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Abstract

Minimally invasive surgery (MIS) is now broadly accepted as the standard of care for a
number of surgical procedures, and robot-assisted surgery (RAS) has become increasingly
prevalent over the last two decades [1]. RAS in particular holds great promise for im-
proving surgeons’ accuracy and dexterity over traditional laparoscopic surgery [2] due to
enhanced vision and wristed instruments, among other factors. However, there is room
for improvement: the loss of direct manual contact with the surgical site during MIS re-
sults in the absence of tactile information, so surgeons learn instead to interact with tissue
based mainly on visual cues. Furthermore, unlike human hands, surgical graspers of all
types (open hand-held tools, laparoscopic, RAS) have small dimensions which, if handled
inappropriately, can cause high pressures and result in crushing or damaging tissue [3], [4].
Surgeons aim to grasp tissue lightly enough to avoid crushing it but with sufficient grasp
force to prevent accidental tissue loss. Achieving this grasp balance is not straightforward
because the amount of force that avoids tissue damage and grasp loss simultaneously is dif-
ficult to predict, and tissue damage is not always immediately visually apparent. Another
important skill in MIS is maintaining situational awareness of all relevant anatomy and
tools. Given the size and layout of many anatomies, a non-active tool may be outside of
the surgeon’s immediate focus or even be outside the endoscope’s field of view, making the
quality of grasp difficult to monitor. This thesis posits that the detection of tissue slip onset
can provide useful information to address these concerns and improve grasping of biological
tissue during MIS and uses a RAS platform for testing.

Although tissue slip negatively impacts grasping and manipulation tasks in surgery, it
is a relatively unexplored topic in the literature across all surgical disciplines. Monitor-
ing tissue motion between the jaws of MIS graspers has the potential to provide multiple
benefits to surgeons. First, knowledge of when tissue slip occurs could enable surgeons to

apply the minimum amount of grasp force to tissue and thus reduce overall the amount of



grasper-induced tissue damage they incur. The second anticipated benefit is that notifying
surgeons of slip events in off-screen and/or non-active tools will provide otherwise unob-
servable information regarding that tool’s tissue interaction and thereby reduce frustration,
sudden loss of critical view, tissue tearing, and other negative consequences. The results
of the first survey conducted on RAS surgeons’ experiences with tissue slip support these
ideas and are presented here.

This thesis introduces a novel slip sensor to provide information regarding tissue motion
onset in RAS graspers. Sensing slip of wet, compliant objects during MIS is a challenge
overcome by this novel anemometric slip sensor, which provides slip onset information and
direction-dependent signals. A transient thermal simulation was developed to understand
the sensor’s working principles and provide guidelines for its design and use. The sensor is
based on hot-wire anemometry: a heater establishes a thermal gradient in the grasped tissue,
and four thermal probes monitor the gradient’s movement. The results from validation
experiments on two sensor prototypes establish the proof of concept and demonstrate the
sensing method’s robustness on porcine tissue ez vivo and in vivo. Finally, a user study
illustrates the sensor’s potential to inform human decision making and performance during
a clinically-motivated task. This thesis is an important step towards safer and more efficient
MIS.
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Chapter 1

Introduction

1.1 Motivation

Robot-assisted surgery (RAS) using the da Vinci ® Surgical System has become increas-
ingly prevalent over the last decade [1] and holds great promise for improving surgeons’
accuracy and dexterity [2]. Although traditional laparoscopy is also minimally invasive,
robotic systems offer better ergonomics [3], [4], improved visualization, more degrees of
freedom, and reduced tremor effects [5]. In both laparoscopic surgery and RAS, the loss
of direct manual contact with the surgical site results in the absence of tactile information
when compared with open surgery. Surgeons instead learn to interact with tissue based
mainly on visual cues. Unlike human hands, which have large sensorized surfaces, surgical
graspers have small dimensions which can cause high pressures and result in crushing or
damaging tissue [6], [7].

Surgeons aim to grasp tissue lightly enough to avoid crushing it, but with sufficient
grasp force to prevent accidental tissue loss. Achieving this grasp balance is challenging
because the amount of force that avoids tissue damage and grasp loss simultaneously relies
on many situational factors, including tissue type and health, grasper type, grasp angle,
grasp history, and more. Some tissue slip is permissible provided that enough tissue remains
in the jaws to prevent loss or damage to grasped biological tissue. Correct handling of
surgical instruments and tissues can minimize tissue damage and accelerate healing, and
improvements to this interaction are needed. A study of manual laparoscopic colectomy
reports a success rate of only 63% of grasping actions with 7% of failures attributed to

tissue slip, of which half resulted in trauma [8]. Surgeons consider grasping forceps to be



2 CHAPTER 1. INTRODUCTION

one of the most dangerous instruments in laparoscopy [8]. The goal of any surgeon is to
carry out the desired procedure while minimally disturbing healthy tissue. This thesis posits
that helping surgeons achieve atraumatic, reliable grasping is best served by sensing slip
onset directly, rather than estimating it from visual and/or force cues.

An important skill in minimally invasive surgery (MIS) is maintaining situational aware-
ness of all relevant anatomy and tools. The da Vinci Xi surgical system [9] allows surgeons
to use three tools and an endoscope, but no more than two of these are under direct manual
control at any time. MIS surgeons are taught to keep active tools in view but at times elect
to use a non-active tool to provide traction on tissue and maintain exposure (see Chapter 2).
Given the size and layout of many anatomies, this non-active tool may be outside of the
surgeon’s immediate focus or even be off-screen. This can occur in large intestine work and
in cholecystectomies, among other procedures. Consequences of slip at the third arm can
include lengthened procedure time, tissue tearing, and loss of critical view.

Although tissue slip negatively impacts these grasping and manipulation tasks in surgery,
it is a relatively unexplored topic in the literature across all surgical disciplines. The work
in this thesis is motivated by the idea that monitoring tissue motion between the jaws of
MIS graspers has the potential to provide multiple benefits to surgeons. First, knowledge
of when tissue slip will occur will enable surgeons to apply the minimum amount of grasp
force required to retain tissue, thus reducing grasper-induced tissue damage. The second
anticipated benefit is that notifying surgeons of slip events in off-screen tools and/or tools
that are not under direct manual control (non-active) will provide otherwise unobservable
information regarding that tool’s tissue interaction and thereby reduce frustration, sudden
loss of critical view, tissue tearing, etc.

This thesis is based on the hypothesis that it would be desirable to detect slip — par-
ticularly as RAS systems become increasingly semi-autonomous with one or more tools not
under direct manual control. In the future, robotic surgery may incorporate shared auton-
omy or automation of low-level surgical tasks. This will require more information regarding
their interaction with biological materials and a heightened ability to communicate that
information with the human user. To that end, testing the utility of supplying feedback to

a tool that is not controlled by the human user can provide important insights.
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1.2 Contributions

This dissertation makes the following contributions in the field of minimally invasive surgery,

surgical robotics, and sensing:

e asurvey of 112 RAS surgeons on their experiences with tissue slip in RAS. Prior to this
work, no such study existed. The results of this survey provide a useful foundation and
motivation for the work presented here and for further studies investigating tool/tissue
interactions in RAS and MIS.

e a novel slip sensor for detecting slip of biological tissue in vivo. This device is the first
known slip sensor intended for sensing slip of biological tissue that has been integrated
into a MIS instrument that can fit through a standard laparoscopic cannula and is
driveable by a RAS system. The sensor is capable of detecting slip of a variety of ex
vivo tissues in < 2.1 mm and n vivo tissues in < 3 min.

e a simulation that informs the design and optimization of the presented thermal-based
slip sensor. This simulation provides a useful thermal model that captures the effects
of component materials, dimensions, spacing, heater temperature, grasped tissue prop-
erties, etc. The model also enables useful predictions of sensor behavior within the
range of thermal conditions one would anticipate encountering in vivo.

e an evaluation of providing tissue slip feedback in a user study. This study showed
that with slip feedback participants drop tissue less and are more aware of impend-
ing tissue slip and grasp loss. Participants report feeling more confident, relaxed,
and task-focused when slip feedback is present than without it; all participants re-
ported liking the feedback and preferring its presence to its absence during the user
study. An evaluation of workload via self-assessment on the Surgeon Workload In-
dex (SURG-TLX) showed that participants experienced significantly decreased mental

and temporal demands and situational stress.

1.3 Thesis Outline

The remainder of this dissertation is laid out as follows. Chapter 2: Motivations for
slip prevention establishes the foundation for this work, beginning with motivations for
researching tissue slip in minimally invasive surgery. To strengthen the arguments presented,

the chapter also contains the methods and results of a survey of RAS surgeons to establish
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the clinical motivation for this work and is a broad exploration of their experiences with
slip in RAS. Need-finding is an important step in any research. A discussion of when and
why tissue slip in RAS is an important problem worth exploring follows.

Chapter 3: Identifying and measuring slip begins with a mathematical definition
of slip. The chapter ends with a summary of the prior art in this area (of which there
exists relatively little that is directly relevant to the present application). This chapter also
introduces the concept of thermal slip sensing as a promising solution for detecting motion
of soft, wet tissue in a surgical grasper.

Having selected a promising slip sensing technology, Chapter 4: Thermal modeling
and simulation discusses a series of transient thermal simulations developed using ANSYS
19.0 to understand the working principles of the sensor. Specifically, I sought to explore the
effects of tissue thickness and water content on the thermal gradient and the time constant
associated with achieving the steepest local thermal gradient. This information helps pro-
vide an understanding of whether the sensor may be expected to function under the variety
of conditions it may encounter in vivo. The details of the sensor design and performance
depend on the results of thermal modeling. The main objective was to determine whether
the sensor was likely to function under the range of conditions one would expect to en-
counter in vivo and provide guidelines for designing production-level sensors based on slip

sensing requirements. Material in this chapter draws on:
e (02018 IEEE. Reprinted with permission, from Burkhard, Natalie, et al. [10]

Chapter 5: Slip sensor prototypes presents two distinct rounds of prototyping.
The first round’s purpose was to establish foundational data that validates the working
principle of the sensor. The second round of prototyping demonstrates greater adherence
to the application requirements, ultimately producing a sensor integrated with a modified
RAS tool, driveable by a da Vinci Surgical System. Further developments to facilitate
sensor use during realistic tissue manipulation are also presented. The chapter concludes
with a description of sensor validation on in vivo porcine tissue to demonstrate robustness

to perfusion. Material in this chapter draws on:
e (02017 IEEE. Reprinted with permission, from Burkhard, Natalie, et al. [11]
e (02018 IEEE. Reprinted with permission, from Burkhard, Natalie, et al. [10]

Chapter 6: User study presents a study conducted to evaluate whether experienced

users would benefit from slip detection and feedback during RAS procedures. This study
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demonstrated the slip sensor’s utility in helping inform human decision-making and relieve
cognitive load and stress during a grasping and manipulation task.

Chapter 7: Conclusions summarizes this dissertation and recommends future studies
based upon the presented work, as well as guidelines for implementing the presented slip

sensor into several common RAS graspers.



Chapter 2

Motivations for Slip Prevention

2.1 Slip in MIS

Grasping and manipulation of tissue is an important task in MIS: it enables tasks like dis-
secting, moving, stabilizing, suturing, elevating, and exposing tissue [12]. Preventing tissue
slip from a grasper in MIS is a well-motivated goal because slip is an undesirable, accidental,
and often surprising event that disrupts surgeons’ workflow. The goal of this work is to
enable efficient and atraumatic grasping. Although slip of a grasped object can occur in any
RAS instrument, the focus here is on instruments specifically intended for grasping tissue.
The following discussion thus excludes staplers, needle holders, scissors, hooks/spatulas,
clip appliers, etc. The concerns presented here are supported by interviews with 3 expert
RAS surgeons and 2 clinical development engineers (CDEs) from Intuitive Surgical, Inc.
and review of 15 RAS videos from relevant procedures (splenectomies, cholecystectomies,
Nissen fundoplications, colectomies, etc.). CDEs are a special role at Intuitive; they have
extensive knowledge of anatomy, physiology, and surgery and help define and validate the
clinical risks and requirements for in Intuitive’s product development process.

What if tissue slip never occurred — what would that really do for surgeons? There are
two sides to the answer that are concerned with (1) the repercussions of slip and (2) with
the behaviors surgeons adopt to avoid slip. The following discussion motivates the survey
on tissue slip conducted on 112 RAS surgeons (presented in Section 2.2), the results of

which bolster the arguments presented here.
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2.1.1 The repercussions of slip

When slip, or accidental tissue loss, occurs, there are an array of possible consequences.
First, surgeons report that tearing often accompanies slip. At the very least, this creates
another defect that the surgeon must fix, which extends the length of the case and can add
to the surgeon’s frustration. However, tears may not be so benign; they can have many
secondary effects: sepsis, serious infections, leak of infectious fluid, and/or spread of cancer-
ous cells. If the tear causes bleeding, that can make the tissue even more difficult to grasp,
and it can occlude the surgeon’s view and make the operation more difficult. Furthermore,
vessels retract when torn, making anastomosis more challenging. Some tears can even be
irreparable. If tissue slips onto an active electrocautery tool, all of the aforementioned con-
sequences are even more dire and significantly lengthen procedure time. Wasting time in
the operating room (OR) drives up procedural costs quickly; the OR costs on average $37
per minute [13].

Slips may also disrupt a surgeon’s workflow because they force the procedure to halt,
causing frustration and wasting time. This disruption may be as minor as requiring the
surgeon to re-grasp the tissue or as major as having to delve back into the body cavity and
find the desired anatomy all over again, wasting minutes. For example, when retracting the
bowel back into the body cavity during an inguinal hernia repair, the bowel’s tendency is to
fall back into the hernia. Loss of grasp can result in starting the task over. Loss of a critical
view can take substantial time to recover, and if the slip causes bleeding, that recovery will
be even more difficult due to view occlusion.

Tissue slip also reduces surgeons’ confidence in their tools, which can increase the op-
portunities for errors and complications. Many surgeons already switch between multiple
grasper types with different maximum forces to optimize their grasping, but this can be
expensive and time consuming. Other surgeons report that they usually try not to grasp

fragile tissue, relying instead on sweeping it aside with the instruments’ shafts.

2.1.2 Behaviors intended to avoid slip

Many surgeon behaviors can reduce the chance that slip occurs; for example, ensuring that
applied traction is not excessive. However, the most direct way they can prevent tissue
slip is by modulating their grasp force. However, balancing grasp force to simultaneously

be high enough to prevent tissue slip and low enough to avoid causing tissue damage is
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difficult, particularly when relying on visual information alone (See Section 1.1 for more
details). Tissue damage is not always readily apparent and may take minutes to hours to
develop [7], at which point it is too late to prevent.

In open surgery, surgeons may grasp and manipulate tissue with their hands, relying on
large surface areas and friction. However, in laparoscopic and robot-assisted surgery, sur-
geons must use short, stiff, sharp (to enhance grip [8]) jaws with small grasping areas that
must pinch to obtain the same result, often resulting in a high-pressure interaction [6]. This
can cause tissue trauma and serious clinical consequences [12], [14], [15] and therefore re-
quires care, skill, and cognitive load from the surgeon. However, insufficient force may result
in tissue slip and procedure delay [8]. Balancing these competing goals is especially diffi-
cult when handling delicate tissue that is easily crushed or damaged, like small bowel [16].
D’Alessio et al. [17] found that grasp control is more efficient when based on slip-related
signals than signals related to exerted finger force. If surgeons knew the minimum grasp
force they could apply to avoid slip, perhaps they could more confidently manipulate tissue
with lower forces and/or use a single grasping instrument. It is the ultimate long-term
vision for this project to realize an autonomous grasper that offloads this task from the
surgeon altogether, grasping with the minimum grasp force necessary to avoid slip.

One aspect that makes applying safe grasp forces so difficult is that incurred tissue
damage is not always immediately apparent. Tissue damage is defined as any disruption
of normal tissue function and may include cell death, inflammation, and vascular dam-
age [7]. Acute responses to injury are difficult to observe until long (minutes—hours) after
the fact [12]. Most tissue damage during MIS occurs at the site of grasping due to the
higher stress concentration there [18]. Although some observable changes may occur (color
changes [7], oxygen saturation levels [19], etc.), these signify that damage has already oc-
curred rather than presenting a preventable situation.

In any surgery — open, laparoscopic, or robot-assisted — it is the goal of surgeons to
minimally disturb healthy tissue while performing their intervention. To mitigate the issue
of applying the appropriate amount of grasp force, surgeons select task-specific graspers and
modulate the grasper jaws to provide enough force to prevent slip, but not so much that
damage occurs. However, the maximum force with which one can atraumatically manipulate
tissue and maintain grasp stability varies by tissue type [7], [12], jaw geometry [8], and
other situational factors. Realistically, implementation would be technically complex and

require empirical tuning. A study of manual laparoscopic colectomy reports a success rate
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of only 63% of grasping actions with 7% of failures attributed to tissue slip, of which half
resulted in trauma [8]. Surgeons consider the grasping forceps one of the most dangerous
instruments [8]. Histological evidence shows that excessive forces on tissues applied through
graspers/retractors can obstruct the blood supply and lead to localized necrosis [19].

Grasper-induced injuries often occur during tissue retraction [20], [21] and may result
in perforation or hemorrhage [14], [22]. Furthermore, increased grasp duration leads to
increased tissue damage [12]. Whether the surgery conducted is open, laparoscopic, or
robot-assisted, tissue injury can be difficult to detect promptly and can lead to disastrous
complications like sepsis and serious infection. Even for less immediately severe injuries,
negative effects may propagate due to interrupted blood supply and crushed tissue and from
secondary consequences like inflammation, coagulation, cell death, and ischemia-reperfusion
injury [23]-[25]. Injury risk is higher in MIS than in open surgery, with a 2-4% risk of injury
to the bile duct, bowel, vascular structures [21], [26]. Grasping injuries may result in scar
tissue formation, bleeding, adhesions, and loss of bowel motility [23], [27]. Laparoscopy-
induced bowel injury has a 3.6% mortality rate [28], and other reports include bladder [29],
gallbladder [30], and splenic [31] injuries.

In summary, although surgeons can select process-specific graspers and attempt to mod-
ulate their grasp force to avoid incurring damage or accidental tissue loss, it is a difficult
balance to maintain, and the consequences of grasper-induced tissue damage can be high. A
slip sensor would permit use of the minimum grasp force necessary to prevent slip and lessen
the cognitive load associated with this secondary task. Given this background, acquiring

qualitative data regarding surgeons’ opinion on tissue slip was deemed a valuable endeavor.

2.2 Surgeon opinions on slip in RAS

2.2.1 Methods

Prior to this survey, there was no information publicly available regarding slip of biological
tissue, particularly during RAS. To improve tissue-tool interactions in RAS, it is crucial
to understand the needs of the surgeons who perform them. A survey was prepared and
distributed to understand the importance of tissue slip. Electronic invitations were sent to
983 surgeons who opted in to receive surveys from Intuitive between May 23—June 1, 2018
and offered a $15 honorarium.

The survey was estimated to take 15 minutes to complete and consisted of 19 questions
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(see Table 2.2). The three main sections of the survey sought to understand (1) the clinical
importance and occurrence of slip, (2) specific surgeon experiences and responses to tissue
slip, and (3) preferences for receiving slip feedback. Identifying information was removed
before analysis, which was conducted in MATLAB 2017b (MathWorks) using frequency
distribution tests. Optional comments were free-text reflective format and designed to

allow participants to elaborate on multiple choice answers.

2.2.2 Survey Results

112 (11%) of the 983 surgeons responded; see Table 2.1 for participant demographics. The
surgeons were analyzed as a single population. It was not meaningful to check for differ-
ences between surgeon specialties because over half of the subgroups had only 1-4 members.
Respondents gave informed consent to Intuitive to be solicited for surveys; only surgeons
within the Intuitive database were contacted. Information regarding age or level of expe-
rience were not obtained. When applicable, results are reported as the mean value + one

standard deviation.

Table 2.1 — Surveyed RAS surgeon demographics

Specialties

Cardiac 2 (2%)
ENT 1 (1%)
GEN: Bariatric 3 (3%)
GEN: Colorectal 13 (12%)
General Surgeon 26 (23%)
Gynecology 38 (34%)
Gynecology /Oncology 4 (4%)
Thoracic 3 (3%)
Urogynecology 4 (4%)
Urology 18 (16%)
Gender

Male 83 (74%)
Female 29 (26%)

In question #1, surgeons ranked the mean clinical importance of tissue slip comparable
to that of tissue crushing or tearing (6.04+0.4 vs. 5.6+0.5 and 5.8 +0.6 out of 10). A score of

6 corresponds to a delay in procedure without requiring conversion or causing harm to the
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Table 2.2 — Survey questions administered to RAS surgeons

Introduction
Question

(1) Rate the clinical importances of crushing,
tearing, and slipping of tissue.

(2) How often does slip happen during a typ-
ical RAS case?

RAS experiences with tissue slip

Response

Rate each from 0 (negligible) to 10
(catastrophic)

[Never; 1-2 times; 3-5 times; >5 times]

Answer questions #3-17 w.r.t. your experience with each of these situations:
tissue slip during (A) retraction; (B) establishment of a critical view; and (C)
handling of fragile tissue. E.g., #3 has #3A, 3B, and 3C.

Question

(3-5) How often does it occur? Describe a
case, procedure or situation where it occurred.

(6-8) How would you rate its clinical risk? Ex-
plain your rating.

(9-11) How annoying or frustrating is it?

(12-14) What is your typical response to it?

(15-17) What is the average time it takes to re-
cover the operating pose or critical view prior
to the slip event?

Tissue slip feedback modality preferences

Question

(18) Imagine you can receive feedback regard-
ing slip of grasped tissue from a tool you are
actively controlling.

(19) Imagine you can receive feedback regard-
ing slip of grasped tissue from a tool you are
not actively controlling.

Response

Rate from 0 (never) to 10 (always);
optional comment

Rate from 0 (negligible) to 10 (catas-
trophic); optional comment

Rate from 0 (not at all) to 10 (ex-
tremely)

[N/A; Grasp with different part of jaw;
Grasp at different angle; Re-grasp ex-

actly as before; Select new instrument;
Other]

[IN/A; 5s; 30s; lmin; 1-5min; >
5 min]

Response

Rank these feedback modalities from
most (1) to least (6) preferred.
Auditory (beep, warning sound)
Visual (overlaid on tool)

Visual (on screen edge)

Haptic (vibration)

Haptic (resistance/force)

None (prefer to ignore)
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Figure 2.1 — Questions #3-11: Rated frequency of slip, risk of slip, and frustration due to slip
during RAS retraction, set up of critical view, and handling of fragile tissue (u + 1o shown).
For rated (clinical) risk, see Table 2.3 for rating description. Although the rated clinical risk
of slip is overall low (the chosen category describes no harm to the patient), frustration and

frequency of slip are significant.

patient or user. For a full description, see Table 2.3 for Severity Evaluation Criteria which
was derived from an Intuitive Surgical, Inc. protocol based on [32]. For the number of slip
events in a typical RAS procedure, 4% reported slip never occurring, while 41% reported
1-2 times, 34% reported 3-5 times, and 21% reported > 5 times.

The responses for questions #3-11 are summarized in Fig. 2.1; #12-17 are in Fig. 2.2.
Surgeons reported tissue slip occurring more frequently during retraction (6.5 + 0.6) than
during critical view setup or while handling fragile tissue (4.1 + 0.5 and 3.6 + 0.6, respec-
tively), but frustration and rated clinical risk (see Table 2.3) across the three categories did
not differ significantly. Clinical risk of slip was overall deemed low with no harm to the
patient or user. Surgeons described slip occurring more often on anatomies that consist
of bulky stiff tissue (e.g., the vaginal cuff), during high-tension tasks (e.g., hernia repair,
Nissen fundoplications), and during procedures where surgeons choose to retract tissues out
of the field of view (e.g., lower anterior resection, cholecystectomy). Fragile tissues with
high consequences for tears (e.g., small bowel, blood vessels) due to slip were of the greatest
concern to surgeons, however. Surgeons are loath to grasp and re-grasp fragile tissues with
high consequences for tears (e.g., small bowel, blood vessels) due to slip. Experience and
care are required to apply just the right amount of tension to fragile tissue.

Surgeons tended to describe slip as annoying, frustrating, and time-wasting. However,
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Table 2.3 — Severity Evaluation Criteria

Ranking Qualitative Approach - Degree of Severity

1

10

Negligible

Insignificant

Insignificant

Minor

Moderate

Moderate

Moderately
Significant

Significant

Extremely
Significant

Hazardous

Failure will not have a perceptible effect on the per-
formance of the product or procedure. The user or
patient will not notice the failure or be harmed.

User is only minimally affected by the failure. No
harm to the user or patient.

Failure will cause user to notice only a minor nuisance
or negative impact on the product. No harm to the
user or patient.

Failure causes significant dissatisfaction or nuisance
for the user, no medical intervention is required to
resolve, no harm to the user or patient.

Failure causes noticeable negative impact on the
product or system performance product is operable
at reduced performance level. No system re-start re-
quired. No harm to the patient or user.

Failure causes acceptable delay to procedure as de-
fined in the products clinical requirement documents,
but procedure can be completed without conversion.
No harm to the patient or user.

Failure causes product to be inoperable. Product en-
ters fail-safe mode. Alternate surgical approach may
be required, with no harm to the patient or user.

Failure requires no or minor surgical or clinical inter-
vention and results in easily reversible harm to the
patient or user. No permanent damage or serious in-
jury occurs.

Failure requires significant surgical or clinical inter-
vention to prevent serious injury, permanent damage
to a body structure, or death to the patient or user.

Failure causes serious injury, permanent damage to a
body structure, or death to the patient or user.

13
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when slip does occur and bleeding or tearing results, significant time and effort is required
to fix it and is highly desirable to avoid. Because time in the operating room costs $20-$46
per minute [13], the cost of a single slip event can range from $1.60 to $230, and surgeons
report slip occurring twice or more during a typical RAS case.

Most surgeons reported responding to slip by changing the angle of their grasp. However,
when handling fragile tissue, surgeons were more likely to either change nothing about
their grasp or to change the tool completely than during retraction or view setup. Most
surgeons reported requiring 5-30s to recover their prior operating pose as a result of tissue
slip, although a non-negligible percentage reported spending a minute or more (Fig. 2.2).
The longest recovery times were reported during handling fragile tissue; surgeons reported
working more slowly to limit tissue tearing, damage, and bleeding.

Surgeons were asked to rank in order of (hypothetical) preference how they would like
to receive feedback for slip of biological tissue during RAS. Surgeons’ responses differed
greatly when considering receiving feedback on a tool they were actively controlling as
opposed to a non-active instrument. However, whether the tool was actively controlled
or not, surgeons overwhelmingly reported that they would prefer to receive some kind of
feedback as opposed to nothing: > 70% of respondents listed ignoring slip as the least
preferred option for active and non-active tools. Reported feedback preferences for slip
in an actively controlled tool showed no clearly superior feedback modality. However, for
providing slip in a non-active tool, surgeons strongly favored receiving auditory cues as
their top preference (48%), followed by visual displays either on the screen edge or on the
tool (15% and 16%, respectively). Logically, for the non-active tool, users did not prefer
receiving haptic feedback (as either vibrations or resistive forces, < 8% for each) because
their hands would already be engaged with active tools.

The overall results showed that slip is both a frustrating and common occurrence. Sur-
geons tend to work with three tools and switch among them, keeping two under active
manual control and the focus of their visual attention, while the non-active tool continues
to passively hold tissue. Although slip at the active tools can result in bleeding, tearing,
or loss of exposure, slip at the non-active arm is particularly problematic because the same
consequences apply but occur outside the surgeon’s focus area. This finding motivates the
three-tool user study detailed in Chapter 6. The results from this survey also motivated
the design of the state machines implemented in Sections 5.3.5 and 6.2, which were made

to only tell surgeons about slip when it is likely that slip is important.
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Figure 2.2 — Top: Questions #12-14: Typical responses to slip during RAS retraction, set

15

up of critical view, and handling of fragile tissue. Bottom: Questions #15-17: Mean time to

recover prior operating pose during RAS retraction, set up of critical view, and handling of

fragile tissue.
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2.2.3 Discussion

In general, surgeons perceive slip predominantly as a frustrating, annoying waste of time.
Several surgeons mentioned that their frustration can lead to additional problems or con-
version to open or laparoscopic surgery. However, many surgeons acknowledged that slip
is as clinically important as tearing or crushing tissue. In the open comments section, sur-
geons indicated this was due to their perception of tissue slip: both crushing and tearing
were described as avoidable events that were the direct cause of an action they understood.
Tissue slip, meanwhile, was described as an unavoidable, unpredictable event that had no
relation to their actions, and it was often accompanied by tissue tearing anyway. Thus,
surgeons felt that although tearing and crushing had immediate negative consequences that
outweighed those of slip, slip was deemed of equal importance because it was outside their
power to control it.

Surgeons also reported that slip may also have serious consequences for the patient,
particularly if the grasped tissue is fragile or if slip is accompanied by tearing, tissue damage,
and/or bleeding. Common across all specialties was the fear that slip on or near a blood
vessel would cause bleeding and retraction of the vessels, making them more difficult to
access and repair.

Anatomies that are the most challenging include the colon, gallbladder, bladder, prostate,
and vessels, and procedures where slip was reported to happen include vaginal cuff closure
and hernia sac dissection. The vaginal cuff is a very thick, stiff tissue that must be grasped
quite hard to hold the cuff edges together for suturing, and the tissue tends to spring out
from tools’ grasp. Similarly, a majority of the general surgeons mentioned slip during retrac-
tion of the hernia sac during hernia repair or of the gallbladder during cholecystectomies.
Nearly all urologists mentioned retracting the prostate. Colorectal, urologic, gynecologic,
and general surgeons all agreed that slip occurred often during retraction/elevation of the
colon and/or rectum due to its being off-screen and the tissue’s fragile nature. Because
surgeons tend to grasp fragile, easily crushed tissue more lightly, slip happens more often.

Overall, the results of the survey indicated that notifying surgeons of slip onset would
likely provide clinical benefit, and the vast majority of surgeons would prefer to receive
some form of slip feedback than none at all. Slip is perceived as an unpredictable and
disruptive event that typically does not result in disastrous consequences but may still have
negative effects for the patient. In summary, this chapter has presented a sound motivation

for exploring methods and technologies to prevent and/or detect slip of grasped biological
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tissue in minimally invasive surgery.
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Chapter 3

Identitfying and Measuring Slip

3.1 Slip definition

Having determined in Chapter 2 that slip of grasped, biological tissue during MIS is a well-
motivated problem, this chapter presents a definition of slip as well as a discussion of prior
slip sensing technologies concerning their applicability to MIS. Slip sensing has been an
important topic in robotic manipulation since at least the 1990s [33] and has similarly been
the subject of investigation into human mechanoreception and manipulation [34]. However,
most analyses of slip for robotic grasping assume that the grasped object is rigid, or at
least stiff in comparison to human or robotic fingertips. With this assumption, slip can be a
rotation, a translation, or some combination thereof, and it may be described equivalently
as an instantaneous rotation about some center of rotation (CoR) in the plane of the tool
jaw.

The picture becomes more complicated when the grasped object is highly deformable.
Given a grasper in contact with biological tissue, one can measure the motions of several
particles on the surface to obtain a measurement of motion and deformation. In general,
local tissue movement can arise from any combination of motion (translation and rotation)
and deformation (dilation, extension, and shear) [35] (see Fig. 3.1).

This deformation of tissue may thus be described as an affine deformation, which is com-
posed of a linear transformation (containing rotation, shear, extension, and/or compression)

and a rigid body translation [37]:

F(X,t) = F(t)- X + &) (3.1)
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Figure 3.1 — The components of general deformation of a body. Images in top row reprinted
with permission from Bob McGinty [36]. Supplemental artwork added to relate to MIS grasper.

Top view of MIS grasper shown, holding tissue in a plane (no gravity effects).

where Z is the position of a point in the deformed configuration, X is the position of that
point in the reference configuration, t is a time parameter, F' is the linear transformation,
and ¢ is the translation. Note that neither ¢ nor F varies with position X. Rigid body
motion is a special case of the affine deformation that does not involve shear, extension,
or compression — only translation and/or rotation. In this case, F is proper orthogonal to

permit rotations but no reflections:
FIF=FF' =1 (3.2)

det(F) =1 (3.3)

For the purposes of this thesis, I define slip as consisting only of the rigid-body compo-

nent of tissue motion. Deformations (e.g. Poisson radial expansion as a grasper squeezes
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soft tissue) are not of concern as they do not immediately lead to grasp failure. Rather,
stretch may be a precursor to slip or may even occur simultaneously, but in and of itself,
stretch alone will not lead to loss of grasped tissue. This does not mean that stretch is
unimportant; in Section 7.2, a recommendation for future work includes exploring the re-
lationship between tissue stretch and slip to infer information regarding incipient, rather
than total, slip. In the present case, the goal is to simply identify the net displacement of
the tissue and reject the deformation and rotation components of motion.

As will be discussed later in Section 3.2, it is possible to obtain estimates of & and X by
using a video camera to track markers or particles on the surface of a thin piece of tissue.
This allows approximation of the coordinate mapping between adjacent frames, which gives
us F. Using polar decomposition, it is possible to then separate F, the general deformation
gradient, into a rotation matrix and a deformation matrix [36]. Standard vision or MATLAB
software enables extraction of the rigid body translation and rotation components using
various approaches; [36] contains a page on polar decomposition. Section 5.3.6 describes
use of such an image-based method that served as a ground truth for slip measurement.

In the present case, translation matters when it results in accidental grasp loss. De-
formation, expansion, contraction, etc. are not of interest here because they do not signal
impending loss of grasp. Furthermore, the sensing approach presented here (see Section 3.3)
provides only a single 2D vector of motion at a single point in the plane. Thus, extraction
of only the rigid body translation component of motion is required because the sensor can

only measure net translation; rotations are precluded by the symmetry assumption.

3.2 Slip Sensing Prior Art

As noted above, rigid-body slip is a relative displacement between two surfaces. Robotic
slip sensors (see Fig. 3.2) are intended to detect impending motion (incipient or micro slip),
or the very beginning of motion (macro or total slip onset). Incipient slip precedes total
slip [38]. The majority of the work below was developed with robotic graspers in mind.
Much of the prior art in this area focuses on robotic manipulation and tactile exploration;
these slip sensors are thoroughly reviewed in [38] and [39].

Displacement-based slip sensors detect motion between two surfaces and may rely on
mechanical parts joined to magnetic or optical transducers (see Fig. 3.3a). Early sensors

in this category used rollers with encoders to detect motion [40]. Sensors with interstitial
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Figure 3.2 — Vibration transducer for slip sensing. Cross-section of robotic skin with accelerom-
eters mounted to the skin and isolated from the finger by a compliant layer. Piezoelectric strips
in the skin provide localized dynamic responses to changes in skin stress. Image reprinted from
(©2016 Springer Science & Bus Media [39].

spaces or moving parts do not work well in a MIS setting because they tend to accumulate
impurities and may adversely affect grasp stability. They are therefore are difficult to
clean, would pose sterilization issues, and may not function correctly when interacting with
the fluids and tissues in the body cavity. Other sensors compare CMOS sensor-acquired
image sequences which are analyzed to obtain slip speed and direction. Such a technique
is used in Section 5.3.6 to obtain a ground truth for slip. These types of sensors present
computational challenges for rapid motion analysis and packaging challenges for integration
into the jaws of a surgical instrument and may be inaccurate if the tissue is bloody. The
GelSlim Sensor presented by Donlon et al. [41] has nearly the appropriate package and
capabilities, although any silicone or gel skin in contact with the body cavity will need to
be disposable (see Fig. 3.3b). If the computational cost and size issues could be overcome,
this sensing method would have very high reliability and redundancy [42] and perhaps serve
additional sensing purposes; e.g. monitoring tissue health or perfusion.

Other sensors — including thick film PZT cantilevers, PVDF film transducers, ac-
celerometers [43], [44] (see Fig. 3.4a), and acoustic emissions detectors [45] — detect the
high frequency (> 100Hz) stick-slip microvibrations that tend to signal incipient slip be-
tween contacting dry surfaces with Coulomb friction [34]. In dry rigid body slip, stick-slip
vibrations tend to signal incipient slip [34], [38], [39]. However, sensing slip of wet, de-
formable objects (like biological tissue) poses additional challenges because wet slip lacks
(or severely attenuates) these vibrations. Brown et al. [46] added brass ridges to the jaw’s
contact surface and detected slip by monitoring pressure changes with PVDF (see Fig. 3.4b),
but their results stated that even with this mechanical amplification and alteration to the

jaws, false positives were common. This rough addition to the grasping surface of instrument
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Figure 3.3 — Displacement-based sensors.

jaws would likely cause additional tissue damage.

Force transducers for slip sensing often sense changes in pressure distribution or surface
deformations; e.g. using dielectric elastomers to relate pressure changes to resistances [47]
or to capacitances [48]. Many variations on this idea exist and utilize micromachined struc-
tures, sensing for instance changes in stress [33] or changes in thickness [48] as a compliant
layer contacts a surface. These designs often present miniaturization challenges and high
likelihood of incurring false positives and negatives due to the compliance and relaxation
of biological tissue. Furthermore, the nature of conforming contact may cause changes in
pressure distribution without slip occurring, but slip may also occur without accompanying
force changes: biological tissue creeps and relaxes. Designs that seek to estimate the grip
force required to balance the shear force or to detect the transition between static and
dynamic friction are ill-suited to this application: the friction coefficient between the tissue
and grasper jaw is difficult to estimate and changes with time, trauma, tissue type and other
physiological factors. Stoll and Dupont [16] presented an approach that requires tangential
grasp force measurement and differentiating relaxation and friction forces (see Fig. 3.5).
However, this method may require modifications to the grasping surface to amplify friction

forces and may be inaccurate if pressure concentrations are present.
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Many other groups have sought to use force sensing to otherwise inform the tool-tissue
interaction in MIS. Prasad et al. [49] sought to quantify the intra-abdominal forces that
laparoscopic instruments experience during MIS and designed a sleeve instrumented with
strain gages to sense forces during tissue retraction. Horeman et al. [50] designed a sensor
to measure suture tension both inside a closed incision and while pulling it. A goal of the
work was to provide a method of quantifying how much tension is safe to apply to sutures
on different tissues. Perri et al. [51] devised a method with capacitive-based pressure sensors
to obtain an active pressure map of the contact surface of organs to locate tumors during
MIS. This information can provide some information that can help surgeons assess tissue
health or inform their approach for various procedures. However, as revealed by the results
in Fig. 5.5 (shown in Section 5.2), force sensing by itself is insufficient to achieve reliable,

atraumatic grasping. Therefore, the goal is to instead sense slip directly, perhaps ultimately
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Figure 3.6 — Thermal-based slip sensor. Images reprinted from (©)2007 IEEE [52].

in combination with force sensing.

Another class of slip sensors senses temperature changes associated with mechanical
slip [52], [53]. Based on hot-wire anemometry, these sensors use a thermal probe to main-
tain a heater at near-constant temperature via bang-bang current control. When slip occurs,
a convective heat transfer term is introduced to the simple conduction problem, and the
current required to maintain a constant temperature increases; the slip sensor monitors
this change (see Fig. 3.6). Although robust to vibrations and surface roughness of grasped
objects, acknowledged drawbacks of this design are its inabilities to differentiate between
making/breaking contact and slip or to sense slip direction. The sensor presented here is
inspired by this work. However, our design relies on detecting movement of a spatial temper-
ature gradient rather than changes in heating power, which can enable sensing directionality

of motion.

3.3 A novel anemometric slip sensor for MIS

Sensing slip in MIS requires solutions to be capable of sensing slip of wet, compliant objects
and have the potential for integration into MIS or RAS end effectors, e.g. Intuitive Surgical’s
da Vinci EndoWrist® instruments. Integration into the end effector imposes significant
packaging constraints. Slip is most easily sensed near the event of interest, so the sensor

must fit into the grasper jaws or at least pass through the bore of a standard laparoscopic
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trocar. Furthermore, to facilitate surgeon acceptance, our technology must only minimally
change the nature of the grasper jaws.

Drawing on the ideas of [52], [53], the following sensing strategy was proposed (see
Figure 3.7). In A, a top view of the slip sensor is shown. Four thermistors (labeled IV,
S, E, and W for ease of reference) surround a central heating element, providing spatial
information regarding the thermal distribution in the plane of the sensor. B shows a cross-
sectional view through E and W.

When tissue comes in contact with the jaw, heat is conducted from the heating element
into the tissue, forming a thermal gradient 7'(x,y,t) in it. This thermal energy is then
conductively transferred to the thermistors (mainly through the grasped object, by design)

when stationary (I). As in [52], [53], we approximate this heat transfer problem as:

%f = kV?T —v - VT + {(z,v) (3.4)

where ¢(z,y) [] is the heat source, x [m?/s] is the thermal diffusivity of the grasped tissue,
and v - VT is the convection term that models the slip of the tissue against the sensor; this
term is zero if no motion is present. When the object slips (2), E senses a temperature
increase above baseline while W senses a decrease. N and S remain near baseline.

Thus, if tissue moves over a thermistor, there will be a signal in proportion to the
change in temperature. As noted in Section 3.1, local tissue movement can arise from any
combination of motion (translation and rotation) and deformation (dilation, extension, and
shear) [35]. For slip sensing, we are interested in translation. With a single sensor we cannot
entirely separate the effects of motion and deformation because distinguishing them requires
multiple points of measurement and a sense of scale: a microscale slip may be part of a
macroscale slip or stretch, and motion may have both rigid and deformation components.
However, we can construct signals that respond primarily to translation in the & and g
directions, respectively.

For a translation, assuming an approximately symmetric heating zone, the thermistor
in the leading direction should experience an increase in temperature while the thermistor
in the trailing direction should experience a temperature decrease. Therefore, we define slip
signals as:

S0 = (T —Tw), 8= 2Ty —Ts) (3.5)
ot ot

in the £ and in the g directions, respectively. Time derivatives are used to avoid reliance
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Figure 3.7 — A: Slip sensor top view with labeled N, S, E, and W thermistors. Component
sizes are 0201 and 0402!, as labeled. B: Cross-sectional view through E-W plane. Heater emits
thermal energy conductively transferred to the thermistors (mainly through the grasped object)
when stationary (I). When the object slips (2), E senses a temperature increase above baseline

while W senses a decrease. N and S remain near baseline. Figure adapted from [11].

on magnitude. These signals (Sw, Sy) may also be combined as
Smag2 = |Sx|2+|5’y|2 (36)

to produce an onset-specific signal that indicates slip magnitude only for a higher signal-
to-noise ratio than the direction-specific signals. Note that dilation (as may occur when
increasing the grasp force on a piece of tissue so that it expands radially) will produce no
signal because the thermistors’ temperatures will decrease together. A pure rotation will
also produce no signal, due to symmetry.

The signals S, and Sy (and Smag2) are imperfectly correlated with slip and should not
be interpreted as exact measures of the amount of slip that has occurred. The temperatures
measured at each thermistor also depend on the history of heating and tissue movement and
on the overall conduction and convection at the boundaries. These issues are examined in

detail in Chapter 4. This sensing strategy is also not robust to uneven contact or release of

10201 = 0.6 mmx0.3 mm; 0402 = 1.0 mmx0.5 mm
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tissue, which causes unpredictable changes in the four sensed temperatures and can mimic
slip. Therefore, as discussed in Section 6.2, software and sensor fusion with the da Vinci Xi
is required to reject these false positives generated during tissue grasp and release during
tests with human subjects. Despite these limitations, for realistic grasping scenarios, S
and Sy provide a useful single-point indicator of slip occurrence and direction.

Using an array of such sensors, a topic for future work, would enable estimation of the
tissue’s planar motion and deformation over the grasper jaw (see Fig. 3.8). Note that each
heater has its own cluster of thermistors around it rather than allowing a thermistor to sense
two neighboring thermal gradients. This is so thermistors do not experience crosstalk. As
will be discussed in Section 4.3.3, this is because for the given sensor components and desired
slip sensitivity of 2-3 mm, the thermistors must lie within 1.5-2.5 mm of the heater to achieve
high sensitivity to tissue motion, given a heating power of 45mW. In addition, heaters
must reside further than 6 mm away from one another to avoid crosstalk. Therefore, given
the currently used components, each thermistor should only respond to one heater’s local
thermal gradient. If a more sophisticated thermistor differencing method were employed,

perhaps this would not be an issue.

Figure 3.8 — Hypothetical sensor array. Each sensor produces at its center a 2D vector that
describes slip magnitude and direction. Given three such sensors in a plane, an estimation of
how tissue is moving overall may be obtained. Here, the tissue is undergoing a pure rotation,
which would not have been evident given a single sensor or even two, given that tissue can

deform.

The design shown in Fig. 3.7 is well-suited to sensing biological tissue slip: by collecting
redundant measures of temperature, we can monitor a critical parameter tied to tissue dam-

age. The sensor design is inherently robust; varying moisture content and tissue thickness
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are rejected common mode events. Furthermore, neither tissue stiffness nor viscosity sub-
stantially affects slip measurements. As long as the tissue contacts the entire sensor, even
grasp force does not affect the measurement. Although this thought experiment provides
hope that this slip sensing method may have applicability in MIS, it is important to under-
stand the working principles of the sensor with respect to its intended environment and let
these principles inform prototype design decisions. Therefore, the next section delves into

a thermal model and simulation of this anemometric slip sensing approach.



Chapter 4

Thermal Modeling and Simulation

4.1

Purpose

The information that follows was largely published in [10]. The thermal sensor was devel-

oped through a series of prototypes, as described in Sections 5.2 and 5.3. In this chapter

we present the thermal model and analysis that guided the design evolution. Among the

questions that we sought to answer through modeling were the following:

Dimensions and Guidelines

What trends and design guidelines characterize the slip sensing approach?

How do thermal properties of the tissue affect results?

— Initial temperature
— Thermal mass
— Thermal conductivity

— Tissue moisture content

What dimensions (e.g. distance between heater and sensors) will provide sufficient
sensitivity to slip?

How would use of 3 (rather than 4) thermistors affect slip sensing?

What is the minimum spacing required to avoid crosstalk and performance degrada-
tion if multiple heaters are used?

To what depth does the heating penetrate in the tissue?

Practical Use

What is the minimum time a stable grasp must be maintained to avoid false positives?

29



30 CHAPTER 4. THERMAL MODELING AND SIMULATION

What is the minimum heat required?

Does pulsing the heater help avoid saturation?

How quickly do thermal changes occur in our system, and what are the ramifications
regarding sample rate, resolution, and performance?

e Given realistic time constants and components, how fast a slip can we detect?

4.2 Thermal model

A simple thermal model provides an idealized representation of the slip sensor interacting
with tissue and is useful for understanding some of the main effects. We assume the tissue is
a uniform, homogeneous half-space in contact with the flat sensor. The sensor has a central
heating element that provides direct Joule heating and one or more temperature sensing
elements some distance away along the boundary of the half-space. It is possible for heat
to be conducted through the sensor structure as well as through tissue.

When tissue contacts the sensor, heat is conducted into it, forming a thermal gradient

T(x,y,t) local to the heater. As in [53], this heat transfer problem is approximated as:

T
%—t = aV?T + (z,y) —v- VT (4.1)

where o = k/(cpp) is the thermal diffusivity [m?/s] of the grasped tissue, and k, c,, and p
are respectively the thermal conductivity [W/(m-K)], specific heat [J/(kg-K)], and density
[kg/m3]. The term ¢(x,y) is the electrically controlled heat source, and v - VT is a con-
vection term that represents tissue slip against the sensor and is zero if no motion occurs.
This partial differential equation results in radially symmetric solutions about the heater,
assuming uniform tissue and infinite boundaries. The heater is approximated as a point
boundary condition because it maintains a constant temperature. One could also imagine
using a cooling element rather than a heater; we elected to use the latter because cool-
ing elements (thermoelectric coolers, for example) require a heat sink for dissipation and
typically are larger than heaters.

Before drawing further conclusions from this thermal model, Pennes’ Bioheat Transfer
Equation [54] should also be considered, as it is a useful and standard model for predicting

temperature distributions in living tissues:

or
V-EVT + gy + gm —Wer(T - T,,) = Pep o (4.2)



4.2. THERMAL MODEL 31

As Huang et al. describes in [54], T [°C] is the local tissue temperature, T,, [°C] is the arterial
temperature, ¢, [J/(kg -°C)] is the blood specific heat, ¢, [J/(kg -°C)] is the tissue specific
heat, W [kg/(m3- s)] is the local tissue-blood perfusion rate, k [W/(m -°C)] is the tissue
thermal conductivity, p [kg/m?] is the tissue density, q, [W/m?] is the energy deposition rate,
and q,, [W/m?] is the metabolism, which is typically far smaller than gp and is assumed
to be homogeneously distributed through the tissue of interest. This equation describes
how blood at temperature T, entering tissue through capillaries exchanges heat with the
surrounding tissue at temperature T. This thermal energy exchange between the blood and
tissue is proportional to the density, specific heat, and perfusion rate of blood through the
tissue. At the scale of the slip sensor and the small heated volume it generates in the tissue
(see Section 4.3.3), the effects of these terms are far smaller than the effects of tissue slip
(v-VT) and are not highly variable in time or space during the time period associated with
detecting slip. The results presented in Section 5.4.2 support these conclusions.

A few design insights arise immediately from this simple thermal model. First, the
slip signals measured at each temperature sensor are represented by the time derivative of
temperature, %—:tp. To obtain directional slip information we will compute %(Ti — Tj) using
two sites on either side of the heater. To obtain a strong signal, we want the term v - VT
to dominate over heat diffusion and conduction [aV?T + ¢(z,y)]. This could represent a
limiting factor in highly perfused tissue. In addition, the slip signal will be larger when the
slip velocity, v, is comparatively large and when the thermal gradient VT is comparatively
large (i.e., when the temperature profile varies sharply in the vicinity of the sensor). Thus
the sensor is more sensitive to faster slips. The sensor’s noise floor may also be considered a
rough estimate of the (idealized) minimum slip velocity that this sensor could be expected
to sense, assuming no other issues.

Sensor performance is also affected by the amount of heat conducted to the sensing
elements (thermistors) through the sensor substrate as compared to through the tissue;
the latter aids performance while the former limits it. It is therefore advantageous for the
encasing material between the heater and thermistors to have low thermal conductivity and
for the components to be as exposed as possible to the tissue (while eliminating electrical
conduction).

After building a slip sensor PCB prototype, it became apparent that the amount of
copper residing in the layers underneath the sensing portion of the board substantially

affected performance: too much copper resulted in parasitic heat conduction, reducing the
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sensitivity to convective effects (tissue slip). Thus, limiting trace widths and vias in the
sensing region was important for PCB design, as discussed in Section 5.3.2.

There is also a design tradeoff associated with the spacing of the thermistors with
respect to the heater. Sensitivity to tissue motion relies on the thermistors residing within
the steepest part of the thermal gradient, but not so near that internal substrate isolation is
poor. The thermal properties of the materials used for the sensor substrate and the grasped
material dictate this balance. As an aside, one must also consider in practical terms what
slip distance it is useful to detect: it is worth sacrificing sensitivity to slips < 0.5 mm if one
prioritizes detection of 1-2 mm slips.

These initial findings dictated many of the design choices for the prototypes. However,

a numerical thermal analysis was deemed necessary to examine these issues more carefully.

4.2.1 Conduction

This section considers the system to consist of the slip sensor, embedded in an instrument
jaw, grasping biological tissue. The main source of heat transfer in our system is conduction;
convection and radiation are both relatively insignificant [54] unless slip occurs, which is
represented here as a convection term. Conduction transfers heat through direct molecular
collisions (e.g. physical contact) across a stationary solid or fluid medium. The governing

equation is Fourier’s Law of conduction:

dU
Q=—kA— (4.3)

where @ is the heat flow rate [W], k is the thermal conductivity of the body material
[W/(mK)], A is the cross-sectional area normal to the direction of heat flow [m?], and
dU/dz is the temperature gradient in the direction of heat flow [K/m].

The constant k is a transport property and indicates the rate at which heat energy is
transferred through the medium via conduction. The thermal conductivity of various bio-
logical tissues have been measured; bone, fat, and skin have lower thermal conductivities
compared with most other organs and tissues (< 0.3W/(mK) vs. 0.5W/(mK), respec-
tively) [55].

In the sensor prototypes presented in Chapter 5, conduction paths exist within the
sensing PCB, between the PCB and its substrate (the instrument jaw), and between the

sensing PCB and the grasped tissue. Limiting heat transfer in the first path and facilitating
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Figure 4.1 — Main conduction paths in the anemometric slip sensor. It is desirable to limit the
internal conduction paths (pink arrows) by sealing the electrical components with a thermal
insulator (grey region). It is also desirable to maximize the conduction path from the heater to
the tissue (yellow arrow), so the thermistors and heater are placed as superficially as possible
(as opposed to embedded).

it in the last two is desirable for sensor performance (see Fig. 4.1). If the first path is highly
conductive, then the signal-to-noise ratio (SNR) will decrease because the thermistors will
saturate, sensing the accumulation of heat in the PCB which will mask the relatively small

(tenths of a degree Celsius) temperature changes that occur during slip.

4.2.2 Convection

Convection is the diffusion of energy due to random molecular motion and bulk motion (e.g.
advection) between a surface and a moving fluid. The effects are highly dependent on the

boundary layer conditions. The governing equation is Newton’s Law of cooling:
Q = hA(T, — ) (1.4)

where @ is the heat transferred [W], h is the heat transfer coefficient [W/(m?K)], A is
the heat-transfer area [m?], T, is the surface temperature, and 7} is the moving fluid’s
temperature. Here, convective effects affect the rate of heat transfer from our system
of interest into the environment, and thus tissue slip is estimated as a convective term.
Although a physically imperfect representation, it provides useful insights as a modeling

expression. Faster tissue slips result in larger convective terms and a larger slip signal.
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4.3 Thermal Simulation

A numerical simulation was created to understand the general underlying trends behind
the slip sensing method proposed and to investigate the effects of changes in geometry
and materials. A transient thermal simulation was thus developed in ANSYS and tuned
according to matching benchtop experiments until results over 5min matched and were

robust to finer meshing and time steps.

4.3.1 Simulation setup

Transient thermal simulations were developed using ANSYS 19.0 to explore the effects of
tissue thickness and water content on the thermal gradient and its development. The slip
sensing PCB was modeled in SolidWorks by exporting each PCB layer from Eagle (Au-
toDesk). In Eagle, the desired layers were displayed and exported as a DXF file. This
provided precise trace, via, and component locations as an importable sketch. Each trace
width was then manually added in each layer’s sketch and extruded. The components were
manually added and positioned according to the traces and pads in the PCB assembly.
Materials were added based on the components’ datasheets; the thermistors were approxi-
mated as nickel and the heating resistors as aluminum. This model was then imported into
ANSYS via SpaceClaim.

Figure 4.2 — Benchtop test setup for ANSYS simulation validation. Liver rests atop slip sensing
PCB under a plastic box to limit convective effects.

The transient simulation was tuned using a benchtop test run at two heating powers (see
Fig. 4.2 for setup and Fig. 4.3 for results). The slip sensor was placed in a loosely covered
tray to limit convection, and a 5 mm thick piece of liver tissue (at room temperature) covered
the sensor. Liver was chosen because it is an organ with a standard thermal conductivity

(0.5W/(mK)) as is the case for most biological tissues) that is easy to obtain, relatively
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uniform, and easy to slice into test specimens. The heater was powered at 45 mW or 25 mW
and run for 5 minutes. Constant current heating was used here rather than PID control of
the heater (as used in Section 5.3 to maintain a constant temperature) because it was simpler
to simulate a volume heat source rather than a time-varying temperature. In addition, this
model would help inform the worst case effects of the heater. Two thermistor probes were
adhered to the board aligned with g (out of the page in Fig. 4.1); one over the heater and
another 4 mm away. The transient response of these probes and the NV and S thermistors
were used to tune the simulation’s thermal loads (Fig. 4.3 shows results; Fig. 4.9 shows

probe locations on a PCB).

Liver, 45 mW Liver, 25 mW
28 28 28
— — — — S
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< . 26 < < 26 --.S,
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Figure 4.3 — Tuning data from experiment (solid lines) and simulation (dashed lines). Tem-
peratures were collected from probes adhered along the PCB on the heater (H), 4 mm along
the g, and over the S thermistor. Close-ups of the overall tuning data at the onset of heat

conduction are shown.

Figures 4.8A and B show the components modeled in simulation: the FR4 PCB sub-
strate and its first layer of copper traces (vias extend to the PCB base); the thermistors,
resistors, and their epoxy covering; and the tissue (modeled as liver, bone, water, or air with
thermal properties from [56]). FR4 is a composite material made of woven fiberglass cloth
with a flame resistant epoxy resin binder. This set of modeled parts was determined through
trial and error as the minimum amount of detail required to obtain a useful model. Obser-
vations of poorer (discarded) board designs helped inform initial decision making on this
point as well; original designs had substantial copper in the board layers underneath the slip
sensor, which reduced their performance because the traces would accumulate heat. This
finding signified that traces and copper would be important to model. The heater power

and initial conditions reflected the experimental values and were excluded from tuning.
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Table 4.1 — Materials used in ANSYS simulation

Material Density Thermal Conductivity Specific heat
kg m™3] [Wm ! C} [J kg™t C1]

Copper [57] 8933 400 385

Epoxy 1290 0.15 1535

FR4 1840 1 1535

Nickel [57] 8900 90 444

Aluminum [57] 3720 26 790

Tissue [56] 1050 0.5 3500

The convective loads and bulk thermal properties of the FR4 PCB substrate (a combina-
tion of FR4 and copper) were tuned to match the experimental results while maintaining
realistic values. The mesh was then increased and the time step decreased to confirm the

insensitivity of the results.

4.3.2 Simulation conditions

The details of the transient thermal simulation run in ANSYS 19.0 are described here for
replication by the interested reader. If a section in ANSYS is not mentioned (e.g., ‘Named

Selections,” it means that no modifications were made to that section from the ANSYS-

defined defaults.

Geometry

The components in the model are copper, the PCB, two heating resistors, 4 thermistors,
the epoxy layer, and the tissue. See Figure 4.4 for all parts that are not simple rectangular
boxes. All are boss extrudes except the epoxy and PCB, which are both cavities. The PCB’s
cavity is made by subtracting the copper from a boss extrude, and the epoxy’s cavity is
formed by subtracting the heating resistors and thermistors from a boss extrude.

Table 4.1 contains the Engineering Data used to supply the material properties. The
PCB was assigned the material called FR-4 below which has material properties chosen
to reflect a combination of glass-reinforced epoxy laminate and copper. The thermal con-
ductivity of Loctite 435 is not released in the public domain by Henkel Corporation, so a
typical value for epoxy was used. Based on information from the components’ datasheets,

the thermistors were assigned Nickel and the heating resistors Aluminum.
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Figure 4.4 — Part geometries in ANSYS simulation.

Coordinate Systems

ANSYS requires coordinate systems to lie anywhere that setting a probe to track solution
quantities, e.g. temperature, is desired. The coordinate systems were thus set between
the heating resistors, one at the center of each thermistor, and 7 additional ones along the
N-S axis at 0.8, 1.0, 1.2, 1.4, 1.6, 2.1, and 3.6 mm from the center of the heating resistors.
Figure 4.5 shows the PCB, the copper traces, and electrical components within their epoxy

layer and where the coordinate systems are located with respect to them.

Connections

All of the connections between parts were ‘Bonded’ type. Bonded-type contact between two
faces uses a multi-point constraint formulation that internally adds constraint equations to
artificially tie the displacements between the contacting surfaces and results in an efficient

solution. In the present case, nothing should move but rather expand or contract due to



38 CHAPTER 4. THERMAL MODELING AND SIMULATION

0,000 3500 7.000 (mm)
I 29200 O a0

L1750 5.250

Figure 4.5 — Simulation coordinate systems along the NV-S axis at 0.8, 1.0, 1.2, 1.4, 1.6, 2.1,
and 3.6 mm from the center of the heating resistors. Additional coordinate systems are located
at £1.75 mm from the heater on the N and S thermistors.

thermal loading.

Mesh

The mesh contained 385,143 nodes and 268,300 elements. Under Defaults, the overall
mesh Relevance was set to 20. Under Sizing, the Adaptive Size Function was used with
a Medium Relevance Center, a Slow Transition, and a Coarse Span Angle Center. Under
Quality, Medium Smoothing was used. These are all rather coarse settings because mesh
controls were used to obtain fine meshing in the main area of interest, near the heaters.
Instead, the emphasis was on obtaining overall good quality of mesh elements (see Fig. 4.6).
Element quality was chosen as the desired metric.

The Element Quality option provides a composite quality metric that ranges between 0
and 1. This metric is based on the ratio of the volume to the sum of the square of the edge
lengths for 2D quad/tri elements, or the square root of the cube of the sum of the square
of the edge lengths for 3D elements. A value of 1 indicates a perfect cube or square while a
value of 0 indicates that the element has a zero or negative volume. As seen in Fig. 4.6, the
quality of most elements is better than 0.7, which is very good. However, element quality
is just one feature of a mesh and is a relative judgment.

Five additional mesh controls were used. First, a Patch Conforming Method was applied

to all 10 bodies in the simulation to specify tetrahedrons as the meshing method. Second,
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Figure 4.6 — Simulation mesh metrics. It is desirable to have a higher element metric. The
metric chosen here is ‘Element Quality,” which relates elements’ edge lengths to their volume.

As a rule of thumb, values above 0.7 are very good or excellent, but quality is a relative metric.

Edge Sizing was applied to the edges of the Copper body that specified the trace thickness.
Each edge was required to have at least two divisions for more accurate heat transfer without
drastically increasing the number of mesh elements. Third, Face Sizing was applied to the
contacting faces of the tissue and epoxy bodies. The elements on these faces were forced to
have elements of size 1.25 mm. Fourth, the overlapped contact area between the contacting
faces of the tissue and epoxy bodies had a Contact Sizing mesh control where elements were
forced to have a 0.25 mm size. Lastly, Body Sizing was applied with the Sphere of Influence
type. The sphere was centered between the heating resistors, had a radius of 2.5 mm, and
enforced an element size of 0.2 mm. This mesh control was the most stringent because it
was where the most important thermal effects occurred. See Fig. 4.7 for section view of the
overall mesh. The number of mesh elements was increased by 20% and results over a 10s

simulation compared to ensure independence of results from mesh refinement.
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Figure 4.7 — Simulation mesh, section view. Finer mesh elements are used near the region of

interest — at the heater and thermistors’ contact interface with the epoxy and tissue.

Initial Temperature

The default initial temperature of all bodies unless specified or overridden in subsequent
settings was set at 22°C to match the settings of the benchtop experiment. A simulation
was run with in vivo conditions to confirm that the results had the same trends at different

temperature magnitudes (e.g., everything experienced the same temperature difference).

Analysis Settings

The analysis was divided into three analysis steps to allow for fine time steps early in the
simulation and coarser ones later because the most important thermal effects that affect
stability occur early on. The details are tabulated in Table 4.2. All used Auto Time
Stepping, where the time step size is automatically determined in response to the analysis’s
current state. Concurrently, loads are adapted as well. Given the current and past analysis
conditions, the algorithm determines the next time increment, which is largely predictive.
The second feature of the algorithm determines whether or not to reduce the present time
step size and redo it with a smaller one based on whether proper convergence is achieved
or not anticipated. Time steps were decreased by a factor of 10 to check robustness of the
simulation results to the time step size over 40 s of the transient simulation. 40s was chosen

because the simulation results had reached steady-state in that amount of time.

Thermal Loads

Four thermal loads were applied in this simulation. Convection was tuned until the simula-

tion matched the benchtop experiments and checked to ensure it did not exceed 75 W/(m?K)
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Table 4.2 — Time step (TS) settings for thermal simulation

Step End time [s] Initial TS [s] Min TS [s] Max TS [s]

1 5) 1E-5 1E-7 0.01
2 10 Carry Over 1E-5 469746650.1
3 300 Carry Over 1E-3 0.2

because typical values for convection in a laboratory environment should be between 2-
50 W/(m?K). However, higher values up to 75 W/(m?K) were deemed permissible because
convection was also being used to model heat transfer to the unmodeled parts of the bench-
top experiment. Convection at a constant 50 W/(m?K) was applied to the 5 faces of the
tissue body that were not contacting the epoxy body; this represented the airflow on the
surface of the tissue as well as the effects of conduction within the unmodeled portion of
the tissue (the entire slab of liver tissue was not modeled to facilitate faster solve times).
Convection at a constant 40 W/(m?K) was also applied to the sides of the PCB and epoxy
layers not in contact with the tissue. This modeled the heat transfer due to ambient airflow.
To model the heat transfer that flowed between the PCB and the table it was resting on,
convection at a constant 10 W/(m?K) was applied to the bottom of the PCB. Ambient
temperature for all convective thermal loads was set at 22°C.

Internal heat generation was applied to the two heating resistor volumes with a magni-
tude of 0.1 W/mm? which equated to 45 mW. This was changed as described in the following

sections to explore the effects of lower heating powers.

4.3.3 Simulation results

Results from the simulation are shown in Figures 4.8 and 4.9 and Table 4.3. The heat-
affected zone, defined here as the volume that experiences a temperature increase of > 3°C
within 5 minutes of constant contact, is 10.4mm?® (smaller than a mini M&M). Outside
this volume, which extends just over 1 mm into the tissue, the sensor’s heater has little
effect. Fundamentally, the sensitivity of the slip sensor depends on detecting this superficial
thermal gradient that it generates.

One purpose of the simulation was to model how the steepness of the local thermal
gradient changes over time (Fig. 4.9). Of course, the thermal time constant associated
with achieving the steepest thermal gradient from the heater to each thermistor will differ

based on thermal contact conditions. However, from these benchtop tests and simulations
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A 4 mm B
heater thermistor
————epoxy

copper

Figure 4.8 — Transient thermal simulation of room temperature tissue resting on the slip
sensor. A shows the PCB with the tissue hidden to expose copper traces, heaters, thermistors,
and epoxy. B is a semi-transparent side view of the tested model. C-F show the temperature

profile on a bisecting section view at 5s, 30s, 1 min, and 5 min, respectively.

(see Section 4.3.1), one may conclude that higher heating power ultimately results in a
steeper thermal gradient (for better slip sensitivity), but lower heating power reaches a
(lower) steady-state gradient more quickly (Table 4.3). The experiments were conducted
with room temperature tissue rather than at in vivo body temperature, but the general
trends are still characteristic of the sensor’s interaction with tissue. Experimentally, the
thermistors have +0.05°C of noise, so these thermal gradients have a signal-to-noise ratio
of > 15 : 1 if tissue slips by > 1 mm or more, which is more than sufficient for our purposes.

This simulation also describes qualitatively how changes in the sensor’s environment
would affect performance. The geometry and thermal parameters of the tissue were altered
to reflect thick (10 mm), thin (2mm), very moist (water), and very dry (bone or fat) tissue.
Changing the grasped object’s moisture content was represented as a change in thermal
conductivity. As in Table 4.3 and Fig. 4.9, the heating power is the single most important
determining factor of the resultant steady-state local thermal gradient, regardless of tissue
moisture content or thickness. When the PCB is in contact with objects of low thermal
conductivity (e.g., air, or to a lesser degree, bone or fat), it maintains a steeper maximum
thermal gradient.

Figure 4.10 shows the difference in local thermal gradients that develop after 20 s of con-

tact on tissues of widely differing thermal conductivities. Biological tissue that is commonly
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Figure 4.9 — Local thermal gradient vs. time. Linear estimate of the thermal gradient slope
from experiment and simulation through the heater, S, and the probe. See yellow asterisks on
PCB for probe locations used to estimate linear slope local to the heater. The plot shows the
how the slope changes over time for each condition. Higher heating power results in steeper
thermal gradients that take more time to develop. Heating power mainly dictates the local slope,
regardless of tissue thickness, thermal conductivity [0.2 — 0.5 W/(mK)], or moisture content.
Steepest gradient occurs when only in contact with air because convective losses are far less
than conductive ones. The inset at right shows a zoomed-in portion of the plot at the beginning

of heat conduction.
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Figure 4.10 — The plots show local temperatures and thermal gradients that form within 30 s of
contact for a variety of tissue thermal conductivities at 45 mW heating power. The simulations
used very extreme thermal conductivities (bone and fat are at least 0.19 W/(m K), and water is
at most 0.6 W/(mK)) to better express the trend: a steeper local thermal gradient is achieved
for tissues with lower thermal conductivities, so the sensor is more sensitive on tissue that is
less thermally conductive.

grasped and retracted in MIS and/or RAS does not have thermal conductivities that range
outside [0.19-0.6], but displaying the results for the [0.1-0.9] range illustrates the main point
nicely. Tissues with lower thermal conductivities have steeper local thermal gradients, and
thus the presented slip sensor is more sensitive to their motion. Tissue commonly grasped

in the body is typically in the 0.2-0.5 W/(m K) range.

Table 4.3 — Steady-state (S.S.) thermal gradient development for various simulated contact

conditions

Tissue Time to reach...
Power Thickness Model Max slope S.S. 50% S.S.
15 mW 5mm Liver -0.3°C/mm 31.7s 1.8s
25mW 5mm Liver -0.5°C/mm 32.3s 1.8s
45 mW 5mm Water -0.8°C/mm 31.1s 1.7s
45 mW 2mm Liver -0.9°C/mm 36.9s 1.9s
45 mW 5mm Liver -0.9°C/mm 29.6s 1.7s
45 mW 10 mm Liver -0.9°C/mm 35.8s 1.9s
45 mW 5mm Fat -1.0°C/mm 36.0s 1.8s
45 mW 0 mm Air  -1.9°C/mm 20.3s 3.55

The plot in Fig. 4.10 also lets us comment on the minimum distance needed between
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two heaters at 45mW: at 3mm away, the local thermal gradient is approximately zero.
Users report wanting to know about slips in the 2-3 mm range. Therefore, as long as the
second heater is at least 3mm away (for a zero thermal gradient) plus another 3 mm away
(for when tissue slips) from all of the first heater’s thermistors, there will be no crosstalk
or performance degradation.

A final takeaway from Table 4.3 is that the sensor requires very little time to achieve
an acceptable thermal gradient; 2s will suffice to achieve useful slip sensitivity to 1 mm
slips, and 1s will suffice if sensitivity to larger (say, > 2mm slips) slips is tolerable. This
information was used to help determine the “reliable grasp” wait time for use in the slip

detection algorithm used in Sections 5.3.6 and 6.2.

4.4 Overview of sensor principles

4.4.1 Component spacing

In general, the slip sensor relies on sensing changes in temperature related to changes in
the tissue’s planar displacement. Thus, better performance is achieved when the sensor can
establish a steeper thermal gradient about its central heating element. This occurs when
the sensor is in contact with an object with lower thermal conductivity or its heating power
is higher.

To sense slip, the sensor must be in contact with a solid object that retains heat enough
to establish a temperature gradient. It cannot sense on a gas or pure fluid but can sense
slip of a solid object that retains fluid (as long as the barrier thickness is > 1 mm, because
that is the depth to which our sensor generates its thermal gradient). In other words,
the sensor needs consistent contact with an object; grasping a soaked sponge will incur
many false positives because the fluid is not retained in the sponge very well. However,
it can sense slip of biological tissue because typical RAS grasping results in expulsion of
the fluid boundary layer, resulting in a wet and compliant object that allows for consistent
contact across the sensing region. The thermistors ought to reside quite near the sensor’s
surface to limit the effects of internal substrate conduction and sense instead the superficial
temperature changes at the grasping surface.

The optimal spacing between the heater and thermistors relies on both physically deter-
mined phenomena and on the user’s desired optimal sensing range. There is a distance away

from the heater that the thermistors must reside to avoid thermal saturation from within
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the substrate. In the limit, with the thermistors located infinitely far from the heater,
the thermal gradient that the heater generates will not affect the thermistors (unless its
heating power is also quite high, which would be unsafe), and the tissue would have to slip
infinitely far and fast for the thermistors to recognize that any movement occurred. At the
other extreme, the heater and thermistors would be overlaid, and the thermistors would
always sense the temperature of the heater. This layout would result in very poor sensitiv-
ity to slip: a moving object in contact with the sensor would have almost no effect on the
sensed temperatures, which would be dominated by internal conduction. Thus, physically,
a balance exists between the conduction possible through the grasped object and through
the sensor. A good slip sensor design would require low thermal conductivity through the
sensor substrate, lower than that through the grasped object.

As mentioned above, the user’s desired slip sensitivity matters as well when determining
optimal thermistor-to-heater layout distance. As found experimentally in Chapter 6, it is
often desirable to have high sensitivity to slow slips of 2 mm displacement. High sensitivity
means, from the sensor’s perspective, that the difference of the opposed thermistor pair (in
the direction of slip) is maximized when the desired amount of slip occurs. Unfortunately,
knowing the difference exactly is only possible if one intends to grasp only objects of spe-
cific, known, unchanging thermal properties, because those thermal properties determine
the precise shape of the local thermal gradient that forms. However, for the range of ther-
mal properties one experiences in vivo, the simulation can provide guidelines that cover
normal operating conditions in RAS. Assuming 45 mW heating power and typical tissue
(0.5 W/(mK)), the steepest thermal gradient lies within 2 mm of the heater. If a 2mm slip
happened instantaneously, then the thermistor should be located 2 mm for maximum signal.
However, most slips in RAS tend to happen rather slowly: tissue stretches and creeps first,
then catastrophically slips later. This means that the thermal gradient will be less steep in
practice as the slip progresses because heat in the tissue will dissipate. Therefore, to catch
slow 2mm slips, locating thermistors at around 1-1.5 mm away from the heater is better.
If the user wanted to know about very small slips, say 0.5 mm, the same ideas apply. The
sensor would need to be located within 2mm of the heater, but within 0.5-1 mm of the
heater would be optimal.

The ideas expressed above apply to the components modeled in the above simulation
and used in the prototypes discussed in Section 5. From the manufacturer’s datasheet,

the thermistors have +0.05°C noise. The DAQ used in this work, the Arduino Due, has an
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analog to digital converter with 12 bits of resolution over 0-3.3 'V, so it is accurate to 0.8 mV.
Based on the thermistor conversion used (see Section 5.3.3), 0.05°C equates to 62 or 3mV,
for which the DAQ has sufficient resolution to express (4 counts). Thus, improving the
thermistor to have lower noise would enable use of lower heating, more relaxed spacing of
components, etc. because it would be capable of sensing shifts in a lower thermal gradient.

Use of three thermistors at 120° spacing rather than four at 90° spacing would also
work, although the computation of the directional slip signals and the overall slip indication
variable would change. The temperature signals would have vector components, and the &
and gy components would be extracted for use (e.g., in Equations 3.5 and 3.6). The signal to
noise ratio would not be worsened in this case because it is still possible to construct two unit
vectors in the plane to describe the slip, given 3 points. The use of four thermistors simplifies
the interpretation of their signals in terms of slip along and transverse to the grasper jaw.
Additional thermistors would provide some redundancy and could be averaged to reduce
noise, but unless an additional heater (located far enough away to avoid crosstalk, at least
6 mm for the given components) was employed, there would be no additional directional

information.

4.4.2 Thermal time constants and heating considerations

Another implication of the desire for a steep thermal gradient is that more heating power
is better, particularly when the grasped object has a comparatively high thermal conduc-
tivity. Higher heating power results in a steeper steady-state thermal gradient and a higher
temperature directly over the heater. In RAS, the heating power is limited by the com-
peting requirement for a safe thermal interaction with living biological tissue. For these
reasons, the amount of current permitted to pass through the heating resistors is controlled
to not exceed the safe temperature threshold as stated by [58]. Section 5.3.4 discusses this
constraint further.

As discussed in Section 4.3.3, the heating power applied is the main factor determining
how quickly the local thermal gradient is established and how steep a gradient one can
achieve. Although for heating powers in the range of 15-45 mW it requires approximately
30s to achieve the maximum thermal gradient, it only takes a 2-3s to reach a gradient
half as steep. Our sensor has +0.05°C of noise, and a reasonable desired detectable slip
amount is 2mm. Thus, if we wish to operate at, say, 10 times our noise floor, then we

need a gradient of > 0.25°C/mm to be sure we could detect it — easily achievable within
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1s of grasping if using a heating power of 45 mW. With the implementation presented in
Section 6.2 where slip detection is not permitted while the tool is actively used, this 1s
interval occurs naturally; else, a 1s delay (as implemented in Section 5.3) is useful. In any
case, because the act of grasping typically results in a signal that mimics slip (if contact
with the sensor is made unevenly), it is wise to wait 1s after grasping before starting
slip detection to reject the resultant false positive. This strategy is employed in both the
freeform grasping tests in Section 5.3.6 and during the user study in Section 6.2.

In simulation, there was no downside to applying maximum heating power over long
periods of time (5 minutes) — the maximum local thermal gradient was also the steady-
state value. In other words, saturation did not appear to be an issue, so pulsing the heater
was not deemed necessary. However, in practice, tissue and other water-saturated materials
may experience desiccation if heated for extended periods, and these are not results the
simulation was built to predict or describe. On a separate note, because the tissue thermal
properties are not estimated or measured in real time, it is difficult to tune the PID controller
to maintain the heater safely below the 43°C limit with zero overshoot. Thus, pulsing the
heater (75% duty cycle at 0.25 Hz) was implemented once the temperature control signal is
within 3°C of the target temperature to ensure overshoot never occurs, and control reverts
back to PID control otherwise (see Fig. 4.11).

For a typical 2mm slip at 45mW heating power on tissue with thermal conductivity
of 0.5 W/(mK), the expected temperature change is approximately 1.6°C if it happens in-
stantaneously. The difficulties in slip sensing occur at both ends of the slip speed spectrum.
If the slip is extremely fast, faster than the thermistors can register the movement of the
heated patch moving past one or two thermistors, there is a chance that the paired ther-
mistors will never sense different temperatures, and it will appear as if slip never occurred.
If tissue could instantaneously slip 8 mm, this would be the case (the thermal gradient is
nearly 0 at 4mm; 8 mm would ensure both thermistors see the cold patch at once). How-
ever, surgeons do not tend to manipulate tissue in such aggressive ways that would cause
this kind of slip to occur. Of greater practical concern are very slow slips.

If the slip is sufficiently slow, the rate of heating and cooling of the tissue can potentially
present no appreciable temperature difference across the heater as the tissue moves. This
is most likely to occur if the slip occurs in a slow, stop-start fashion, with slight movements
so the temperature change in the direction of slip is very small. After each very small slip

the heater has time to reheat a new patch. This effect would be especially problematic if
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Figure 4.11 — Heater control over time. PID setpoint was 26°C. Gain scheduling is in effect:
initially, the maximum heater signal (5V) is applied to quickly approach the temperature set-
point. Once the hottest thermistor is within 3°C of the setpoint, the controller switches to a
combination of PID control and pulse width modulation. Regardless of the heater signal value,
it is set and held at zero for 500 ms every 2 s, which prevents overshoot in most situations tested

experimentally. This is by no means optimal. For the other 1.5s, PID control determines the
heat control signal.

the thermistors were located beyond 2 mm from the heater where the thermal temperature

gradient is small. The most direct fix would be to use higher-performance thermistors.

4.4.3 Concluding remarks

The presented simulation and results support the use of the simulated design in MIS. Based
on the model, it appears that sensor’s characteristics are sufficient to provide tissue motion
information within 1-3s of consistent contact with biological tissue and that the sensor
should perform approximately equally well under all conditions expected in vivo. The next

chapter, Chapter 5, presents prototypes that benefit from this modeling effort.



Chapter 5

Slip Sensor Prototypes and
Validation

5.1 Application-specific requirements

Slip is defined here as the net displacement of tissue because it is important when it results
in accidental loss of grasp. The goal is to detect tissue translation in <3 mm, which is
less than typical standard grasper jaw widths (4.7 — 5.3 mm for the da Vinci ® Tip Up,
Fenestrated Bipolar Forceps, ProGrasp, and Cadiere instruments), on a variety of tissue
types, and with a range of slip onset speeds. This requirement motivates Section 5.3.6.

Any proposed solution must be capable of detecting slip of wet, compliant objects (bi-
ological tissue). See Section 3.2 for a description of the prior art in the slip sensing space.
The majority of prior art is inapplicable to the present application because tissue slip lacks
the stick-slip vibrations that tend to signal dry scenario incipient slip. Thus, as described
in Section 3.2, a thermal-based slip sensing method was chosen. Solutions must have the
potential for integration into RAS end effectors, e.g. Intuitive Surgical’s resposable (reusable
and disposable) da Vinci EndoWrist® instruments. This imposes significant packaging and
robustness constraints. Slip is most easily sensed near the event of interest, so the sensor
must pass through the bore of a standard laparoscopic trocar. Furthermore, to facilitate
surgeon acceptance, it is advisable to minimally change the profile, geometry, and envelope
of the grasper jaws.

Finally, slip detection must function during typical RAS grasping processes; e.g., apply-

ing traction and counter-traction with 2 tools. To avoid cognitively overloading surgeons,
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which can hinder rather than facilitate them [59], slip information should only be provided
when relevant. This means that slip detection should not occur during every grasping action
but rather only when the intent of the surgeon is to maintain that grasp for a sustained
period of time.

A description of the two rounds of prototypes follows. The first round of prototypes
sought to prove the concept of the slip sensor by generating foundational data through
a highly idealized, constrained experimental setup. The prototypes thus did not adhere
strictly to the application requirements although the path toward that goal existed. The
second round of prototypes sought to demonstrate that the slip sensor could function un-
der human-controlled grasping, which required much stricter adherence to the application
requirements, including integration into a RAS tool. For each round of prototypes, many
iterations on the slip sensor PCBs, adapters, and assembly parts were required, resulting

in rounds of iterative prototyping.

5.2 Round 1 of Prototypes: Benchtop version

Data Capture Grasper

Figure 5.1 — Benchtop version of slip sensor. Left: Close-up of slip sensing PCB’s sensor area.
Two heating resistors are in series with four thermistors arranged around them in a compass
layout. Right: Data capture grasper used in validation experiments. Grasper is spring-loaded
to enable a range of grasping forces. The slip sensor PCB has a load cell underneath it to
capture these grasp forces. The other jaw contains an optically clear window to allow a camera

@ to capture tissue motion between the grasper’s jaws.
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The following section is largely based on [11], which describes the first published proto-
type and validation experiments, performed on a benchtop setup meant to mimic a (large)
grasper that served as a proof-of-concept to gather foundational data and determine whether
this sensing scheme was worth pursuing. Figure 5.1 shows the system used to achieve these
goals. The left image shows a close-up of the the prototype slip sensor PCB used for data
collection. The right image shows the experimental platform, a 3D-printed grasper with
a spring-loaded clamp. The grasping region was enlarged to allow for video capture via a

camera (&) as a ground truth for motion analysis.

5.2.1 Description

The sensor design is consistent with that described in Section 3.3. Four thermistors surround
a heating element, all embedded in a heat-sinking grasper jaw. The slip sensor has a
surface area of 3.5x3.5mm?; the overall PCB is 7x26 mm?. The thermistors’ resistances
are converted to voltages with transimpedance circuits. Temperature is calculated from

resistance using the Steinhart-Hart equation as recommended in the thermistors’ datasheet:

1 3

7 = A+ Blin(R)] + Clin(R)] (5.1)

where A = —2.2x 1073, B=7.9 x 1074, and C = —2.2 x 1079 (fit against a thermocouple
in a water bath and checked against manufacturer-provided calibration data). Opposing
pairs of thermistors (N-S, W-E) are fed into instrumentation amplifiers to amplify their
differences; see Section 3.3. The signals used here to detect slip onset were the direction-
dependent signals from Equation 3.5 alone, not combined as in Equation 3.6. The sensor’s
signal is proportional to temperature changes, which occur if tissue moves over a thermistor.

This slip sensor design is better suited to sensing slip of wet, compliant materials than
that presented by Accoto et al. [53] for a few reasons. They used the amount of current
(e.g., heating current required to maintain a temperature setpoint) supplied to their heater
as their slip signal, but this only works if the sensor has time to reach thermal steady state
and the object is cooler than the sensor. Because the sensor must work quickly (grasping
actions occur much more frequently than the time scale of thermal equilibrium, which can
be 15-60s for the presented sensor depending on the temperature setpoint), this signal is
inapplicable to the present application. Second, each of the slip sensors provides a vector

of tissue motion and rejects rotation and stretching of tissue. Furthermore, an array of at
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least 3 of these sensors (as shown in Fig. 3.8) would allow an estimation of overall tissue
motion, which could be used to help guide surgeons to a grasp that better supports tissue
if it starts to slip.

The heater (a pair of 49.9Q2 Vishay Thin Film resistors in series, PCAN0603E49R9BST5)
is resistively heated at a constant 110 mW; heater modulation was not implemented until
Section 5.3. This heating power was selected after preliminary tests to determine the
maximum heating power that does not exceed the 43°C limit for direct tissue contact
safety [58] over 10 minutes of continuous on-time. To create a smooth contact interface,
the resistors and thermistors are coated up to the level of the tallest component (0.5 mm)
in Loctite 435™(Henkel Corporation), a colorless, toughened, ethyl-based instant adhesive

selected for its low thermal conductivity and manufacturability (UV cure).

5.2.2 Validation experiments

Figures 5.2 and 5.4 illustrate the benchtop experimental setup made to imitate a MIS
grasper. A DAQ (Sensoray826, Sensoray) reads the analog output from 4 thermistors, the
thermistor pair differences, their derivatives (Sy, Sx), and a single-axis button-type 15 N load
cell (FSS015WNGX, Honeywell; 2.4mV/(V/N)) into a custom C++ program. The heating
circuit maintains constant maximum power (110mW) to establish the steepest thermal
gradient possible for the best chance of demonstrating the proof of concept. Section 5.3
discusses the safe implementation changes made after these experiments. The load cell was
centered below the slip sensor to obtain grip force.

Video was recorded at 60 fps with 1280 x 720 pixels resolution using an ELP-USBFHD01M-
L21 camera (Ailipu Technology Co., Ltd) calibrated with the MATLAB Camera Calibration
toolbox. This camera was cheap, around $50, but was prone to premature death after a
week or two of heavy use and is thus not recommended. Videos were used to perform digital
image correlation (DIC) to estimate displacements at the contact interface and ensure slip
(rather than stretch) occurred during testing (see Fig. 5.3). DIC is a common non-contact
technique for measuring material displacement and deformation based on the comparison
of two images acquired at different states, before and after motion. Here, DIC was per-
formed in MATLAB using Ncorr, an open source 2D-DIC MATLAB software [60]. To aid
DIC analysis, grasped objects were stained with randomly placed dots of black food color-
ing. The grasped object was displaced using a custom-built system based on a monocarrier
(MCMO03015P02K, NSK Global), a linear slide (6709K301 and 6709k120, McMaster-Carr),
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Figure 5.2 — Experiment setup for commanding slip trajectories and measuring slip. Right
inset shows the grasper; the jaw-mounted camera obtains video of the planar tissue deformation.
On the underside of the slip sensor board, a load cell collects grasp force. Left inset depicts
DIC analysis on speckled foam. Left image is the reference image. Middle image is taken
0.5s later; the vector field of Lagrangian displacements with respect to the reference image is
overlaid. Right image shows a Ncorr colormap output of the x displacements; color gradient

shows increasing displacement from bottom to top, implying stretch (see Fig. 5.3 for detail).

and a SmartMotor (Moog Animatics). Accuracy of Ncorr and the SmartMotor system
were validated using a laser displacement sensor (LK-H082, Keyence); displacements agreed
within 0.5% of desired motion.

Figure 5.2 shows the experiment setup for commanding slip trajectories and measuring
slip. Right inset shows the grasper; the jaw-mounted camera obtains video of the planar
tissue deformation. On the underside of the slip sensor board, a load cell collects grasp
force. Left inset depicts DIC analysis on speckled foam. Left image is the ‘reference’
image. Middle image is taken 0.5s later; the vector field of Lagrangian displacements with
respect to the reference image is overlaid. Right image shows a Ncorr colormap output
of the x displacements; color gradient shows increasing displacement from bottom to top,

implying stretch.
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Figure 5.3 — Enlarged from inset of Fig. 5.2. Left image shows some pink foam, dotted with a
sharpie, in its undeformed state. Middle image shows the displacement arrows Ncorr generates
when comparing pixel motion from the undeformed configuration to the deformed one (in the

background). Image at right shows a displacement colormap.

Tests were conducted to test the effectiveness of the sensor and the feasibility of the
concept. The slip sensor was mounted in one jaw of a rigidly-mounted 3D-printed grasper.
A force sensor under the slip sensor allows precise selection of the grip force prior to each
trial; 0.5 N was chosen experimentally because it allowed tissue to move with nearly rigid
body motion between the grasper jaws without catching or tearing. The other grasper jaw
contains an optically clear window to allow video capture of the grasped tissue for motion
analysis. Thin samples of tissue (slices of turkey bacon) were used to obtain accurate
planar deformation estimates. Tissue is held in two clamps mounted on a passive linear
guide carriage and a linearly actuated carriage. The passive carriage is linked rigidly to the
other carriage to mimic tissue slip through the grasper. Rigid-body motion of the tissue is
enforced by imposing slip trajectories with the SmartMotor and checking homogeneity of

motion using DIC analysis, which was also used to calculate net tissue displacement.

5.2.3 Results and Conclusions

The results from tests comparing two speeds of slip in the 42 direction are shown in
Figure 5.5. Results from 10 trials each of fast (0.61 mm/s?) and slow (0.12mm/s?) slip of

room temperature tissue slipping through the grasper in +2 for 3mm (row 3); mean and
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Figure 5.4 — Benchtop experiment setup for prototype slip sensor validation, shown holding
slice of liver tissue. Data used in publication reflects experiments on turkey bacon, rather than

liver as shown here.

standard deviations are shown. Grip force was set at 0.5 N for all trials (row 2). Row 1
shows the slip signals; there is clearly a S, response but no Sy response. The dashed black
line denotes a significant deviation (i + 30; = 2.504,0 = 6.4 x 1073) above baseline slip
signal levels, or the level at which we can identify slip. Minimum detectable slip levels
ranged from 0.7-0.9 mm. Grip force was set at a relatively low value (0.5 N) to allow nearly
rigid-body motion with minimal stretch (confirmed with DIC). Fluctuations in grip force
associated with slip were present but with a poor signal-to-noise ratio. As expected, S,
changes repeatably in response to slip while S’y remains approximately unchanged.

Figure 5.6 presents results from tests where the acceleration (velocity ramp rate of the
controlled stage) of slip was varied. S, vs. slip displacement were collected for 5 different
slip accelerations; mean and standard deviations are shown. As shown in the inset, the
rate of change of slip signal with slip distance is independent of the acceleration. For faster
slip, the tissue moves faster than it is locally heated, so the signal continues to grow. For
slower slip, convection is less, so the slip signal reaches a lower maximum. As in Fig. 5.5,
the dashed black line denotes (1 + 30) above baseline slip signal. Minimum detectable slip
ranges from 0.87-1.4mm. The rate of change of slip signal with slip distance is the same
regardless of the acceleration. We hypothesize that for faster slip, the tissue moves faster

than it is locally heated, so the signal continues to grow. For slower slip, convection is



5.2. ROUND 1 OF PROTOTYPES: BENCHTOP VERSION

Fast vs. Slow Slip

2.7+ Fast S,
Fast 5'1
2.65 {{—Slow 3, . .
— ——Slow S. slip detection
= o6t . . threshold
o | slip detected \
2.55
2.5 .
0 0.5 1 1.5 2 2.5 3 3.5
z
@ -
e Fast Slow
=

0 0.5 1 1.5 2 25 3 3.5

= time |s|

=)

o | Fast Slnwl

=0 ' ' : '

Y0 0.5 1 1.5 2 2.5 3 3.5
time [s|

Figure 5.5 — Results from 10 trials each of fast (0.61mm/s?) and slow (0.12mm/s?) slip
of room temperature tissue slipping through the grasper in +& for 3mm (row 8); mean and
standard deviations are shown. Grip force was set at 0.5 N for all trials (row 2). Row 1 shows
the slip signals; there is clearly a S, response but no Sy response. The dashed black line denotes
a significant deviation (u + 3 * o5 u = 2.504,0 = 6.4 x 10~3) above baseline slip signal levels, or

the level at which we can identify slip. Minimum detectable slip levels ranged from 0.7-0.9 mm.
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Slip Signal vs. Acceleration
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Figure 5.6 — S, vs. slip displacement at different accelerations. 5 trials were conducted for
each acceleration; mean and standard deviations are shown. Inset: the rate of change of slip
signal with slip distance is independent of the acceleration. For faster slip, the tissue moves
faster than it is locally heated, so the signal continues to grow. For slower slip, convection is
less, so the slip signal reaches a lower maximum. As in fig. 5.5, the dashed black line denotes

(1 + 30) above baseline slip signal. Minimum detectable slip ranges from 0.87-1.4 mm.

less, so the slip signal reaches a lower maximum. We anticipate that this result will be
consistent with higher speeds up until some maximum where the tissue is moving so fast
that the sensors cannot obtain a measurement.

During slip, the difference between opposed pairs of thermistors increases at a rate
independent of slip speed or acceleration. Faster slips are accompanied by larger maximum
slip signals because the tissue is moving faster than heat can be conducted through it. Grip
force fluctuations do occur during slip, but the variations have a poor signal-to-noise ratio
and are visually poor indicators of slip.

There are some error sources on the hardware side. The signals rely on resistance
measurements, so any asymmetry in the signal conditioning circuits (performance variations,
manual potentiometers, component value tolerances) and amplifier nonidealities contribute
to error. Furthermore, although the nichrome heating resistors were selected for their low
temperature dependence, a value of zero is not achievable so the heating power does vary
with temperature.

The tested tissue was near room temperature (24 —29°C) which is much cooler than the

heating element (> 35°C'). Tissue in vivo is < 37°C due to room-temperature insufflation.
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standard Small Graptor jaw/:)

aluminum casing

Figure 5.7 — Robot-mounted slip sensor. 1: Slip sensor board mounted on a modified
EndoWrist® instrument. 2: Detail photo of populated sensor PCB. Adapted from [10].

Cooler objects have steeper thermal gradients and therefore sharper changes in slip signals
associated with slip; therefore, some reduced sensitivity is expected in vivo with more

realistic and safe temperature differences.

5.3 Round 2 of Prototypes: Robot-mounted version

5.3.1 Description

The following is based largely on [10], which describes the robot-mounted version of the slip
sensor, integrated into an Intuitive Surgical EndoWrist instrument, and a method that uses
sensor fusion with a da Vinci ® Surgical System to identify slip only once a reliable grasp
is established and maintained for 1s. The major goals of this round of prototyping were
to demonstrate the feasibility of implementing the slip sensor onto a tool of relatively the
correct dimensions and use it to sense slip during unconstrained tissue manipulation. The
tests involving such freeform grasping guided implementation of the sensor in the user study
presented in Chapter 6, where it was crucial to present users only with the information they
wanted to avoid information saturation and consequent annoyance.

Experiments involved a custom da Vinei ® 8 mm instrument with the sensor integrated
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and interacting with ex vivo porcine tissue. Results demonstrated slip detection within
2.1 mm average motion across five tissue types. During freeform tissue manipulation ex-
periments, slip was detected with a 92% true positive rate and 94% positive predictive
value. Experiments were performed using the da Vinci robot and ex vivo tissue (rather
than homogeneous processed meat as in Section 5.2). See Figure 5.7 for the new slip sens-
ing instrument (1) and the updated slip sensor PCB (2) used in the experiments described
in this section.

Advances made over the prior work (see Section 5.2) include the following contributions:

e Miniaturization and integration of the slip sensor and signal conditioning hardware
into a da Vinci EndoWrist® instrument (see Fig. 5.7)

e Implementation of closed-loop temperature control to ensure safe heating and improve
thermal sensitivity

e Validated sensor performance with a realistic grasper on ex vivo porcine esophagus,
fallopian tube, intestine, lung, and ovary (Fig. 5.15-5.17)

e Implementation of sensor fusion with the da Vinci® Surgical System to implement
grasp state detection

e Validated method to detect slip during unrestricted grasping, traction, and release of

excised tissue

5.3.2 Integrated sensor development

Updates to the sensor presented in Section 5.2 include reducing the PCB size slightly,
moving first-stage signal conditioning components onto the PCB to reduce noise, reducing
copper near the sensing region, and integrating the PCB into a standard RAS grasper to
enable testing on the da Vinci® Xi. The sensor has four thermistors surrounding a heater
and a reduced surface area of 3 x 3mm?; the overall PCB is 6 x 24 mm?. These dimensions
were driven by off-the-shelf availability of components, ease of manufacture, and the grasper
jaws’ size constraints as well as results from the numerical thermal simulation. The trace
widths were also reduced from 8 mil down to 4 mil to reduce the amount of copper near the
slip sensor. The slip sensor and its substrate were designed to minimize internal conduction
because, ideally, the thermistors would sense temperature changes at the grasping contact
interface and not through the substrate (see Section 4.3.3 for more information).

The PCB’s underside is sprayed with a conformal coating, press-fit into a prototype

aluminum housing filled with silver epoxy to increase thermal conductivity on the underside
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Figure 5.8 — Robot-mounted slip sensor represented in CAD.

of the sensor board, and waterproofed with a thin coat of UV cure adhesive. Aluminum
was chosen for its high thermal conductivity, which would help wick away heat from the
underside of the slip sensing PCB and thus avoid heat saturation within the sensor substrate.
The reader should note that aluminum is an unacceptable long-term solution in a MIS
environment due to corrosion issues. This packaged sensor is then fit onto a prototype steel
jaw adapted from the da Vinci® 8 mm Small Graptor (Figure 5.8).

See Figure 5.9 for final board design in EAGLE. The signal conditioning components
shown in Figures 5.10 and 5.11 were both moved onboard the slip sensor PCB to reduce
noise and enable sensing output voltages rather than resistances through the (necessarily)

long cables.
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Figure 5.9 — Slip sensor PCB in EAGLE. Top shows top and bottom layers of the PCB.
Bottom image shows internal layers 2 and 3. Traces are 4mil. Spaces are 6 mil for different

signals, 2 mil for same signals. See Appendix A for slip sensor schematic and bill of materials.
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5.3.3 Software

In Section 5.2, tests were run with a > 10° C temperature difference (between the heater
and grasped object) that would be unsafe in vivo. Here, the heater (a pair of 47 thin
film 0402 size resistors in series) resistively heats to 30° C, or 5° C over the tested tissue’s
temperature with PID temperature control (>1kHz). For in vivo use, it would be set to
41°C, which is below the 43°C safe limit for extended direct tissue contact [58]. The control
temperature is the maximum of the four thermistors. From Table 4.3, there is an expected
1.7° C difference between the heater and thermistors during prolonged liver tissue contact.

A 2kQ) NTC thermistor was selected for its low cost, fast response, and compact 0201
size. Their resistances are converted to voltages using on-board buffered, filtered voltage

divider circuits. Resistance is related to temperature:

R = Roexp (B(7 — 1) (5.2)

where Ty = 298.2K, Ry = 2.0k, and B = 4450.5 K. A DAQ reads the voltage across each
thermistor, and opposing thermistor pairs (N-S, W-E) are differenced, differentiated (to
remove offsets), and digitally filtered (rather than in hardware, as in Section 5.2) with an
active 2-pole lowpass filter (f. = 10 Hz) to produce the directional slip signals in Equation
3.5. S, and S'y are combined to form the slip signal S’magz used for slip detection from
Equation 3.6.

This signal may be considered as slip magnitude squared. Sma92 is more responsive than
the separate signals used in Section 5.2; a change necessary due to the reduced temperature
difference between the grasped tissue and the heater. This sensing strategy is not robust
to uneven contact or release of tissue, which causes unpredictable changes in the sensed

temperatures and can mimic slip (see Section 5.3.5 for the mitigation approach).

5.3.4 Heater control

In these trials, the heater (a pair of 472 thin film resistors in series) was maintained at
28° C to maintain a 6° C temperature difference with the room temperature tissue. Gain
scheduling is used to achieve the steepest thermal gradient as quickly as possible without
allowing overshoot to occur. The maximum current is supplied to the heating resistors until
the sensed temperature is within 3° C of the temperature setpoint, then the control scheme

switches to proportional-integral-derivative (PID) control. The amount of voltage supplied
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Figure 5.10 — Thermistor signal condi- Figure 5.11 — Heater signal condition-
tioning circuit. ing circuit.

to the heating circuit is controlled based on the temperature the thermistors sense.

This strategy used far less heating power than in the experiments discussed in Sec-
tion 5.2, 45 mW as compared to 110 mW. The control temperature is the maximum of the
four thermistors, which is safer than using the average of the four, yet noisier. PID control
is used to aid performance: it is desirable to have the heater as hot as possible to enable
generation of the steepest thermal gradient possible yet not so hot that it causes irreversible
tissue damage.

The circuit shown in Figure 5.11 controlled current with a PWM signal or a DAC analog
voltage. V;, was varied from 0-4.5 V to control a proportional amount of current through the
470Q) heating resistors in series. Because the DAQ was an Arduino Due that uses 3.3V logic,

its output was converted to 5V logic levels using external components. See Appendix A for
slip sensor schematic and bill of materials.

5.3.5 Slip detection state machine

Identifying when slip detection is important would help cognitively overloading the surgeon;
unnecessary or irrelevant information can hinder rather than facilitate a procedure [59]. As
described previously, the sensor is unable to reject asymmetric changes in contact, which
can mimic slip (and are slips, but not the kind we wish to sense). First identifying a grasp
may help reject false positives. Thus, a classifier that can identify whether a surgeon has

stably grasped tissue with the intent to tension it will improve sensor performance and only
provide relevant slip information.
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tool not actively
controlled

tools actively controlled

Figure 5.12 — Slip can occur in active and non-active tools. Although A, B, and C may
tension the tissue, the user only actively controls tools B and C. This situation is not unusual;
a surgeon may use tools A and B to initially tension the tissue, release control of tool A while

it holds the tissue conveniently, and resume work using tools B and C.

Three surgeons well-versed in RAS and MIS and two CDEs (see Section 2.1 for descrip-
tion) from Intuitive Surgical, Inc. were interviewed and 15 RAS endoscope videos from
relevant procedures (splenectomies, cholecystectomies, Nissen fundoplications, colectomies,
etc.) were studied to characterize RAS tissue grasping. Two main situations where a sur-
geon would benefit from slip detection were identified (see figure 5.12). The first is dynamic
retraction: the surgeon has grasped the tissue and is applying a load to it, either to manip-
ulate the tissue using that tool or to counteract tension applied with another. The second is
passive retraction: this occurs following active retraction, when the surgeon stops actively
controlling the tool (to switch to another) but is still using it to hold tissue in place.

Detecting when a surgeon is likely to apply tension to tissue requires sensor fusion. The
da Vinci® Surgical System is equipped with many sensors that monitor its state, several of
which were hypothesized to be useful in identifying a stable grasp. Ultimately, the following
variables were used: the identity of the tool (only sense slip for grasping tools; i.e. no needle
drivers, etc.) and jaw angle. This information was obtained through a custom Matlab
program that interfaces with the da Vinci Xi and queries the robot for state variables.
Of the available information from the Xi, this is the preferred, appropriate set of values
to judge when the tool is in a reliable, maintained grasp. As is discussed in Section 6.4,
additional information that would be advantageous (but is currently unavailable) include
an estimate of how much of the grasper jaws are covered with tissue and/or a sense of the
speed of tissue slip.

The slip detection algorithm applied in this section’s experiments is depicted in fig-

ure 5.13. The state machine is initialized in an idle state: the tool is not yet contacting
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Figure 5.13 — State machine describing transitions between slip detection states. The sensor
initializes in the idle state, where it stay until the tool grasps tissue. It then waits until the grasp
is maintained for 1s, then checks for slip unless tissue release is detected. If slip is detected,
then the sensor responds. Section 6.2 has an updated version of this algorithm that provides

slip notifications only when the slip sensing tool is nonactive (Fig. 6.2).

tissue on its grasping surface, and the goal is to identify when this occurs and monitor
whether that grasp changes substantially. To detect a grasp or release of tissue, a combi-
nation of jaw angle and its time derivative are used. A fixed time delay is used to allow
these signals to settle; if they do, it signifies a reliable grasp with a possible intent to retract
tissue. What this evaluates is most closely related to ‘ability to hold,” as defined in [61].
Experimentally, a waiting period of 1s is a practical compromise that allows the thermal
gradient to develop without adding a noticeable wait. If the grasp is modulated appreciably
during this period, the wait timer is restarted. If a release is detected, the system is idle
until a grasp is detected. Once this grasp is maintained, the system checks for slip by de-
termining whether Sm(z92 crosses a threshold. Loss of grasp is monitored as well and results
in a state change back to Idle. For the user study discussed in Section 6, this state machine

was updated to improve false positive rejection.
5.3.6 Validation experiments

Ex vivo tissue slip

Purpose: These tests sought to validate the sensor’s Smag2 response to slip with 30-

40 slip trials each on porcine esophagus, fallopian tube, intestine, lung, and ovary. These



66 CHAPTER 5. SLIP SENSOR PROTOTYPES AND VALIDATION

tissues were selected because they are commonly manipulated and each present grasping
challenges. Esophagus, lung, and intestine are all quite delicate. Ovaries are bulky with
large radii of curvature, making them difficult to grasp atraumatically. These tests were
also used to determine a slip threshold for use in the freeform grasping tests.

Setup: Drawing from the experiments described in Section 5.2.2; this setup (see fig-
ure 5.14, top) enforces controlled slip displacement, velocity, and acceleration. A clamp
attached to a linear guide and motorized ballscrew are used to generate movement. Accu-
racy of the this linear positioning system was validated using a laser displacement sensor
(LK-HO082, Keyence) [11]. The slip sensor is mounted on a RAS tool on the da Vinei®
Surgical System. A DAQ records the output from the linear ballscrew’s encoder and the
analog output from 4 thermistors (N,S,W,FE) at 4kHz and outputs a heat modulation sig-
nal. Digital signal processing is used to differentiate the thermistor pair differences and
apply a lowpass filter in real time, an advancement over the previous experiments.

Video was recorded at 60fps with 1280x720 pixels resolution and used as a ground
truth for motion. All motion tracking was done using the DLTdv5 software [62], an open
source Matlab tool. Data is time-synced with video by tracking motion of the DC motor-
driven carriage and comparing it with encoder counts. Next, tissue travel is estimated by
tracking the displacement of ink dots on the grasped tissue. Because the tissue is pulled
in tension and relaxed back to start, it is possible to track relaxation due to stretch, and
slip = travel — stretch. Stretch is removed from the overall tissue trajectory by linearly
scaling travel to the maximum slip amount. Finally, only the component of slip in the
sensor’s plane is kept; the 2D slip vectors are dotted with a unit vector along the grasper
jaw’s long axis.

Description: These tests had controlled amounts of slip enforced on one clamped end
of the tissue; few restraints were imposed on the grasped end. In each trial, the slip sensing
instrument grasped the tissue such that it covered the sensing surface and the jaw’s long
axis was generally aligned with the direction of slip. The tissue was immersed in a room
temperature saline solution bath to maintain its properties, avoid dessication, and mimic a
moist in vivo environment. Specific alignment of the instrument, amount of tissue between
the jaws, grasp force, the length of time the tissue was grasped before testing, or how long
the heater was on prior to testing were not controlled. Humans need approximately 150 ms
to process and begin to respond to visual stimuli [63], notably slower than responses to

haptic or auditory stimuli [34], [64]. Tests were run with a range of slip onset velocities that
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Figure 5.14 — Top: Slip experiment. A clamps the intestine and enforces slip trajectory. B is
the slip sensor tool grasping the intestine, marked with food coloring for offline point tracking.
Bottom: Freeform grasping experiment with a porcine esophagus. A is a ProGrasp®. B is the

slip sensor tool (the standard Small Graptor® is the same size).

CDEs deemed appropriate and realistic in RAS.

Freeform grasping

Purpose: Freeform grasping tests involved a da Vinci ® ProGrasp and the slip sensor
tool manipulating a set of porcine tissues. The goal was to (offline) identify grasping and
release of tissue, identify reliable grasps, and then look for and detect tissue slip within
3mm. Thresholds for detection of events were maintained across all trials. Tissue manipu-
lation bore no restrictions and involved the slip sensing instrument grasping tissue and the
ProGrasp® pulling the tissue out of its grasp. These tests focused on application of tension
and counter-tension on tissue, which occurs in almost every procedure and is often used to
set up the surgical critical view or enable the main task.

Setup: The sensor was mounted on a RAS instrument and integrated with the da
Vinei® Surgical System (see figure 5.14, bottom). A ProGrasp® was also mounted on the
system. The same video setup was used here as in Section 5.3.6. A proprietary software
interface from Intuitive Surgical streamed the aforementioned robot variables at > 1kHz

while reading the slip sensor data as in the prior experiment. Data was time-synced and
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post-processed offline.

Description: In each 30-40s trial, tissue was manipulated using the slip sensing tool
and the ProGrasp®, chosen for its strong grasping capability, which could be used to force
slips in the opposing tool. Thresholding the robot jaw angle input variable and its derivative
enabled identification of grasp and release events. The jaw angle is first read in radians and
converted to degrees, then lowpass filtered to 15 Hz. Next, its time derivative is calculated
using digital signal processing and filtered to 10 Hz. Then, a grasp was identified if the last
recorded event was a release and either the angular velocity of the jaw was < 1.5° /s, or
the jaw angle was < —15°. Jaw angle is represented as a negative number when the jaws
are already fully closed but more torque is applied. A release is identified when the last
recorded event was a grasp and the jaw’s angular velocity is > 0.2° /s or the jaw angle is
> 20°. A reliable grasp is identified if the grasp continues to meet the grasp conditions for
one second after the initial grasp was detected and no release has occurred (see Figure 5.13).
The ground truth for grasp and release events was found manually in the collected videos.
Time of slip onset was confirmed with point tracking. Slip was detected when a stable grasp
was confirmed and the sensor signal crossed the slip threshold found in the performance

validation experiments. The same thresholds were used for all five tissue types.

5.3.7 Results and Conclusions

Figures 5.15-5.17 show results from the Smagz vs. slip validation tests. These tests sought to
characterize the sensor’s performance under realistic RAS conditions with few restrictions
on how the grasper interacted with the tissue.

Results are highly dependent on the selected slip threshold. Here, it was set at 5.1x 1074
(°C/s)?, or >5 standard deviations over the mean baseline noise for ovary tissue, which had
(by a factor of 5) the most noise in baseline Smagz. This was likely due to the ovary’s large
curvature which caused inconsistent contact on the sensing surface. The choice of threshold
was confirmed after ensuring it allowed slip detection beneath the 3 mm specification for
all five tissues. Figure 5.15 shows the median slip signals generated by tissue slip for each
tested tissue. Figure 5.16 shows the mean and 95% confidence interval for detectable slip
in each tested tissue.

Although variance is high (as is expected with more realistic, less controlled tests than in
Section 5.2.2), the mean slip that occurred before detection lies below the desired threshold.

No correlation or trend was found between detectable slip and initial temperature (range:
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Figure 5.15 — Median signal vs slip for 5 tissues, 30-50 trials each. Note that all tissue types

were readily detectable within the 3 mm target.
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Figure 5.16 — Mean detectable slips and 95% confidence intervals (calculated with standard

error and t-score) for 5 types of ex vivo porcine tissue.

20-24° C) or amount of stretch that occurred during testing. Fig. 5.17 relates onset slip
velocity to detectable slip. Region C denotes the 3 mm specification for slip detection; most
of our test points fall in this desirable region. Rarely, points fall in region B, which although
outside our established specification indicates a state where the tissue may not have fully
slipped from the jaw.

Table 5.1 summarizes the results from the freeform grasping experiments. Over 21 trials,
84 slips, 145 grasps, and 138 releases were performed using the slip sensing instrument (the
ProGrasp® was not tracked). See Fig. 5.18 for a representative trial. Two plots are shown:

the top shows Smagz vs. time with dashed pink regions of reliable grasp overlaid, which
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Detectable Slip vs. Slip Velocity, 5 Tissues
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Figure 5.17 — Onset slip velocity vs. the detectable slip. Catching slip in the red region
is undesirable because tissue has slipped the width of a da Vinci grasper jaw. In the yellow
region, tissue has slipped > 3mm but not yet a jaw width. The white region is desirable: slip

is detected before our 3 mm specification. The bulk of our data lies here.

TPR PPV
Slip  Grasp Release | Slip Grasp Release
Fallop. tube | 100% 100%  100% | 83% 100%  100%

Ovary | 80% 100%  100% | 94%  98% 95%
Lung | 94% 100%  100% | 94% 100% 97%
Intestine | 100% 100%  100% | 94% 100% 91%
FEsophagus | 90%  100%  100% | 95%  95% 90%
Overall | 92% 100%  100% | 94%  98% 94%

Table 5.1 — True positive rate (TPR) and Positive predictive value (PPV) for Freeform grasping

events

denote when the algorithm checks for slip. Green asterisks denote slip detection, and green
circles denote observed slip in the video (ground truth). The same slip threshold was used
for all tissues. The bottom plot shows the data used to identify reliable grasp regions:
jaw angle is in heavy black and its derivative in yellow. Predicted grasps and releases are
asterisked in red and blue, respectively, with their ground truths denoted with same-colored
circles. In this trial, all slips, grasps, or release events are correctly identified.

The slip detection threshold used here was selected to ensure a safe margin between the
mean slip detection and the design target of 3mm. At the selected threshold, the mean

detectable slip for intestine was highest (2.1 mm). In the user study presented in Chapter 6,
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tuning the detection threshold was found to be advantageous because it allowed participants
to determine the sensor’s sensitivity.

Some of the variance in the results was due to the use of ex vivo tissue. Excised
porcine tissue samples exhibit non-uniformity in thickness, compliance, moisture content,
thermal mass, etc. Trials were also intended to mimic actual use, so many test aspects were
intentionally uncontrolled, as described in Section 5.3.6. In particular, the lung was grasped
far more gently for fear of tearing. To reduce some variability, samples were sprayed with
saline solution prior to testing. Further work is required to understand the effects of the
uncontrolled experimental aspects of grasping. Regardless, there were only minor differences
in performance amongst the different tissues, and the same slip detection threshold was
applicable for all five tissues. These promising results prompted the experiments presented

in Section 5.4.

Freeform Grasping Trial: Porcine Intestine
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Figure 5.18 — Representative freeform grasping trial on excised porcine intestine.

The proposed thermal-based sensing method is suitable for the proposed application.
The presented sensing package has been integrated into a RAS instrument and can be
inserted through a standard cannula for use in a da Vinci ® system. Although small
motions are detectable (mean detectable slip of <2.1 mm), there is considerable variability in
precisely how small, depending on the tissue type, (historical) thermal conditions, moisture
content, etc.

For ground truth comparison of tissue motion, the slip detection sensor was compared

with tissue motion measured by optical tracking of tissue markers and features. There is
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unavoidably some uncertainty regarding what motions precisely constitute slip (as opposed
to stretch, dilation, etc.) in a variable, stretchy, wet, viscoelastic medium. These factors
prevent the detection of slips less than 2mm. Nevertheless, the current sensor provided

robust and actionable data about clinically relevant slip.

5.4 In vivo testing

This first pass of in vivo tests (see Fig. 5.19) were conducted to address the shortcomings
of working predominantly with ex vivo tissue. The tissues that were anticipated to be most
problematic were either fatty or perfused tissue. Fat posed potential issues for this slip
sensor due to its friability. As discussed in Section 4, thermal conductivity of grasped objects
affects sensor performance because it contributes to the local thermal gradient that forms
local to the heater through the grasped object. Steeper local thermal gradients are desired
and are produced when grasping objects with lower thermal conductivity. Perfused tissue
was hypothesized to pose issues because bloodflow introduces convection, which mimics the

effect of slip.

Figure 5.19 — In vivo porcine testing via laparotomy and da Vinci Xi Surgical System with

prototype grasper (left hand) and Fenestrated Bipolar Forceps (right hand).

5.4.1 Purpose and Methods

This study sought to validate the tissue slip sensor on living, perfused porcine tissues. We
anticipated that the convective effects of blood flow (either in highly perfused tissue like
mesentery or in a blood vessel with strong flow) may affect the performance of the device.

In addition, we tested fat because its thermal conductivity is quite low compared to other
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biological tissues (approximately 0.2 W/(mK) vs. 0.5 W/(m K) [56]), although the thermal
model presented in Chapter 4 did not indicate that this would negatively impact the slip
sensor’s performance. Lastly, we wished to compare the new data with our earlier ex vivo
results (see Section 5.3.7) to determine whether the device under in vivo conditions has
comparable sensitivity. With these considerations in mind, we tested mesentery, an artery,
fat, and bowel.

Animal studies at Intuitive Surgical are covered by Intuitive Surgical’s ACUP Protocol
005 (IACUC). All measurements were taken using the sensor mounted on the modified
Small Graptor™ da Vinci instrument and the software described in Section 5.3 to obtain a
slip signal:

Spmagz = Stw + S¥s (5.3)
where Spw and Syg are time derivatives of the differences in signals between thermistors
on opposite sides of a miniature heating element. The software was modified to increase
sensitivity to slips at low speed by reducing the low-pass filter frequency from 5 to 1 Hz.

Repeated measurements of slip were taken on in vivo tissues from a single porcine model.
Video recording using the da Vinci endoscope (30 fps, 736x486 pixels resolution) was used
as the ground truth measurement for timing and speed of slips. Digital image correlation
(as described in Section 5.2.2) was used to calculate the amount of slip that occurred in

each video. All motion tracking was done using the DLTdv5 software [62], an open source
Matlab tool.

5.4.2 Results

Figures 5.20 and 5.21 show results from the S

'mag? V8- slip validation tests on in vivo tissue.

Figure 5.20 shows how the tissue slip and resultant signal vary over time, and Figure 5.21
compares Smagz to our ez vivo results from Section 5.3.7. While the past slip threshold was
5 standard deviations above the mean, the presented slip threshold was set at that which
participants chose most often during the user study (Chapter 6). The threshold for slip
detection, 0.0013 (°C/s)?, was maintained for all tissues.

There was little difference in the results among the 4 tested in vivo tissues, as expected
from the results reported in Section 4.3.3. There were no adverse effects due to tissue
perfusion, even when grasping mesentery (which contains small, very superficial vessels) and
a large, strongly pulsating artery (the mesenteric artery). Surgeons tend to avoid grasping

strong, superficial arteries because the risk of bleeding is too high. However, should they
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Figure 5.20 — Slip signal Smag2 and tissue slip vs. time for each of the four tested in vivo
tissues. Representative trial shown. Importantly, these plots qualitatively all look very similar.

There are no altered frequency components due to perfusion in mesentery or artery.

elect to grab near one, the sensor has demonstrated robustness to the effects of bloodflow.

The Smag2 signal produced in response to slip on in wvivo tissue is not as large as that
produced on ex vivo tissue. This is because the tested slip speeds were predominantly lower
than those tested in Section 5.3.6 to ensure safety of the porcine model (see Fig. 5.22). In
previous testing, we observed that speed had a similar limiting effect on the peak slip signal
obtained. Therefore, we feel confident in stating that the differences seen in Fig. 5.21 are
due primarily to speed rather than perfusion or starting temperature. Far fewer trials (3-7
vs. 30-50) were taken due to the porcine model being a shared resource. However, with
the same slip detection threshold used throughout, slip was detectable on all in vivo tissues
well within our 3mm specification as developed in [10], which allows provision of timely
information to surgeons.

Figure 5.22 relates onset slip velocity to detectable slip of the in vivo tissues; the ex vivo
data is shown for comparison. Although more slip occurred at detection for the slower slip
velocities tested, all in vivo slips were detectable within the 3 mm specification.

Having demonstrated that the slip sensor works as well on tissue in vivo as ez vivo, the
next steps seek to demonstrate the utility of providing slip feedback to users in a surgically-

inspired setting.
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Figure 5.21 — In vivo data vs. ex vivo data (dashed in black) from [10]. The in vivo data
shown are the mean signals produced from 3-7 trials per tissue type. The ex vivo tissues shown
are esophagus, bowel, fallopian tube, lung, and ovary and are the mean signals produced over
30-50 trials per tissue type. Slip of all tissues are detectable well within the 3 mm specification

to provide timely information to surgeons. The detectable slips ranged from 0.32-2.99 mm.
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Figure 5.22 — Onset slip velocity vs. detectable slip for 4 in vivo tissues (*s) and 5 ex vivo
porcine tissues (ez vivo data reproduced from [10]). Catching slip in the white region is desirable;
slip is detected within 3 mm. The yellow region denotes that tissue has slipped > 3 mm but not

yvet a jaw width. The red region is undesirable as the tissue would have slipped entirely from

the jaw.

75



Chapter 6

User Study

6.1 Purpose

The purpose of this user study was to explore whether users would find feedback helpful if
it provided information regarding tissue slip from the non-active tool. The choice to focus
on non-active rather than active tools was motivated by the reasoning that there is likely
a ceiling on the performance of simple tasks so that adding sensory feedback (or any other
kind of assistance) will not result in an improvement in performance metrics. Experts in
particular are highly skilled at using all available information channels to complete their
task. Thus, when an additional channel of information (e.g. slip feedback) is provided to
the expert surgeons, it is difficult to see the effect. In RAS, surgeons typically focus on their
active tools, so one would expect them to detect slip visually. However, on the non-active
tool, the slip sensor has the opportunity to provide otherwise unobservable information.
Other practical reasons for our choice of study design concern the user experience. The
prototype slip sensing tool has a large lower jaw that makes manipulation difficult, which
can be frustrating to the study participant.

In the future, robotic surgery may incorporate shared autonomy or automation of low-
level surgical tasks. This will require more information regarding the robot’s interaction
with biological materials and a heightened ability to communicate that information with
the human user. To that end, testing the utility of supplying feedback to a tool that is not

controlled by the human user can provide important insights.
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Figure 6.1 — Top: Motivation. Tools 1, 2, and 3 may be used to tension the tissue, but only

tools 1 and 2 are actively controlled. A surgeon may use tools 1 and 3 to initially tension the

tissue, release control of tool 3 while it retracts the tissue, and resume work using 1 and 2. Slip

at 3 can go unnoticed and result in loss of traction and exposure. Bottom: Study setup. Study

participants must use the slip sensing tool 3 to retract the ‘tissue’ (chamois) behind the wall.

Then, the participant releases control of 3 and uses the da Vinci® ProGrasps 1 and 2 to hook

the chamois over the target posts. Meanwhile, external slips applied to the control strings may

cause slip to occur in 3.
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6.2 Methods and Materials

The hardware and software presented in Section 5.3 were used in this study with a minor
modification to the algorithm to detect slip only when the tool jaws were closed and the
tool was inactive (Fig. 6.2). This helped reject false positives (due to uneven tissue contact)

and unwanted slip alerts from an actively used tool.

Initialize

Key:

- da Vinci sensors
- Slip sensor

- Timer

Tool jaws

Tool jaws open
or
User activates tool

Slip
detected

Check for Slip

Figure 6.2 — State machine describing transitions between slip detection states. We start in
the idle state until the slip sensing tool grasps tissue. When the grasp is maintained for 1s
and the tool is non-active, we transition to Checking for Slip unless we detect tissue release or
activation of the tool. The 1s wait time helps avoid false positives generated during grasping,

as contact can be uneven.

After obtaining approval from the institutional review board of Stanford University
(Protocol #46474), we began recruiting for our user study. Informed consent was received
for all participants included in the study. Participation requests outlining the requirements
for eligibility were sent electronically within Intuitive to potential subjects with expert-level
experience, including familiarity with swapping between tools, clutching!, and moving the
camera. No honoraria were provided. 24 subjects gave their informed consent to participate
in the study; see Fig. 6.4 for demographics. Many participants were CDEs (see Section 2.1
for description).

Many iterations of the task were tested in pilot studies before selecting the final construct

LClutching means acquiring and releasing a tool to re-center it in the workspace. It is similar to lifting
and replacing a computer mouse on a mousepad.
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(Section 6.3). Important aspects of the task include required skilled user precision, dex-
terity, manipulation, and grasping while forcing the user to divide their attention between
competing goals. Here, users had to complete a dexterous manipulation task as quickly as
possible while also maintaining situational awareness and attending to the periphery for
unusual or unexpected events. Finding a balance in difficulty that allowed study subjects
to use the slip feedback to perform the task better while ensuring appropriate difficulty
of the task was a delicate compromise. If the task was too difficult, participants would
not respond to the feedback because they felt frustrated with a seemingly impossible task.
However, if the task was too easy, they would ignore the feedback because they believed

they could finish before slip at the non-active tool would matter.

6.3 Task Construct

The user study was run as follows. Each subject received instruction on the study task
(see Fig. 6.3), which was designed to mimic the situation in surgery where the surgeon is
using their third arm to provide traction on tissue and thus exposure so they can perform
some intervention with their other two (active) arms (see Fig. 6.1). Here, the subject was
required to use the slip sensing tool to retract the tissue (chamois, dotted with black ink
to provide visual cues, and wetted) behind a wall, then use two graspers to loop the tissue
over two target posts. Synthetic chamois was chosen for its tissue-like properties — it retains
moisture, is slightly stretchable and has similar friction to skin [65]. As noted in Section 5.4,
the ability to detect slip was not substantially different for live tissue; however, synthetic
tissue is logistically easier to use in a series of tests.

During half of the trials, subjects received auditory slip feedback as an audible chirp
when slip onset occurred in the slip tool. Auditory feedback was selected based on the
survey results (Section 2.2.2). During training, subjects explored the feedback’s responsive-
ness and tuned the threshold to suit their preferences. During testing, they could request
further changes to the slip sensitivity. The vast majority of users chose a slip threshold of
0.0013 (°C/s)?, which was used as the threshold in the in vivo testing in Section 5.4. The
other half of the trials had no auditory feedback. All trials were recorded for data collection
purposes.

Subjects were instructed to keep the endoscope 200-400 mm from their active workspace.

This requirement combined with the setup dimensions forced subjects to have their third
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Figure 6.3 — User study task. The circled insets show what the subject sees through the

endoscope at each stage of the task.
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arm off-screen often (see Fig. 6.3, bottom row). This forced subjects to rely on subtle visual
cues (the movement of the chamois’s dots, or exogenous tension in the material) in the
absence of slip feedback.

Over each subject’s 12 test trials, 7 external slips occurred. External slips involved
the protocol director applying tension from out of view to the chamois via control strings,
slowly enough that it would take 3-10s for tissue loss to occur from the third arm. Tension
was applied at 0.5-0.7N/s up to a maximum pull force of 2.5N. Subjects were instructed
to respond to slip by moving the endoscope to check on the third arm. The external slip
would stop as soon as they began responding, and subjects were not penalized for slips
unless it resulted in grasp loss from the 3rd arm. This likely makes it easier to arrest slip
than in a true surgical procedure. The external slips were designed to replicate observed or
described RAS slips that may be outside the surgeon’s control, including those arising from
breathing, organs shifting, poor coordination with an assistant, etc. Externally generated
slips were deemed necessary for this study because slip occurs in RAS only 2-3 times over
a multi-hour case (see Section 2.2.2).

Artificially increasing the frequency of slips while maintaining their apparent randomness
and preventability was required for an efficient study. The number and timing of occurrence
of external slips were predetermined and randomized prior to testing, and external slips were
present during training.

Subjects were informed that their task score was dictated by their time to complete it
(1 penalty point per second) and if loss of tissue ever occurred at the slip tool (100 penalty
points, plus re-start the task). This penalty for catastrophic slip from the retracting arm
combined with the time constraint was intended to recreate the division of attention present
in surgery. Although surgeons’ main focus is on using their two active tools to complete
an intervention, they must also maintain awareness of their surroundings. Although the
incidence of slips was higher than in typical RAS procedures and the assigned penalty for
loss of tissue was high, subjects did not report a high mental demand or stress (Section
6.4).

After 4 training trials, 12 test trials were conducted: 6 with auditory slip feedback and
6 without in randomized order. Midway through testing, the protocol director asked par-
ticipants questions about their experience completing the task with and without feedback:
did they like or dislike slip feedback; did they feel more, less, or similarly confident with slip
feedback; what feedback modality might they prefer during a real surgery. If the subject
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Roles Wet hours Dry hours
CDE (13 <10 (13%) (8%) <10 (29% (4%)

>80 >60 (8%)
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(38%)
Surgeon

Non-medical (9) (2) 30-60 (21%)  10-30 (46%)

Figure 6.4 — Demographics and experience levels of participants.

was a CDE or a surgeon, they were also asked to name any surgical processes during which
they would anticipate wanting to receive slip feedback. After testing, subjects completed
the Surgery Task Load Index (SURG-TLX) [66] to self-assess the surgical workload for tasks
with and without auditory slip feedback. Video data of test trials were used to evaluate
users’ responses to external slips with and without feedback.

Learning effects were minimized by observing the following considerations. Only expert
users of the da Vinci robot were solicited for participation in the study to ensure that
participants did not become more skilled at using the robot throughout the user study.
Even so, subjects each were required to complete four training trials prior to testing with
the option to do more training if they wished. The order of feedback and no feedback task

trials were randomized for each subject, as were the occurrence of the 14 slip events.

6.4 Results

Figure 6.4 shows the demographics and experience levels of the 24 study participants. Of
the two surgeons who were tested, one was a general surgeon and one was thoracic. All
users were highly familiar with using the da Vinci Xi but had differing experience levels,
which were classified into ‘wet’ and ‘dry’ hours. ‘Wet hours’ refer to RAS experience with
biological materials, such as human, porcine, canine, or cadaveric models. ‘Dry hours’ refer
to RAS experience with non-biological materials, like rubber bands, etc. CDEs tended to
have more wet hours than non-medical participants.

Each subject experienced 7 slip events with auditory slip feedback and 7 without. Their
responses to each slip event fell into one of three categories: (1) they caught slip before it
resulted in grasp loss, (2) they dropped the tissue because they did not respond in time,

or (3) the slip went unnoticed or ignored, meaning the slip did not result in tissue loss
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Figure 6.5 — Participant responses to slip during user study, without and with auditory slip
feedback (FB). In the no FB case, unnoticed/ignored slip indicates that the user either never
noticed slip occurring or chose to not respond to it. In the FB case, users were notified of every

slip, so having slip go unnoticed was not possible.

but did not cause a response from the subject. In the case where subjects received auditory
feedback, no slips were unnoticed because they received an audible cue each time. Figure 6.5
shows how participants responded to slips in the feedback and no feedback cases. Without
auditory feedback, subjects dropped the tissue or did not respond to slip far more often
than with feedback.

Table 6.1 shows some additional test metrics. The following metrics give the mean and
one standard deviation, if applicable. The time to complete the task was significantly lower
(79.4441.3 s compared with 93.84£52.65s, p value < 0.0008) during trials with feedback, and
subjects responded to slip significantly faster as well (2.84£1.1s compared with 3.3+£1.8s,
p value < 0.002). This faster response could be further improved by tuning the sensor to
respond faster to slips. Subjects’ response to slip during feedback trials had two components
- their own response to the auditory beep, and the slip sensor’s response to the slip event
which they themselves tuned. The takeaway is that given an auditory signal, subjects can
respond in 1.3 s on average, whereas without it they require nearly three times that amount
of time.

When subjects responded to slips with and without feedback, there was no significant
difference (p value > 0.6) in how long it took them to recover from the event. Typical
responses involved moving the endoscope back to visualize the third arm, then using one or
two other tools to help the third arm re-grasp.

When auditory feedback was on, there were times when the sensor would alert subjects
to a very minor slip (1.2 4+ 1.3 times per trial), and subjects spent 1.9 £ 2.3 s responding
to each non-critical event. Subjects disliked receiving these alerts and reported finding

them disruptive. Classifying these as false positives is incorrect because slip in the jaws
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did occur, but these alerts frustrated subjects instead of helping them perform well on
the task. Subjects sometimes requested elevated sensor thresholds after experiencing these
non-critical alerts to reduce their occurrence. However, without feedback, subjects felt
compelled to check on the third arm far more often, a total of 74 times as compared with
only 10 total for the trials with feedback, and they reported disliking this as well. Subjects
spent approximately the same amount of time glancing back with or without feedback (2.8
vs. 2.7s), but spent less time checking on the third arm when feedback was present. This

may help explain subjects’ reported preference for feedback vs. none.
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Figure 6.6 — Perceived workload results as measured by the SURG-TLX [66]. The six rating
scales are Mental demands, Physical demands, Temporal demands, Task complexity, Situational
stress, and Distractions. The only significant differences (*) were decreased mental and temporal
demands and situational stress in the presence of auditory slip feedback.

After the robotic manipulation portion of the study was done, subjects were asked to
score their perceived workload during the trials with and without feedback using the SURG-
TLX (see Fig. 6.6 for description). The subjects’ perceived mental demands, temporal
demands, and situational stress all decreased significantly when they had auditory feedback;
the other three workload ratings did not change significantly.

Halfway through testing, subjects were informally interviewed. All 24 subjects reported
liking the slip feedback because they felt they could focus more on their active tools and ac-
complishing the task. They also felt they could ignore the periphery and enjoy a heightened
ease of mind, relying on being told when they needed to respond to slip rather than glancing

back to check. The vast majority of subjects reported feeling more confident in their ability
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Table 6.1 — User study metrics for No Feedback (No FB) and Feedback (FB) cases. Averages
and 1 std dev shown.

Metric No FB FB p value
Duration: task [s] 93.8 £52.6 79.3+£41.3 0.0008
Response: subject to slip [s] 3.3+18 28+1.1 0.002
Response: beep to slip [s] - 1.5+ 0.6 -
Response: subject to beep [s] - 1.3+0.8 -
Response duration: subject to slip [s] 11.9 + 8.6 12.5+ 8.6 0.60

to perform the task when feedback was present; only two subjects felt no change in their
confidence, and none felt it diminish with feedback. Subjects generally agreed on what how
they wanted to see slip feedback implemented. They wanted to only receive feedback when
slip would be catastrophic. However, their perception of what indicates impending catas-
trophe differed; subjects cited either high slip speed or small contact area as their desired
metric.

When asked whether they liked the feedback modality, subjects had mixed responses.
While most were content with auditory feedback, they felt that a more distinctive noise
would be needed in an operating room because many other machines are constantly beeping
as well. A third of subjects reported preference for a visual indication of slip over auditory,
with several describing a display similar to the current da Vinci Xi off-screen indicator
(a feature that provides an overlay on the UI when an instrument exits the endoscope’s
field of view). No subjects reported preferring any form of haptic feedback, and most
stated explicitly that receiving haptic feedback for a non-active tool would be confusing
and detrimental.

Lastly, CDEs and surgeons were asked to reflect on the surgical procedures during
which they would find slip feedback useful. Several procedures were recommended because
important retraction can occur off-screen, e.g. cholecystectomies or any large intestine work,
particularly in lower anterior resections. If additional traction is required, surgeons report
applying it to the rectum without visualizing the (already off-screen) tool. Both surgeons
reported that they may elect to retract with a wide field of view then zoom in to focus on
a small region, which forces the third arm off-screen; loss of grasp is only known once they
have already lost exposure. Other procedures were recommended because the retracted
anatomy or object posed grasping challenges due to low surface friction (e.g., a lubricated

Foley catheter) or requiring very high traction (e.g., stomach fundus manipulation during
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a Nissen fundoplication).

6.5 Discussion

This user study sought to determine the benefits of slip feedback in a 3-tool RAS procedure
where off-screen tissue retraction was required. The task provides insight into future sce-
narios which may involve shared autonomy or automation of low-level surgical tasks. These
scenarios will require more information regarding the system’s interaction with biological
materials and a heightened ability to communicate that information with the human user.
To that end, testing the utility of supplying feedback to a tool that is not controlled by the
human user can provide important insights.

In the case where users position instruments outside their field of view, feedback regard-
ing the state of that tool’s grasp is advantageous to users. It permits them time to respond,
and one could imagine scenarios where perhaps although the surgeon does not have ade-
quate time to respond, they would at least know to turn off electrocautery or close their
scissors, etc. We believe that the presented results provide a solid incentive to continue this
line of work toward producing a production-level tool with integrated slip sensing.

One interesting and unexpected result is that study participants performed the task
more quickly when given slip feedback. This is partly because participants spent less time
checking the third tool at arbitrary times, but it is also due to the task construct. Because
participants were required to restart the task if loss of grasp occurred at the third arm, this
added time to the task. Although this penalty was contrived to ensure participants valued
preventing slip, it is not unreasonable to imagine that similar consequences may occur in
surgery. If slip results in tissue damage or loss of critical view, the surgeon will need to
spend time fixing these consequences, which will add time to the case. This finding thus
may have potential, unanticipated importance for MIS.

This study had several limitations. Clearly, the setup was contrived: surgeons rarely
(if ever) experience tissue being retracted against their will. Rather, slips tend to happen
gradually rather than due to some exogenous tension. In addition, the external slips had
artificially higher repercussions than in a true surgical situation. The choice to implement
this into the user study task was made in order to elicit stronger, more measurable responses
from participants. Caution must be observed when interpreting the results of this study;

it is not anticipated that the results of a true use case would show such a large difference
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in performance metrics during a surgery. The results would certainly better reflect surgical
realities if the study was conducted during a surgical task. However, because slips happen
only once every hour or so, the amount of time and resources required to make this happen
was deemed unreasonable.

A possible application of providing slip feedback on a non-active tool is during MIS
training. The feedback would help surgical novices remember to keep track of all of their
tools, even those they are not actively controlling. Studies that examine the repercussions
of providing such feedback should be conducted to ensure that possible negative side effects
do not occur. For example, because the feedback allowed study participants to focus more
on their active tools, many reported feeling as though they could then completely ignore

the periphery, which can have negative repercussion in MIS.
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Conclusions and Future Work

7.1 Conclusions

This dissertation presents the first comprehensive look at slip of grasped biological tissue
in MIS with applications across all surgical disciplines. Due to the nature of the project,
the focus here was on RAS. Loss of grasped tissue can result in a drastic, unplanned re-
orientation of tissue, which can put vital structures at risk and cause tearing or bleeding.
The consequences are more serious if the surgeon is using electrocautery. At the very least,
having tissue slip from a grasper adds significant length to a case and adds to overall sur-
geon frustration and workflow disruption. Through the first survey on this topic, 112 RAS
surgeons reported tissue slip as equal in clinical importance to tissue crushing or tearing
and indicated a desire to prevent slip’s occurrence during surgery.

The presented slip sensor’s working principle takes inspiration from hot-wire anemom-
etry, which is used in fluid mechanics. A heater keeps the sensor and its local environment
above the environmental temperature. When the environment is stationary, the tempera-
ture at all four thermistors changes approximately equally. When slip occurs, thermistors
on opposite sides of the heater experience different temperature changes. Taking the deriva-
tives of these temperature differences amplifies the sensitivity to slip.

Transient thermal simulations were used to explore the underlying concept and governing
principles of the sensor. The first round of prototypes provided a useful proof-of-concept;
validation experiments demonstrated the sensor’s feasibility. Further prototyping realized
a RAS instrument-mounted sensor driveable by the da Vinci Xi, enabling a user study and

further performance validation on ex vivo tissue. An in wvivo study on a porcine model
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confirmed the slip sensor’s robustness to perfused, living tissue. Finally, a user study
established that participants found slip feedback helpful and felt more confident with it than
without. They also experienced significantly decreased mental and temporal demands as
well as lowered situational stress. Consequently, user study participants also completed the
task more quickly. We believe this category of sensor has potential to contribute positively
to MIS.

7.2 Future Work

7.2.1 General improvements

Before deployment of this sensing method in a commercial RAS product, the sensor imple-
mented in Section 5.3 must be improved to demonstrate several crucial abilities, including
the ability to withstand autoclaving and immunity to electrocautery. The theoretical so-
lution for this is to enclose the sensor and signal conditioning circuitry in a conductive
(Faraday cage) enclosure but with thin walls in appropriate regions around the sensor for
low thermal resistance. This is not straightforward and still has challenges to overcome due
to the size restrictions and need for the slip sensor to have good thermal conductivity be-
tween the heater and the tissue and between the thermistors and tissue, while isolating the
heater from the thermistors. An alternate approach may involve use of fiber bragg gratings
(FBG) in optical fibers as temperature sensors, as these would be immune to this type of
noise. An investigation into sensor fusion to provide more useful information to users (e.g.,
frequent study participant requests included slip speed and/or grasped tissue surface area)
may prove fruitful as well. Possibly providing an estimate of the grasped object’s thermal
conductivity [67], [68] could provide useful information as well. In any event, an exploration
of alternate feedback modalities for presenting slip information would be required for final
implementation.

In any implementation, cabling will be an obstacle to implementation. Routing through
the distal wrist joint of a RAS tool might be possible, but the space constrictions and the
need to withstand bending through a tortuous path may preclude this route. Bundling the
shielded cable in a loose ‘sock’-like contraption around the wrist may be the more robust
solution but would then run the risk of getting caught on other tools, etc., and may be
more difficult to clean. For all of these options, reduction of the number of signal lines from

7 (10 are used in the current design, but 3 are redundant; only 7 are needed) to 2 or 3 is
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possible by including a small microcontroller on the slip sensor circuit so digitization could
occur locally. Having three lines for power, ground, and data is feasible; having two could
be possible if the data can be overlaid on the power line.

Having multiple sensing sites on a grasping surface provides various interesting avenues
of future research. First, three or more sensors would provide sufficient information to fully
describe the movement of the tissue in a plane, as each provides a 2D vector of tissue motion.
This would help distinguish rotation, stretching, etc. from the tissue’s net displacement.
Other interesting information may also be inferred. In Section 6.4, participants indicated
that receiving information related to the amount of grasping surface area or the tissue’s slip
speed would be useful for their decision-making. An array of multiple sensors would enable
an estimation of both of these quantities. Furthermore, there may be a useful relationship
between stretching and slipping of biological tissue that may help inform incipient, rather
than total, tissue slip. The usefulness of supplying any of these quantities to users would
require evaluation.

Scaling the sensor to a smaller package may or may not have advantages. For instance,
if the sensor were scaled to 1/10 the size it is now, this would make the sensor very sensitive
to very small and clinically insignificant slips, which is a disadvantage. Scaling the sensor
to be smaller yet still sensitive to slips on the scale that surgeons care about is important.
A smaller sensor area would make it more robust to different tissue types and surface
irregularities.

Many additional design and implementation choices for integrating the sensor are re-

quired before further advancement; these are outlined below.

7.2.2 Instrument considerations

Any further sensor design must be motivated by its target instrument. The following discus-
sion is restricted to Intuitive EndoWrist instruments because they are the leading purveyor
of robotic instruments (and are similar by design to their laparoscopic predecessors). The
slip sensor’s intended purpose is to improve grasping in RAS, so the field can be narrowed to
a reduced number of instruments; some commonly purchased and used tools from Intuitive
are discussed below and shown in Fig. 7.1. Although each of these tools is intended for
grasping, they have different surgical applications and user expectations. An evaluation of
the design considerations for implementing the sensor into each tool’s footprint is presented.

In all tools, ideal sensor location is near the tip because surgeons tend to grasp there as
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opposed to deep in the jaw.

A surprising result from the user study (described in Section 6) is that participants with
medical training (e.g., CDEs and surgeons) reported that their expectations for tissue slip
in traumatic and atraumatic tools differed greatly. Traumatic tools have more aggressive
grasping abilities than atraumatic tools, stemming mainly from higher grasping torque
limits but also from the shape of the jaws and the tooth profile. Some tools with nearly
identical jaws have atraumatic and traumatic versions, distinguished mainly by their torque
limit (e.g., da Vinei® Cadiere and ProGrasp). Therefore, if any slip occurs in a traumatic
tool, it would not only be highly surprising and likely indicative of impending grasp loss, it
would also likely be accompanied by tearing. In general, the amount of slip that users find
permissible in traumatic tools is less than that of atraumatic ones. This difference in the

desired detectable amount of slip should influence the layout of the slip sensor’s components.
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(a) ProGrasp® Forceps (b) Small Graptor® (Grasping Retractor)

10 mm
[ I
Gl

(c) Maryland Bipolar Forceps (d) Tip-Up Fenestrated Grasper

Figure 7.1 — Common EndoWrist instruments. The da Vinci® ProGrasp, Small Graptor,
and Tip-Up Fenestrated Grasper are all grasping instruments. The Maryland is for dissecting
and cautery but also grasps and manipulates tissue. Both the ProGrasp® and Maryland are

traumatic instruments; the Tip-Up and Graptor are atraumatic.

The ProGrasp® forceps, shown in F ig. 7.1a, is a traumatic tool — its maximum grasp
force is the highest of all the graspers. The expectation surgeons have with traumatic tools
is that slip should never occur. This means that surgeons will likely want to receive slip feed-
back for smaller slips than in atraumatic tools, say 1 mm or so. Accordingly, the thermistor
and heater should be placed closer together. From the simulation in Section 4, the ther-
mistor and heater should lie approximately 1 mm apart or even closer if the heater is small.
Currently, the latest prototype’s heater is 1x1 mm?, so the thermistors must lie at least

1.5mm away to limit internal heat conduction effects. However, the ProGrasp®has a large
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central fenestration that prevents this layout without some modification. Implementation

into this jaw would require one of the following workarounds:

1. Space the thermistors much further away from the heater than recommended, and
implement a system that can lower the noise floor enough to be sensitive to changes
in the shallow thermal gradient. This system is not likely to work well with the heater
working at safe levels.

2. Fill in the last 3-4 mm of the fenestration to fit the sensor in, decreasing the window
size. If surgeons deem this unacceptable, consider a depressed inset like a shallow

fenestration.

The Cadiere and the Fenestrated Bipolar Forceps (FBF) are both quite similar in ap-
pearance to the ProGrasp® (and are thus not shown in Fig. 7.1). However, the Cadiere is an
atraumatic tool because its grasping torque limit is far lower than that of the ProGrasp®.
Surgeons expect tissue to slide some between the grasper jaws and are more forgiving and
expectant of tissue movement. Here, the thermistors and heater should be placed further
apart (1.5-2mm from the heater should work) than in the ProGrasp® for sensitivity to
2-3mm slips. The other design considerations for the ProGraSp® apply here. The expec-
tations for the FBF, as an electrocautery tool, lay between the Cadiere and ProGrasp®.

The Grasping Retractor, or the Small Graptor® (see Fig. 7.1b), is the atraumatic tool
I modified for the prototypes described in Section 5.3. Its jaws are very large, providing
ample space for a slip sensor, but maintaining the grasping surface is important to sur-
geons, and either the fenestration or teeth will be compromised to some extent. There are
several implementation options. If the sensor covers some teeth, that may adversely affect
grasping and thus surgeon acceptance. However, if the tip fenestration is filled in with a
deep inset or similar (as in the proposed ProGrasp® implementation), this would avoid
that problem. Surgeon preferences would require assessment to inform this decision. The
Tip-Up Fenestrated Grasper is a similarly atraumatic tool with many of the same design
considerations.

The Maryland Bipolar Forceps (Fig. 7.1c) is a bipolar cautery tool that is used for
dissection and electrocautery as well as grasping. This tool is not typically used to grasp
and retract as one might with a ProGrasp® or Small Graptor® but would be a good
candidate for autonomous grasp modulation using slip as a control signal. The jaws have a
large grasping surface near the tip obstructed only by teeth. Possibly the sensor components

could be vapor deposited between the teeth, or small flats are made to accommodate the
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components.

With all of these instruments, participants from the user study reported wishing they
could receive feedback related to remaining grasp surface area and/or tissue slip speed
because they think these are the best indications of when catastrophic slip is imminent. For
traumatic tools, this may not be very important because all slips are important. However,
for an atraumatic grasper or retractor, this information could be very helpful to reduce the
number of alerts the surgeon receives.

In summary, when integrating the sensor into an EndoWrist instrument, it is important
to consider what the tool’s intended use is, for this determines whether additional sensors to
provide surface area or speed information are useful. It also determines the recommended

spacing of the components.

7.2.3 Packaging considerations

Successfully packaging the sensor into any of the above instruments additionally requires

meeting or addressing the following considerations:

e Space the thermistors and heater according to the size of slip you wish to sense most
often. For the heating resistors and power used, between 1.5-2mm is optimal, but
this will change with component and powering choices.

e Ensure good thermal contact (high thermal conductivity) with the grasping surface.
This means a thin coat of protective and electrically insulating material with a thermal
conductivity of 0.3 W/(mK) or higher.

e Thermally sink the underside of the sensor to avoid thermal saturation. The prototype
used silver epoxy and an aluminum case to achieve this, but these materials are,
respectively, not bio-compatible and susceptible to corrosion.

e Maximize thermal isolation between the heater and thermistors to improve the sensor
sensitivity. Silica aerogels would be the ideal candidate as a filler between compo-
nents, but ceramics, polyurethane, glass fibers, or polystyrene would be more realistic

material choices.

Determining what sensor package (e.g., an ASIC) is best for packaging and survival of
sterilization and autoclaving is critical to implementation of the slip sensor. The prototypes
discussed in Chapter 5 are all implemented on PCBs. Although beyond the scope of the

presented work, other sensor packages will be better suited to address the size constraints



94 CHAPTER 7. CONCLUSIONS AND FUTURE WORK

of the smaller graspers for production-level implementation.

Improved PCB

Improvements over the presented PCB design exist but were not pursued due to pricing and
manufacturing time constraints. Due to space constraints on RAS grasper jaws, pursuing
an improved FR4 PCB design that will fit most graspers given fenestrations etc. is likely
unwise and unfeasible. Furthermore, FR4 boards do not conduct heat well (thermal con-
ductivity of FR4 is approximately 0.2-0.3 W/(m K)), and heat dissipation from the sensor’s
underside (not in contact with tissue) is important for performance. To be clear, the pre-
ferred thermal conditions are thermal isolation between the heater and the thermistors, high
thermal conductivity between the board and its environment to prevent thermal saturation,
and excellent thermal conduction between the sensor and the grasped material. The current
slip sensor requires an elaborate potting method to help heat sink the board. Moreover,
PCBs have rigid layouts, which is somewhat limiting when considering the 3-dimensional

contours of grasper jaws. Overall, pursuing this route is not recommended.

Flex circuit

A flexible circuit platform is likely to work well for the slip sensor because it maintains or
improves thermal isolation between the thermistors and heater (as compared with what the
current design permits). In addition, the flexible substrate allows greater ease of fit into
the various RAS tool jaw geometries. The lack of bulky FR4 implies easier heat dissipation
from the signal conditioning geometry, and the flex circuit can be wrapped around thermally

conducting materials. This design route would likely meet our space requirements.

Integrated circuit

The general expectation with IC packages is that they produce chip-scale packaging, save
board space, are more durable, and reduce assembly costs by reducing the overall number of
discrete components. Such a package is likely to be thermally efficient as well; a large solder
ground pad can be used for good sensor underside heat dissipation. However, thermally
isolating the thermistors from the heating element within the IC may prove challenging, as
achieving this in an IC is often difficult and expensive. However, if an ASIC with exposed

and potted parts is possible, this packaging method would fare better than the PCB and
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perhaps be on par with the flex circuit version.

Physical vapor deposition

Physical vapor deposition (PVD) is a method of thin film deposition that involves ejecting
material from a target source onto a substrate and is extensively used in the semiconductor
industry during integrated circuit manufacturing. To create the thermistors and resistors
that form the slip sensor, a metallic alloy layer would be deposited onto a ceramic, silicon,
or glass base, and laser etching/ablation would follow PVD to remove extra material. This
method seems like the best for thermal conductivity because the components are put directly
on metal but are still exposed. If this method was viable, it would be the most compact

and able to fit in the most EndoWrist instruments (see Section 7.2.2).

7.2.4 Further user studies

The results from the presented user study (Section 6) prompt several further investigations.
A study that compares, in an operating room setting, how participants respond to different
feedback modalities would be useful to better understand how slip information could most
effectively be displayed. Perhaps a more advanced implementation would have an adaptive
slip feedback that modulates the slip threshold based on how often users respond to it,
thereby learning what users care about.

Another interesting avenue of exploration would examine the utility of slip feedback on
an active tool. There are several interesting questions here: do surgeons dislike having grasp
force modulated for them, using slip as a control signal? Would they notice it happening,
and would they incur less tissue damage than if they modulated the grasper themselves? A
comparison of autonomous grasp modulation with simply providing feedback for the user
to respond to would be interesting as well and would likely prompt an comparative study

of feedback modalities, as in the non-active tool case.

7.3 Final thoughts

This thesis has presented the design, model, and validation of a novel anemometric sensor
for detecting the onset of biological tissue slip from a MIS grasper. The next thesis in this
line of research would seek to more firmly establish the utility of providing slip feedback

on a nonactive tool and, in parallel, seek to understand the utility of feedback on an active
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tool, either for autonomous grasp modulation or simply slip onset notification. Determining
the worth of this tool to surgeons is best pursued before lengthy development towards a

properly packaged grasper.



Appendix A

Slip sensor

e +5v S
I )
fl 1
1 1
1 Heat Signal i
' 1
' 1
' 1
' 1
' 1
' 1
' 1
1 1
1 1
! R2 '
: #s
1 1
I C1 1
: 0.47uF RE :
) 47. I
1 1
1 = 1
1 1
Al — I

Y - s’

~ k4

...................

Figure A.1 — Slip sensor PCB schematic. See Table A.1 for bill of materials.

97



APPENDIX A. SLIP SENSOR

98

Value Package

0.47uF 01005 (0402)

10uF
2kQ2
2k
47Q

0402 (10
0201 (06
0402 (10
0402 (1005
SOT-523

SOT-353

14-TSSOP

05

03
05

)

)
)
)

Table A.1 — Bill of Materials for slip sensor board

Parts

C1, C6

C2, C3, C4, C5
T1, T2, T3, T4
R1, R3, R4, R5
R2, R6

Q1

U1

U2

Description

+20% 6.3V Ceramic Capacitor

+20% 6.3V Ceramic Capacitor

NTC Thermistor

+0.5% 0.2W Resistor Thin Film

+ 0.5% 0.2W Resistor Thin Film
N-Channel MOSFET 20V 630mA 280mW
Amplifier 1 Circuit Rail-to-Rail 10MHz
Amplifier 4 Circuit Rail-to-Rail 20MHz

Digikey PN

490-13217-1-ND
445-8920-1-ND
P12020CT-ND
749-1513-1-ND
749-1508-1-ND
DMG1012T-7DICT-ND
296-36890-1-ND
296-21237-1-ND
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