UCLA
UCLA Previously Published Works

Title

Evaluating tactile feedback in robotic surgery for potential clinical application using an
animal model

Permalink

https://escholarship.org/uc/item/492925b5

Journal
Surgical Endoscopy, 30(8)

ISSN
0930-2794

Authors

Wottawa, Christopher R
Genovese, Bradley
Nowroozi, Bryan N

Publication Date
2016-08-01

DOI
10.1007/s00464-015-4602-2

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4g2925b5
https://escholarship.org/uc/item/4g2925b5#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Surg Endosc. Author manuscript; available in PMC 2017 August 01.

-, HHS Public Access
«

Published in final edited form as:
Surg Endosc. 2016 August ; 30(8): 3198-3209. doi:10.1007/s00464-015-4602-2.

Evaluating Tactile Feedback in Robotic Surgery for Potential
Clinical Application using an Animal Model

Christopher R. Wottawa, PhD12, Bradley Genovese, MD:3, Bryan N. Nowroozi, PhD?,
Steven D. Hart, MD#, James W. Bisley, PhD15, Warren S. Grundfest, MD, FACS12, and Erik
P. Dutson, MD, FACS!3

1UCLA Center for Advanced Surgical and Interventional Technology (CASIT)

2UCLA Henry Samueli School of Engineering and Applied Science
SUCLA Department of Surgery

4UCLA Department of Pathology

SUCLA Department of Neurobiology

Abstract

Introduction—The aims of this study were to evaluate 1) grasping forces with the application
of a tactile feedback system in vivo 2) the incidence of tissue damage incurred during robotic
tissue manipulation. Robotic-assisted minimally invasive surgery has been shown to be beneficial
in a variety of surgical specialties, particularly radical prostatectomy. This innovative surgical tool
offers advantages over traditional laparoscopic techniques, such as improved wrist-like
maneuverability, stereoscopic video displays, and scaling of surgical gestures to increase
precision. A widely cited disadvantage associated with robotic systems is the absence of tactile
feedback.

Methods and Procedure—Nineteen subjects were categorized into two groups: 5 experts
(six or more robotic cases) and 14 novices (five cases or less). The subjects used the da Vinci with
integrated tactile feedback to run porcine bowel in the following conditions: (T1: deactivated
tactile feedback; T2: activated tactile feedback; and T3: deactivated tactile feedback). The grasping
force, incidence of tissue damage, and the correlation of grasping force and tissue damage were
analyzed. Tissue damage was evaluated both grossly and histologically by a pathologist blinded to
the sample.

Results—Tactile feedback resulted in significantly decreased grasping forces for both experts
and novices (P < 0.001 in both conditions). The overall incidence of tissue damage was
significantly decreased in all subjects (P < 0.001). A statistically significant correlation was found
between grasping forces and incidence of tissue damage (P = 0.008). The decreased forces and
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tissue damage were retained through the third trial when the system was deactivated (P > 0.05 in
all subjects).

Conclusions—The in vivo application of integrated tactile feedback in the robotic system
demonstrates significantly reduced grasping forces, resulting in significantly less tissue damage.
This tactile feedback system may improve surgical outcomes and broaden the use of robotic-
assisted minimally invasive surgery.
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haptic feedback; tactile feedback; robotic surgical system

Introduction

Robotic surgical systems were developed in the late 1990's to overcome inherent limitations
of laparoscopic surgery (1-6). While still offering video-based, minimally-invasive
approaches to surgical intervention, the evolving robotic systems provide surgeons with
increased degrees of freedom to better mimic natural hand and wrist gestures, stereoscopic
video displays to mimic more natural visual interpretation of the surgical field, and scaling
of surgical gestures to enable precise movements (7-8).

Robotic surgery has found most acceptance in radical prostatectomy where estimates of
cases performed robotically range from 67% to 85% (9). Urological procedures benefit from
the improved dexterity and precision afforded by the robotic instruments due to anatomical
restrictions limiting exposures.

Robotic surgery has also been used for hysterectomy, gastric bypass, cholecystectomy;,
adrenalectomy, mitral valve repair, and coronary artery bypass, among others (10-17).
Despite the advantages of robotic surgery, traditional open or laparoscopic surgical
techniques continue to be preferred for these types of procedures. While this is partly due to
high equipment costs, the need for large equipment in a constrained operating room, and the
need for additional training, the absence of haptic feedback has been widely accepted as a
significant technical disadvantage (6, 18-19). The physical connection between the
Surgeon's hands and the robotic instruments are removed, and haptic sensation such as the
tension of a suture, texture of tissue, and even collisions between robotic arms are physically
imperceptible. The lack of haptic feedback may prolong operative times, learning curves,
and ultimately increase the risk of surgical errors (20). In addition, the robot system is
capable of creating varying forces that far exceed tissue tolerances, which potentially create
a dangerous environment without haptic feedback (21).

Robotic minimally invasive surgery (RMIS) with the da Vinci robot has become a
progressively more popular option for many types of surgery since its FDA approval in
2000. Compared to open procedures, minimally invasive surgery is generally believed to
reduce tissue damage, patient discomfort, and hospital stay duration, enabling a faster
recovery, reduced morbidity, reduced pain, and improved cosmesis (22, 23). However there
is also data that suggests RMIS can be slower and more expensive than non-robotic surgery,
leading some to believe it offers no clear, significant advantage over standard laparoscopic
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techniques (24). With counter studies showing haptic feedback may reduce operative times,
tissue damage, and excessive force it is apparent this technology is worth studying to
understand its future for routine use broadly across surgical specialties (25, 26).

A tactile feedback system was previously designed and integrated with the da Vinci Surgical
System (27-29). It measures forces normal to the tips of a robotic grasper and provides
proportional forces to the fingertips of the operating surgeon. Preliminary investigation
showed that adding supplemental tactile feedback significantly reduced grip force during
robotic surgery training and with tissue phantoms (30). When tactile feedback was integrated
with a non-robotic laparoscopic instrument, it was found that tactile feedback significantly
decreased the grip force of novice subjects during laparoscopic training (31).

The following study further explored the restoration of tactile perception to the operating
surgeon during robotic surgical tasks on live tissue, and quantified the impact of the
feedback on grip force and tissue damage.

Methods and Procedures

Tactile Feedback System for In-Vivo Environments

A previously designed tactile feedback system was modified for use in live tissue through
the development of a moisture-resistant and biocompatible coating (Figure 1). The
waterproof coating was validated through submersion tests, and grasping in both cadaveric
and live tissue models (Figure 2). The effect of the seal on sensor response was characterized
by applying known loads with an Instron Mechanical Loading system and evaluating the
force output of the coated sensor using a LabVIEW data acquisition system (National
Instruments®, Austin TX). From this experiment, the force conversion factor was
determined to be 0.0056 N/ADC count (R? > 0.98) for the coated sensor, and 0.0012 N/ADC
count for the uncoated sensor (R? > 0.99), indicating a 4.7x linear damping effect. This
effect was countered by adjusting the gain of the hardware amplifier.

A control system was designed to convert forces detected at the grasper tips to pressures at
the surgeon's fingertips. Pneumatic actuators provided pressure stimuli to fingertips using
hemispherical silicone balloons, targeting the slow-adapting mechanoreceptors through
constant deformation of the finger pad (Figure 3).

Sensors were calibrated by having an expert surgeon grasp a foam block. Pneumatic
regulators were adjusted to provide the pressure outputs shown on table 1 as determined by
surgeon feedback. These pressure outputs that created the largest impulse were from level 0
to level 1, indicating a force sufficient to hold the object.

Software thresholds were adjusted so that the minimal force required to hold the tissue
would cause a transition to the first inflation level. Integration of the tactile feedback system
into the da Vinci robot was validated by grasping foam blocks using the system and
observing actuator inflation in response to grasping events.
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Study Design

Nineteen subjects (five robotic surgery experts, and fourteen novices) used the da Vinci
surgical system with integrated tactile feedback to pass porcine bowel from one grasper to
the other (“run the bowel”), until they had grasped the bowel approximately ten times with
each hand. An expert robotic surgeon explained the task, and then verbally guided subjects
during the procedure.

Subjects who had performed six or more robotic surgery cases were considered experts, and
this included four attending surgeons and one senior urology resident. The fourteen novice
subjects consisted of eleven surgical residents and three attending surgeons who had
performed five or fewer robotic surgery cases.

For each subject, the bowel was run in the following three sequential conditions: (T1) tactile
feedback off, (T2) tactile feedback on, and (T3) tactile feedback off. This staggered structure
was designed to help establish short term learning effects using the surgical system. After
each subject completed the task, an observing surgeon harvested the segment of grasped
bowel. The bowel segment was photographed for gross analysis. Subjects were then asked to
fill out a survey that contained questions concerning the subject's level of experience in the
medical profession, experience with regard to robotic surgery, and questions concerning
tactile feedback technology and the experiment.

A porcine model was used because it is a well-established and proven model for abdominal
surgery. A total of four pigs were used for all studies, with 5-10 subjects per pig. The study
was approved by the Animal Research Committee (ARC) under protocol number
2008-172-12A. Work with human subjects was approved by the Institutional Review Board
(IRB) under protocol #11-000077.

Prior to the experiments, a dry run was performed by research collaborators to provide
bowel tissue for analysis. In a double blind fashion two pathologist scored grasped segments
of tissue through gross pathological inspection, and again by inspecting the histology. These
evaluations found that tissue damage rankings from the histological examination matched
closely with those from the gross exam (Figure 4). From this, it was concluded that
clinically significant damage could be evaluated from gross inspection alone. The
pathologists counted the number of sites of observable damage and scored each damage site
as either level 1 (light), level 2 (medium), or level 3 (heavy) (Figure 5). An example of light
(L1) damage was a faint or superficial hemorrhage. An example of medium (L2) damage
was a 2 — 3 mm raised hematoma or an intermediate (grade 2) lesion. An example of heavy
(L3) damage was disrupted serosa or a hemorrhagic area with a 2 mm abrasion and 6 mm
area of discoloration.

Statistical Analysis

At the end of the experiment, data consisted of tissue damage scores, measured grasping
forces, and answers to survey questions. Both the grasping forces data and tissue damage
results showed non-Gaussian distributions. This distribution was due to a saturation of high
grasping forces (4.5 N) and due to a majority of segments ranked with zero or one site of
damage. For these reasons all statistical analyses were performed using non-parametric
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methods. Because the data for grasping force and tissue damage was non-Gaussian it is
expressed as median [quartiles], rather than mean and standard deviation.

Results

Because of the multiple different analyses performed during data acquisition and
interpretation, the corresponding statistical methodology is described with each set of results
for the sake of clarity.

Population Analysis of Grasping Force

Friedman's Test was performed with seven repetitions for each subject, and with each
subject serving as their own control. Friedman's test was run four times: once across all three
measures, and then three pair-wise comparisons. Because four comparisons were made, a
Bonferonni correction was used and P < 0.0125 considered for significance.

For the dominant hand of novice subjects, median force decreased from 3.5 [3.0 — 4.0] N to
2.3 [1.4 - 3.3] N when tactile feedback was activated (P = 1.56e-012). When tactile
feedback was subsequently deactivated in the third condition, median force was 2.5 [1.7 —
3.6] N, which was statistically similar to when tactile feedback was active (£=0.339), and
lower than the initial case (P = 3.31e-010).

Similar results were seen for the non-dominant hand. Median force in the first condition
decreased from 3.7 [3.4 — 3.9] N to 2.7 [1.6 — 3.8] N when tactile feedback was activated (P
= 1.75e-008), and remained low in the third condition (3.1 [2.1 — 3.8] N) (P=0.0877). The
force in the third condition was lower than the first (P= 1.74e-007), despite tactile feedback
being off in both cases. These results are shown in Figure 6. Because the saturation point of
the sensors artificially decreased the upper limit, some novice forces were likely higher.

Expert subjects had a similar result, but showed a wider variability in the first condition due
to less frequent saturation. For the dominant hand, median forces decreased from 3.8 [1.8 —
4.1] N to 2.2 [1.5 — 2.7] N when tactile feedback was activated (P = 4.22e-6). The force in
the third condition (1.7 [1.3 — 2.2] N) was statistically similar to the second (£ = 0.0814) and
lower than the first (P=0.000228).

The same was true for the non-dominant hand of experts. The median force decreased from
2.8[1.8-4.0] Nto 2.0 [1.5 - 2.3] N when tactile feedback was activated (= 0.000228),
and remained low in the third condition (1.7 [1.2 — 2.5] N) (P=0.71). The third condition
was statistically lower than the first (= 0.000115). The results for experts are shown in
Figure 7. Hypothesis testing for both groups is summarized in Table 2.

Population Analysis of Tissue Damage

Damage scores were compared using Friedman's test across all three measures with one
repetition per subject. Pair-wise comparisons between conditions were made using a
Wilcoxon Signed Rank Test. There was not enough statistical power to analyze the different
levels of damage independently, so significance testing was performed on the total number
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of damage sites. Because four comparisons were made, Bonferonni's correction was used
and P < 0.0125 considered for significance.

For the subject pool as a whole, there was a significant decrease in median number of sites
of damage from 3 [1.3 - 5] to 1 [0 — 2] (P = 0.0018) when the tactile feedback system was
activated.. When tactile feedback was deactivated in the third condition, the number of
damage sites remained low (2 [0 — 2]) (P = 0.96). These results are shown in Figure 8. For
comparison, mean scores for each of the damage intensity levels are displayed alongside.

Novices showed a similar result, with a decrease in median number damage sites from 3 [2 —
4] to 1 [0 — 2] when the tactile feedback was activated (£ = 0.0046) . This median decreased
slightly in the third condition (0.5 [0 — 2]) although this was not significant (P = 0.69). These
results are shown in Figure 9.

For expert subjects, the median number of damage sites decreased from 5 [0.75 - 5.5]to 2 [0
— 4.25] when the system was activated, although this was not significant (P = 0.25). In the
third condition, the median number of damage sites was 2 [2 — 3.25]. The low number of
expert subjects resulted in a wider distribution of damage sites due to the increased impact
of each particular subject. These results are shown in Figure 10.

Results from the hypothesis testing is summarized in Table 3. Each subject group showed a
decrease in mean number of damage sites between T1 and T2, but statistical significance
was only obtained for all subjects (n=19) and novice subjects (h=14). It is possible that the
statistical power of the study limits our ability to show significance in the expert group,
however it is also possible that these users, with already low forces, do not benefit from this
system to the degree of novice users.

Force / Damage Correlation Analysis

The results showed a significant correlation (P= 0.008) between the mean force applied to a
section of bowel and the number of sites of damage (Figure 11).

For bowel segments with fewer than two damage sites, there were 21 occasions where mean
force applied to that bowel was above 2.5 N, and 17 occasions were the mean force was
below 2.5 N. For bowel segments with three or more damage sites, there were fourteen
occasions of mean force greater than 2.5 N, and only five occasions of force lower than 2.5
N (Table 4). This suggests that that using consistently higher levels of force may lead to
higher incidence of damage.

Classification of Subjects by Force Data

The purpose of the subject-by-subject analysis was to classify subjects into categories based
on statistical differences in grasping force in response to tactile feedback. Time-averaged
grip force values were compared using a Wilcoxon Rank Sum test. Pair-wise comparisons
were made. In this analysis, subjects were classified into one of six categories based on their
individual p-values (Table 5). Each subject's hand was analyzed separately so for 19
subjects, there were 38 subject-hands. The results of the classification is shown in Figure 12.
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Approximately 39% of subjects saw no change or slightly higher forces when tactile
feedback was activated (T1 vs. T2). A few of these subjects (8% of total) subjects were
experts who used forces lower than 2.5 N, and the remaining group (31% of total) used
forces higher than 2.5 N.

Approximately 61% of subjects showed decreased forces when tactile feedback was
activated (T1 vs. T2). When tactile feedback was deactivated (T2 vs. T3) approximately half
of these subjects retained the lower forces (32% of total), whereas the other half did not
retain (8% of total) or only partially retained this information (21% of total).

Experts and novices are observed separately in Figure 13. A majority of expert subjects
(80%) had low forces in the third condition (T3), due to either already low forces (30%), or
complete retention (50%). One expert subject showed a force of approximately 2.8 N for his
non-dominant hand and was classified as “No Effect.”

For novice subjects, 61% showed significant decreases in grip force when tactile feedback
was activated. Most of these novices at most partially retained the low forces (25% partial,
11% no retention), indicating that the while there may have been some learning, the impact
due to tactile feedback was more appreciable. Thirty-nine percent (39%) of novice subjects
saw no improvements across the experiment and all of these subjects used forces higher than
2.5N.

A comparison of dominant and non-dominant hand (Figure 14) showed that the dominant
hand had a higher incidence of initially low forces, and when improvement was observed, a
higher incidence of complete retention.

Survey Analysis

At the end of the experiment, subjects filled out a survey (Table 6). For each statement,
subjects indicated their level of agreement with one of five answers, which were scored on
the following scale: Strongly Disagree: 1, Disagree: 2, Neither Agree nor Disagree: 3,
Agree: 4, Strongly Agree: 5.

Table 7 shows the results from the survey analysis.

Three new groups were also analyzed (No Effect, One Hand, Both Hands). The mean scores
for these groups are shown in Table 8.

In general, the subject groups tended to give similar answers to the survey questions.
Subjects noted that tactile feedback helped performance and decreased grasping force.
Responses indicated that the balloon inflations were perceptible and not ignored, and that
efforts were directed more towards delicate grasping.

There were also several notable differences. Expert subjects tended towards neutral when
asked about the impacts of feedback on performance. Additionally, the group that did not
benefit from tactile feedback (No Effect) agreed more with the statements: Tactile feedback
did not effect performance, | found myself ignoring balloon inflations, and the inflations
became more difficult to feel over time. This group disagreed more with the statements:
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With tactile feedback, I grasped tissue with less force, the balloon inflations were easily to
feel, the balloon inflations were intuitive, and delicate grasping was my highest priority.

Discussion

Surgeons often cite the lack of tactile feedback as a limitation of current commercially
available robotic systems, especially within General Surgery (32). Procedures where it may
be of particular value in General Surgery include Heller myotomy, paraesophageal hernia
repair, gastric bypass, gastric resection for neoplasm, biliary reconstructive surgery,
transhiatal esophagectomy, transthoracic esophageal surgery, distal pancreatectomy with
splenic preservation, and selected colorectal procedures. It may hold promise for pancreatic
head resection and hepatectomy, but experience to date is limited. In resections for
neoplasm, robotic surgery may help to enhance the completeness of lymph node dissection.
According to the SAGES consensus 2014, although there is a substantial cost disadvantage
to using the robot for simple procedures such as cholecystectomy and fundoplication, these
procedure may present an excellent opportunity for surgeons early in their robotic learning
curve to acquire increasingly more advanced skills. The results of this study show that with
the addition of tactile feedback, less forces were used which correlated with less tissue
damage to the bowel. Significance was only represented within the novice group. It is
possible with a higher level of power experts would demonstrate this same significance,
however these effects may also be limited to level of training. Further studies will need to
address these issues including a sub-analysis that looks at the degree of training each
individual has with Robotic Systems. From our study it appears there would be value in
equipping robotic systems and trainers with tactile feedback to advance novice users towards
mastery.

The population analysis also showed both grasping forces and number of sites of damage,
remained low when feedback was subsequently deactivated. This suggests that there is a
learning effect that could be due to the presence of tactile feedback, increased familiarity
with the task, or some combination of the two. Future studies are needed to distinguish
between these two possibilities and to quantify the impact and actual duration of retained
tactile memory.

A linear regression showed a significant correlation between high grasping forces and
incidence of damage. While other factors, such as location of grasp (i.e., proximity to
delicate vessels), the duration of the hold, and the effect of tugging on the bowel, may also
contribute to tissue damage, this correlation suggests that using high grip forces increases
the potential for damage, and that reducing grip force may have measurable benefit to
clinical outcomes.

The wide distribution of grasping force and tissue damage in the second and third conditions
indicated that improvements were subject-specific. The results from the subject
classification analysis lent further evidence to this claim. This subject classification analysis
showed that approximately 61% of subjects had a significant decrease in grip force when the
feedback system was activated, and that 39% showed no change across the experiment. For
experts, this was largely due to baseline forces within 2.5 N. For novices, the survey showed
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that one subject had difficulty perceiving the balloon inflations, and the remaining three
were unsure how to interpret them. This suggests that the system should be improved for
more intuitive use, or should be paired with an additional period of training.

For 36% of novice subjects, there was a decrease in force when the system was activated and
limited to no retention of these low forces when system was later deactivated. These results
match the original robotic surgery training study performed prior to this research [25], and
further indicate that tactile feedback might be necessary as a permanent fixture in surgical
robotic systems in order to decrease forces and damage while grasping.

Many subjects, especially experts, showed a high incidence of retention. This could be due
to re-familiarization with the task after a warm-up period or due to re-attunement to
feedback present in the visual display. It is also possible that tactile feedback served as a
trigger for kinesthetic memory for fine control of grip when using the robotic surgery
system. The latter case would once again suggest benefit from the use of tactile feedback
during robotic surgery training, with novices possibly acquiring expert-level force levels
after repeated use.

Tactile feedback appeared to be an intuitive mechanism for novice users to automatically use
lower grasping forces as they learned how to use the robotic surgical systems and perform
tasks. As expected, these individuals showed the largest gains due to their inexperience and
lack of kinesthetic memory. Due to limitations in our system with force saturations met by
many novice users the degree to which the tactile feedback system reduced these forces
cannot be fully appreciated. The expert users, already with kinesthetic memory, and low
grasping forces still had evidence of benefit from tactile feedback as it pertains to force. It is
clear in both instances tactile feedback could act as a safeguard while manipulating tissues
and restricting grasping forces. Perhaps the most interesting aspect of our findings is the lack
of a demonstrated learning curve when employing tactile feedback; that is, the effect was
immediate, and more pronounced in the novice group, indicating some innate mechanism.

We are at the forefront of advancing technology available for robotic surgical systems. It is
clear that further research needs to be performed to further improve these systems to benefit
patient care by allowing more surgical specialties the ability to use these tools safely. Our
group believes that the evidence gathered thus far strongly suggests that accurate tactile
feedback provides useful information, especially to novices, which does not induce cognitive
distraction or cognitive overload. Due to the nature of this research studies have been limited
to small cohorts. To better appreciate the role of tactile feedback systems larger studies are
needed. This could be approached through a robotic surgical curriculum with randomization
to include systems with or without tactile feedback.

Conclusion

The in vivo application of integrated tactile feedback in the robotic system demonstrates
significantly reduced grasping forces, resulting in significantly less tissue damage. These
results are suggestive of both innate and adaptive learning processes, which may be better
defined with further study. The daVinci robotic system is capable of generating forces that
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go well beyond tissue tolerances, thus creating a potentially dangerous situation whenever
tissue is being handled without some form of feedback. This tactile feedback system may
improve surgical outcomes and broaden the use of robotic-assisted minimally invasive
surgery in a wider spectrum of clinical care.
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Figure 1.
Waterproof sensor mounted on da Vinci robotic instrument
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Figure 2.
(Left) Sensors tested in a water tank and (Right) in a live tissue model
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Figure 3.
(Left) Balloon actuator (Right) Actuator mounted on da Vinci controls
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Figure 4.
Example of damaged bowel. (Left) Gross exam indicated hemorrhagic tissue (Right)

Corresponding histology image shows focal hemorrhage in muscularis propria
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Figure 5.
(Left) An example of light damage. (Right) An example of heavy damage where pathologist

noted a possible disrupted serosion
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Grip forces, Novices (n = 14)
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Figure 6.
Box and whisker plots of grip force versus tactile feedback condition for novice subjects.

The data showed a substantial decrease between T1 and T2, but no difference between T2
and T3.
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Grip forces, Experts (n = 5)
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Box and whisker plots of grip force versus tactile feedback condition for Expert subjects.
The data showed a substantial decrease between T1 and T2, and no differences between T2

and T3.
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Tissue Damage, All Subjects (n = 19)

Mean Damage Scores, All Subjects (n = 19)
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Figure 8.

Tissue damage results for all subjects. (Left) Box and whisker plots show decrease in
median number of damage sites from T1 to T2. (Right) Mean number of damage sites
ranked by intensity, L1 — Light, L2 — Medium, and L3 — Heavy. A Majority of the sites were

ranked as level 1.
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Tissue Damage, Novices (n = 14) Mean Damage Scores, Novices (n = 14)
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Figure 9.

Tissue damage results for novice subjects. (Left) Box and whisker plots showing median
number of damage sites decrease from T1 to T2. (Right) Mean number of damage sites
ranked by intensity L1 — Light, L2 — Medium, and L3 — Heavy.
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Tissue Damage, Experts (n = 5) Mean Damage Scores, Experts (n = 5)
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Tissue damage results for expert subjects. (Left) Box and whisker plots showing median
number of damage sites decrease from T1 to T2. (Right) Mean number of damage sites
ranked by intensity L1 — Light, L2 — Medium, and L3 — Heavy.
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Damage / Force Correlation, Both Hands (p = 0.008)
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Figure 11.
Correlation analysis of damage and mean grasping force.
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All Subjects, n=19 (38)

Figure 12.
Classification of all subjects, both hands.
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Figure 13.
(Left) Classification of expert subjects (Right) Classification of novice subjects
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Figure 14.
Subject-by-Subject Analysis: Classification of all subjects, (Left) only dominant hand

(Right) Non-dominant hand.
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Table 1

Pressure Outputs for Live Tissue Experiments

Level 0 | OPSI
Level 1 | 25PSI
Level 2 | 30PSI
Level 3 | 35PSI
Level 4 | 40PSI
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Table 2

P-Values for force data hypothesis testing using Friedman's test

Group Hand P (All) P(T1/T2) P (T2/T3) P(T1/T3)
Dominant 5.68e-006*** | 4.22e-006*** 0.0814 0.000228***
Experts (n =5)
Non-Dominant | 6.03e-005*** | 0.000228*** 0.71 0.000115***
Dominant 4.18e-014*** | 1.56e-012*** 0.339 3.31e-010***
Novices (n = 14)
Non-Dominant | 8.11e-010*** | 1.75e-008*** 0.0877 1.74e-007***
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Table 3
Tissue damage hypothesis testing.
Group | oA | pera/T2? | P2/ | P (T1/T3)P
All Subjects (n = 19) | 0.00082** | 0.0018** 0.96 0.017
Experts (n=5) | 0.47 0.25 1.0 0.69
Novices (n = 14) | 0.0011** | 0.0046* 0.69 0.0098*

a_ . .
Friedman's Test, one rep per subject

bWiIcoxon Signed Rank Test
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Table 4

Incidence of Damage at High and Low Force.

Incidence Two or Fewer Damage Sites | Three or More Damage Sites
Force Below 2.5 N 21 5
Force Above 2.5 N 17 14
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Table 5

Categories for Subject-by-Subject Analysis

Category Classification

No Effect Subject showed no significant differences between T1 and T2, and the mean forces in all conditions were greater
than 2.5 N.

Already Low Subject showed no significant differences between T1 and T2, and the mean forces in all conditions were less than
25N.

Higher Subject used more force with tactile feedback. (T2 > T1)

Lower and Completely Subject used less force with tactile feedback. When system was turned off in T3, this low force was completely

Retained retained. T2 and T3 were indistinguishable.

Lower & Not Retained | Subject used less force with tactile feedback. When the system was turned off in T3, the force increased to the level
of T1. T1 and T3 were indistinguishable.

Lower and Partially Subject used less force with tactile feedback. When the system was turned off in T3, the force increased, but not as

Retained high as T1. T1, T2, and T3 were different, and T1 > T3 > T2.
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Table 6

Survey Questions

Number

Question

1.

Tactile feedback helped me perform the task

Tactile feedback had no effect on my performance

With tactile feedback, | grasped tissue with less force

The balloon inflations were easy to feel

| found myself ignoring the balloon inflations

The balloon inflations were intuitive

The inflations became more difficult to feel over time

Avoiding drops was my highest priority

Il |IN|o|alr|w]lN

Delicate grasping was my highest priority
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Mean scores in survey responses, grouped by experience level

Table 7

Mean Score (+ Standard Deviation)

Question All Subjects (n =19) | Experts (n=5) | Novices (n=14)
Tactile Feedback helped me perform the task 3.84 (+0.69) 3.60 (+0.89) 3.93 (+0.62)
Tactile feedback had no effect on my performance 2.37 (¥1.01) 2.80 (x1.10) 2.21 (x0.97)
With tactile feedback, | grasped tissue with less force 4.11 (+0.81) 3.80 (£0.84) 4.21 (+0.80)
The balloon inflations were easy to feel 4.37 (+0.76) 4.40 (+0.55) 4.36 (+0.84)
| found myself ignoring the balloon inflations 1.84 (+0.76) 2.00 (+0.00) 1.79 (+0.89)
The balloon inflations were intuitive 3.79 (£0.79) 3.80 (+0.84) 3.79 (+0.80)
The inflations became more difficult to feel over time 2.00 (+0.75) 2.00 (£0.71) 2.00 (£0.78)
Avoiding drops was my highest priority 2.84 (x1.01) 2.80 (+0.84) 2.86 (x1.10)
Delicate grasping was my highest priority 3.53(+0.84) 3.60 (+0.55) 3.50 (£0.94)
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Table 8

Mean scores in survey responses, grouped by grasping force results

Mean Score (+ Standard Deviation)

Question No Effect (n=5) | One Hand (n=5) | Both Hands (n =9)
Tactile Feedback helped me perform the task 3.60 (+0.55) 3.80 (+0.84) 4.00 (£0.71)
Tactile feedback had no effect on my performance 2.80 (+0.84) 2.40 (x1.52) 2.11 (x0.78)
With tactile feedback, | grasped tissue with less force 3.60 (+0.55) 4.20 (+0.84) 4.33 (+0.87)
The balloon inflations were easy to feel 4.00 (+1.22) 4.60 (+0.55) 4.44 (+0.53)
| found myself ignoring the balloon inflations 2.40 (£1.14) 1.60 (+0.55) 1.67 (+£0.50)
The balloon inflations were intuitive 3.20 (x0.84) 4.40 (+0.89) 3.78 (x0.44)
The inflations became more difficult to feel over time 2.60 (+0.89) 2.00 (£0.71) 1.67 (+£0.50)
Avoiding drops was my highest priority 2.80 (x1.10) 3.40 (x1.14) 2.56 (+0.88)
Delicate grasping was my highest priority 3.20 (£0.84) 3.40 (+0.89) 3.78 (£0.83)
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