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Palpation is an important technique in the clinical field to obtain mechanical information
about body tissue and to localize a hard mass such as a tumor within soft tissue. It relies on
input from a surgeon's tactile sense; however, tactile input is rarely available in minimally
invasive surgeries such as a laparoscopy. If the surgeon's tactile sense were compensated for
by computer technologies, surgeons could perform intraoperative localization of the tumor
immediately before a resection, which might reduce any unnecessary resection of normal
tissue. In this thesis, it is aimed to achieve intraoperative localization of an early-stage
gastric tumor that cannot be visually detected during laparoscopic surgery. The focus of this
study is temporal information-based palpation, in which a single output is acquired from a
direct-manipulating tactile sensor and fed back to the surgeon in real-time. This is
advantageous because the use of a single output results in the overall simplicity of the
palpation system, and the direct manipulation can be considered as a natural extension of
current laparoscopic surgery techniques. Moreover, the real-time feedback is aimed at
assisting with effective decision-making on the part of the surgeon. In this study, display

methods for the sensor output to the surgeon were designed and evaluated to facilitate

effective laparoscopic palpation. The ultimate goal was harmonization with the surgeon, i.e.,
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maximizing both the performance of the surgeon (who possesses flexible sensory-motor
control and decision-making capabilities based on his/her broad knowledge) and that of the
system (which possesses superior computational capabilities over those of the surgeon). In
addition, the goal includes the enhancement of the surgeon's confidence in his/her decision
making over and above the enhancement of functional performance such as the reduction of
localization errors.

Firstly, the visual and tactile feedback of the single sensor output were evaluated
and discussed. As visual feedback, a line graph of the time-series output was prepared on an
additional monitor to the laparoscopic monitor. As tactile feedback, a device that presents a
normal force to the surgeon's foot was assembled. In addition, a psychophysical experiment
that used four conditions (no feedback, visual feedback, tactile feedback, and a combination
of both types of feedback) was conducted to investigate the effects of the means of feedback
on the users' detection performance of a phantom gastric tumor as well as their behavior
during the detection. The results showed that the visual feedback was significantly more
effective in detection than no feedback, whereas the tactile feedback did not significantly
enhance detection. Moreover, both visual and tactile feedback led to safer manipulation with
a significantly smaller load and lower scanning speed, respectively. The findings indicated
the usefulness of visual feedback in laparoscopic palpation and the necessity for the
redesign of the tactile feedback whereas both types of feedback contributed to the positive
effect on the manipulation.

The previous findings suggest that visual feedback of the time-series sensor output
is effective in detection. However, visual feedback can be problematic, as it requires an extra
monitor which would occupy valuable space in the operating room. Furthermore, a major
concern is the possibility of visual sensory overload since the surgeon should concentrate
primarily on the laparoscopic image. An assistance algorithm was, therefore, proposed as
the replacement for the surgeon's decision based on visual information. The algorithm was
designed to analyze the time series of the sensor output and provide independent detection
results from the surgeon. This approach is advantageous because the reliability and safety
of the manipulation are ensured by a human operator, but a more effective detection might
be expected from the collaboration between a human and the algorithm. The algorithm used
a deep neural network to analyze the time-series of the sensor output. The algorithm was
validated using the data acquired in the previous psychophysical experiment. The
validation result supports the feasibility of the proposed algorithm for detection assistance
during laparoscopic palpation.

Tactile feedback of the sensor output is advantageous in laparoscopic surgery

because it avoids any possible sensory overload in comparison with visual feedback.
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However, the previous experiment showed no significant effect of the tactile feedback
(provided by the device to the foot) on detection. To assess this issue, the spatial coincidence
between the manipulating hand of the sensor and the feedback site was reconsidered. The
contribution of the final part of this thesis is the development and evaluation of a pneumatic
tactile ring, which is a clinically applicable tactile display presenting pressure to one of the
fingers on the manipulating hand. Since the tactile ring is driven by pneumatic power, it is
lightweight, cost-effective, disposable, and sterilizable. The fundamental performance of the
tactile ring was investigated, and a psychophysical experiment including a localization test
of a phantom tumor was performed. The results of the experiment showed that the provided
tactile feedback significantly reduced the absolute error of the tumor localization and
increased participants' confidence in their answers. It was shown that the feedback through
the tactile ring was effective in laparoscopic tumor localization. In addition, clinical tests
with surgeons were conducted on actual patients with early-stage gastric cancer. The results
of the tests suggested that the tactile ring is applicable to laparoscopic surgery and effective
for the localization of an actual gastric tumor.

The results and findings in this thesis characterized our approach and showed its
effectiveness. Moreover, they also may expand existing knowledge in the related research
field. The characterization of the visual and tactile feedback of the time series of the sensor
output provides suggestions for the design of sensory feedback in not only laparoscopic
palpation but also other computer-aided surgery such as robot-assisted minimally invasive
surgery. Moreover, the deep neural network-based assistance algorithm as the replacement
for the surgeon's visually based decision exhibited a novel approach for the collaborative
decision making between human and computer. Finally, the development and evaluation of
the pneumatic tactile ring showed a valuable example of effective devices validated with

clinical tests on actual patients.
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