A
constantly spinning could eliminate the deformation forces and
lead the needle to follow a straight-line path. This controlling
idea is implemented in the research of Wood et al. [37] and
Majewicz et al. [38]. The shortcoming of this approach is that
due to the tissue heterogeneity, the original curvature of the
inserted needle could not remain the same, which means even
executing continuous spinning to control the needle to follow a
straight path, the inserted trajectory could differ because of the
different local physical property of the soft tissue.

Another problem is that this approach requires continuous
rotation of the needle base, which leads to a limitation of the
use of equipment, such as electromagnetic trackers and six-axis
force sensors as well as the tissue trauma and drilling effect.
Another design to minimise deflection is to combine the
needle-tissue deformation model into the path planning and
adjust the heading direction based on the model-based dy-
namic model. Maghsoudi & Jahed [39] built such dynamic
equations based on the force distribution along with the nee-
dle, which is analysed from the need-tissue deformation model.
Based on the proposed equations, they presented an inverse-
dynamic controller for needle steering. Similar models are
also presented in [40, 41]. One problem of this controlling
method is that it heavily relies on the deformation model ac-
curacy, which implies that the mismatch of model parameters
could lead to a significant impact on the result. The complexity
of the physical parameters of subcutaneous tissue limits the
practicability of this kind of controller. To reduce the effect of
model parameters on the steering result, a sliding control
model, which requires no prior knowledge of model parame-
ters was proposed by Rucker et al. [25]. This allows the needle
to follow the pre-defined trajectory within a specified error
without knowing the specified parameters for the deformation
model. Based on this sliding control model, Fallahi et al. [42]
proposed a control structure for the steered needle to follow a
planned trajectory inside the soft tissue, which leads to another
solution for needle steering control that is trajectory tracking;

4.2 | Trajectory tracking

Another approach for needle insertion is to pre-define tissue
parameters to plan a steering route for a needle to follow from
the insertion point to the target position. The route could be a
curved path to avoid hurting vital organs and normal tissue.
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This category could be divided into three sub-categories which
are stochastic planning, intra-operative imaging path planning,
and bias compensation.

421 |
planning

Normal planning algorithm and stochastic

This category involved many mainstream path planning algo-
rithms that could be applied to needle steering, such as rapid-
exploration random tree algorithm [43, 44|, genetic path
planning algorithm (F. [45]), and potential field algorithm
(P. [46, 47]). Most of the algorithms concentrate on minimising
the trajectory from the insertion point to the target location.
Lehmann et al. [48] proposed a path planning method without
image feedback to minimise the trajectory length based on the
unicycle model. Vrooijink et al. [49] presented a steering system
using the potential field algorithm for its motion planner.
Khadem et al. [50] presented a predictive controller with a
non-linear model to improve the rapid-exploration random
tree algorithm designed trajectory using iterative optimisation
of the predictions of the needle steering model. Some similar
steering algorithms are also reported in other literature [19, 51].
One planning idea worthy of mentioning is the stochastic
planning approach. Stochastic planning uses formal state space
to represent the inner motion, which generates a roadmap that
includes all the trajectoties under the uncertainty of the
possible tissue configuration and considers the desired path
plan as a Markovian Decision Process. It ultimately implements
the solution through dynamic programing, maximising the
likelihood of successful needle steering [52, 53]. This frame-
work allows to compute the steering needle paths in two-
dimensional models. The needle trajectory plans would be
conditionally different from the traditional shortest path using
this algorithm. The algorithm is to maximise the possibility of
generating a successful steering trajectory rather than the
shortest length route. Based on stochastic planning, Patil et al.
[54] proposed a needle steering system that combines the in-
formation from intra-operative images to update the stochastic
model in real-time, which leads to the next solution category
that is intra-operative imaging path planning,

4.2.2 | Intraoperative imaging path planning

It is common to apply the image information during the needle
insertion process to raise the accuracy of the seed placement.
The imaging information could provide inner tissue informa-
tion, including the range of tissue physical parameters, the
needle deformation situation, the shift of normal tissue, and
the target location. Currently, most research and clinically used
needle steering systems are systems with the function of
providing image feedback. Interventional magnetic resonance
imaging (MRI) and ultrasound can be used for monitoring
tissue deformation, path planning, displaying real-time inser-
tion, and ensuring the placement of the needle tip. Many
magnetic resonance compatible surgical assist robot systems

have been developed by researchers in recent years [55-57].
Combining machine learning algorithms and human-in-loop
controlling design, the MRI system is widely used in prostate
brachytherapy. Chinzei et al. [58] proposed a surgical robotics
system that is compatible with magnetic resonance. The main
function of it is to work with surgeons to locate and guide
biopsy catheters and needles. Another research from Dai et al.
[59] applied the deep learning-based method, which is deep
supervised attention U-Net with total variation regularisation
to design a human-in-loop controlling framework to raise the
accuracy of the needle steering process. However, one of the
limitations of the use of MRI is that it requires the asynchro-
nous insertion of a surgical needle because of the character-
istics as mentioned before. The doctor can only check the
image at a certain time point during the surgery. So researchers
are also investigating the possibility of using the needle inside
the MRI bore to provide real-time imaging during the insertion
process. Tadakuma et al. [60] have presented a robot manip-
ulator design based on elastically averaged binary dielectric
elastomer actuators that are compatible with MRI systems.
Combined with a teleoperation controller, the surgeon could
manipulate the inserted needle while acquiring in-time MRI
images. One limitation of this design is that it requires high
accuracy of teleoperation system, which could be solved
through the shared control strategy that this review will
mention later. Similar designs are also presented in Ref. [61,

62].

4.2.3 | Bias compensation

Due to tissue deformation and needle shifting, there exists bias
between the prescribed route and the real location. This is
another valuable research area to remedy the bias during the
needle insertion. A programing algorithm was developed by
Chentanez et al. [63], which is used to insert flexible bevel-tip
needles into prostate phantom with obstruction on a two-
dimensional planar under the guidance of 2D images. The
simulator uses a finite element model to compute soft tissue
deformations, which combines the effects of needle tip and
frictional forces using a two-dimensional grid. The plan could
generate a desirable needle insertion route combining needle-
tissue force modelling and parameters optimisation based on
the input of an initial pre-defined insertion plan that includes
target location, needle orientation and bevel rotation. It could
compensate the needle and tissue deformation and minimise
the needle steering trajectory. A dynamic remeshing approach
is proposed in Ref. [64, 65], which increased the resolution of
the penetrating needle in real time. It uses a postetiori error
estimate, which is used for local remeshing in surgical simu-
lations. Courtecuisse et al. [66] presented a new pre-
conditioning technique based on asynchronous updates. The
preconditioner can both raise the computation accuracy of the
deformation of soft tissue and further simulate the contact
response of heterogeneous and homogenous tissues with
similar precision. It improved the accuracy of contact response
in heterogeneous and homogenous tissue models when applied
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to topological changes. Another factor affecting the bias is the
change of the parameters of the soft tissue. Ensuring the
correct parameters of soft materials could be essential for
improving the accuracy of seeds placement. According to
Rappel et al. [67], using Bayesian inference could accurately
identify solid material parameters used in models. The Bayesian
inference could also be applied to inhomogeneous materials. A
stochastic approach which combines Bayesian Inference is
proposed by Mohamedou et al. [68]. This method could
identify the intrinsic parameters of the model assumptions as
well as the variability of composite material.

5 | ROBOTIC SYSTEMS OF PROSTATE
CANCER

This section is to discuss the different automation levels of
surgical robotics in prostate treatment. As mentioned before,
there are two main controlling approaches to needle insertion.
The first is to push the needle inside the tissue. The second is
to rotate the needle around its shaft to control the heading
direction. According to Dhaliwal et al. [69], the current surgical
robotics could be split into four automation levels. The detail is
shown in Table 1. Because Level 0 is without any robotics
assistance and surgeons do the steering all manually, it is not
included in this study's scope. The following sections will
discuss the remaining three levels of automation in detail.

5.1 | Manual assisted steering

In this category, assisted robotics mainly provides additional
information about the inner needle and tissue without direct
intervention. The surgeon fully controls the insertion and
rotation action. The surgeon could decide whether to follow
the calculated suggestions based on previous surgical experi-
ence. Depending on the different provided information types,
the assisted system could be divided into two main categories
which are visual devices and haptics device systems.

Krieger et al. [70] first proposed a teleoperation needle
steering system with the use of MRI and a needle with a
tracking coil. With the use of an MRI bore, the surgeon
could get more specific information about the needle posi-
tion in tissue and the situation of needle deflection. One
important aspect is that for a clinical MRI system used in
prostate treatment, the components of the system are strictly
requited to be non-magnetic, non-conductive, and non-
metallic. Thus, the material of the needle that is used inside
the MRI bore also has a high restriction. The high resolution
image provided by MRI and the high restriction of MRI
attracts the researchers' attention. An MRI compatible needle
guide template which is similar to the transrectal of ultra-
sound (TRUS) prostate template was presented by Song et al.
[71]. It minimises image degradation and could offer sub-
millimetre targeting accuracy. Similar frameworks are also
proposed by Fischer et al. [72] and G. Li et al. [73]. Apart

from the normal imaging devices like MRI and ultrasound,
another imaging method that could transfer the simulated
internal tissue situation to the real clinical workplace is also
worthy of further exploration.

Blackwell et al. [74] have proposed an image overlay system
which is later more accurately defined as an augmented reality
system to provide extra imaging information of inner tissue.
The overlay images are processed and projected into the real
clinical workspace so it appears the surgeon is an integral part
of the surrounding environment. Based on this design, Weiss
et al. [75] have proposed a surgical system using augmented
reality to reconstruct the inner tissue using multiple layers from
different imaging modalities. Providing extra 3D information
of inner tissue makes the surgical relatively simple and
straightforward. It could improve the surgeon's ability to
visualise the anatomical structure of inner tissue and the ability
to control the steered needle. One limitation of the proposed
design is the inability to provide real-time imaging. It does
provide more visual information but does not solve the
problem of real-time imaging the same as most of current MRI
devices. The potential of augmented reality is also developed in
the surgical training area. Magee et al. [76] presented an
augmented reality training system for needle placement. The
virtual anatomic images are constructed from full body
segmented CT scan. However, due to limitations of the current
technical level, the realism of the image is not satisfied and a
certain level of image quality needs to be sacrificed to guat-
antee the positional accuracy and maintain the low
manufacturing price. The authors also state that the incorpo-
ration of haptic (force) feedback was unnecessary and would
affect the ergonomics of the simulator. In this case, the device
provides poor haptic feedback, which can be considered as
another flaw of this training system. According to Rossa,
Khadem, et al. [36], tactile feedback would provide vital in-
formation about the force condition of the inserted needle and
assist the surgeon to judge the inner information combined
with the image provided by CT or MRIL

Another option as previously stated is to give the haptic
feedback to the surgeon. Basu et al. [77] presented a robust
closed-loop guidance system with haptic device. Based on their
research, Rossa, Fong, et al. [78] presented a design of a
wristband with haptic feedback to assist surgeons to guide the
steered needles. The wristband has eight mini actuators around
the wrist and each of the actuators produces a different vi-
bration mode to assist the surgeon to guide the steered needle.
In recent research, researchers combine the imaging-guide and
haptic-guide together to provide more information to the
surgeon. Abayazid et al. [79] presented a needle steering system
which provides imaging information from ultrasound and
vibratory feedback for the surgeon. The system could keep the
needle steering at a certain speed and the surgeon controls only
the rotation. It could improve the surgeon's ability to judge the
internal situation based on visual and haptic feedback. Because
the robotics system could be tesponsible for the insertion
action, the surgeon could primarily concentrate on the rota-
tion. A similar framework is also presented in Ref. [80] which
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Automation level Robotics operation Detailed definition

TABLE 1 The different automation
levels and definition. Data from Dhaliwal et al.

0 Fully manual insertion

1 Manual-assisted steering

2 Semi-automated steering Surgeon-in-loop control
3 Fully automated steering

Surgery without any robotics' assistance [69]

Robotics provide sensor feedback to the surgeon

Surgery without any surgeons' assistance

raises the accuracy of needle placement according to the au-
thot's statement. And this leads to another automation level of
surgical robotics which is the semi-automated steering (human-
in-loop steering).

5.2 | Human-in-loop steering
In this category, the robotics system is in charge of either
rotating the needle or moving the base laterally while the
surgeon is still in the dominant position in the whole control
loop. It can maintain a physician's control of the insertion
procedure while incorporating the benefits of robotic accuracy.
Besides the use of the human-in-the-loop control strategy
could apply the doctot's experience to the insertion process to
improve the inserting accuracy and also avoid relevant ethical
problems, for example, the responsibility issues. Salcudean
et al. [81] proposed a four-degree freedom robot for prostate
brachytherapy. The robotics could move the needle in the X-Y
plane for insertion and rotate around the X and Y axis to
provide accurate control of the insertion angle and tip point.
The surgeon could manually control each motor for locating a
suitable insertion position with or without the guidance from
the system. Similar frameworks are also presented by Fischer
et al. [72] and Schneider et al. [82]. Another design uses the
shared control in which the robot system is in charge of
insertion depth and the operator is in charge of rotating the
needle base to determine the trajectory direction like the pre-
viously mentioned work of Abayazid et al. [79]. One limitation
of the previously mentioned work is that the needle could only
be inserted horizontally. Bebek et al. [83] presented a kinematic
calibration system for positioning the orientation of a 5-DOF
robot with an optical position sensor. This allows angled
insertion of the needle. Another framework for human-in-loop
control is to compensate for the bias between the insertion and
pre-defined trajectory while the surgeon controls both inser-
tion and rotation. Wartenberg et al. [84] presented an algorithm
of proactively compensating for deviations from the initial
trajectory by rotating needles with asymmetric tips to achieve
higher precision using a shared-control strategy. Based on the
insertion force and the force received by the needle, the system
could provide haptic sensation as continuous feedback to the
surgeon and the system itself to further control rotation and
insertion velocity to achieve the goal of following the desired
trajectory.

While combing the MRI imaging and shared control
strategy, Moreira et al. [85] and Wartenberg et al. [86] both have
presented a similar shared control MRI-compatible system

with robotics controlling the insertion direction and the sur-
geon controlling the insertion depth. An magnetic resonance
(MR)-compatible single needle delivery robotics system is
presented by de Battisti et al. [87]. Based on identifying the
most sensitive needle track, the proposed method could
determine and automatically update the needle insertion route.
It could enable the needle insertion process with the patient in
the MR bore. A 5-degree-of-freedom parallel pneumatically
actuated modular robot which is compatible with MRI is
presented by Seifabadi et al. [88]. The proposed system solved
most of the compatibility problems, including workspace lim-
itation, sterilisation, and improving the accuracy of needle
placement during the use of MRI. The Fiber Bragg Grating
force sensor used in the system could enhance the ability of the
operator to distinguish between the different stages of needle
insertion. Van den Bosch et al. [62] developed a surgical ro-
botics system that is composed of only non-ferromagnetic
materials. The system could be used in conjunction with
MRI to assist prostate brachytherapy and biopsy. It could be
set between the patient's legs during the needle insertion
process.

Apart from the heavyweight surgical robotics, the light-
weight robotics system for assisting needle insertion is
another area worthy of further research. The use of a light-
weight robotics system could offer extra freedom and dex-
terity to the surgeon. And the implementation of a lightweight
robotics system in a clinical scenario is also more realistic.
Ebrahimi et al. [23] presented a motorised hand-held needle
steering system which drives the needle base to produce the
desired deflection to follow the desired trajectory while the
surgeon holds the device and provides the insertion force to
the needle. This framework lays the foundation for the later
design of lightweight insertion devices. A lightweight hand-
held system possessing six degrees of freedom is proposed
by Poquet et al. [89]. The aim of this system is to assist the
surgeons to reduce their workload during the prostate biopsy
process. The system has a free mode and a block mode for
surgeons to use in which the system would lower the inertia
and friction for surgeons to insert the needle under the free
mode, while the blocking mode allows the placed needle to
maintain an accurate location and orientation of the probe
relative to the prostate. Khadem et al. [50] introduced a semi-
automatic needle placement system which provided the
function of automatically rotating the needle to raise the ac-
curacy of needle placement. When the surgeon inserts the
needle, the device would rotate the needle base automatically
in conjunction with the duty-cycle strategy to follow a pre-
defined needle tip trajectory. Based on this design, Rossa,
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Usmani, et al. [90] proposed a further improved hand-held
system with a controlled longitudinal vibration to lower the
friction between needle and tissue to increase the accuracy
and stability.

5.3 | Fully automated steering

In this section, the robotics system carries out all the insertion
and rotation actions with the appointed insertion point and
target location. The system should calculate the desired tra-
jectory and guide the needle towards the endpoint and avoid
damaging normal tissue. This kind of robotics will replace the
surgeon and provide a more precise needle steering, raise the
accuracy, and lower the damage to tissue. However, it is a
challenge to put such a robotics system into clinical use.
Compared with the current clinical facilities, it needs multiple
modifications before using the system in the desired work-
space. There are also serious ethical issues in using a fully
automated surgical system. Without the control of surgeons, it
could lead to responsibility problems when a surgical accident
happens due to system instability and resultant failures.
Currently, most of the fully automated steering systems are,
therefore, only exist in the laboratory environment. Bassan
et al. [5] designed a 5-DOF micro manipulator for the fully
automated insertion and rotation through the needle base in
prostate brachytherapy. A similar design was proposed by Long
et al. [6] which combined intraoperative prostate tracking to
provide a higher placement accuracy. With the imaging device,
Hungr et al. [7] combined the automated system and ultra-
sound device to track prostate motion intra-operatively in or-
der to calculate the further action for the needle steering and
provide the inner steering trajectory to the supervised surgeon
in real time. Similar designs are also proposed in other litera-
ture [8—10]. To improve the steering accuracy, Adebar et al. [11]
proposed to use elastography for better imaging quality. In
their research, the only commercialised fully automated system
is SeedSelectron by Nucletron [12]. Another automated system
that is approved by Food and Drug Administration is MrBot
which is still under development [13]. Though the fully auto-
mated system is still facing ethical and technical problems as
mentioned before; however, the surgical and robotics research
area is moving towards full automation, this is an inevitable
research and development direction for robotic-assisted needle
steering,

6 | CONCLUSION

This study provides a review of the intersection of surgical
robotics and needle-based prostate brachytherapy over the last
3 decades, to enable readers to captute the recent research and
the developing directions. The review has introduced the areas
in needle steering approaches, deformation models, path
planning algorithms, and current surgical robotics for prostate
cancer, especially for prostate brachytherapy.

The main difference between brachytherapy and other
procedures like biopsy is that it requires multiple needle in-
sertions at the same time. The interaction between each
inserted needle could also lead to deformation of the needle
tip even if the former tip has been placed in the right
location. This makes brachytherapy more challenging than
other procedures. Besides, most of the current deformation
models are restricted to a single steered needle and the
analysing model for multiple low stiffness needles will
necessarily be more complicated than for the single needle
case. Further work for an updated model that could improve
the accuracy of prostate brachytherapy under such complex
force conditions is therefore needed. Currently, the main-
stream robotics used in clinical scenarios is surgeon-centred,
which assists the surgeon in needle insertion process. How-
ever, the appearance of data-driven models and the emerging
algorithms for path planning give new approaches to update
the automation level of surgical robotics. Researchers are also
investigating the possibility to bring fully automated robotics
into clinical scenes. This review highlights the area for re-
searchers to consider the main developing directions and
advances in order to explore the further potential to address
the current barriers of surgical robotics for prostate
brachytherapy.
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