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Abstract

PERCUTANEOUS nephrolithotomy (PCNL) is a procedure to remove kidney

stones through an incision in the patient’s back. Gaining kidney access is the

most challenging task in this procedure and the cause of many complications.

This thesis presents semi-autonomous solutions for improving PCNL procedure out-

comes. First, a cyber-physical PCNL simulator incorporating haptic feedback and

simplifying surgeon mental workload via teleoperation of a nephroscope, the surgeon

controls the tooltip position while a robotic agent controls its orientation.

This thesis then explores how subtask automation can further improve the proce-

dure. A multi-objective path planning algorithm is implemented to generate multiple

suitable paths for kidney access, from which an expert surgeon selects one for execu-

tion. The robotic agent then steers the tool along the path autonomously. A further

advancement adds a tool/tissue interaction model which determines tool bending;

thereby providing accurate trajectory tracking. The concepts are validated experi-

mentally in ex-vivo and phantom tissues.

Keywords: robotic surgery, cyber-physical simulator, semi-autonomous,

tool bending, percutaneous nephrolithotomy, path planning, haptic feed-

back
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Chapter 1

Advances in Semi-Autonomous

Percutaneous Nephrolithotomy
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N EPHROLITHIASIS also known as kidney stones or urinary calculi are a com-

mon ailment around the world, a�ecting between 1.7 to 14.8 % members of

any given population [1�4]. Kidney stones are formed in the kidneys from mineral

build-up, primarily calcium and other minerals [1, 4, 5]. A depiction of the renal �l-

tration system and mineral deposits is given in Fig. 1.1. While many small kidney

stones can pass down the urinary tract with little to no discomfort, larger kidney

stones cause intense discomfort and pose a risk of blocking urine �ow. In these cases,

medical interventions are required [1,6]. A variety of treatment options are available

for kidney stones, they range from non-invasive to minimally invasive [1]. Although

open surgical lithotomy was used in the past for kidney stone management, this has

been made obsolete through the adoption of less invasive solutions [1].

A patient suspected of having a kidney stone undergoes imaging to con�rm the diag-

nosis; ultrasonography (US) and computed tomography (CT) scans are both common

imaging tools used for this purpose [1, 7, 8]. X-rays and MRI have also been used as

imaging methods for diagnostics and determining the stone sizes, although they are

not used as frequently as US and CT imaging modalities. US imaging passes acoustic

waves through a patient's tissue. The waves are re�ected by parts of the tissue and

the US probe measures the re�ected response to generate an image [7]. US is a�ord-

able and free from ionizing radiation but it is not e�ective for accurately diagnosing

and estimating stone size, which often leads to smaller kidney stones not being identi-

�ed, or an overestimation in stone size [1,5,7,8]. Non-contrast computed tomography

(NCCT) is identi�ed as a gold standard for diagnosing kidney stones [5,7,8]. During

a CT scan, an x-ray re�ective contrast agent is injected into a patient while x-ray

images are taken from several angles to provide detailed images of internal anatomy.

The contrast agent permeates soft tissues through the vascular system, making them

more visible on the NCCT scan. However, in NCCT the contrast is not injected since

the goal is primarily to image kidney stones that do not bene�t from the contrast and

can be obscured by it [7, 8]. NCCT provides clearer images with more details com-

pared to US, although it is generally more expensive and exposes patients to ionizing

radiation [1,5,7,8].
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Figure 1.1: Kidney anatomy and �ltering system. The general kidney anatomy is shown on
the left with the location of kidney poles identi�ed. Two mechanisms are shown for possible
kidney stone formation: in (a) the calcium phosphate is deposited into the interstitium,
once it reaches the papillary surface, calcium oxalate deposits in the urine continue to grow
the stone. In (b), calcium oxalate deposits can plug the renal tubules and begin to form a
stone. 1

Prior to the use of a stone-removal procedure, medical imaging is used to determine

the size, shape, and location of the kidney stones, which assists in determining the

appropriate treatment option. The treatment option used for each patient then de-

pends on the size and location of the urinary calculi. The three most commonly used

treatment options are shockwave lithotripsy (SWL), ureteroscopic fragmentation and

retrieval, and percutaneous nephrolithotomy (PCNL) [1, 5]. Individual practitioners

use their discretion to determine the correct treatment for each scenario.

1.1 Kidney Stone Treatment Options

The most commonly used treatment option is SWL, making up approximately 40% to

50% of medical interventions for kidney stones worldwide since the majority of stones

1Reprinted by permission from Springer Nature, Nature Reviews Disease Primers, Saeed R. Khan
et al [1] © Macmillan Publishers Limited 2016.
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are relatively small [1]. Shockwave lithotripsy is the use of a high-energy acoustic

wave that is powerful enough to break-up the kidney stones. The stone fragments are

then passed naturally or SWL is combined with ureteroscopic removal. Guidelines

indicate that this treatment is appropriate for stones in the lower pole of the kidney

(see Fig. 1.1 for what region of kidney makes up the lower pole) and less than 15 mm

in size or for stones in the upper or middle poles if they are less than 20 mm [1, 5].

Imaging modalities like ultrasound or �uoroscopy are commonly used during SWL to

determine the precise locations of each stone so they may be accurately targeted with

the acoustic wave.

Ureteroscopic interventions are also frequently applied treatment methods, with oc-

currences of roughly 30% to 40% worldwide, they are generally applied to larger

kidney stones [1]. These procedures involve inserting an endoscope through the ure-

thra and guiding it inside the kidney to gain access to the stones and potentially

provide additional tools or other assistance in stone retrieval or removal [1,5]. These

intervention methods are often used consecutively with other interventions such as

shockwave lithotripsy and PCNL.

Percutaneous nephrolithotomy is the leading intervention for large kidney stones (usu-

ally greater than 20 mm), irregularly shaped ones (like staghorn calculi), or when other

intervention methods have failed [1, 5, 9, 10]. It is also a procedure frequently used

when a patient has anatomical abnormalities that make alternative treatment options

nonviable [9]. Since PCNL is a more invasive treatment option for more serious or

complicated instances of kidney stones, it is not practiced as frequently as SWL or

ureteroscopy; it is the treatment option used in 5% to 10% of renal calculi cases [1].

This minimally invasive procedure involves making a small incision in a patient's back,

see Fig. 1.2(a), the exact location of the incision depends on the locations of the kidney

stones although it is more common to enter the lower pole of a kidney [1,9]. A needle

is inserted into the incision to puncture the kidney and enter the renal pelvis through

a calyx, see Fig. 1.2(b). This is referred to as the puncture step and is considered

the most challenging and critical component of PCNL [9]. 2D imaging modalities are

4



(a) The incision is made in the patient's back. 1 (b) A needle is inserted through the puncture. 1

(c) The guide wire is used to guide the dilator as
it is inserted to expand the entry path into the
kidney, a sheath is then inserted.2

(d) The nephroscope is inserted through the
sheath into the kidney, tools are inserted through
the nephroscope.3

Figure 1.2: Basic steps for performing PCNL, beginning with the incision and puncture,
followed by guide wire insertion and dilation of the entry path and inserting a sheath. With
the sheath inserted stone fragmentation and removal occurs.

used to correctly align the tool for the puncture and to execute it, ultrasound and

�uoroscopy are the two widely accepted imaging methods for PCNL [1]. Due to the

challenging nature of gaining kidney access, it is one of the most common causes of

injury and excessive bleeding during PCNL [11,12].

Once access to the kidney has been established, a guidewire is inserted through the

entry path and into the ureter, see Fig. 1.2(c) [9,11]. With the guidewire in place, a

dilator is used to expand the entry path into the kidney, it needs to be expanded to

1Reprinted by permission from Springer Nature, Percutaneous Nephrostomy, David Webb [13]©
Springer International Publishing Switzerland 2016. Cropped slightly from originals.

2Reprinted by permission from Springer Nature, Routine PCNL, David Webb [14] © Springer
International Publishing Switzerland 2016. Cropped slightly from original.

3Reprinted by permission from Springer Nature, Positioning During PNL, András Hozenk [15]©
Springer International Publishing Switzerland 2020.
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create room for larger tools and a sheath. Once the path has been expanded with the

dilator, a sheath is put in place to maintain this opening and the dilator is removed.

The nephroscope can now be inserted through the sheath [14], Fig. 1.2(d). The

nephroscope can now navigate within the kidney to reach various kidney stones.

The next step in the procedure is to break-up and remove the kidney stones. Some-

times stones are small enough that they can be removed directly, although most

must be fragmented prior to removal [16]. Shockwaves are used to fragment the

stones within the kidney similar to SWL, generally ultrasonic lithotripsy is used for

stone fragmentation, although pneumatic or laser stone fragmentation methods are

sometimes necessary for particularly hard calculi [9]. While the stones are being

fragmented, the kidney is irrigated to remove small stone fragments as they are cre-

ated [14]. Forceps may also be used to remove larger kidney stone fragments through

the nephroscope [14].

Although PCNL is a highly e�ective kidney stone treatment option, it is considerably

more invasive than SWL and ureteroscopic fragmentation and retrieval; therefore, it

has higher complication rates in particular related to bleeding and infections [1,5,9,10].

Most of the complications related to PCNL are caused by mistakes in tool steering

when gaining kidney access. During the puncture step, it is possible to miss the kidney

and instead damage the surrounding tissue. This includes puncturing the pleural

leading to a pneumothorax, hydrothorax, or hemothorax, or puncturing nearby organs

such as the colon [17�20]. It is also possible to incorrectly puncture the kidney; causing

a vascular injury from the puncture of the renal pelvis or a calyceal infundibulum,

this is a possible result of not entering through a calyx [1, 17�20]. An example of

a possible cause for a vascular puncture and the resulting injury is shown in Fig.

1.3. Any of these described errors in tool steering during the puncture step can

lead to excessive bleeding and possible infection [17, 18, 21]. Barring the puncture

step, excessive bleeding can be caused by the sharp angulation of the nephroscope or

sheath during PCNL [17,18], therefore, careful control of the orientation is vital.

Since PCNL is not practiced as frequently as other kidney stone treatment options,
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(a) Example of a puncture that
causes a vascular injury. The
tool punctures the vasculature
and the renal pelvis.1

(b) A patient's renal artery was
punctured during PCNL, there
are two pseudoaneurysms and a
large arteriovenous �stula. 2

(c) The kidney after treat-
ing arterial injuries, excessive
bleeding was stopped, pseudoa-
neurysms were embolized.2

Figure 1.3: Possible cause of vascular puncture during PCNL puncture step, and the result-
ing bleeding complications from a patient who received a vascular injury during PCNL.

training opportunities are limited, further exacerbating the existing challenges for

novices when learning the procedure, in particular the initial puncture of the kidney.

Despite being the leading intervention for severe instances of renal calculi, only 11%

of urologists successfully gain access to the kidney stones themselves [22]. A variety

of studies have explored how many practice procedures must be performed to reach

pro�ciency, the reported number of trials recommended before a novice surgeon is

consider pro�cient varies from 30 to 100 attempts [6,23,24].

Thus, it is integral to patient safety to provide novices with numerous e�ective train-

ing opportunities, or additional real-time assistance methods during the procedure

while thoroughly minimizing risks to patients. A variety of training options have

been created throughout the years to assist new surgeons in gaining the surgical skills

required to perform PCNL. These training options include both more traditional op-

tions that are a physical facsimile to part of the human body and more technologically

advanced options such as simulators.

1Reprinted from European Urology, vol. 51, Maurice Stephan Michel, Lutz Trojan, Jens Jochen
Rassweiler, Complications in Percutaneous Nephrolithotomy, p.899-906, Copyright 2016, with per-
mission from Elsevier [18]

2Reproduced under CC BY from [25], cropped slightly from originals
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1.2 Conventional Physical Training Options

Physical models are frequently used to train surgeons for numerous procedures in-

cluding PCNL. Training models are generally categorized as either wet models, which

are composed of real tissue, and dry models which are composed of synthetic materi-

als [6, 23, 26, 27]. Wet models include a variety of ex-vivo and in-vivo animal tissue,

human cadavers, while dry models include synthetic tissue phantoms, and large bench

models [6, 23, 26�28]. Wet and dry models are capable of providing similar training

opportunities, although the precise bene�ts of each vary [6,23,26].

1.2.1 Wet training models

Wet models provide considerably realistic training scenarios as they are made of an-

imal or human tissues, and provide accurate force feedback with relatively accurate

anatomy depending on the model. Small wet models are composed of ex-vivo animal

tissue, porcine is the most common selection [27]. A small wet model may be com-

prised of a pair of animal kidneys suspended in a material like silicone [28], or placed

inside additional animal tissue to represent the anatomical structures surrounding

the kidney [6, 29�31]; two of these small wet models are shown in Fig. 1.4(a) and

1.4(b). This type of wet model provides training opportunities for gaining kidney

access [6, 9, 24], and opportunities to train other PCNL subtasks such as stone scav-

enging, drainage catheter insertion; applying an imaging modality like ultrasound,

and fundamental surgical skills like incisions and sutures [28]. Some wet models are

small samples of porcine or poultry tissue that are used to train surgical dexterity and

other basic skills such as suturing. One of the largest bene�ts of small wet models

is their a�ordability and availability since ex-vivo porcine tissue can be sourced from

local butchers. However, these are low �delity models which do not represent any

particular part of the kidney or other anatomy related to the procedure.

8



(a) Catheterized porcine kidneys layed out on a
silicone base before being enclosed in silicone.1

(b) Catheterized porcine kidney on the porcine
�esh used to represent the patients back.2

(c) Vegetable model used to train puncture step
of the procedure. 3

(d) Anesthetized pig used to train entire PCNL
procedure. 4

Figure 1.4: A variety of wet training models for PCNL.

Larger wet models are also frequently used during later training phases once basic

surgery skills and knowledge have been acquired, they allow trainees to practice full

procedures and all skills related to PCNL. Similar to smaller wet models, they provide

accurate force feedback and other tissue characteristics. Large wet models include

human cadavers which provide the most accurate anatomy with no risk to the patient.

Although, medical cadavers can be challenging to acquire and this minimizes training

opportunities with them [6, 34]. In addition to cadavers, live anesthetized pigs, as

1Reprinted by permission from Springer Nature, Ex vivo training for percutaneous renal surgery,
Walter Ludwig Strohmaier et al [28] © Springer-Verlag 2005.

2Reprinted by permission from Springer Nature, New ex vivo organ model for percutaneous renal
surgery using a laparoendoscopic training box: the sandwich model, Stephan Jutzi et al [31]©
Springer-Verlag Berlin Heidelberg 2013.

3Reproduced under CC BY-NC-SA 3.0 from [32]
4Reprinted from BJU International, vol. 106, Mahesh Desai, Ravindra Sabnis, Veeramani Muthu,

et al, Percutaneous renal access training: content validation comparison between a live porcine and
a virtual reality (VR) simulation model, p.1753-1756, Copyright 2010, with permission from John
Wiley and Sons [33]. Cropped slightly from original.
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shown in Fig. 1.4, are used to practice the procedure [33]. Training with live animals

provides highly realistic scenarios with the opportunity to train on a patient that

bleeds, breaths, and presents other physical phenomena which are experienced when

working with live patients [23,27]. Live animals can be di�cult to store and transport;

additionally, there are ethical and legal issues that must be considered when working

with live animals [23].

While not frequently studied, some early training for gaining kidney access may be

performed on fruit or vegetable models (aubergines and watermelons are common

choices) an example of this is shown in Fig. 1.4(c) [6, 32]. Although these are not

animal-derived tissue specimens like others presented in this section, they are still

similar enough to other wet model examples to be included here.

The biggest drawbacks of wet model training are their limited uses. Many of the mod-

els can only be used once which drastically limits training opportunities [6,23,27]. The

materials for the smaller wet models must be sourced and the models constructed for

each use, which presents a signi�cant �nancial requirement and requires manpower

to create enough models for several training opportunities. Live animals pose even

greater problems in regard to their transport, storage, and care. Moreover, live ani-

mals require anesthetic resources and manpower during the procedure which requires

notable planning e�orts for a single-use training scenario while posing ethical and

legal issues [6,23,27]. Finally, while human cadavers pose excellent training opportu-

nities there are limited training scenarios available with these and they only provide

a single training use each.

1.2.2 Dry training models

An alternative to wet models are dry models, these provide repeated usage and are

generally easier to transport [6,26]. These include some low �delity tissue phantoms

that do not closely represent any particular anatomy related to PCNL and as such,

they are used primarily to train individual subtasks and skills required to complete

the entire procedure [26, 35]. Matsumoto in [36] found that low-�delity models are
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(a) The URO Mentor physical training simulator.
Source: reproduced from [37]

(b) Medskills Standard Scope Trainer. Source:
reproduced from [38]

Figure 1.5: Three types of physical dry training models.

e�ective training devices as long as the skills trained on them accurately represented

the skills required in actual practice. To training on the entire PCNL procedure

in an operating room environment, larger physical models are necessary to provide

trainees the ability to repeatedly train for PCNL. A few di�erent larger bench models

exits such as the URO Mentor from3D Systems[37] and the Medskills Standard

Scope Trainer [38], depicted in Fig. 1.5(a) and 1.5(b) respectively. These larger

bench models allow trainees to practice the entire procedure of PCNL rather than

individual skills or subtasks. Some of the more advanced physical simulators like the

URO Mentor can mimic a variety of tactile and physical phenomena while providing

imaging simulated imaging feedback [37]. While these models represent a slightly

higher initial cost than wet models, their repeated usability makes them a common

and e�ective training tool [6, 23, 26, 35]. The drawback associated with many bench

models and tissue phantoms is in the tactile feedback they provide, which does not

mimic the feedback experienced during percutaneous nephrolithotomy. Additionally,

bench models only allow for a few select scenarios or parts of a procedure to be

experienced, and this may limit the training opportunities even further [6,23].

A desirable training model allows for a procedure to be attempted repeatedly while

also providing accurate tactile and image feedback. To this end, virtual simulators

have been created to provide additional training opportunities for PCNL.
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1.3 PCNL Simulation Training Options

PCNL simulators provide a safe and e�ective training method, allow repeated usage,

and can simulate a variety of scenarios. PCNL simulators are able to mimic a variety

of physical phenomena, such as breathing, that are encountered during the procedure

and may not be present in dry or wet models [26]. They are also able to simulate

a variety of scenarios including abnormal kidney anatomy, various kidney stone sizes

and placements, and possible complications [6]. Additionally, unlike smaller physical

models, they allow the user to practice the entire procedure in most simulators [6,

26]. Further, simulators can record participant performance, tool trajectories, and

other measures of performance to provide quantitative and qualitative feedback on

performance for the procedure.

A frequently used simulator is the PERC MentorTM , while sometimes referred to as a

virtual reality system, it employs a cyber-physical approach by implementing an in-

teractive physical model as well as computer-based simulated components. Thus, the

system is more accurately described as an augmented reality (AR) training simulator,

see Fig. 1.6(a) [6,26,39�41]. The PERC MentorTM has demonstrated to be a highly

e�ective training tool for PCNL [40,41]. Augmented reality creates detailed training

scenarios with some tactile feedback from the physical model; although, the available

scenarios may be limited by the physical model [26].

Another type of simulator that has been implemented for PCNL training is virtual

reality (VR). This allows surgeons to see and interact with the tools and imaging

they may experience in an operating room similar to augmented reality. However, the

bene�t of a more fully virtual platform is in its �exibility in procedure and scenarios.

VR systems like the VirtaMed UroSTM Fig. 1.6(c) or the Marion Surgical K181 PCNL

Simulator [26] Fig. 1.6(b) are able to provide a wide variety of training scenarios while

providing some tactile feedback to the user through a haptic device representing the

tool. Both VR and AR simulators can provide data to the user as they record the full

procedure including tool movements, completion time, etc. In particular, the bene�t
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(a) PERC Mentor TM aug-
mented reality simulator.
Source: reproduced from [37]

(b) Marion Surgical K181
PCNL virtual reality simulator.
1

(c) VirtaMed UroS TM virtual
reality simulator. Source: re-
produced from [42]

Figure 1.6: Virtual and augmented reality PCNL training simulators.

of simulators is their reusability. Individual scenarios can be attempted several times,

or adjusted slightly each time, providing more training opportunities for novices. Some

of the drawbacks of simulated training systems are the �delity of tactile information

or other physical feedback [6,26]. While both AR and VR generally incorporate either

a physical model or some amount of haptic feedback that may be similar to what is

experienced during a procedure, these areas still need improvements to be more akin

to what is experienced when working with actual tissue [43]. Further, these simulators

are generally expensive which creates a higher barrier of entry compared to some of

the physical models described earlier.

While a novice will have received signi�cant training on models and simulators, the

�ne-tuning of their skills with the procedure will be completed on real-world patients.

Ideally, the shift to human patients should be made as safe as possible. To that

end, robotic assistance can ease the transition while continuing to provide additional

feedback or assisting the surgeons during the procedure.

1Reproduced under CC BY from [26]. Cropped slightly
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1.4 Assistance types available during PCNL

Due to the risks associated with PCNL and the challenges in performing the proce-

dure while gaining competency, assistance can help o�set the inexperience of a novice

surgeon. These assistance methods are applied in real-time in the operating room to

both train a novice and further ensure the safety of the procedure. Assistance can be

sought through a variety of means such as visual assistance through augmented real-

ity, physical assistance through haptic feedback, or by semi or fully automating the

procedure. Semi-autonomous in the context of surgery can refer to the automation of

surgical subtasks: gaining kidney access, scavenging for stones, and more. Alterna-

tively, fully autonomous surgery paradigms include one or more robotic manipulators

to perform the procedure with little to no input from the surgeon. Some of these

assistance methods have been proposed in literature to be applied to PCNL, while

others have been applied to a variety of other surgical procedures and demonstrate

qualities that may be suitable for application to PCNL [44�48,48�54].

Due to the challenges encountered in PCNL from inexperience to challenging patient

anatomies, the application of assistance during the procedure is a natural solution

when bridging the gap from novice to expert or providing additional help to experts

during particularly complex scenarios. A commonly studied type of assistance during

PCNL is augmented reality. Some of the earlier uses of augmented reality are applied

by using preoperative imaging to create 3D models of the kidney and then projecting

this 3D model onto other imaging options to provide the surgeon with more data

during the procedure [55�57]. In [55, 56] an Ipad is used as a camera and display,

it overlays a correctly oriented 3D model of the kidney on the live image of the

procedure while a novice gains kidney access. Similarly, [57] projects the 3D model

onto ultrasound images during the procedure to better visualize the kidney's internal

structures. Ferraguti et al. propose two di�erent forms of assistance in [58]. First,

they apply augmented reality to overlay a patient's anatomical structures in a VR

display. Second, they use a robot manipulator to apply haptic assistance, guiding the

user to the correct puncture site and assisting in maintaining tool orientation during
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the puncture step.

Robot assistance is becoming increasingly common in a variety of surgical procedures

due to its precision and consistency. Robotics can aid novices when learning PCNL

while maintaining patient safety, or assist expert surgeons in particularly complex sce-

narios. For example, [59] controlled for out-of-plane motion using robotic assistance,

thus, accounting for the patient's breathing during the puncture step. This method

of robotic assistance aims to simplify the procedure somewhat for the surgeon per-

forming it by allowing a robot to handle an aspect of the procedure. Likewise, robots

can be used to automated surgical subtasks such as [60] where the kidney puncture

is performed autonomously.

A clinically implemented version of robotic assistance exists in the form of teleop-

erative platforms. These allow a surgeon to perform the procedure with increased

precision and control. These systems may implement tremor reduction to reduce un-

intended micro-movements by the surgeon, or through gesture reduction which allows

a surgeon to precisely control a surgical instrument with a small workspace. In recent

years this form of robotic assistance has been implemented for robotic nephrolitho-

tomy and robotic pyelolithotomy, although these intervention methods are generally

only used for more complex cases of nephrolithiasis [61�63]. This method of robot

assistance does not provide additional assistance other than increasing a surgeon's

control and precision during the procedure. A surgeon still needs to be skilled in

order to perform robotic nephrolithotomy and robotic pyelolithotomy since they will

receive no guidance or other help from the robot.

Several robotic assistance methods have been applied to medical interventions other

than PCNL. These assistance methods can include teleoperative robotic imaging con-

trol such as �uoroscopy or ultrasound steering [44�46]. These systems provide pre-

cision, stability, and repeatability of the imaging modality. Additional robotic assis-

tance based on visual servoing can greatly bene�t from stable imaging with accurate

positioning information from the robotic manipulator. Another form of assistance

aims to simplify the procedure or increase patient safety by applying constraints
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through a teleoperated robotic platform [47, 48]. These constraints aim to simplify

the procedure by maintaining the orientation and/or position of a tool, such as the

entry point, or by adding environmental constraints that ensure collision-free motion

of the tool [48�50]. Simplifying a procedure can also be achieved through the automa-

tion of surgical subtasks. Automation of this kind usually requires a surgeon to set up

and align the robotic system and supervise the autonomous execution of the subtask.

This form of semi-autonomous assistance has been explored for blunt dissection, soft

tissue retraction, oral and maxillofacial surgery, and more [51�54].

A less autonomous approach to robotic assistance can be sought through tactile feed-

back during teleoperation tasks. This form of feedback provides additional informa-

tion to the surgeon which can be bene�cial for novices and experts. Haptic assistance

is able to keep a human in control of a procedure, which is often lost in more au-

tonomous assistance methods. One application of haptic feedback for medical inter-

ventions is in providing environmental cues to assist a surgeon in avoiding sensitive

anatomical structures such as the placenta during fetal laser surgery, vein walls dur-

ing endovascular procedures, and implementing a working region for brain tumour

removal [64�66]. Alternatively, haptic feedback can restrict motion even further by

guiding a user along a desired trajectory [67, 68]. Tactile feedback has also been ex-

plored to communicate tissue characteristics to the surgeon. This can include the

tissue forces to mimic the tactile sensations felt during manual surgery, or to iden-

tify di�erent tissue types such as cancerous tissues [69�72]. While haptic assistance

has been shown to be bene�cial for a variety of medical procedures, it has not been

explored in much detail for PCNL outside of training in simulators.

The assistance methods applied to PCNL focus primarily on training scenarios such as

those provided in simulators. Some e�orts have been made to include additional visual

information to novices while performing the puncture step of the procedure. Never-

theless, PCNL training and clinical use would bene�t from more advanced frameworks

to improve a surgeon's performance during PCNL.
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1.5 Proposed Framework

Robotic assistance methods for PCNL have not been thoroughly explored, despite the

widespread clinical acceptance of PCNL and the documented challenges and safety

concerns. Particularly, little focus is applied to bridging the gap between training

platforms and a novice's �rst real-world interventions. Furthermore, haptic feedback

has not been suitably explored and evaluated for its e�ectiveness in teaching the

PCNL procedure. The training framework proposed in this thesis aims to provide a

framework to simplify the procedure for the user. Additionally, haptic feedback from

an expert demonstration is implemented to teach a novice the correct trajectory while

keeping them in control of the operation. This framework can be implemented both

on tissue phantoms or other training situations, or during some of the novice's �rst

interventions to provide a smooth transition for the novice from training scenarios to

the operating room. A skill assessment method is created to determine the e�ective-

ness of training an unskilled user with haptic feedback. The results from a minimal

set of training and evaluation samples found that the haptic feedback proposed in this

thesis is a suitable method of training and improves a user's performance even once

the haptic feedback is removed.

In addition to haptic feedback for training, robotic assistance is also proposed. Tool

path planning and tracking have remained unaddressed in literature relating to robot-

aided PCNL. This is addressed in this thesis through the use of a multi-objective

optimizer that determines an optimal path through the entry point in the kidney to a

desired goal location. The path is represented with a uniform B-spline, which requires

only a few anchor points to determine the entire path, simplifying the dimensionality

of the optimization problem. The multi-objective optimizer considers a unique set of

four cost functions that are selected speci�cally for the application of gaining access

to kidney stones during PCNL. These four objectives include trajectory smoothness,

tool proximity to obstacles, tissue strain energy at the entry point, and path length.

Each of the four objectives serves to plan an appropriate path that considers patient

safety.
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Some of the important factor that are considered by surgeons when moving from open

surgeries to minimally invasive ones are recovery times and possible complications.

PCNL is no exception. Studies have shown that decreasing the size of the nephroscope

leads to less bleeding and potentially shorter recovery times. Small nephroscopes, also

referred to as micro nephroscopes, are used more frequently in paediatric patients.

The smaller size of these tools leads to potential bending of the nephroscope itself.

Similarly, the puncture needle may also undergo bending while gaining kidney access.

This may lead to trajectory tracking errors during more autonomous approaches. To

address this issue a trajectory tracking algorithm is developed in this thesis. It employs

a novel tool/tissue interaction model to determine the possible tool bending along

a trajectory. This model is combined with a multi-objective optimizer to solve the

inverse problem of �nding a suitable tool pose where the tip location traces the desired

trajectory. This framework is then evaluated through simulations and physical trials

on ex-vivo porcine tissue to demonstrate its ability to compensate for tool and tissue

deformation during the procedure. This algorithm may also allow for more �exible

tools to be used in the future with semi-autonomous frameworks. A more �exible tool

would likely cause reduced tissue trauma and provides more manoeuvrability within

the kidney, thus, requiring fewer incisions and entry points for more severe cases of

nephrolithiasis.

1.6 Thesis Objectives and Outline

This thesis focuses on creating a semi-autonomous and autonomous robotic framework

to train novices and simplify the PCNL procedure for experts. The �rst framework

proposed in this thesis provides haptic feedback based on a prede�ned trajectory to

train a novice or assist an expert surgeon during kidney access. Haptic guidance for

PCNL has not been explored in literature in detail, despite the documented challenges

in successfully gaining kidney access. This guidance is combined with a constrained

kinematic environment for the robot arm to reduce the user's workload, thereby,

further simplifying the procedure.
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The second framework focuses on automating kidney access. First, an optimal tool

trajectory is planned using preoperative information. This trajectory is then imple-

mented as an automated subtask where the robot performs the puncture step and

reaches the kidney stones autonomously. To further automate gaining kidney ac-

cess, a tool/tissue interaction model is used to determine potential tool bending and

compensate for it with a trajectory tracking algorithm.

This thesis is organized as follows:

Chapter 2 presents the cyber-physical PCNL framework proposed to train novices

and has three complementary contributions. First, a teleoperation framework is used

where the position and orientation of the robot are decoupled and the operator only

controls the Cartesian position of the tooltip. The second contribution lies in the

implementation of the haptic assistance. The simulator creates a potential �eld of

forces based on an expert demonstration provided in the physical slave environment.

This potential �eld is then used to determine the magnitude and direction of haptic

feedback force to apply. The �nal contribution proposes a method of evaluating the

e�ectiveness of the framework proposed in this chapter. Sixteen participants took part

in a total of �ve trials each. A unique set of evaluation criteria are created to evaluate

the individual performance of each participant and demonstrated the e�ectiveness of

training with haptics.

Chapter 3 presents a path planner that serves as the foundation for automated

robotic PCNL. Multi-objective non-dominated sorting genetic algorithm II (NSGA-II)

is proposed to plan a B-spline curve through a set of anchor points that represents the

desired tooltip trajectory from the entry point to the stone location. The outputs of

the algorithm are the optimal spline coe�cients that minimize the trajectory length,

tissue displacement, and trajectory smoothness, while maximizing the distance to

obstacles.

Chapter 4 takes the concept one step further and proposes two contributions. First, a

novel tool/tissue model is proposed to describe the de�ection of a �exible tool during

robot-aided PCNL. The second contribution involves using the model in a multi-

19



objective optimizer to solve the inverse kinematic problem that allows the deformed

tool to follow a prede�ned trajectory given multiple objectives.

Chapter 5 presents the general conclusion of the work proposed here and recommen-

dations for future work.
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Chapter 2

Constrained Haptic-Guided Shared

Control for Collaborative

Human-Robot Percutaneous

Nephrolithotomy Training

© Elsevier Ltd

Reprinted, with permission from Olivia Wilz, Ben Sainsbury, and Carlos Rossa,

Constrained Haptic-Guided Shared Control for Collaborative Human-Robot Percutaneous Nephrolitho-

tomy Training,

Mechatronics, 0957-4158, vol. 75, p. 102528, 2021. DOI: 10.1016/j.mechatronics.2021.102528

21



2.1 Introduction

T HIS chapter introduces a teleoperative framework for PCNL (percutaneous

nephrolithotomy) training. The cyber-physical simulator proposed here assists

surgeons in two ways: �rst, by providing haptic feedback to the operator to help teach

the optimal manoeuvers to gain kidney access; second, by reducing the procedure

workload through surgical subtask automation using a robotic agent.

2.1.1 Haptic Feedback

Haptic feedback has been explored for training in surgical scenarios other than PCNL.

While some debate still exists on the e�ectiveness of haptic assistance and feedback,

literature suggests that when haptic feedback is task-speci�c, it provides additional

useful information to a surgeon leading to reduced learning times, improved task per-

formance, quality, dexterity, improved retention rates [73�75], and better acceptance

of simulator training by professionals [76]. The most frequent implementation of hap-

tic feedback is by creating virtual �xtures to prevent a tool from reaching certain areas

in a workspace to protect sensitive tissues [77�79]. Another form of haptic feedback

aims to mimic the tactile forces felt during the procedure, these generally incorporate

force sensors into the surgical instruments and recreate these forces in a teleoperative

setup [80]. While these forms of haptic feedback have been shown to be bene�cial

for experienced surgeons during teleoperated surgery, they are not meant to teach a

surgical task.

To address this problem, haptic feedback is proposed to guide a surgeon along a

prede�ned path in [67, 81], and speci�cally to guide a novice through the insertion

task of PCNL in [58]. Kidney access was decomposed into di�erent subtasks and

a speci�c form of haptic feedback was provided during each task. The framework

required the surgeon to maintain tool orientation during the insertion step, and as

such, it requires signi�cant skill and knowledge from the surgeon. Further, haptic cues

for gaining kidney access were not suitably assessed for what bene�ts they provided
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during the procedure.

In addition to providing haptic feedback, training can be made easier by simplify-

ing the teleoperative environment. This concept may be explored in surgical subtask

automation such as tool orientation, stone fragmentation, stone removal, etc., while

the surgeon learns to perform a complementary task. Subtask automation allows the

workload to be shared between the operator and the robotic agent. In addition, data

acquired from expert surgeons can de�ne an optimal tool path, and subsequently, a

robotic agent can assist the surgeon in following that path during surgery. In this con-

text, less experienced surgeons would bene�t from the expertise of more experienced

surgeons.

2.1.2 Tool orientation subtask automation

Typically, gaining access to kidney stones during PCNL is done under two-dimensional

image guidance. It becomes challenging to visualize and mentally recreate the three-

dimensional anatomy of the kidney and the relative location of stones and tools. To

simplify the workload, the entry point into the kidney can be constrained to minimize

damage to the surrounding tissue. With the assistance of a robotic manipulator, a

remote centre of motion (RCM) can be implemented to constrain the entry point in

this fashion.

Remote centers of motion have been explored for their applicability to medical proce-

dures, primarily through physical assistive devices that restrict a surgeon's available

motion [82�85]. Nevertheless, some instances of RCMs used within robotic frameworks

do exists. For example, Garcia et al. [86] applied a RCM to a robotic manipulator

mounted on a mobile robot. A remote centre of motion is proposed for implementa-

tion in a surgical environment in [87]. While the RCM is bene�cially in simplifying

the procedure for a novice, the inverse kinematic framework described in this chapter

proposes to combine a RCM constraint with joint limit constraints incorporated into

the inverse kinematic framework of the robotic manipulator to ensure patient safety

while minimizing the mental workload for the surgeon.

23



Figure 2.1: The general setup of cyber-physical robot-aided PCNL training framework. The
3 DOF (degrees of freedom) haptic device provides position information to the controller
while receiving force feedback information. The controller sends joint angles to the 6 DOF
robotic arm, allowing the 3 DOF haptic device to control the 6 DOF robotic arm.

2.1.3 A cyber-physical simulator for PCNL training

This chapter aims to merge haptics and robotic assistance to implement a novel

cyber-physical simulator for PCNL training. These two forms of robotic assistance

work alongside the operator in a collaborative fashion. With the teleportation scheme

shown in Fig. 2.1, the robotic agent helps the operator follow a predetermined kidney

access path while maintaining the remote centre of motion. Further, the incorporation

of haptic feedback allows the surgeon to compensate for trajectory tracking errors

while maintaining full control of the procedure.

The cyber-physical simulator system is shown in Fig. 2.1, where a 3 degree of freedom

(DOF) haptic device is used to control a 6 DOF robotic arm. The inverse kinematics

constrain the entry point in the tissue to the tool shaft, thus the surgeon only controls

the Cartesian position of the tooltip. The controller determines the force feedback to

send to the user and updates the robot joint angles based on the inverse kinematics.

This framework has three complementary parts. First, teleoperation is used to de-

couple the position and orientation of the robot such that the operator only controls
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the Cartesian position of the tooltip while the robot ensures that the position of the

entry point in the tissue remains unchanged. This is the idea behind a remote centre

of motion. The RCM is incorporated into the inverse kinematics by considering the

entry point as the tip of a tool with variable length, while the joint limits are included

analytically in the formulation using a saturation function for the joint speeds. This

is the focus of section 2.2.

The second part of the framework implements haptic assistance. The simulator bases

the potential �eld on an expert demonstration provided in the physical slave environ-

ment, where the demonstrator controls the robot through the haptic device, and the

sti�ness of the potential energy �eld is dependent on the proximity to the phantom

tissue. This potential �eld is then used to determine the magnitude and direction of

haptic feedback force to apply. This is discussed in section 2.3.

Finally, a method to evaluate the e�ectiveness of the framework is proposed in this

chapter.

The remainder of this chapter is organized as follows. Section 2.4 focuses on user trials

along with the validation of the analytical joint limitations. The results are discussed

in detail in section 2.5. The overall performance of the contributions is discussed in

section 2.6, along with potential future improvements.

2.2 Inverse Kinematic Formulation for Constrained

Tool Orientation during PCNL

During PCNL a long thin tool is inserted into a small incision into the patient's back

to gain access to the kidney; this requires the control of the position of the tooltip

as well as the orientation of the tool to ensure that it continues to pass through the

entry point during insertion. Once inside the kidney, multiple kidney stone locations

may be reached through the same entry point. Thus the path of the tooltip is not

a straight path and navigation within the kidney is necessary. While some deviation

from the entry point is acceptable this should be minimized to reduce the risk of
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additional tissue damage. To this end, the entry point in the kidney can be used to

constrain the tool's orientation.

In the context of robot-assisted PCNL, these two points � that is the tooltip position

and entry point � are su�cient to solve for the inverse kinematics of the robotic

manipulator using a remote centre of motion. This remote centre of motion (RCM)

allows the user to navigate the tooltip within the kidney to reach a desired goal

location. Since the robot will control the tool to ensure that it passes through the two

points in space, the inverse kinematics need to be developed in terms of six Cartesian

coordinates (two 3D points) rather than three Cartesian coordinates de�ning the

position and three angles de�ning the orientation. The inverse kinematics should

take into account the joint limits of the manipulator so as not to exceed them during

operation.

To con�gure the inverse kinematics as described above, the forward kinematics must

be determined to de�ne the RCM and the tooltip position based on the joint angles

of the manipulator.

2.2.1 Forward Kinematics

The forward kinematics of the robot arm is derived using the modi�ed Denavit-

Hartenberg convention which speci�es a set of homogeneous transformationsi � 1
i T

that expresses the position and orientation of the kinematic chain'si th joint with

respect to joint i � 1 as:

i � 1
i T =

2

6
6
6
6
6
6
6
6
4

c� i � s� i 0 ai � 1

s� i c� i � 1 c� i c� i � 1 � s� i � 1 � di s� i � 1

s� i s� i � 1 c� i s� i � 1 c� i � 1 di c� i � 1

0 0 0 1

3

7
7
7
7
7
7
7
7
5

(2.1)

where c(�) stands for cos(�) and s(�) for sin(�), � i is the angle of thei th joint about

its rotational axis, � i � 1 is the angle from the previous (i � 1) rotational axis to the

current (i th ) rotational axis sometimes calledlink twist, ai � 1 is the distance from the
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previous joint axis to the current joint axis (generally the previous link length) and

di is the displacement of the current link along its axis of rotation also known as the

link o�set .

The transformation matrices are multiplied, as shown in (2.2) and (2.3) wherej is the

total number of degrees-of-freedom (DOF). The tooltipj
t p 2 IR4� 1 and constrained

point j
cp 2 IR4� 1 can be described relative to thej th reference frame by using only the

fourth column of (2.1), since their orientations are not necessary. The tooltip position

0
t p 2 IR4� 1 is

0
t p =

jY

i =1

( i � 1
i T ) j

t p: (2.2)

The constrained point position0
cp 2 IR4� 1 is

0
cp =

jY

i =1

( i � 1
i T ) j

cp: (2.3)

Since the constrained point is along the tool shaft its location can be de�ned in the

same way as the tooltip with the only notable di�erence being the tool lengthdt and

dc as shown in Fig. 1. The tool itself will have a constant length, while the distance

to the constrained point is variable depending on the insertion depthl of the tool

inside the kidney such thatdc = dt � l . This means that j
t p can be de�ned as:

j
t p =

�

aj � dts� j dtc� j 1
� T

; (2.4)

where the transpose is denoted by(�)T , and j
cp can be de�ned relative to j

t p as:

j
cp =

�

ai � 1 � dcs� j dcc� j 1
� T

= j
t p �

�

0 � ls� j lc� j 0
� T

; (2.5)

The vectors created in (2.2) and (2.3) together contain six equations for describing

the tool's tip and constrained point positions relative to the base. Altogether they

make up the forward kinematic solution. These equations are used to �nd the inverse

kinematic formulas; however, the results need to be bounded by the joint limits of the
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manipulator. To take the joint limits into account during the inverse kinematic model,

a nonlinear saturation function is implemented that limits the speed of a given joint

when it approaches its limit. This is implemented as a nonlinear gain in the Newton

Raphson method. Which has the added bene�t of providing a unique and feasible

solution rather than multiple solutions where a particular con�guration needs to be

selected.

2.2.2 Constrained Inverse Kinematics

The tooltip and constrained point positions and velocities can both be found using the

current joint angles and angular velocities. To �nd the constrained inverse kinematics

the opposite must be done, such that the joint angles can be found based on the

tooltip and constrained point positions.

Let pi be the i th entry in vector p de�ned in (2.2) and (2.3). One can de�ne the task

space vectorx 2 IR6� 1 as

x = [ 0
t p1

0
t p2

0
t p3

0
cp1

0
cp2

0
cp3]T : (2.6)

Normally, the Jacobian is constructed using three equations describing the position

and three describing the orientation of the manipulator. In (2.6), however, the Jaco-

bian is constructed from the six position equations, three for the tooltip position and

three for the remote centre of motion. Generally, when constructing a Jacobian ma-

trix for a robotic manipulator, three equations for position and three for orientation

are used, rather than 6 position equations.

These equations de�ne the position of the tool; it is important to note that while this

allows the 6 DOF manipulator to be controlled with a 3 DOF device, only 5 DOF are

being accounted for since the tool can be rotated about its longitudinal axis which

does not a�ect its Cartesian position. Let:

� = [ � 1 � 2 : : : � j ]T : (2.7)
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be the joint space vector of the manipulator (2 IR j � 1). The Jacobian describes the

relationship between_x (the vector of the Cartesian velocities) and_� (the vector of

the angular velocities) as

_x= J _� ; (2.8)

here the time derivative is denoted by the(_)operator. In (2.8), J 2 IR6� j is de�ned

as:

J =
@x
@�

=

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

@0
t p1

@�1
@0

t p1

@�2
� � � @0

t p1

@�j

@0
t p2

@�1
@0

t p2

@�2
� � � @0

t p2

@�j

@0
t p3

@�1
@0

t p3

@�2
� � � @0

t p3

@�j

@0
c p1

@�1
@0

c p1
@�2

� � � @0
c p1

@�j

@0
c p2

@�1
@0

c p2
@�2

� � � @0
c p2

@�j

@0
c p3

@�1
@0

c p3
@�2

� � � @0
c p3

@�j

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

: (2.9)

Joint angles must be found for the manipulator that satisfy the desired tooltip and

constrained point positions. These joint angles must be achievable for the physical

manipulator. In this formulation, the joint limits will be considered during the inverse

kinematics to �nd a feasible solution. This is done by converting the joint angles to

a di�erent variable that saturates as it approaches a joint limit. The variable is then

converted back to the original joint space where it is now bounded by the limits.

First, let � u
i and � `

i be the upper and lower limits of joint i respectively. The de-

sired transformation function that converts the joint angles to a new space must be

continuously increasing within the open interval
�
� `

i � u
i

�
. The arctangent function is

one that meets these criterion. It is used by linearly mapping� i from the joint limits
�
� `

i � u
i

�
to the open interval

�
� �

2
�
2

�
by

� i (� i ) = tan

 
� (2� i � � u

i � � `
i )

2(� u
i � � `

i )

!

(2.10)

which is shown in Fig. 2.2(a) on the left-hand side. The inverse of (2.10) converts the
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(a) Joint angle saturation function

(b) Constrained inverse kinematics overview

Figure 2.2: The inverse kinematics of the system, left (a): the arctangent function as given
in (2.10), where � i is the remapped joint angle; and right (a): converting the joint angles
back to the joint space (2.11) where they are restricted by the joint limits. (b) shows the
control loop of the inverse kinematics, it takes the desired tooltip position xd and initial
joint angles � 0 as inputs and outputs the corresponding joint angles� by minimizing error
� , k is a constant gain and the pseudo-inverse, constrained Jacobian isJy (� ).

transformed joint angle back into physical joint angles� i as follows

#i (� i ) = � i (� i ) =
� u

i � � `
i

�
tan� 1 (� i ) +

� u
i + � `

i

2
: (2.11)

Note that � i is now bounded between the joint limits� `
i and � u

i as shown in Fig. 2.2(a)

on the right hand side and is now denoted as#i .

To compute the inverse kinematics, a new Jacobian has to be constructed based on

the modi�ed joint space. The constrained JacobianJc is now computed as the partial

derivative of the task space for the transformed joint space as

Jc(� ) =
@x
@�

= J(� )d#; (2.12)
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whereJ(� ) is de�ned in (2.9) and d# is a j � j diagonal matrix given by

d# =

2

6
6
6
6
6
6
6
6
4

@#1
@�1

0 � � � 0

0 @#2
@�2

� � �
...

... 0
. . . 0

0 � � � 0 @#j
@�j

3

7
7
7
7
7
7
7
7
5

; (2.13)

and
@#i
@�i

=
� u

i � � `
i

� (1 + � 2
i )

: (2.14)

Now the inverse solution of (2.8) can be found considering the change of variable and

the joint limits as:

_� = Jy(� ) _x (2.15)

whereJy(� ) is the pseudo-inverse, constrained, Jacobian matrix de�ned as

Jy(� ) = Jc(� )T
h
Jc(� )Jc(� )T + � I

i � 1
(2.16)

whereI 2 IR6� 6 is an identity matrix and � 2 IR+ << 1 is a damping constant scalar

used to avoid possible discontinuity of the pseudo-inverse at a singular con�guration

of the manipulator.

Let � d be a solution to a desired Cartesian position of the tooltip and constrained

point xd 2 IR6� 1, and � de�ne the error between the desired and actual Cartesian

position as

� = xd � x : (2.17)

A proportional control law in the form of

_� = kJy(� )� (2.18)

guarantees that� = xd � x ! 0 (that is xd = x), and thus � approaches� d provided

that the constant k is positive. This gives a least squared solution to (2.15) when

the Jacobian is full rank. The solution ensures that the_� is minimized given that
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(2.13) increases monotonically in the open interval (� `
i � u

i ). The inverse kinematics

process is shown in Fig. 2.2(b), where the desired position and constrained pointxd is

given as an input along with the initial joint angles� 0. The error � , calculated as the

di�erence between the desired positionxd and the current positionx, is multiplied by

the constant gain and the pseudo-inverse JacobianJy which gives the change in angle

_� . Integrating the change in angle and adding the initial joint values provides the new

joint values which just need to be converted to the joint space through (2.11). This

loop is repeated until� �= 0 at which point the joint angles are sent to the manipulator.

The inverse kinematics has been de�ned based on the forward kinematics while ap-

plying the joint limits. The forward kinematics is de�ned based on joint angles and

the physical structure of the manipulator. A 6 DOF (or greater) robotic arm can

now be controlled using a 3 DOF haptic device through the inverse kinematics. The

next step is to generate haptic feedback based on the tooltip position and expert

demonstrations. The haptic feedback can then be used to guide the user through the

procedure.

2.3 Haptic Assistance from Demonstrations

To guide a user based on a previously demonstrated trajectory, the trajectory �rst

needs to be collected. While a demonstration is given by one user through the cyber-

physical simulator, the tooltip positions are recorded. These points provide informa-

tion about the path the demonstrator used to accomplish the speci�ed task.

The next step is to generate force feedback based on the demonstration to guide

a user; to this end, the well-known concept of potential �elds (introduced in [88])

is proposed. The use of potential �elds allows the haptic feedback provided to be

time-invariant; this is important because it keeps the surgeon in full control of the

operation, allowing them to make active adjustments during the procedure such as:

correct for possible changes in the environment, deal with issues that did not appear

in preoperative imaging, or a change in the position of the kidney, kidney stones, or
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the patient. The entry point is, however, not in�uenced by possible misaligments or

changes from preoperative imaging since it is determined by the surgeon during the

procedure.

By controlling the interaction impedance, that is, the ratio of applied force to the

magnitude of deviation from the reference trajectory, the haptic feedback can be

made more or less compliant in certain regions. This allows a human and a robotic

agent to act cooperatively towards accomplishing a task such as following a given

path.

The assistive forces are calculated based on a non-parametric potential �eld function

[88]. These forces are applied by the haptic device and its spatial impedance is

captured by a potential function gradient and curvature.

2.3.1 Potential Force Fields from Trajectory Demonstrations

Potential �elds have been proposed to guide robotic manipulators through autonomous

tasks. However, these potential �elds can also be applied to generate haptic feedback

forces during teleoperation. Since the forces are time-invariant and include bounded

force ranges, the stability of the robot is guaranteed when in contact with passive

environments.

The tooltip position is used as an index to calculate the force that needs to be applied

to the user based on the location of the tooltip in 3D space.

All of the sampled reference trajectory data points are concatenated in a single vector

� d 2 IR3� N , whereN is the total number of data points from all reference trajectories.

The nth column in � d is given by

� n
d =

h
0
t p1

0
t p2

0
t p3

i T
: (2.19)

The potential �eld has to be created for a speci�ed workspace whose points in 3D

space are denoted� 2 IR3� k in which � represents the 3D Cartesian coordinate of
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a point within the de�ned workspace boundary andk is the total number of points

used to represent the workspace. The higher thek value is, the higher the resolution

and smoothness of the potential �eld, at the cost of computational time and memory

usage.

A potential energy �eld � is generated for demonstration pointn as follows:

� n
i (� ) = � n

0 +
1
2

Sn (� i � � n
d )T (� i � � n

d ) ; 8n 2 1: : : N; 8i 2 1: : : k (2.20)

where the sti�ness and the initial potential energy for thenth data point, are de�ned

as Sn and � n
0 respectively and� i is the i th entry in � .

A Gaussian Kernal is used to create a weighting element for each demonstration point

as

! n
i (� ) = e

� 1
2( � n ) 2 (� i � � n

d )T (� i � � n
d ) 8n 2 1: : : N; 8i 2 1: : : k; (2.21)

in which, � n 2 IR+ is a smoothing parameter that controls the region of in�uence for

the nth data point. Using weighted sums, the potential �eld� 2 IR1� k at � can be

computed using element-wise multiplication and division as:

� (� ) =
P N

n=1 ! n (� ) � n (� )
P N

n=1 ! n (� )
: (2.22)

One can also implement a dissipative �eld in the form of a controllable damper pa-

rameter to take into account the robot's speed in the haptic forces. The damping

element n is created for each demonstration pointn as follows:

 n
�

_�
�

= D n _� (2.23)

whereD n is a dissipative gain and_� is the velocity at � . These damping elements are

then combined similarly to the way that the potential �elds are combined to generate

a dissipative �eld 	 2 IR1� k by computing the weighted sums for element� using
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element-wise multiplication and division as:

	
�
�; _�

�
=

P N
n=1 ! n (� )  n

�
_�
�

P N
n=1 ! n (� )

: (2.24)

Finally, the dissipative �eld and the potential �eld are combined to create a force

�eld that will be used to apply a force that guides the user along a desired trajectory

� d . The force �eld is generated by subtracting the dissipative �eld from the negative

gradient of the potential �eld as follows:

F = �r � (� ) � 	
�
�; _�

�
(2.25)

where r is the gradient. In Fig. 2.3(b) an example of a potential �eld	 is shown,

while in Fig. 2.3(c)&(d) the arrows are the forceF. The force �eld will now be used

as a lookup table when providing haptic assistance.

The reference trajectories are obtained from demonstrations given by experts. These

demonstration points, however, are not evenly distributed in 3D space. This means

that the sample points may be clustered together in one area while being spread apart

widely in another. This unevenness can lead to some areas being too heavily weighted.

Because of this, the demonstrations should be re-sampled so that all of the points are

evenly spread apart. Alternatively, an optimization method can be used to assign

the ideal value of sti�nessS and smoothing parameter� to each demonstration to

generate a smooth potential �eld such as in [88].

Since each demonstration point is composed of three Cartesian coordinates, the poten-

tial �eld will exist in the fourth dimension. This increase in dimensionality is shown in

Fig. 2.3(a)&(b), part (a) shows several two-dimensional demonstration points while

part (b) shows the potential �eld that was built for these sample demonstrations; note

that the potential �eld is three dimensional.

After the gradient is taken of the potential �eld the dimensionality returns to that

of the demonstrations, as shown in 2.3(c)&(d) the arrows representing the gradient
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(a) Three demonstrations (b) Potential �eld

(c) Gradient of Potential Field (d) 3D example

Figure 2.3: Potential �eld construction starting with 2D reference trajectories (a) shows
three sample demonstrations that may be used as reference trajectories when constructing
the potential �eld, in (b) the potential �eld for the three reference trajectories is shown
along with its projection onto the x-y plane at the bottom, the z-axis here is the magnitude
of potential energy. Plot (c) represents the gradient of the potential �eld. The length of
the arrow is determined by the magnitude of the gradient at that point. Plot (d) shows an
example of a three dimensional reference trajectory (the black line in the centre), where the
arrows again represent the gradient that is taken of the potential �eld, these describe the
haptic feedback for the given reference trajectory.
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of the potential �eld, are all two-dimensional for the 2D demonstrations and three-

dimensional for the 3D demonstrations.

2.3.2 Using potential �elds for haptic assistance in PCNL

The haptic device receives two inputs, one from the user and the other from the

force �eld; this is shown in Fig. 2.4(b). The force feedback is applied to the user,

guiding them along the desired trajectory. The 3 DOF haptic device outputs three

Cartesian coordinates to the inverse kinematics which determine the six joint angles

con�guration to reach the desired location while constraining the entry point. Thus,

the 3 DOF haptic device is can be used to control the 6 DOF robotic manipulator.

Given a set of reference trajectories, the potential �eld forces can now be used to

provide haptic assistance based on the tooltip location. As the user controls the

robot's tooltip using a haptic device, they receive feedback based on its location to

help direct them towards the optimal path. The force �eld does not control the robot

directly and a human is kept in full control of the actual robot position.

2.4 Experimental Validation

The experimental setup is shown in Fig. 2.4(a). The setup consists of a 3-DOF (degree

of freedom) haptic device (the Novint Falcon); a 6-DOF robotic manipulator, the

Meca500R from Mecademic (Montreal, CA); and a phantom kidney kindly provided

by Marion Surgical. The outside of the phantom kidney consists of a hard plastic

casing that is open at the top and has a clear acrylic pane in the front, while the

kidney consists of soft silicone. At the centre front of the kidney there is an opening

through the silicone from the top into the kidney, through which users are expected

to enter the kidney model. The resulting path is shown in Fig. 2.4(a), between points

± ² . The same kidney model was used for all experimental trials. The modi�ed

Denavit-Hartenberg parameters used in the inverse kinematics can be found in Table

2.1 and the joint limits are summarized in Table 2.2.
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Table 2.1: Modi�ed Denavit-Hartenberg Parameters for Meca500

i 1 2 3 4 5 6 t c unit

� i � 1 0 -90 0 -90 90 -90 -90 -90deg
ai � 1 0 0 135 38 0 0 0 0 mm

di 135 0 0 120 0 70 � L � ` mm
� i � 1 � 2-90 � 3 � 4 � 5 � 6 0 0 deg

The control loop used during experimental trials with haptic feedback can be seen

in Fig. 2.4(b); for those trials without haptic feedback there is simply no feedback

loop. During the user trials, the haptic device sends its 3D position to the computer

which then processes it and uses it as the desired tooltip position in the robot's

inverse kinematics. A demonstration of the desired tool path is �rst executed where

the 3D Cartesian coordinates of the tooltip are collected. The tooltip information

is determined by applying the forward kinematics to the collected joint angles; this

assumes that the tool is perfectly rigid. The data from the demonstration is used

to generate the potential �eld that will be used to provide the haptic feedback. A

user familiar with the system provides the initial demonstration. Once the potential

�eld has been constructed, the robot tooltip position is input into the potential �eld

function to obtain the required haptic assistance force to be applied to the haptic

device. The computer uses anIntel i7 processor andGeForce RTX 2080 GPU.

Communication between the computer, the haptic device, and the robot is handled

by the Robot Operating System (ROS).

2.4.1 Joint Limit Experimental Validation

An experiment is performed to validate the e�ectiveness of the proposed constrained

inverse kinematics. Two trials need to be conducted to observe the e�ects of the

joint limits. The �rst only uses the default joint limits of the manipulator (see Table

2.2,Default rows), these limits are determined by the manufacturer based on avoiding

collisions or the rotational limit of the motors used when constructing the manipulator.

During the second experiment, joint 1 is further limited (see Table 2.2,Modi�ed rows)

from � 3:05 to 3:05 rad to � 1 to 0:4 rad to demonstrate the response of the inverse
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(a) Experimental set-up used to perform the user trials with the robotic arm, the haptic device and
the phantom kidney

(b) Control loop used during experiments

Figure 2.4: Experimental setup (a), does not depict a clinical setting, rather represents the
equipment and relative position used during the user trials including¬ the haptic device, ­
the robot, ® the kidney model, ¯ phantom kidney stones in the kidney model,° the tool
used during experiments,± the tooltip, ² the constrained point along the tool; (b) shows
a general loop of how the system operates and provides haptic feedback to the user based
on the robot's position.
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