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Abstract

Cancer is one of the most dangerous diseases in the world. The survival rates can in-

crease when the cancer is diagnosed and treated early. For most types of cancer, surgery

to remove the cancerous tumor is the most effective treatment. The effectiveness of this

treatment depends mainly on the assessment of the primary tumor characteristics, such

as its location, size, and depth. This information allows surgeons to remove the entire

tumor with minimum margins while preserving the function of the remaining organ,

thereby enhancing cancer’s curability and the patient’s postoperative quality of life.

In general, the tissue characteristics could be determined using preoperative imaging

techniques, such as Magnetic Resonance Imaging (MRI) and Computed Tomography

(CT). However, the obtained information from these techniques is not completely re-

liable during surgery because intraoperative soft tissues and tumors often move and

deform. In the case of open surgery, surgeons can determine the tumor by palpating

the target tissue with their fingers. In minimally invasive surgery (MIS), such as la-

paroscopic surgery (LS) or robot-assisted minimally invasive surgery (RMIS), in which

surgeons no longer contact the tissues directly, they could rely on sensory feedback

from laparoscopic feedback devices, such as ultrasonic or haptic devices, to examine

abnormal tissues. This thesis focuses on haptic devices for laparoscopic palpation.

A haptic system in laparoscopic tissue palpation often consists of a sensing de-

vice and a display device. Various haptic devices, such as tactile array sensors and

pin–array tactile displays, were introduced to assist surgeons in their palpation pro-

cedure. However, these devices are often complex in structure, unsuitable for clinical

applications, or require high–precision haptic data that may only be achieved in RMIS.

Thus, haptic devices that have simple structures and high clinical applicability, such

as single–point tactile sensors using optical or acoustic principles and wearable tactile

displays using pneumatic power, tend to be preferred for tumor localization in LS.

However, the haptic information from these devices is often affected by the deforma-

tion of the tissue during palpation, the surgeon’s manipulation of the surgical probe,

or the display method of the haptic information to the surgeon. These degrade the
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performance and confidence of the surgeon in tumor determination. Furthermore, the

assessment of tumor size and depth using these devices still be arguable.

This thesis aims to develop tissue palpation systems for surgeons to determine tu-

mors intraoperatively, especially in LS. The systems consist of biocompatible elements

that could ensure the safety requirements in a clinical environment, such as sterilizabil-

ity and disposability. Moreover, the simplicity of the devices’ structure is required in

the development of the palpation systems. Since sensing lumps or tumors by palpation

is a complex process (even for human sensation), haptic devices for tissue palpation

are required to have multiple sensing or display functions to enrich the surgeon’s per-

ception of tumors. However, too many sensing (or display) elements might cause the

complex structure and bulk size of the tactile devices, leading to disadvantages in MIS

application. For example, a large sensing device cannot insert into the patient’s body

through a trocar (diameter of 12 mm), and a complex display device could impede the

surgeon’s intraoperative movements. Thus, this thesis focuses on the balance between

the devices’ functions and the simplicity in their structure. In manual tissue palpation,

a combination of perpendicular (related to normal force) and lateral (related to shear

force) motions is more effective in exploring hard nodules (or tumors). Therefore, we

focused on developing devices capable of two force sensing (or display) components,

including normal and shear force components, to achieve the balancing purpose. In

addition, if the obtained information is stable and largely unaffected by the tissue

deformation, the surgeon’s motions, or the method of the target tissue information

transmission to the surgeons, it will be helpful for the surgeon’s decision–making in

their tumor detection. Furthermore, the system proposed in this thesis also aims to

enable surgeons to identify the characteristics of tumors, such as depth and size.

Firstly, a forceps–type tactile sensor was developed for intraoperative tumor de-

tection in LS for early–stage tumor resection such as gastric cancer. The tactile sensor

based on the acoustic reflection principle provides real–time visual information of the

two contact force components, including normal and shear force information. Since the

tactile sensor has no electrical components inserted into the patient’s body, it offers

great advantages in MIS, such as disposable, sterilizable, and electrical safety. Surgeons

can use the tactile sensor to palpate the stomach’s surface to detect the tumor. How-

ever, the bending of the gastric tissue due to the force applied by surgeons often reduces
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the sensitivity of tumor detection. The results of a tissue palpation experiment with a

phantom of the stomach wall having an embedded tumor showed that the normal force

information fluctuated significantly during the tissue palpation procedures, leading to

the difficulty in tumor localization. On the other hand, the shear force information

obtained from the tactile sensor was relatively stable. It changed significantly at the

tumor location, regardless of the bending of the tissue and the sensor’s movements by

the user. This could potentially improve the performance and confidence of the surgeon

in localizing tumors intraoperatively. In summary, this finding showed that the shear

force information from a tactile sensor significantly contributes to laparoscopic tumor

localization.

Visual feedback used in the first part of this thesis is a common feedback modal-

ity to represent the contact force component information to surgeons. However, since

surgeons need to focus on laparoscopic images during surgery, this feedback modality

may cause overloads of the visual channel. Tactile feedback is a promising alternative

to provide the contact force information to surgeons in MIS. Since tactile feedback is

independent of the visual channel, it can prevent sensory overload during intraopera-

tive tissue palpation. The second part of this thesis aims to develop a ring–type tactile

display, called SuP–Ring, that can provide normal and shear force feedback to assist

surgeons in laparoscopic tumor localization. Normal indentation, a substitutional feed-

back modality, was employed to represent the force feedback. The intensity of contact

force components was interpreted on three tactile elements of the SuP–Ring, including

the middle one representing normal force feedback and the others representing positive

and negative shear force feedback. Tactile display using this tactile feedback modality

could provide reliable contact force information because with the feedback modality,

the shear force feedback is rendered regardless of friction between the human skin and

tactile display’s moving element, compared to the other tactile feedback modalities

such as lateral skin stretch. In addition, since the SuP–Ring used pneumatic power to

drive the normal indentation of the tactile elements, it is simple structure, low–cost

fabrication, sterilizable and disposable. The fundamental investigations of the tactile

display showed that the tactile feedback rendered by the tactile element was relatively

consistent, and users could perceive the change of the shear force feedback regardless

of the differences in the normal force feedback. The effectiveness of the SuP–Ring for
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tumor localization was also determined through a simulated tissue palpation with an

artificial phantom tissue having an embedded tumor. The experimental results showed

that the shear force feedback of the tactile display could improve the performance and

confidence of users in localizing the tumor, and the normal force feedback could con-

tribute to ensuring the safety requirements in MIS. Thus, a tactile display that can

represent normal and shear force could be useful for intraoperative tumor localization.

Detecting the tumor location is only the first step of the tumor localization pro-

cedure in MIS. Surgeons should determine the tumor characteristics, such as tumor

depth and size, to perform a maximum tumor resection procedure to prevent dam-

age to the remaining tissue. In the final part of the thesis, we proposed a palpation

strategy using tactile feedback to assist the surgeon in determining the tumor feature

information. In this palpation strategy, the depth of tumor can be determined by rec-

ognizing the presence of the tumor at the given depth position (indentation depth) of

the sensor, while the tumor size may be obtained by localizing the edges of the tumor.

Fundamental experiments were conducted to investigate the use of contact force com-

ponent information in determining tumor features using the proposed strategy. The

results indicated that the normal force is more useful in estimating the indentation

depth, and the shear force is highly effective in detecting the regions and edges of the

tumor. Users’ ability to characterize the tumor using tactile feedback from the SuP–

Ring was demonstrated through tissue palpation tasks. Participants (without medical

background) who received both normal force and shear force feedback could identify

the depth and size of the embedded tumor with 66 % and 65 % accuracy, respectively.

These results suggest that the tactile displays that provide normal and shear force

feedback can be successfully used for tumor characterization.

In summary, the results and findings in this thesis demonstrate the essence of

using tactile devices having multicomponent force feedback function in intraoperative

tumor localization. The tactile sensor with shear force measurement function could

provide stable and effective visual information of contact force response in tumor area

for surgeons, regardless of the effect of tissue bending or sensor movement by the

surgeons. This could contribute to improving the surgeons’ decision–making in intra-

operative tumor localization. In addition, the tactile display with normal and shear

force feedback displays could prevent the surgeons’ visual channel from overloading
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and enhance the surgeons’ performance and confidence in detecting the tumor. More-

over, the tactile display enabled surgeons to determine the depth and size of the tumor

during the intraoperative tissue palpation. This contributes to minimizing the tissue

resection margin to preserve the patient’s organ function after surgery. However, sev-

eral improvements to these devices need to be carried out to apply the devices in actual

surgery. For example, the developed tactile sensor and tactile display have not been

used as a complete system for tumor characterization. The structure of the sensor and

the tactile display could be improved to achieve a 3–axis force sensor and a 3–DoF

force feedback tactile display. In that case, surgeons could use the sensor and the dis-

play together to palpate tissue from more directions to gain more information about

the tissue, enabling more accurate tumor detection in actual surgery. Furthermore,

the proposed sensing (and display) device and principle are considered using in a wide

range of fields, such as virtual reality or robot teleoperation, in addition to MIS.
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Chapter 1

Introduction

1.1 Background

1.1.1 Tissue palpation

In current decades, cancer is becoming one of the most dangerous diseases threatening

many people’s lives around the world. Most deaths caused by cancer result from the

late detection of the disease when the cancer is almost in its final stage. If a patients’

cancer is diagnosed and treated at an early stage, the survival rates will improve [1].

Surgery is the most effective treatment for most types of cancer [2]. Identifying the

cancer stage often relies on the evaluations of the characteristics of the patients’ primary

tumor (where the cancers started), including the location, size, or depth of the tumor.

According to the American Joint Committee on Cancer and the Union for In-

ternational Cancer Control, tumor size could describe four cancer stages [1]: T1 stage

(tumor size less than 20 mm); T2 stage (tumor size greater than 20 mm and but less

than 50 mm), T3 stage (tumor size more than 50 mm across), T4 stage (tumors of any

size with direct extension to the skin). Discovering the tumor at T1 stage significantly

increases the survival rate [1]. Tumor depth is also a useful factor in determining

the stage of cancers [3, 4]. Subcutaneous tumors are more likely to be detected early,

while deeper tumors tend to go unrecognized until they are larger in size (often at a

later stage). Alkureishi et al. [3] and William et al. [4] showed that the tumors in the

head, neck or oral cavity that are more than 4 mm deep are at higher risk for cancer

upstaging.

Generally, advanced imaging techniques, such as Magnetic Resonance Imaging

(MRI), Computed Tomography (CT) or Ultrasound (US) imaging, can be used to char-

acterize tumors preoperatively [5]. These techniques can provide an accurate image of
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the tumor location and its mechanical properties such as depth, size, and chemical

structure [6]. Such preoperative imaging approaches are effective for rigid structures,

such as skulls or bones, but are challenging for soft tissue. Intraoperative deforma-

tion of organs, soft tissue, and tumor shift during a surgical procedure can complicate

the accurate registration of the tumor, and preoperative information is not completely

reliable [5, 7]. The palpation technique is a promising approach to obtain tumor char-

acteristics during surgery.

In the palpation procedure, surgeons/practitioners use their hands or surgical

probe to examine the patient’s tissue or organ. The tactile information obtained can

be used to evaluate the mechanical properties of the target tissue. In open surgery, sur-

geons rely on the tactile sensation of their fingers to palpate and explore the tumors [8].

Since the tumor is generally stiffer than the surrounding tissue, surgeons can easily de-

tect the tumor location and depth and determine its size and margin [9,10]. This allows

the surgeon to remove the entire tumor with a minimum resection to protect the func-

tion of surrounding tissue and remaining organs [11, 12]. This improves the patient’s

postoperative quality of life and reduces the likelihood of cancer recurrence. However,

since the traditional open surgery involves a large incision, most patients experience

postoperative pain. Furthermore, postoperative recovery takes several weeks, which

increases costs and hospital stays. Therefore, patients tend to prefer other surgical

methods, such as Minimally Invasive Surgery, which can address these issues.

1.1.2 Minimally invasive surgery

Minimally Invasive Surgery (MIS), also known as laparoscopic surgery (LS) or keyhole

surgery, has become an increasingly popular standard surgical procedure for removing

tumors in addition to the traditional open surgery. In MIS, surgeons use long–shaft

surgical tools such as scissors, graspers to operate through small incisions on the pa-

tient’s abdomen. Due to smaller incisions, MIS offers numerous benefits in terms of

patient outcomes, including less postoperative pain, shorter recovery time, and better

cosmetic healing [13]. However, this surgical procedure has some limitations. Surgeons

have to cope with constrained motion when they manipulate the long surgical tools

within the small holes in the abdomen. Moreover, restricted visual and haptic infor-

mation during surgery is another limitation of MIS. These problems might lead to an
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increase in the surgeon’s physical and cognitive loads, resulting in the possibility of

surgical errors [14, 15].

In MIS, visual information of the operation site is obtained by an endoscope and

displayed on a monitor. Narrow field of view and poor depth perception are com-

mon issues in performing surgery. The use of high–definition and high–magnification

endoscopes can overcome the limited vision of the surgical environment [16]. The en-

doscopes provide high–resolution images that could not be obtained by human vision.

The effect of reduced depth cues in MIS can be compensated by using 3D video systems

that restore stereoscopic vision [17].

Regarding motion constraints in MIS, surgical robots have been developed to as-

sist surgeons during their operations. A robot–assisted MIS system (RMIS) adopts a

master–slave configuration in which the surgeon and patient are completely separated

and manipulate surgical tools on the slave side by controlling a console on the mas-

ter side. One of the best known commercially available RMIS is the da Vinci system

(Intuitive Surgical, Inc.), which is equipped with surgical instruments with 7 degrees–

of–freedom (7–DoF). RMIS can increase intraoperative accuracy and dexterity when

performing complex surgeries such as mitral valve repair or coronary artery revascu-

larization [18,19]. However, the lack of haptic sensation provided to surgeons is still a

major limitation of RMIS, even for the da Vinci system [20].

Several studies reported that the lack of haptic information in MIS causes ex-

cessive contact force, leading to an increase in tissue trauma [23, 24]; impairing per-

formance; and resulting in increased mistakes, such as slippage or loosening of knots

during surgery [25]. The provision of haptic information enables safer and more accu-

rate MIS surgery. Regarding tissue palpation, since surgeons no–longer directly contact

the target tissue, it is difficult to determine the tumor characteristics in MIS. However,

the surgeon’s haptic sensation could be compensated by haptic technology using haptic

devices [26].

1.1.3 Challenges in laparoscopic tissue palpation

In manual palpation technique, global examination and local examination were two

main strategies for evaluating the tumor [21, 22]. The global examination is that sur-

geons/practitioners using their fingers quickly scan the entire tissue surface to explore
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abnormalities such as the tumor location. Then, the local movements are applied

within a selected region to enable the surgeons/practitioners to confirm the location

of abnormal tissue and understand its shape, size, and depth. In laparoscopic tissue

palpation, surgeons can also conduct global and local movements using haptic sys-

tems to examine the target tissue. The goal of haptic technology in MIS is to provide

“transparency” that allows surgeons/practitioners to feel as their own hands contact

the patient’s tissue [20]. However, the human haptic sensation is very complicated. It

combines force, distributed pressure, vibration, texture, and temperature sensations,

which are often difficult to quantify or model. Thus, it is still a major challenge to fully

compensate for the natural tactile sensation of the human hand with haptic technology.

A haptic system consists of a haptic sensing device (or haptic sensor) that acquires

haptic information on the patient’s side and a display that conveys the information to

surgeons. The surgeons rely on the haptic information (mainly force information) from

the haptic system to determine the tumor because the haptic response at the tumor

area is often different from the response in the surrounding tissue. However, palpated

tissues and organs are often deformed or shifted during palpation. This might obscure

the haptic response between tumor and normal tissue portions, leading to difficulty

localizing the tumor. Moreover, in LS, surgeons manually manipulate the surgical probe

(haptic sensing device) to examine the patient’s tissue. Even palpation experts find

it difficult to scan tissues as stably as in RMIS. Abnormal force information obtained

during palpation may be due to excessive force applied by the surgeon rather than the

effect of the tumor. This will reduce the accuracy of tumor localization. Furthermore,

Doctors must rely on a lot of information during surgery to conduct an appropriate

treatment for patients. This causes a potential sensory overload, leading to a decrease

in the surgeons’ performance in the surgery. Thus, providing the tactile information

effectively to prevent the surgeons from the sensory overload is another challenge in

MIS.

In order to determine the size and depth of the tumor, highly accurate and sen-

sitive haptic devices are often required. However, such haptic devices are complex in

structure and heavy in weight [27]. During surgery, the surgeon has to perform com-

plex actions for long periods of time. Heavy and complex devices impede the surgeon’s

movements and cause discomfort to the surgeon. In addition, complex structures in-
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crease the fabrication cost of the devices. Thus, devices with lightweight, low–cost,

and simple structure tend to be preferred in surgery. Nevertheless, it is challenging to

develop a simple device that is available for intraoperative tumor characterization.

Finally, the feasibility of haptic devices in MIS must be considered. For example,

the sensing device must be small, less than 12 mm in diameter, since it will be used

as a surgical tool inserted into the patient’s body via a trocar. It is also necessary

to consider how to display tactile information from the sensing device that does not

interfere with the surgeon’s perception and movement during surgery and effectively

supports the surgeon’s performance. Furthermore, the devices for tissue palpation must

be safe for patients. Thus, they should be sterilizable and free of harmful elements.

These requirements are challenges in the development of palpation devices for MIS.

1.2 Focuses of this thesis

This thesis aimed to propose a simple haptic system to assist surgeons in both global

and local examinations in LS to determine basic tumor characteristics such as location,

depth, and size. The development of the proposed haptic system focuses on overcoming

the challenges in intraoperative tissue palpation.

The first component of the haptic system is a haptic sensor to acquire tactile infor-

mation during tissue palpation. The tactile sensor must provide clear and stable tactile

information that is largely unaffected by tissue deformation or surgeon manipulation

in order to increase the surgeon’s confidence and performance in tumor positioning. A

tactile sensor with multiple sensing functions might be useful to characterize the tu-

mor. However, too many sensing functions may complicate the structure and increase

the size of the device, leading to an inability to use the sensor in MIS. In this thesis,

we aimed to balance the simplicity of the sensor’s structure and the number of sensing

functions. In manual tissue palpation technique, Konstantinova et al. reported that a

combination of lateral (mainly related to shear force component of the contact force)

and perpendicular (mainly related to normal force component of the contact force)

motions is more helpful in examining the target tissue, such as localizing tumors [22].

Thus, to achieve the balancing goal, we focused on proposing a small sensor capable of

two force sensing components, including normal and shear forces.
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A sensory display modality, such as tactile modality, that could effectively convey

the tactile information to surgeons (enables surgeons to avoid the potential sensory

overload) during tissue palpation procedure, would be selected. Based on the sensory

display modality, a display device will be developed. The display device could have

multiple feedback features to enrich the tactile information given to the surgeons.

However, to achieved the balancing purpose as the development of tactile sensors, it

is essential to create a simple display device in structure and lightweight so as not to

impede the surgeon’s perception and workflow during surgery. Thus, we also focused

on developing a small display device having two force feedback functions, including

normal and shear force feedback.

Furthermore, it might be difficult to recognize the characteristics of the tumor

straightforwardly using the haptic system. In typical tissue examination by hand,

surgeons have to use local palpation strategies to identify the tumor. Thus, a tissue

palpation strategy using the haptic system will be introduced to surgeons to assist

them in determining the depth and size of the tumor in this thesis.

Finally, considering the feasibility of the device in MIS, this thesis focuses on

developing a haptic system based on sensing and display principles that ensure the

requirements of the device in a clinical environment.

1.3 Organization of the thesis

This thesis is organized as follows:

In Chapter 2, current tactile sensing and sensory display technologies based on

force sensation for intraoperative tissue palpation are summarized. The tactile sens-

ing technologies are summarized based on the structure of sensing devices. Display

technologies are classified based on sensory modalities. The pros and cons of the tech-

nologies for tissue palpation are discussed. Furthermore, the technologies for developing

the tactile system in this thesis will be presented.

In Chapter 3, a forceps–type tactile sensor for intraoperative detection of gas-

tric tumor is proposed. This sensor has dimensions suitable for use in MIS. It was

developed based on the acoustic reflection principle, a sensing technology that ensures

safety requirements in a clinical environment. The sensor can acquire normal and
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shear force components during tissue palpation, and the force information is presented

by visual sensory feedback. The effectiveness of the sensor for locating tumors was

evaluated using an artificial stomach phantom with an embedded tumor. The effects

of tissue deformation and users’ contact behaviors on the sensor output were shown

in the experimental results. The findings in this chapter indicate which contact force

components surgeons should rely on for tumor localization.

In Chapter 4, a pneumatic ring–type tactile display having two force feedback

functions, including normal and shear force feedback, was proposed to assist surgeons

in their laparoscopic tissue palpation. The use of tactile feedback prevents surgeons

from potentially overloading visual channels as the current feedback of the forceps–

type tactile sensor. The tactile display employed normal indentation, a substitutional

sensory modality, that is largely unaffected by skin friction, to provide force feedback to

the surgeon. Moreover, since the tactile display’s elements were pneumatically driven,

it is structurally simple, low cost, disposable, and resistant to sterilization, making

it highly clinically applicable. The fundamental performance of the tactile display

is investigated. A simulated tissue palpation with an artificial phantom tissue was

established to evaluate the effectiveness of tactile display in tumor localization. The

experimental results show the role of each force feedback component of the tactile

display in localizing the embedded tumors.

Previous chapters have focused on the detection of tumor position using multi-

component force sensing and display devices. In Chapter 5, the user’s ability to use

multiple contact force components for determining tumor characteristics, such as tu-

mor depth and size, was investigated. A palpation strategy using tactile feedback to

characterize the tumor was proposed. Fundamental experiments using artificial phan-

tom tissue models with different tumor sizes and depths were performed to investigate

the response of the contact force component for tissue palpation. The experimental re-

sults indicated which force component is useful in determining the depth or size of the

tumors based on the proposed palpation strategy. Next, psychophysical experiments

were conducted to investigate the user’s ability to identify the tumor characteristics

using the tactile feedback from the tactile display proposed in Chapter 4. In the ex-

periments, participants wore the ring–type tactile display and palpated the prepared

phantom tissue models, and were required to quickly respond to the depth and size
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of the embedded tumor based on the tactile feedback represented on their skin. The

experimental results showed the effectiveness of tactile display with multicomponent

force feedback function for tumor characterization.

Chapter 6 summarizes the results and findings in this thesis and discusses the

future works that may extend from these studies.
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Chapter 2

Related works

This chapter summaries the state–of–the–art tactile sensing technologies and display

technologies for intraoperative tissue palpation. Tactile sensing technologies are cate-

gorized based on the structure of the sensing devices. Meanwhile, display technologies

are summarized based on the human sensory modalities for representing the tactile

data and artificial sensory algorithms for obtaining tissue characteristics from the tac-

tile data. Furthermore, the technologies selected to develop the haptic system in this

thesis are described in detail.

2.1 Introduction

In open surgery, surgeons/practitioners manipulate and palpate tissue using their

hands. In this case, the perception of the characteristics of the abnormal structure,

such as tumor, was based on their haptic sensation. Since MIS eliminates the natu-

ral sense of touch, it is difficult for surgeons to manipulate surgical instruments and

palpate tissue in surgery. However, haptic technology can compensate for the lack of

haptic sense and enable surgeons to perceive the intraoperative tissue and determine

the tumor characteristics in MIS [20,26].

Numerous haptic systems have been proposed to assist surgeons in tissue palpa-

tion during laparoscopy. The systems consist of sensing devices or tactile sensors for

acquiring the haptic data and display devices for conveying the acquired data to sur-

geons. This chapter summarizes the current sensing and display technologies for tissue

palpation and discusses the capabilities of the technologies for intraoperative tumor

characterization.
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2.2 Sensing technologies

Tactile sensors are used to collect tactile data of the contact area between surgical

tools and the target tissue. The tactile data could be contact force information, tissue

temperature, or vibration during the scan of the surgical probe on the tissue surface.

Force data is literally the primary form of tactile data, and tactile sensors tend to be

composed of one or multiple force–sensing components. In general, force–based tactile

sensors in MIS can be categorized into array–type tactile sensors and single–point

tactile sensors [27].

2.2.1 Array–type tactile sensors

A tactile array sensor consists of multiple (discrete) force–sensing elements arranged in

arrays. The force–sensing elements of the tactile array sensor were developed based on

piezoresistive [28] ,piezoelectric [29–33], magnetic [34] or capacitive [35–39] principles.

For tissue palpation, a tactile sensor is pressed vertically against the target tissue.

The location and size of the embedded tumor were reflected in spatial (distribution)

information from the sensors. The tumor depth might be obtained by estimating the

indentation displacements of the tactile sensors in RMIS, but it is difficult to achieve

in LS. Moreover, high contact stresses at the edges of the sensor array may degrade the

spatial information obtained, leading to tissue assessment difficult [5]. Furthermore,

there may be potential risks since the sensors consist of electrical elements in the

body. Electrical activity, such as leakage currents generated during tissue palpation,

may adversely affect the patient. Tactile array sensors based on optical principles

can protect the patient’s tissue from the risk of electrical activity because there is no

electrical element in the sensing area [40, 41]. However, the general problem with the

above array–type sensors is that they combine multiple sensing elements, which results

in a complex structure and large size, making them unsuitable tactile sensors for actual

MIS [42].
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2.2.2 Single–point tactile sensors

A single–point tactile/force sensor used only one sensing element to collect the applied

force data at the contact area. Single–point tactile sensors using strain gauge [43],

piezoelectric transducers [44–47], magnetic field [48] or capacitive transducers [49] of-

ten have simple structures, and low–cost fabrications, and appropriate dimensions for

laparoscopic tissue palpation, compared to array–type tactile sensors. For tissue palpa-

tion procedures, the single–point tactile sensor was used to acquire contact force data by

applying discrete point uniaxial indentations [50,51], continuous indentations [52,53] or

sweeping motions [54] on the tissue surface. Based on the spatial information obtained

by the sensor during palpating tissue, surgeons can localize the tumor and determine

its size. The tumor depth was also determined based on the indentation depth of the

sensors. However, since the indentation depth of the sensors is required to maintain at a

constant level during palpation, the sensor might be only available for tissue palpation

in RMIS. In addition, it takes time to create a tissue stiffness map, so the information

obtained cannot be completely reliable if the tissue shifts.

Other studies relied on instantaneous tactile data from single–point sensors to

evaluate the target tissue [49, 56, 57]. Thus, surgeons could use the sensor to quickly

determine the embedded tumor in LS. Single–point sensors based on acoustic reflection

principles [58, 59] have an advantage in terms of electrical safety because they do not

insert electrical elements into the patient’s body. Moreover, the type of tactile sensor

is sterilizable and disposable. However, the obtained information of the sensor can be

largely affected by sensing conditions; the surgeon is required to operate the sensor

steadily and dexterously during palpation.

2.3 Display technologies

Force/tactile information from force/tactile sensing devices can be provided to surgeons

in various methods. Surgeons could perceive the information by their natural sensory

system to evaluate the palpated tissue. On the other hand, the information could be

analyzed using artificial sensory algorithm to identify the tissue characteristics. Thus,

the display technologies are categorized based on human sensory display and artificial
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sensory algorithms.

2.3.1 Display technologies based on human sensory display

Visual, auditory, and haptic feedback are three common human sensory display modali-

ties used to convey haptic information in tissue palpation. The technologies using these

three display modalities are summarized.

Visual feedback

In MIS, surgeons observe visual information of intraoperative tissue and organ on

monitors. Visual feedback is a popular feedback modality that displays the haptic

information on the surgeon’s visual channel. The visual information for tissue palpation

could be color map images [28–30, 34, 35, 50, 52, 60–63] or time–series signal images

[45,47,58,59].

For color map images, tactile information from array–type tactile sensors or

single–point sensors are used to establish mappings of the distribution of force and

stiffness in the soft tissue examined. The distribution image can be presented by over-

laying the color images on monitors in LS. Since the color of tumor area often differs

from the color of surrounding tissue, surgeons could determine the tumor location or

size. However, the overlay image degrades the surgical image, leading to difficulty for

the surgeon to observe the surgical site. Moreover, since the color image’s acquisition

tends to be time–consuming, the tumor location information is not completely reliable

when the tumor is shifted.

For time–series signal images, surgeons observe the instantaneous dynamic reac-

tion signal of contact force during tissue palpation. By detecting this abnormal signal,

the location of the tumor can be determined. Although surgeons can quickly locate the

tumor position using the visual feedback method, the determination of tumor depth

and size using the method is arguable. Since visual information is the dynamic signal,

it could be impaired by tissue deformation or palpation movement, causing reductions

in the surgeon’s performance in tumor detection. In addition, simultaneous observa-

tion of tactile signal and intraoperative image might overload the visual channel of

surgeons [64].



2.3 Display technologies 13

Auditory feedback

Another approach to convey tactile/force information is auditory feedback. Cutler et

al. represented force feedback by producing an auditory signal using a conventional

speaker to users [65,66]. The graded sound was proportional to the force level. In this

case, because surgeons did not wear any device on their hand, the feedback did not

induce movement in the surgeon’s hand during the procedure. In addition, the use of

other sensory modalities for providing haptic information could prevent the surgeon

from the visual sensory overload. However, continuous sound during long operations

is noisy and distractive to surgeons’ communication [67,68].

Haptic feedback

Haptic feedback is a promising alternative for providing haptic information to surgeons

during intraoperative tissue palpation. This feedback modality is independent of the

visual channel and rarely impedes the surgeon’s operation.

Kinesthetic feedback is a haptic sensory modality that allows surgeons to be aware

the position, movement, and contact force of surgical tools during operation [69–75].

In LS, due to surgeons manipulate the surgical tools by hand, they directly receive

the kinesthetic feedback. However, the haptic information provided by kinesthesis

feedback is reduced because of friction between the trocar and the surgical tool. Thus,

although kinesthesis feedback is a straightforward approach to obtain the contact force

information, it only contributes to the manipulation of surgical instruments and cannot

be used to palpate tissue. In RMIS, the kinesthetic feedback is provided to surgeons via

a master console, and the fidelity of the feedback relies on the performance of the RMIS

system. However, the kinesthetic feedback in RMIS can compromise the manipulation

of the sensing device or the stability of the teleoperation’s control loop [76].

Tactile feedback is another haptic feedback modality commonly used in laparo-

scopic tissue palpation. A tactile display is a device used to provide tactile feedback

to a user’s skin. Tactile displays could be categorized based on the tactile sensing

group mentioned in the previous section. For example, pin–array displays are often

utilized to deliver the force information from array–type tactile sensor to the user’s

skin by moving the pins of the tactile display [20]. Based on the spatially distributed
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pressure generated by the device, the surgeon could evaluate the contact tissue to lo-

calize the tumor and determine the tumor size. Such pins can be actuated using shape

memory alloy wires [77,78], multiple servomotors [79], and pneumatic systems [80–82].

Although pin–array type displays can provide haptic cues with high fidelity, they tend

to have complex structures with high fabrication costs and require a bulky drive unit

for their actuation [83]. Thus, these types of devices are unaffordable for widespread

application and are only appropriate for the RMIS system.

Tactile displays that represent force information acquired from single–point tactile

sensors are often developed for temporal information–based palpation. Based on the

instantaneous sensory feedback provided by the displays, the surgeon could detect the

intraoperative tumor or abnormal tissue. The tactile feedback of such tactile display

was generated by vibration [84], and pneumatic power [85]. The advantages of the

tactile display are simple structure and lightweight, causing hardly interfering with

the surgeon’s motions in operation. Moreover, the tactile display based on pneumatic

power meets the requirements of clinical applications such as disposable and sterilizable.

However, since the tactile feedback from the tactile display is too simple, it might not

be sufficient to determine the tumor depth or size using the tactile display.

2.3.2 Display technologies based on artificial sensory algo-

rithms

The use of human sensory modalities for obtaining tactile information is a straight-

forward way for tissue palpation. However, the performance of tumor characterization

based on the natural sensory feedback is greatly dependent on the surgeon’s expe-

rience and perceptual abilities. Other research has focused on analyzing force data

using haptic perception algorithms (or artificial sensory algorithms) to obtain tissue

characteristics.

Computational models established using artificial neural networks (ANN) [7, 86]

and deep neural networks (DNN) [87] have been used to identify the location, size,

and depth of abnormal tissue. Other researchers have proposed models for estimating

the characteristics of tumors using a finite–element–based method [88] or a dynamic

position sensing method [89]. These computational models can determine the size and
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depth of the tumor with high accuracy, regardless of the surgeon’s perception ability

and experience. However, the performance of these methods is highly dependent on

the data collected, complicating their application to various tissue.

2.4 Haptic technology used in this thesis

In this thesis, we aimed to propose a haptic system to assist surgeons in characterizing

the location, depth, and size of tumors in LS. The system includes a tactile sensor

for collecting the tactile information during tissue palpation and a tactile display for

representing the tactile information to surgeons.

In this study, we developed a single–point tactile sensor that has the advantages

of simple structure, lightweight, and low cost. If the sensor could measure only normal

force component of contact force [58, 59], the effect of tissue deformation or surgeon’s

motions on the sensor output will not be eliminated. This can be addressed by making

the sensor have a new contact force component, such as shear force, in addition to the

normal direction force, since the response of shear force tends to be affected only by

contact friction. In this way, a multiple degree–of–freedom (DoF) tactile sensor can be

developed. However, too high DoF might cause complicate the structure of the device.

Therefore, a 2–DoF tactile sensor will be introduced into LS to minimize the size and

simplify the tactile sensor. Moreover, the proposed sensor will be developed based on

the acoustic reflection principle. This allows the sensor to have significant advantages

in MIS, such as disposability, sterilizability, and electrical safety for the patient’s body.

Regarding the display method in tissue palpation, tactile feedback from a tactile

display is used to provide tactile information to surgeons. The use of tactile feedback

prevents the possibility of the surgeon overloading the visual channel. Moreover, hu-

man sensory modality such as tactile feedback has the advantage of being applicable

to a wider range of tissues and MIS procedures than artificial sensory algorithms. In

addition, the tactile display will be developed using pneumatic power to ensure the

requirements of surgical devices in a clinical environment. Furthermore, in order to

simplify the structure of the display, only 2–DoF feedback functions are included. Sur-

geons rely on tactile feedback from tactile devices to evaluate the tumor and determine

the tumor characteristics.
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2.5 Summary

This chapter summaries current tactile sensing and display technologies for intraoper-

ative tissue palpation. Sensing devices for acquiring tactile data were summarized in

two groups: array–type tactile sensors group and single–point sensor group. The tactile

data from tactile sensors could deliver to surgeons based on human sensory or artifi-

cial sensory algorithms. Visual, auditory, and tactile feedback is three common human

sensory modalities that can be used to develop display devices. ANN and DNN are two

common artificial sensory algorithms that can be used to provide the characteristics

of the tumor during tissue palpation to surgeons. In this thesis, single–point tactile

sensor based on acoustic reflection principle and pneumatic–based tactile display will

be developed because of their advantages for intraoperative tissue palpation.
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Chapter 3

A tactile sensor using acoustic

reflection principle for assessing contact

force components in tumor localization

In Chapter 3, a forceps–type tactile sensor for intraoperative detection of gastric tumor

is proposed. The tactile sensor has two contact force component measurement functions

and is developed based on acoustic reflection principle. The advantages of the tactile

sensor for clinical application are discussed. The effectiveness of the force component

information from the sensors for localizing tumor regarding to the effect of tissue defor-

mation and user’s behaviors are assessed through a tissue palpation experiment with

an artificial stomach phantom.

3.1 Introduction

In many domains of surgical operation, the evaluation of the anatomical structures of

the patient’s body is an important procedure. Surgeons can detect lumps or tumors,

leading to enhanced surgical quality, such as dissecting such tumors with a minimum

margin. However, structures such as gastric tumors are often beneath the tissue surface

and may not be seen intraoperatively. Although preoperative imaging techniques, such

as CT and MRI, can be used to detect the location of the tumor, the preoperative

information is not completely reliable since the tumors often shifts during surgery,

especial in MIS. Intraoperative ultrasound is a technique that could be applied to

confirm the location of the gastric tumors in MIS [90]. Nonetheless, the technique has

high computational expenses [91], often provides relatively poor quality images [92]

and might not be effective in detecting tumors less than 10 mm in size [93]. Moreover,

the lack of contact force information during MIS causes the surgeon’s difficulties in
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Fig. 3.1: Illustration of contact force components when a human finger or a sensor

palpate tissue with a tumor

manipulating the ultrasonic sensor, leading to impairing performance or increasing

potential tissue trauma [23,24]. In open surgery, surgeons tend to rely on their tactile

sensation to explore the anatomical structures. In MIS, the use of haptic devices, such

as tactile sensor, is a promising method to compensate for the elimination of haptic

sensation and support surgeons in their tumor detection.

For laparoscopic palpation, a tactile sensor using an optical tactile array [41],

a sensor employing an optical fiber sensing scheme [53], a fiber bragg grating–based

force sensor [94], a tactile sensor using the piezoelectric vibrator principle [95], and a

palpation probe employing capacitive transducers [96] were proposed. Because tactile

devices are designed as forceps–type sensors, surgeons can easily use them as general

surgical instruments. However, these sensors have some issues in terms of practical

application in MIS, such as complex structure, high fabrication cost, risks of leak

current and unsterilizable. A tactile sensor based on acoustic reflection principle could

be deal with the mentioned problem in MIS [58]. This sensor was proven to be feasible

for surgical application because of its suitable dimensions, electrical safety for human

tissue, simple structure and strong robustness to sterilization. The position of a lump

can be detected by observing the contact force responses when the sensor slides over

a tissue surface. However, the tissue deformation and user’s actions during palpating

tissue often reduce the performance of the tactile sensors in tumor localization.

In previous studies on tissue palpation, experiments were conducted under the

condition that the tissue was stably fixed on rigid base plates [22, 53, 96]. However,
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owing to the anatomical structure, the surface of the human organ such as stomach

does not have a rigid base [58]. Bending of the tissue due to the applied force tends

to occur during actual tissue palpation may affect the sensitivity of lump detection, as

shown in Fig. 3.1. The current force information obtained from the current acoustic–

based tactile sensor might be insufficient to localize a tumor, as it corresponds to the

normal force [58]. When a human finger or sensor slides along the surface of a tissue

with a tumor, the normal force is significantly affected by the force applied by the

user. Meanwhile, the shear force response might be influenced by contact friction.

Humans tend to apply lateral force (related to shear force) to improve the perceived

tactile information [22]. Furthermore, Kim et al. reported that the angular difference

between the normal force and surface normal directions during tissue palpation could

be used to detect the lump region [56]. The angular values are correlated with the shear

force response. Thus, we hypothesize that the shear force might be more sensitive to

tumor position and might not be strongly impacted by the bending of the contacted

tissue.

In this chapter, we aimed to develop a tactile sensor with multiple force measure-

ment functions using the acoustic reflection principle for intraoperative tumor detection

in LS for early–stage gastric tumor resection. The sensor has two acoustic cavities, and

it is capable of measuring the normal and shear components of the contact force. The

sensor offers the advantages of acoustic-based tactile sensor, such as the absence of

electrical elements at its sensor tip, a simple structure without complex wiring, and

sterilizability. Additionally, the fabrication of a sensor prototype is presented. Funda-

mental tests were conducted to validate the performance of the tactile sensor prototype.

Finally, a tissue palpation test using the tactile sensor and an artificial phantom with

an embedded tumor was performed to evaluate the use of the contact force components

of the sensor in intraoperative tumor detection.
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Fig. 3.2: Acoustic reflection principle concept (a) Acoustic reflection principle for a

single cavity (b) Left–side view of the proposed concept of a sensor with two acoustic

cavities using the acoustic principle (c) Front view of the proposed concept of the

sensor.

3.2 Tactile sensor

3.2.1 Two–axis force sensing with the acoustic reflection prin-

ciple

In the previous tactile sensor using the acoustic reflection principle, an acoustic wave

with a single frequency is transmitted into a cavity as shown in Fig. 3.2 (a) [58]. The

cavity consists of a rigid part and an elastic part. When a loading force is applied to

the elastic part, a deformation appears that changes the acoustic wave. The applied

force can be estimated by measuring the amplitude change of the acoustic wave. In

general, a sensor using the acoustic principle with one cavity can measure only one
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component of the applied force. To measure multiple components of the applied force

using the acoustic principle, we propose a novel sensor design with multiple acoustic

cavities. Each cavity corresponds to each component of the applied force.

Fig. 3.2 (b) and Fig. 3.2 (c) illustrate the concept of a 2–axis tactile sensor for

normal force and shear force measurement purposes. It is composed of a body part

with two acoustic cavities and a sensing component (blue part). Each acoustic cavity

consists of a rigid part and a deformable part as a general cavity of the acoustic

reflection principle. The acoustic cavities are defined as the normal cavity and shear

cavity based on their respective measurement function. The sensing component is in

contact with deformable part A of the normal cavity and part B of the shear cavity, as

shown in Fig. 3.2 (b). Therefore, the sensor has the capability to measure the normal

force and shear force in one direction. As surgeons tend to scan tissue using a tactile

sensor in one direction, the sensor’s measurement ability is sufficient to obtain the

necessary contact force during tissue palpation. Two corresponding sinusoidal acoustic

waves y1 (with frequency f1) and y2 (with frequency f2), are transmitted into the

normal cavity and the shear cavity to estimate the contact force applied to the sensing

component.

3.2.2 Tactile sensor prototype

Based on the proposed concept, we developed a forceps–type sensor prototype with

two force measurement functions. The prototype consists of a sensor tip, two brass

tubes, an outer tube, and two acoustic cases with speakers (Kingstate, KDMG1000)

and microphones (ICC/Intervox, MEU–65PD–02–704), as shown in Fig. 3.3 (b) and

Fig. 3.3 (c). The sensor tip is composed of a rigid body with two acoustic cavities,

and two silicone pads as the deformation components of the cavities cover the open

parts of the acoustic cavities, as shown in Fig. 3.3 (a). The sensing component, which is

attached to the sensor tip body, is always in contact with both silicone pads. The brass

tubes are connected to the acoustic cases and the sensor tips through the couplings for

disposal purposes.

The fully assembled sensor prototype is presented in Fig. 3.4. The entire length

of the sensor is approximately 460 mm, and the composed cavity lengths are approxi-

mately 460 mm. The sensing component (4 mm× 8 mm× 8 mm) with a round corner
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Fig. 3.4: Tactile sensor prototype

radius of 10 mm was attached to the sensor tip body (10 mm× 10 mm× 30 mm). The

embedded cavities have a rectangular cross–section (1 mm × 2 mm). The prototype

employs brass tubes having an external and internal diameter of 3 mm and 2 mm,

respectively. The external diameters of the outer tube and the coupling at the sensor

tip are 10 mm and 14 mm, respectively. The bodies of the sensor tip and the sensing

component were constructed from photopolymer resin using a 3–D printer (Formlab

Inc., Form2). The silicone pads were made from pourable silicone (Young’s modulus:

22 kPa) using a 3–D printed mold.
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Fig. 3.5: Measurement system

3.2.3 Measurement system

The measurement system for the tactile sensor is depicted in Fig. 3.5. Two sinusoidal

acoustic waves with frequencies of 2980 Hz (f1) and 3210 Hz (f2) were chosen as

input signals. They were generated by function generators and speakers. The signals

obtained from the microphones were amplified using microphone amplifiers before being

sent to the A/D converter (National Instruments, 16–bit resolution, 30 kHz sampling

frequency) for analysis. The fast Fourier transform (FFT) with n = 2048 data points

of the signals was calculated. The power spectral density values of the generated

wave frequencies were selected as the sensor output. The outputs obtained from the

normal and shear cavities were defined as the normal and shear outputs, respectively.

The outputs were updated approximately every 7 ms and smoothed using a low–pass

filter with a cutoff frequency of 5 Hz. The sensor outputs were calibrated using a

6–axis commercial force sensor (ATI, Inc. Gamma Si–32–2.5), whose output was also

collected by the same A/D converter.
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Fig. 3.6: Experimental setup

3.3 Experiments and Results

3.3.1 Calibration test

An experimental setup was established to collect the sensor output response to an

applied force for calibration.

Setup and procedure

The experimental apparatus is depicted in Fig. 3.6. In the setup, the sensor tip of the

tactile sensor was fixed on a vertical stage, which was mounted on a horizontal stage.

The displacement of each stage was controlled by two stepper motors to adjust the

applied normal force and shear force. A flat base as a contact area was attached over

the 6–axis force sensor for protection. A piece of double–sided tape (30 mm× 30 mm)
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was applied on the flat base to improve the friction of the contact area as shown in

the left inset of Fig. 3.6. With the tape, the sensor tip almost sticks to the flat base,

thereby preventing slippage during the calibration test. To automate the calibration

test, some essential points were defined. First, the stages were adjusted to the position

where the sensing component was in contact with the flat base, while the applied force

was still zero. This point was defined as the origin point, with X = 0 mm and Z = 0

mm. Then, the vertical stage was moved backward by 2 mm. This position was defined

as the initial point, with X = 0 mm and Z = –2 mm. The two points are shown in

Fig. 3.7.

For the calibration test, at the beginning, the vertical stage started at the initial

point and then quickly moved to the origin point. Next, the horizontal stage was slowly

adjusted by displacing from 0 to 1.75 mm in increments of 0.25 mm to increase the

applied shear force. The difference between the initial and the instantaneous sensor

outputs with wave y1 (∆VN = VN − VN0) and wave y2 (∆VS = VS − VS0) was computed

at every increment of the force. VN0 and VS0 are the initial values of the normal and

shear outputs at the origin point, respectively. VN and VS are the instantaneous values
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of the corresponding normal and shear outputs, respectively. The ratios of ∆VN to VN0

and ∆VS to VS0 were collected as normalized normal output (UN) and normalized shear

output (US), respectively. At the final point, the collected data were saved. Then, the

vertical stage was returned to the initial point to complete the experimental cycle. In

the next cycle, after moving to the origin point, the vertical stage was moved forward

by 0.25 mm, and then, the described cycle was repeated. For a better understanding,

the experimental cycle is depicted in Fig. 3.7. The vertical stage was adjusted from

0 to 1.75 mm in increments of 0.25 mm, corresponding to an increase in the applied

normal force. At every vertical stage increment, the cycle was repeated.

3.3.2 Means of feedback of the sensor output

Calibration method

The sensor output responses during the calibration test are presented in Fig. 3.8. The

normal output almost corresponds to the applied normal force and is slightly affected

by the applied shear force. In contrast, the tendency of the shear output changes

at different increments of the vertical force. Thus, the normal force (FN) estimated

from the sensor can be computed using only the normal output, whereas the shear

force (FS) estimated from the sensor should be computed using both the normal and

shear outputs. This characteristic of the sensor can be represented by the following

equations:

FN = a× UN
2 + b× UN, (3.1)

FS = k × UN +m× US, (3.2)

where UN = ∆VN/VN0, US = ∆VS/VS0, and a, b, k and m are calibration coefficients,

which are calculated from the calibration test results. The polynomial fitting method

of degree n = 2 was employed to compute the a and b coefficients. Similarly, the

k and m coefficients were determined using the linear regression method for both

the normal and shear output data. The coefficients were calculated as [a, b, k,m]T

= [89.4907, 15.2447, 1.53149, 7.9215]T.
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Fig. 3.8: Experimental results of the calibration test (a) Normal output of the sensor

compared to the actual normal loading force (b) Shear output of the sensor compared

to the actual shear loading force.

3.3.3 Verification tests

To evaluate the performance of the prototype sensor, verification tests were conducted

using the 6–axis force sensor. This experimental setup was similar to that used in the

calibration test. To determine the hysteresis of the normal force, the vertical stage was

slowly moved forward from 0 to 1.75 mm and backward to zero, while the horizontal

stage was kept unchanged. Similarly, in the verification of the shear force hysteresis,

the horizontal stage was slowly adjusted from 0 to 1.75 mm while the vertical stage was

kept unchanged at position Z = 1.5 mm. The repeatability of the sensor performance

was obtained by computing the standard deviation of each estimated force when the

same loading forces were applied at least three times. The calculations of the hysteresis

and repeatability of the sensor can be found in [97]. The sensor resolution was obtained

by estimating the peak–to–peak noise of the sensor.

To examine the accuracy of the sensor, the acoustic sensor was manually pushed

against the 6–axis force sensor to arbitrarily produce an applied force. The experi-

mental results of the accuracy test are shown in Fig. 3.9. The root mean square errors

(RMSEs) of the accuracy test and the specifications of the sensor are summarized in

Table 3.1.
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Normal force Shear force

Force Range 0–5N 0–0.75 N

Resolution 23 mN 20 mN

RMSE 206 mN (4.12 % FSO) 54 mN (7.2 % FSO)

Repeatability 0.92 % FSO 1.90 % FSO

Hysteresis 19.54 % FSO 19.6 % FSO

Tab. 3.1: Specifications of the proposed sensor

Force sensor prototype F/T sensor
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Fig. 3.9: Responses of the sensor prototype and the standard 6-axis force sensor for

normal and shear forces over 33 s.

3.3.4 Experiments using a phantom of the stomach wall

To evaluate the feasibility of using the proposed sensor for gastric tumor detection in

laparoscopic palpation, the sensor prototype was applied to a phantom of the stomach

wall.
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Setup and procedure

In this experiment, we aimed to localize a 0–IIc (superficial ulcerative) type of early–

stage gastric tumor [98]. Such gastric tumors tend to have a toroidal shape and are

located on the mucosa of the stomach. An artificial phantom of the stomach wall with a

tumor was fabricated based on the actual properties of the stomach as well as the tumor

as indicated in [59, 85]. The phantom has dimensions of 180 mm × 160 mm × 9 mm,

as shown in Fig. 3.10 (a). The phantom sample consists of two layers with different

stiffness values. The harder layer with a thickness of 2 mm imitates the serosa of

the stomach wall, and the softer layer with a thickness of 7 mm imitates the mucosa.

These layers were made of polyurethane gels (Hapla Pudding Gel, Plysis Cp., Ltd)

with different hardness values. The tumor was located in the harder layer and made of

the same gel as the harder layer. The outer diameter, inner diameter, and height of the

tumor were 20 mm, 13 mm, and 8 mm, respectively. The mean stiffness of the phantom

(measured using an Asker Durometer Type FP, Kobunshi Keiki Co., Ltd) was Asker

FP 63 for the normal region and Asker FP 81 for the tumor. The phantom was placed

on a sponge plate with a thickness of 10 mm, as shown in Fig. 3.9 (b). The two ends

of the phantom and the sponge plate were supported by rigid semicircular bases and

fixed by semi–cylindrical plates. No rigid plate was placed beneath the sponge plate

to mimic the space inside an actual stomach.

The sensor was palpated on the smooth side of the phantom (serosa) to investigate

the tumor. This procedure is similar to a surgeon localizing the tumor from outside the

actual stomach during clinical operation. During the palpation test, the acoustic sensor

was pushed against the phantom (loading zone) and then scanned over its surface (slip

zone) before being released from the phantom (unloading zone). The procedure was

repeated to detect the tumor position on the phantom.

Tissue palpation results

The responses of the tactile sensor prototype during tissue palpation are shown in

Fig. 3.11. Fig. 3.11 (a) and Fig. 3.11 (b) show the response of the tactile sensor when

scanned over the phantom region with and without a tumor four times, respectively.

The gray areas shown in Fig. 3.11 (a) illustrate the phases when the sensor traversed
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the tumor area. Fig. 3.12 (a) and Fig. 3.12 (b) highlight the sensor response during

the third palpation shown in Fig. 3.11 (a). To localize the tumor, only the contact

force responses in the slip zone were evaluated. The normal force response in the slip

zone gradually decreased during scanning. Abnormal convex curves of the normal force

response occurred in the slip zone as shown in Fig. 3.11 (a). However, it is difficult

to identify the convex curve corresponding to the tumor of the phantom by observing

the normal force response. In contrast, the shear force output was relatively stable,

and hence the tumor can be easily localized by evaluating the shear force output. The

convex curve of the shear force response in the slip zone corresponded well to the tumor

position as shown in Fig. 3.11 (a). Regarding the sensor output for the phantom region

without a tumor, as shown in Fig. 3.11 (b), the shear force output in the slip zone was

almost stable, whereas a part of the convex curve of the normal force output appeared

in the slip zone. Thus, it might be difficult to confirm the appearance of the tumor if

only the normal force output was evaluated.

To quantitatively evaluate the impact of the normal and shear forces on tumor

localization during tissue palpation, the responses of these force components for the

tissue areas within and surrounding the tumor were selected. By observing both the

change in the sensor output and movement of the sensor on the phantom’s surface,

we defined t as the period during which the sensor palpated the tumor area. Then,

the responses of the sensor in three phases (3t), in front of the tumor area (IFOTA),

within the tumor area (TA), and behind the tumor area (BTA), were investigated. The

three phases shown in Fig. 3.12 (a) and Fig. 3.12 (b) were located in the slip zone. The

first and last points of each phase were utilized to establish the evaluation lines. The

evaluation lines were considered as the response of the sensor for the phantom region

without a tumor. These lines were also considered as the sensor output when the user

could control the sensor well during the tissue palpation. The lines do not include

the variance of the sensor output due to the variance of the manual operation of the

sensor probe. The RMSEs between the sensor force response and the evaluation lines

of each phase were calculated. The differential ratio between the RMSEs of each phase

and the average RMSEs within the tumor area (TA) of all collected data was used as

an evaluation metric. The differential ratios were computed for eight tissue palpation

cycles, and the mean differential ratios and their standard deviations for each area are
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presented in Fig. 3.12 (c). The evaluation results show that the shear force response

within the tumor area was higher than that within the surrounding areas compared

with the normal force information.

3.4 Discussion

The experimental results indicated that the applied normal force could be obtained

from only the normal output of the tactile sensor prototype, whereas the shear output

shows effects of both the applied normal and shear forces. Therefore, the applied shear

force should be estimated from both the normal and shear outputs of the sensor. One

possible reason for this phenomenon may be the tilting of the sensing component due to

the lateral motion. This caused a small change in the contact area between the sensing

component and the deformation component of the shear cavity (part B, as shown in

Fig. 3.2 (b)), leading to distortion of the shear output.

For general MIS procedures, the normal force range of the sensor (0–5 N) is

adequate for common tissue manipulation [55]. In tissue palpation, McCreepy et al.

reported that a force range of 0–2 N was sufficient for lung tumor detection [99].

Moreover, in conventional tissue scanning, the wet state of the human tissue results in

slipping of the tactile sensor on the tissue surface, which leads to the obtained shear

force values tending to be small. Thus, the measured shear force of our tactile sensor

(ranging from 0 to 0.75 N) exhibits the potential to achieve an appropriate measurement

range of the force required in tissue palpation. The use of a high–performance A/D

converter (NI–DAQ) and low–pass filter of 5 Hz led to the high resolution of the sensor

of 23 mN for normal force and 20 mN for shear force. The hysteresis of the normal

force (20.9 % of the full–scale output – FSO) and shear force (19.6 % of the FSO)

is quite high. This might be reduced by choosing an appropriate stiffness for the

deformable component and reducing its thickness. The RMSEs of the force evaluation

were computed as 206 mN (4.12 % of the FSO) and 54 mN (7.2 % of the FSO) for the

corresponding normal and shear forces. The accuracy of the sensor could be improved

by reducing the hysteresis of the sensor or by choosing an optimal calibration method.

The sensor has good repeatability in terms of force measurement in MIS with 0.84 %

of the FSO for normal force and 1.9 % of the FSO for shear force.
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of the differential ratios in the tumor area (TA) and the surrounding tissue areas for

eight tissue palpation cycles.

The developed sensor prototype was manually tested using an artificial gastric

phantom with an embedded tumor. In each experimental cycle, while only one convex

curve occurred in the slip zone for the shear force, several local convex curves were

found for the normal force response in the slip zone. Thus, it is easier to localize

the tumor by observing the response of the shear force in comparison with that of

the normal force. These results support the hypothesis regarding the effectiveness of

the shear force. Because the surface of the experimental tissue was lubricated, the
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sensor could be moved smoothly over the surface. Thus, the shear force response

was relatively stable during tissue palpation. However, the normal force response was

relatively unsteady, and it gradually decreased in the slip zone. This stems from the

bending of the experimental phantom, which causes difficulty in manually controlling

the applied force during tissue palpation.

The results of the quantitative evaluation of the effects of the normal force and

shear force in tumor localization, indicate the shear force response in the TA was

considerably higher than that in the surrounding tissue areas, as shown in Fig. 3.12 (c).

However, although the evaluated ratio of the shear force in the IFOTA was lower than

that in the TA, it was still high. The slight increase in the shear force in the IFOTA,

as shown in Fig. 3.12 (b), might yield a high value. During the sensor scanning, the

increase in the shear force in the IFOTA results from overcoming the static friction

to initiate slipping of the sensor over the tissue surface. Meanwhile, the response of

the shear force in the BTA was much lower than that in the TA. This stems from the

TA and BTA being completely in the full slip region, where the shear force was only

affected by the dynamic friction. Thus, a wider space of tissue palpation could improve

the detection sensitivity for the tumor.

The experimental results indicated that the shear force is more informative than

the normal force in laparoscopic tumor detection. Thus, a tactile sensor with only a

shear force measurement function might be sufficient for localizing a tumor. However,

the combination of multiple components of the applied force information still has some

advantages in tissue palpation. Firstly, the normal force information from the tactile

sensor could allow surgeons to control the applied force during their palpation proce-

dure. The information can enable them to easily scan the tissue surface and prevent

the target tissue from the possible damage due to excessive applied force, compared to

the other sensing devices such as ultrasonic sensors. Secondly, tissue information, such

as tumor dimensions and tumor depth, is necessary for precisely and entirely dissect-

ing the tumor. Humans could explore the contact environment more efficiently when

they combine lateral and normal motions [22]. In future work, we plan to explore the

characteristics of the detected tumor that can be estimated using both the normal and

shear forces distributions during tissue palpation. Moreover, we intend to use a motion

capture system to precisely observe the tumor area as well as monitor the movement
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of the sensor. The motion capture system will be used as a reference system for esti-

mating the sensor output response to the tissue structure such as tumor size or tumor

depth. This could improve the quality of the sensor’s performance in tissue palpation.

Furthermore, regarding practical applications, the miniaturization of the sensor and

the influence of environmental conditions such as temperature on the sensor [100] will

be considered to improve the sensor performance in further studies.

3.5 Summary

In this chapter, we aimed to develop a forceps–type tactile sensor with two force mea-

surement functions using the acoustic reflection principle for gastric tumor localization

in MIS. Owing to the bending caused by the boundary condition without a supporting

rigid base of the stomach during practical tissue palpation, the effect of the obtained

normal force in the tumor localization might be reduced. The shear force, which might

be almost affected by the contact friction, was presumed to be more informative than

the normal force in terms of tumor detection. A tactile sensor that has the capability

to measure normal and shear forces could assess the force components in laparoscopic

tumor localization. A tactile sensor prototype was fabricated based on the acoustic

reflection principle. The sensor offers great advantages in MIS, such as low manufac-

turing and computational costs, disposability, sterilizability and electrical safety for the

patient’s body. The experimental results showed that the proposed sensor is capable

of measuring the normal and shear forces. The sensor was also tested with a phantom

of the stomach wall with an embedded tumor to simulate the tumor localization pro-

cedure in gastrointestinal laparoscopic surgery. The experimental results showed that

the developed sensor is suitable for tumor detection, indicating that the shear force

information contributes greatly to tumor detection in LS.
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Chapter 4

SuP–Ring: A tactile display using

substitutional representation of contact

force components for tumor localization

This chapter proposes a pneumatic ring–type tactile display having two force feedback

functions to assist surgeons during their laparoscopic tissue palpation. The tactile dis-

play has a simple structure and is lightweight, which could be worn on the surgeon’s

fingers and does not impede the surgeon’s motions. The tactile display used normal

indentation, a substitutional sensory modality, to provide stable and reliable force

feedback to the surgeon in the palpation. The tactile display performance and its ef-

fectiveness on tumor localization were investigated by fundamental and psychophysical

experiments with an artificial phantom tissue model. The advantages and disadvan-

tages of the tactile display in terms of practical application are discussed.

4.1 Introduction

Sense of touch plays a crucial role in daily life, enabling humans to explore and ma-

nipulate various objects. In scenarios such as virtual worlds or teleoperations, users

are unable to physically interact with objects; hence the natural haptic sensation is

eliminated [101]. Haptic devices can provide essential haptic information to enhance

perception levels and user performance in such situations [83].

In laparoscopic tissue palpation, visual feedback is common methods to convey

the tactile information such as the contact force data (from the force/tactile sensors)

in the form of an image to surgeon [26], as the developed tactile sensor proposed in

previous chapter. The visual feedback might be displayed by overlaying the contact

force data on the laparoscopic monitor [50]. However, this method will degrade the
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surgical image. Moreover, the overload of the visual channel is a possible problem

for surgeons because they are required to focus on laparoscopic imaging during their

operation [64]. In this case, tactile feedback using tactile displays often shows better

performance than visual feedback [59].

The concept of laparoscopic tissue palpation using a single–point force sensor is

illustrated in Fig. 4.1. A reaction force occurs when the sensor is pressed against the

tissue surface. If the sensor contacts the normal tissue without tumors, the reaction

force will be its normal force components, as shown in Fig. 4.1 (a). Kim et al. reported

that the reaction force direction changes in the contact tissue with tumors [56]. In

this case, the reaction force includes the normal and shear force components, as shown

in Fig. 4.1 (b). Shear force was proven to be more effective than normal force in la-

paroscopic tumor localization, as reported in previous chapter. Thus, we assumed that

a tactile display capable of rendering shear force might be feasible for intraoperative

tissue palpation.

Lateral skin stretch is a popular feedback modality in which a shear force is

applied to the user’s skin. To display the shear cues using the feedback modality,

the end effector of the device was pressed to ensure sufficient friction and then moved

laterally to the skin to deform it in shear [102–105]. Additionally, Minamizawa et

al. [106] proposed a method of providing shear cues (also using lateral skin stretch)

for the weight rendering of virtual objects by moving a belt on the user’s fingertip.

In the haptic feedback method, the user simultaneously received the force intensity

and direction based on the skin stretch actions. Although the representing shear force

method might provide high sensitivity [107], the control of rendering consistent shear

force is complicated. The display of the shear force directly depends on the generated

normal force and skin friction. The human skin can be approximated as an elastic

polymer under dry conditions, but it becomes dissipative and plastic in a wet state [108].

This results in an increased skin friction coefficient, which affects the user’s perception.

A display modality without lateral skin stretch, unaffected by skin friction, like sensory

substitution, may be a better method for providing shear force information.

Sensory substitution is an alternative method of conveying interaction forces to

users, in which the force feedback can be replaced by another sensory modality, such

as vibration or audition [68]. The feedback from the substitutional modalities can be
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Fig. 4.1: Illustration of tissue palpation with a single–point force sensor. (a) reaction

forces (including only normal force component) in tissue area without tumour. (b)

reaction force (including both normal and shear force components) in tissue area with

the tumour

designed to stably provide tactile information regardless of stimulus position or envi-

ronmental conditions. Schoonmaker et al. utilized vibrotactile feedback to determine

the magnitude of the contact force during operation [109]. Although the proposed

method allows subjects to perform better, such as by reducing the maximum force ap-

plied, the extended use of tactile feedback can make the users uncomfortable, reducing

their sensitivity to the vibration stimuli [66]. Another substitutional approach for force

feedback is auditory modality. Cutler et al. represented force feedback by producing

an auditory signal to users [65]. The graded sound was proportional to the force level.

In this case, because surgeons did not wear any device on their hand, the feedback did

not induce movement in the surgeon’s hand during the procedure. However, continuous

sound during long operations is noisy and distractive to surgeons’ communication [67].
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Normal indentation is a promising method employed to generate a normal force stim-

ulus [83]. The tactile display using a normal indentation modality can have a simple

structure, small size, and be used for long periods of time. Moreover, the normal force

feedback generated by normal indentation is easy to control with high fidelity. Thus,

the normal indentation can be a potential method for providing shear force feedback.

The intensity and direction of shear force information were considered to present using

the substitutional method.

In this chapter, we aim to develop a ring–type tactile display using normal inden-

tation, a substitutional modality driven by pneumatic power, called SuP–Ring (Sub-

stitutional, Pneumatic Ring), for laparoscopic tissue palpation. Normal indentations

were created by moving the three tactile elements of the device to produce both normal

and shear feedback without using lateral skin stretch. Such a tactile display has a ring–

type shape designed to be worn on the user’s finger. The type of tactile display rarely

impedes the motion of surgeons during their operation. The use of pneumatic power

to develop the tactile display makes the device lightweight, cost–effective, and appro-

priate for the clinical environment [85]. Some participants were required to conduct

psychophysical experiments to evaluate tactile display. First, just noticeable difference

(JND) measurements were employed to quantitatively evaluate the presented pressure

of tactile devices perceived by the users. Subsequently, a simulated laparoscopic setup

was established to investigate the effectiveness of the tactile display for tumor localiza-

tion. Participants without a medical background conducted the experiment in three

situations with regard to the actions of the tactile display: displaying only normal

feedback, only shear feedback, and both normal and shear feedback. The localization

performance was evaluated by the experimental results.

4.2 Materials and methods

4.2.1 Tactile display

Design concept

Fig. 4.2 depicts a simple concept of a tactile feedback system with our proposed tactile

display. The tactile display comprises two main components: one is its body and the
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Fig. 4.2: Concept of a tactile system including a force sensor and our proposed tactile

display. (a) Illustration of contact between a force sensor and an object. (b) Tactile

display concept. (c) Mechanism of operation of the tactile system.

other is a combination of tactile elements that directly contact the user’s finger as

shown in Fig. 4.2 (b). In this design concept, the three tactile elements could render

two contact force components obtained from the force sensor, as shown in Fig. 4.2 (a).

Fig. 4.2 (c) illustrates the tactile display operation mechanism in the tactile feedback

system. When the sensor exerts normal forces on the object, the middle tactile element

is activated as the reaction force from the object pushes back the sensor. The normal

indentation of the middle tactile element (called a normal element) interacts with the

user’s finger based on the measured normal force from the force sensor. The shear force

information from the sensor can be represented by the normal indentations generated

by the two remaining tactile elements of the tactile display. The tactile element’s

activation relies on the direction of the measured shear force as well as the intensity.

When the shear force is exerted in the left direction (negative shear), a reaction force

from the tissue occurs against the action force. In this case, the right tactile element

(called the negative shear element) is activated to simulate the reaction force, as shown

in Fig. 4.2 (c). Similarly, when the opposite direction of shear force (positive shear)
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is exerted, the left tactile element (called the positive shear element) is activated.

Only one shear element is activated at a time. When the negative shear element was

activated, the positive shear element was deactivated, and vice versa.

SuP–Ring design and fabrication

Based on the proposed design concept, we developed a wearable tactile display with a

ring shape. Fig. 4.3 describes the details of the SuP–Ring design. The device’s body

has a small size (22 mm×24.5 mm×11 mm) with a 3 mm thickness, as shown in Fig. 4.2

(a) and Fig. 4.3 (b). The device includes three air cavities that contain air pressure.

The open portions of the air cavities with outer diameters of 3 mm were covered with

three silicone rubber membranes (20 mm × 6 mm × 0.5 mm), as shown in Fig. 4.3

(c). The air pressure from a pneumatic control module is supplied through silicone

tubes with a length of approximately 1 m and internal and external diameters of 1

mm and 2 mm, respectively. When the cavities are inflated/deflated, the membranes

expand/contract, leading to an increase/decrease in the interaction force.

A tactile display prototype was developed based on the concept proposed, as

shown in Fig. 4.4. The body of the SuP–Ring was fabricated from a photopolymer

resin using a 3–D printer (Formlab Inc., Form2). The silicone rubber membranes were

made from pourable silicone rubber (Young’s modulus: 28 kPa) using a 3–D printed

mold. A strap band shown in Fig. 4.3 (a) was employed to strap the device to the

user’s finger. The SuP–Ring was designed to be worn on any position of the user’s

finger. With this design, the device is easy to adjust, put on, or remove. The total

mass of the tactile device is approximately 4 g (very lightweight), with an estimated

fabrication cost of approximately $ 5 (low cost).

Tactile feedback system with the proposed tactile display

A tactile feedback system using a SuP–Ring is shown in Fig. 4.5. The system consists

of a measurement system and a tactile display system. In general, the measured force

information from the force sensor is rendered by the SuP–Ring. The measurement

system consisted of a force sensor, a data acquisition device (NI–DAQ 6218, National

Instrument, Inc., 16–bit resolution, 30 kHz sampling frequency), and a personal com-
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Fig. 4.4: Tactile display’s prototype. (a) Prototype’s components. (b) Use of the

tactile display.

puter. The collected contact force data from the force sensor were processed using a

data acquisition device and a computer. The data were smoothed using a low–pass

filter with a cutoff frequency of 5 Hz. The normal and shear force components of the
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contact force were utilized as inputs for the tactile display system. The tactile display

system consists of a tactile device (SuP–Ring) and a pneumatic control module. The

tactile feedback from the SuP–Ring was driven by the control module. The control

module includes an air compressor (Fujiwara Sangyo Co., Ltd, SR–045), a single–

board computer (Raspberry Pi 4 model B), digital/analog (D/A) converters (12–bit),

and electropneumatic regulators (SMC Corp., ITV1030–212BL5–X88). An air pres-

sure of 0.5 MPa is supplied to the regulators from the air compressor. Each regulator

adjusts the inner pressure of each tactile display’s tactile element. The inner pressure

generated by the regulators was controlled by D/A converters and a single–board com-

puter. The data from the measurement system are transmitted to the tactile feedback

system via a user datagram protocol (UDP) with an Ethernet cable. A single–board

computer provides appropriate control signals to the regulator based on the collected

force from the measurement system. Regarding the shear feedback, the activation of

negative and positive shear elements depends on the direction of the collected shear
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force, as mentioned in Section 4.2.1.

4.2.2 Characterization of the tactile display system

In this section, we describe our proposed tactile display system. Fundamental exper-

iments were conducted to estimate the static and dynamic pressure responses of the

system.

To investigate the pressure at the silicone rubber membranes of the SuP–Ring, a

pressure sensor (Ap–13A, KEYENCE Corp.) was directly connected to a regulator of

the pneumatic control module via a silicone rubber tube instead of the tactile element

of the SuP–Ring. The pressure data were collected at a sampling frequency of 10 kHz.

A series of input signals (0.164, 0.325, 0.486, 0.647, 0.808, and 0.969 V) were

provided by the D/A converter and a single–board computer to control the regulator.

For each input signal, the pressure was kept constant for a few seconds; then the

pressure value was recorded. The inner pressure was measured for the six input signals

to estimate the static response of the control module. The dynamic performance of the

pneumatic control module was assessed by evaluating its step and frequency responses

with the same series of input signals for the static response. For the step response, the

input signals were turned on for 3 s. The inner pressure during the steps was collected

for six different step pressures. To obtain the frequency response of the control module,

we measured the inner pressure for input square wave frequencies of 0.1, 0.2, 0.5, 1,

2, 3, 4, 5, 6, 7, and 10 Hz. The magnitudes of the input square waves were obtained

from a series of input signals. In this study, the gain value was estimated using the

following equation:

Gain = 20× log10

(
P

Pstatic

)
[dB] (4.1)

where P is the magnitude of the measured inner pressure, which corresponds to one

input square wave frequency. Pstatic is the inner pressure value for a static input

value with the same magnitude. The gain value indicated a reduction in the dynamic

response compared to the static response. The experiments were repeated five times

for each input signal in both investigations of the static and dynamic responses.
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4.3 Psychophysical experiments

To evaluate the SuP–Ring performance, we conducted psychophysical experiments.

First, the JND test, a classical psychophysical test, was performed to assess the dif-

ferential threshold of normal and shear cues generated by the tactile device. Second,

a tissue palpation task was conducted to investigate the effectiveness of the tactile

display system for laparoscopic tumor localization.

4.3.1 JND test

The JND test aims to evaluate how users perceive the change in the SuP–Ring rendering

pressure. The experiment involved 12 participants (2 females and 10 males, age 23±1),

all of which were right–hand dominant except one. The participants consented to

perform the task with an experimental protocol according to the ethical standards

of the Helsinki Declaration and approved by the Ethical Committee of the Nagoya

Institute of Technology.

The participants sit on an adjustable height chair with their back straight and

kept their feet flat on the floor. They were required to put their forearms on the chair’s

armrest as forearm support for the JND test. The sitting posture was adjusted to

ensure all participants conducted the test with almost the same posture in a comfort-

able position. The participants wore the SuP–Ring on their dominant hand’s index

finger, as shown in Fig. 4.4 (b). The participants could choose any position range from

their distal to medial phalanx where they felt comfortable wearing the device. During

the experiment, to avoid other cues that might affect experimental performance, the

participants were required to close their eyes and wear noise–canceling headphones.

As mentioned in the design concept section, the SuP–Ring has three activation

states: one is only the normal element activated for rendering the normal stimuli, the

others were the normal and shear elements activated to render both normal and shear

stimuli. The participant conducted three consecutive tasks for three reference stimuli

of 31.1, 54.7, and 78.2 kPa, which were selected based on the pressure range of the

tactile display system.

In the first task, normal feedback only (activating only the normal element) was
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evaluated for the mentioned reference stimuli. In the beginning, the reference pressure

was exerted on the participant’s finger for a few seconds, and then the pressure was

increased/decreased from the reference pressure value. The participant was required

to detect a pressure change; then, the presented pressure value was recorded. Each

increasing/decreasing pressure series was alternately conducted five times for each ref-

erence pressure. In the next two tasks, we evaluated the JND measurement of the shear

stimulus in the case of a normal stimulus. At the beginning of the second task, we

provided a constant pressure (the pressure value among the three reference pressures)

to the normal element, and then a reference pressure from the three reference pressures

was represented by the positive shear element. Afterward, the pressure adjustment of

the negative shear element was conducted (similar to the first task) to collect the JND

data. In this task, nine combinations of the pressure for the normal and negative shear

elements were performed to estimate the JND measurement. Finally, the third task

was conducted (similar to the second task) to estimate the JND measurement of the

positive shear element instead of the negative shear element. In the three tasks of

the JND test, the order of reference pressure was shuffled to partially counterbalance

differences across each participant.

4.3.2 Tumor localization experiment

Tissue phantom with embedded tumor

To evaluate the effectiveness of SuP–Ring for tumor detection, we prepared an artificial

phantom tissue as a sample for the experiment. The 150 mm × 50 mm × 11 mm

phantom tissue consists of two tissue layers, as shown in Fig. 4.6. The bottom layer

tissue with a thickness of 10 mm (as normal tissue), consisting of pourable urethane

rubber (Young’s modulus: 6 kPa), was made using a 3–D printer mold. The normal

tissue stiffness is similar to that of the human liver (4–6.5 kPa) [110]. An embedded

synthetic semispherical tumor with a 7.5 mm radius is located inside the phantom,

as shown in Fig. 4.6 (b). The position of the embedded tumor is shown in Fig. 4.6

(a). The embedded tumor was made of silicone rubber (Young’s modulus: 28 kPa).

The artificial tumor stiffness is in the range of the hepatocellular carcinoma’s stiffness

(20.4–75 kPa), as reported by Masuzaki et al. [111]. The distance from the apex of the
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(a)

(b)

Fig. 4.6: Phantom tissue with embedded tumor. (a) Structure of the phantom tissue.

(b) Top view and bottom view of the fabricated phantom tissue.

semispherical tumor to the normal tissue surface was small, making the tumor visible

from the outside. A top layer made of silicone rubber (1 mm thickness) was used to

cover the normal tissue and simulate the serous coat (serosa) of the liver. The rubber

glue was used to stick the top layer on the surface of the bottom layer (normal tissue).

Because of the thin top layer, there is no significant effect on the phantom tissue

stiffness. Moreover, the bottom layer’s structure cannot be seen from the outside along

with the top layer. The silicone layer could also help to reduce the friction between

the phantom tissue and the sensing probes during tissue palpation.
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Simulated laparoscopic setup

A simulated laparoscopic experiment was designed to evaluate the effectiveness of the

SuP–Ring for tissue palpation. Because the tactile display can render 2–degree of

freedom (2–DoF) force feedback, including normal and one–dimension shear feedback,

the experiment will be set up to provide the 2–axis force information only. A simulated

laparoscopic setup was established on a fixture plate to perform the tissue palpation

task, as shown in Fig. 4.7. A tool using a six–axis force/torque (F/T) sensor (ATI, Inc.

Gamma Si–32–2.5) and a custom apparatus was used to measure the contact force.

The force sensor was fixed to the tool’s housing, as shown in Fig. 4.7. A sensing rod

was mounted on the sensor as the tool’s sensing component. The sensing rod with

a half–ball–shaped tip (diameter of 8 mm) was made of acrylonitrile styrene acrylate

(ASA) white materials (Stratasys 3D printer), as shown in the left inset of Fig. 4.7

(a). The tool was mounted on a carriage block, as shown in Fig. 4.7 (b). The tool

could smoothly slide on a linear guide rail (A–rail) along the z–axis. The A–rail was
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mounted on another carriage block, which could move along the x–axis on another

linear guide rail (B–rail). The user could control the tool’s head position by moving

the tool’s handle connected with the housing through an aluminum rod, as shown in

Fig. 4.7 (a). The z–axis and x–axis forces measured by the force sensor were collected

as the normal and shear force components of the contact force, respectively. Limited

blocks were placed on the distal and proximal ends of the guide rails to prevent the

tool from falling out of the rails. The B–rail was fixed on a stand assembled from

aluminum frames and a plastic bar. The phantom tissue was placed on a base under

an acrylic flat plate (thickness of 5 mm) with a rectangular hole (size of 100 mm mm),

as shown in Fig. 4.7 (b). A black rubber sheet (thickness of 2 mm) was attached to

the flat plate top surface. With this setup, users could not see anything under the

flat plate, except for the phantom tissue portion in the hole area. The flat plate was

mounted on a manual stage, as shown in Fig. 4.7 (a) and Fig. 4.7 (b). The flat plate

pitch was adjusted according to the manual stage for holding the phantom tissue in

position.

The phantom tissue setup details are presented in Fig. 4.8. The phantom was

placed on a 20 mm thick sponge plate to mimic the surrounding organs and tissues of

the human liver. The sponge plate was attached to a support plate, as shown in Fig. 4.8

(b). The support plate was mounted on two carriage blocks that could be moved along

two linear guide rails (mounted on a couple of support bars). A cylindrical neodymium

magnet was placed on the side of the support plate. Three other cylinder magnets

were embedded in the support bar, and their positions are shown in Fig. 4.8 (a). For

the setup, when the support plate was moved, its position was only in one of the

three bottom magnet positions. Letting the position of the centered magnet (among

the three bottom magnets) be the origin position (0 mm), we prepared three different

positions of the tumor (–20, 0, +20 mm) for the palpation task, as shown in Fig. 4.8

(c). A linear encoder was placed on the same base as the phantom tissue to measure

the experimental position (as shown in Fig. 4.7 (a). The monitor mounted on a table

displays the experimental images captured by the setup camera, as shown in Fig. 4.9.

A wooden sheet was placed above the experimental setup through a pair of steel rods

to simulate the abdominal wall. Because of the wooden sheet, the participants only

obtained visual information via the monitor.
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Experimental procedure

For the palpation task, we aimed to evaluate the effectiveness of the SuP–Ring in a

fair manner. Experts (professional surgeons) tend to have a large variation in their

experience and surgical skills [85]. Thus, the novices (participants) were employed

to reduce the influence of the variation in the task. Twelve participants (2 females

and 10 males, age 23±1) without a medical background participated in the palpation

task. Five of them did the JND test with the SuP–Ring, while the others did not take

part in the test. All of the participants in the experiment were right–hand dominant.

The SuP–Ring operation and the experimental procedure were explained beforehand

to the participants. They conducted several task trials until they fully understood

the experimental procedure. The participants consented to perform the task with an

experimental protocol according to the ethical standards of the Helsinki Declaration
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and approved by the Ethical Committee of the Nagoya Institute of Technology.

The experimental procedure is illustrated in Fig. 4.10. First, the flat plate with

the rubber sheet was lifted up using the manual stage, and the position of the tumor

(–20, 0, +20 mm) was randomly selected by moving the support plate of the phantom

tissue. Next, the flat plate was lifted off to maintain the position of the phantom tissue.

The participants were required to wear the SuP–Ring on their right–hand index finger.

After that, they held the tool’s handle with their right–hand and then moved the tool

to palpate the phantom tissue. The participants started moving the tool along the

x–axis from the initial block (called the initial position) to the phantom tissue area, as

shown in Fig. 4.10 (a). The movement of the sensing rod was observed via a monitor.

Regarding tissue palpation, at each x–axis position, the participants pushed/pulled
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Fig. 4.10: Experimental procedure for the palpation task.

the tool against/out of the phantom tissue along the z–axis. The force outputs were

smoothed using a 5 Hz low–pass filter. The SuP–Ring represents the relative pressure
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based on the measured contact force, as follows:

PN =

PN0 +GN × FN if PN0 +GN × FN ≤ Pthreshold

Pthreshold otherwise
(4.2)

PSP =


PS0 +GS × FS if FS > 0 and PS0+ GS × FS < Pthreshold

Pthreshold, if FS > 0 and PS0+ GS × FS ≥ Pthreshold

PS0 otherwise

(4.3)

PSN =


PS0 +GS × (−FS) if FS < 0 and PS0+ GS × (−FS) < Pthreshold

Pthreshold if FS < 0 and PS0+GS × (−FS) ≥ Pthreshold

PS0 otherwise

(4.4)

where PN, PSP, and PSN are the inner pressure values of the normal, positive shear, and

negative shear elements, respectively. PN0, PS0, and GN and GS are the offset pressures

and gain values of the corresponding normal and shear elements, respectively. FN and

FS are the measured normal and shear forces from the sensor, respectively. Pthreshold is

the maximum pressure value of the SuP–Ring tactile elements. This value was set to

prevent the risk of silicone membrane rupture. These parameter were set as [PN0, PS0]
T

= [23.38 kPa, 31.1 kPa] , [GN, GS]
T = [7.39 kPa/N, 11.38 kPa/N] and Pthreshold =

103.35 kPa.

The participants wore the SuP–Ring and stood in front of the table, as shown

in Fig. 4.9. They looked at the monitor and determined the embedded tumor location

based on the tactile feedback generated by the tactile display. When the participants

found the tumors, they were required to place the tool’s head on the apex of their esti-

mated tumor position. The estimated positions were measured using a linear encoder.

The position errors were computed as the absolute values of the difference between the

actual and estimated tumor positions. The palpation task was performed within 60

s. The participant attempted to finish the task as soon as possible. Completion time

was recorded using a stopwatch. If 60 s passed, the participant would be asked to stop
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their palpation and estimate a tumor position with which they felt the most confident.

Subsequently, the participant moved the tool back to its initial position. The normal

force values applied within the performance of the participants were recorded. The

average of the peaks of the applied normal force is computed. The average values of

every trial were selected as the evaluation parameters for the palpation task.

Each participant conducted 18 trials of the palpation task, with six repetitions for

each of the following three feedback conditions: only normal feedback (condition N),

only shear feedback (condition S), and both normal and shear feedbacks (condition NS).

In condition N, only the normal stimulus was displayed by the normal element. Under

condition S, the two shear elements rendered the shear stimuli. The activation of the

negative and positive shear elements relied on the direction of the measured shear force

as well as the magnitude. Under condition NS, three tactile elements of the SuP–Ring

were activated to render both the normal and shear force components of the contact

force. In MIS, the applied normal force should be small for safety purposes [112].

Thus, during the palpation performance, the participants were required to reduce the

applied force when they heard an auditory alarm (beep sound) from a headphone. The

sound was sent to participants when the measured normal force in conditions N and NS

reached 5 N. In condition S, because the normal force was not used, the participants

did not hear any alarm sounds during their performance.

After finishing each trial, the participants were asked to provide a “confidence

rating” and “difficulty rating.” Regarding the confidence rating, the participants rated

from 1 to 10 for the question “how confident are you in localizing the tumor position?”

Similarly, regarding difficulty rating, they also rated from 1 to 10 for the question

“how difficult was it to find the tumor position?” A score of 0 meant “not confident at

all” and “very easy,” and score of 10 meant “strongly confident” and “really difficult”,

respectively. The position of the embedded tumor was randomized across trials. Thus,

three positions (–20, 0, +20) were tested twice in the six repetitions for each feedback

condition. The order of the conditions was randomized to evaluate the six possible

combinations twice. In this palpation task, each participant made several trials for

three conditions to clearly understand the experimental procedure.
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Fig. 4.11: Characterization of the tactile display system. (a) Static relationship be-

tween the inner pressure and the input voltage value. (b) Step response of the inner

pressure for different target inputs. c) Frequency response of the inner pressure for

different target inputs.

4.4 Results

4.4.1 Characterization of the tactile display system

Fig. 4.11 (a) shows the relationship between the input signal and the static inner pres-

sure of the control module. The standard deviations of the six measurements are

indicated by error bars. The linear relation between the input and the inner pressure



4.4 Results 57

yields the following equation:

Y = a×X − b (4.5)

where Y is the inner pressure value and X is the input voltage. The coefficients were

found to be [a, b]T = [97.52, 0.61]. The coefficient of determination was computed to

be R2 = 0.99. Regarding the step response shown in Fig. 4.11 (b), the rising time is

longer than the falling time. The step decrease responses of the control module have a

delay of approximately 0.15 s for all inputs. For a target pressure of 15.38 kPa (input

signals of 0.164 V), the pressure reaches the target value with a rising time of 0.25 s,

whereas the system quickly increases to the near value of the target pressure and then

gradually reaches the exact target pressure. Fig. 4.9 (c) shows the frequency response

for the considered pressure. The gain values decreased when the frequencies of the

inputs were increased. The pressure bandwidth of the control module was computed

at a gain value below –3 dB for every target pressure. The pressure bandwidth was

above 4.5 Hz for values close to the target pressure, except for the target pressure of

15.38 kPa (bandwidth of 2 Hz).

4.4.2 Psychophysical experiments

JND test

Fig. 4.12 shows the outcomes of the JND test. The circles, error bars, and dashed

lines indicate the means, standard deviations, and fitting lines of the JND values,

respectively. Regarding the results of the first tasks for the normal element, as shown

in Fig. 12a, the mean JND values are linearly related to the reference pressures.

Fig. 4.12 (b) and Fig. 4.12 (c) show the JND values of the second and third tasks for

the shear elements. The JND results for shear elements with different normal element

stimuli are indicated by different colors. The red, blue, and black (circle, error bars,

and dashed lines) illustrate the normal stimuli of 31.1, 57.4, and 78.2 kPa, respectively.

In general, the JND values monotonically increased with the stimuli, consistent with

Weber’s law [113]. The Weber fractions were calculated for each reference pressure in
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Fig. 4.12: Results of JND test. Open circles, error bars, and dashed lines indicated

the means, standard deviations, and fitting lines of the test’s data. (a) JND of normal

element only. (b) JND of negative shear element for different normal element stimuli.

c) JND of positive shear element for different normal element stimuli. Red, blue, and

black color indicate the JND data for the normal stimuli of 31.1, 57.4, and 78.2 kPa,

respectively.

the three experimental conditions as follows:

k =
∆I

I
(4.6)

where k, ∆I, and I represent the Weber fraction (WF), JND, and reference values,

respectively.

In Fig. 4.13, the dashed curves indicate the WF trend for each stimulus condi-

tion. The WF decreased with an increase in the reference pressure in the three tasks.

Regarding the results of the first task shown in Fig. 4.13 (a), a one–way repeated mea-

sures ANOVA (with a significance value of 0.05) was used to evaluate the effect of the

reference pressure of the normal element on the WF. The collected data were approx-

imately normally distributed according to the Shapiro–Wilk normality test. The data

passed Mauchly’s test of sphericity. The ANOVA revealed that there was a signifi-

cant effect of reference pressure of normal stimulus on the WF of the normal element

(F (2, 22) = 36.815 and p < 0.001). Regarding the results of the second and third

tasks, a two–way repeated measures ANOVA (with a significance value of 0.05) was

conducted to examine the effect of the inner pressures of the normal and shear elements

on the WF. The collected data were approximately normally distributed according to
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the Shapiro–Wilk normality test. The data passed Mauchly’s test of sphericity. The

ANOVA showed that there was no significant effect of the normal stimulus on the

WF of either shear element (F (2, 22) = 1.147 and p = 0.336 for the second task

and F (2, 22) = 3.255 and p = 0.058 for the third task). Whereas, the reference

pressure of shear stimulus was a significant effect on the WF of either shear element

(F (2, 22) = 87.424 and p < 0.001 for the second task and F (2, 22) = 130.805 and

p < 0.001 for the third task). There was a non–significant interaction between the nor-

mal stimulus and the reference pressure of shear stimulus, on the WF of either shear

element (F (4, 44) = 0.985 and p = 0.424 for the second task and F (4, 44) = 2.372 and

p = 0.057 for the third task).

Tumor localization experiment

To investigate the effect of the feedback conditions on the participant’s performance,

position errors in the tumor localization, task completion time, and averages of applied

normal force during the performance, confidence and difficulty ratings were evaluated.

The results of the 12 participants in the palpation task are shown in Fig. 4.14. Most of

the raw data of the evaluated parameters did not pass the Shapiro–Wilk test, except
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Confidence ratings. (e) Difficulty rating.

for the completion time data and the applied normal force data for condition NS.

Thus, a Friedman test (a nonparametric test) with a significance value of 0.05 was
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employed to compare the collected parameters in the three feedback conditions. If the

test results showed a statistically significant difference between the median of the three

experimental conditions, three–pair Wilcoxon signed rank tests (post hoc tests) with

Bonferroni correction were conducted.

Fig. 4.15 (a) shows the position errors for the experimental conditions. The Fried-

man test showed a significant difference between the three feedback conditions (χ2(2)

= 31.58, p < 0.001). The Wilcoxon signed rank tests showed significant differences be-

tween conditions N and S (W (12) = 226 , p < 0.001), between N and NS (W (12) = 522,

p < 0.001), and between S and NS (W (12) = 736, p = 0.0035). This result shows that

the tumor detection in conditions with shear feedback was more accurate than that in

conditions with only normal feedback.

Fig. 4.15 (b) shows the completion time for each condition. The Friedman test

showed a significant difference between the three feedback conditions (χ2(2) = 93.66,

p < 0.001). The Wilcoxon signed rank test showed significant differences between

conditions N and S (W (12) = 1, p < 0.001), between N and NS (W (12) = 274,

p < 0.001), and between S and NS (W (12) = 305, p < 0.001). This result shows that

the task performance in conditions with shear feedback took less time than those in

other conditions with normal feedback.

Fig. 4.15 (c) shows the applied normal force during the palpation task. The Fried-

man test showed a significant difference between the three feedback conditions (χ2(2)

= 80.42, p < 0.001). The Wilcoxon signed rank test showed significant differences

between conditions N and S (W (12) = 27, p < 0.001), between N and NS (W (12) =

1053.5, p = 0.595), and between S and NS (W (12) = 71, p < 0.001). This result shows

that the applied normal force in condition S was significantly higher than that in the

other conditions. There was an insignificant difference between conditions N and NS.

Fig. 4.15 (d) shows the confidence rating results. The Friedman test showed a

significant difference between the three feedback conditions (χ2(2) = 125.95, p < 0.001).

The Wilcoxon signed rank test showed significant differences between conditions N and

S (W (12) = 0 , p < 0.001), between N and NS (W (12) = 1.5, p < 0.001), and between

S and NS (W (12) = 65.5, p < 0.001). This result shows that the confidence ratings in

the conditions with shear feedback were statistically higher than those in the condition

with only normal feedback.
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Fig. 4.15 (e) shows the difficulty ratings for each condition. The Friedman test

showed a significant difference between the three feedback conditions (χ2(2) = 133.74,

p < 0.001). The Wilcoxon signed rank test showed significant differences between

conditions N and S (W (12) = 0 , p < 0.001), between N and NS (W (12) = 1.5 ,

p < 0.001), and between S and NS (W (12) = 38.5, p < 0.001). This result shows

that the difficulty ratings in condition N were significantly higher than those in the

remaining conditions.

4.5 Discussion

First, we discuss the characterization of the SuP–Ring pneumatic control module.

Regarding the static response, the input value is linearly related to the generated

pressure, and the standard deviations of the collected data were very small. Thus, the

inner pressure of the device’s tactile elements can be precisely controlled. Regarding

the dynamic responses, the rising step response for a low target pressure of 15.38 kPa

(input value of 0.164 V) was not really quick. The pressure bandwidth of this target

pressure was smaller than that at a higher target pressure (2 Hz compared to 4.5

Hz). We decided to generate the pressure above 15.38 kPa (with the offset values) to

achieve better performance of the pneumatic control module. In tissue palpation, the

natural tissue probing could involve quasi–static motions, which usually do not exceed

frequencies of 1 Hz [85]. In this study, we also focused on representing the tactile

feedback for slow exploring motions, which surgeons could control. Thus, we believed

that the current pneumatic system’s response is sufficient for the MIS task. Moreover,

the characterizations of the control module may be affected by various factors, ranging

from the air pressure (0.5 MPa) supplied from the air compressor to the mass and

elastic properties of the membrane [114]. In future work, an appropriate supplied air

pressure value and a better membrane material will be determined to optimize the

performance of the control module. The JND test shows the pressure presented by the

SuP–Ring that can be perceived by the users. For normal element interaction only,

the Weber fraction was at least 0.5. This value is slightly higher than the obtained

WF of a similar tactile display that also applies pressure to the user’s finger [85]. The

WF of the tactile device should be constant for reference pressures, as expected in
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Weber’s law. However, it decreased as the intensity increased, as shown in Fig. 4.13.

This phenomenon was reported in [115]. A modification of Weber’s law can be applied

to the JND test results as follows:

k =
∆I

I + I0
(4.7)

where k is the WF, ∆I is the JND value, I is the reference value, and I0 is a constant

value (or correct value). The addition of the correct values could align Weber’s law with

the collected data. Eq. 4.7 reveals that if the reference intensity value is higher than the

constant value, the JND value is almost proportional to the intensity value. In contrast,

I0 may greatly influence ∆I for a low reference intensity value. This might be caused

by the sensory noise that occurs at small values of I [115]. In the tactile display, the

contact area between the tactile elements and the user’s skin depends on the expansion

of the silicone membrane (thin and soft). At a low value of the reference stimulus, the

contact area was narrow. The area is significantly changed according to the adjustment

of applied pressure leading to sensory noise, which impairs the human perception of

the change in pressure. Otherwise, the contact area remained almost unchanged when

the reference pressure value was high. Thus, users could better perceive the change

in pressure at a high reference intensity. The use of stiffer (or thicker) membranes

instead of the silicone membranes, which marginally allows the change in the contact

area according to different pressures, may be a possible solution for reducing the effect

of sensory noise on the user’s perception.

In our proposed tactile device, we aimed to represent the pressure in relation to

the contact force. Before conducting the palpation task, the offset pressures of the SuP–

Ring’s tactile element were delivered to the participants according to the experimental

conditions. Because the SuP–Ring’s control module does not have a good response

for small inner pressures, the offset values were 23.38 kPa and 31.1 kPa (higher than

15.38 kPa) for the normal and shear elements, respectively. The provision of the offset

pressure before starting the task is also to notify the participants of the experimental

conditions. The offset and gain values of the shear elements were higher than those

of the normal elements. This is because the performed shear force range tends to be

much smaller than the normal force range performed in MIS. To enable the user to
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perceive the change in shear force, the presented pressure of the shear elements should

be high according to the JND test results. The optimal offset and gain values of each

tactile element were determined to improve the performance of the tactile device in

future studies.

Next, we discuss the participant’s performance in tumor localization using our

developed device. The palpation task showed the effect of the SuP–Ring in the three

experimental conditions. The experimental results showed that the participants had

the best performance in condition S, followed by condition NS, and then condition N.

Under conditions S and NS with shear feedback, the detected tumor positions were

more accurate than those in the remaining condition (N) without shear feedback. The

participants took less time to perform the palpation task with a higher confidence rating

in conditions S and NS. Moreover, the tissue palpation task under these conditions was

easier than that under condition N, according to the participant’s evaluations. In the

conditions with shear feedback, the participants rarely felt any change in the shear

element when they scanned the normal tissue area. The strong response of the shear

elements appeared when the participant moved the force sensor to the embedded tumor

margin. The negative positive shear and tactile elements interacted independently with

each side of the tumor’s margin. Based on the stimuli, the participant could localize

the tumor. In condition N, the participants only received normal feedback that was

affected by their applied force. Therefore, the participants experienced difficulty in

detecting the embedded tumor with only normal feedback. Thus, it is believed that

shear feedback could enhance the performance of the participant and their confidence

in localizing the tumor.

Regarding the applied normal force by the participants during the palpation

task, as shown in Fig. 4.15 (c), they applied the normal force with a median value of

approximately 6 N and sometimes up to approximately 10 N in condition S. Otherwise,

in the condition with normal feedback (N and NS), the participants tended to exert

less contact force (with median values of approximately 4 N) than the other condition

without normal feedback (S) because they could adjust the applied normal force based

on the provided auditory and tactile (normal) feedback. In the MIS, the applied normal

force should be small. For example, the normal force range of the sensor (0–5 N) is

adequate for common laparoscopic tissue manipulation [55]. The experimental results
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showed that normal feedback could contribute to ensuring the safety requirements of

laparoscopic tissue palpation. Furthermore, it is claimed that the applied normal force

might also affect the participant’s performance. The larger normal forces exerted under

condition S causes a higher shear force to be exerted in the tumor position. This might

lead to better performance, as shown in the palpation task results. The decline in their

performance in the NS might also result from the smaller applied normal force. The

interference effect of dynamic normal (force) feedback was also another possible reason,

leading to the worse performance of the participant under condition NS (compared to

condition S). The JND test results revealed an insignificant effect of the normal stimuli

level on the shear stimuli perception. For the results, there might be no interference

between the normal and shear feedbacks if the SuP–Ring represented the quasi–static

force information. However, the participants received the dynamic normal stimuli

during their palpation with NS condition. The dynamic stimuli might affect the shear

stimuli perception and reduce the participant’s performance. The interference effect

will be investigated in further works. Overall, it is believed that the tactile display with

both normal and shear feedback rendered functions could be effective in laparoscopic

tumor localization.

Here, the advantages and challenges with the SuP–Ring are discussed. Regarding

the feasibility of SuP–Ring in surgical applications, the device could be utilized in

a disposable manner because of its low–cost manufacturing. Moreover, the device

components were made of biocompatible materials, similar to a tactile ring device [85],

which was confirmed to be capable of sterilization. Because the device was lightweight

and a strap was used to mount the device on the user’s finger, the SuP–Ring has

high wearability. The use of normal indentations substituted to provide shear force

information (including its intensity and direction) led to shear feedback that could be

controlled independently with the normal feedback. The effect of friction between the

end effector and human skin as representing shear feedback of the tactile device using

lateral skin stretch, could be neglected in our proposed tactile device. In order to utilize

the tactile display in an actual MIS palpation, users (or surgeons) will be required to

move the probing tool in a single horizontal direction, as the tool’s movements in the

simulated experiment. In such situation, the applied force could be represented in 2D.

Thus, the tactile display’s function is sufficient to provide the force feedback for tumor
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localization. Although the tactile display with the provision of 2–DoF force feedback

has the limitation for the scanning direction, it has an advantage in terms of simplicity.

A simple tactile display is required fewer control system components. This leads to a

reduction in the system’s cost as well as its complexity.

Although the SuP–Ring could be effective in laparoscopic tumor localization,

the tactile device still has some limitations. First, because the SuP–Ring could be

worn on any position of the user’s finger, the position might influence performance.

Thus, the effect of the worn position will be evaluated in further studies. Secondly,

regarding the current tactile feedback system, the system might be only suitable for

experiments because it is still a complicated system with bulk size. In future work,

we plan to propose a portable and low–cost tactile feedback system using Raspberry

Pi. Thirdly, the movement of the probe is limited. In actual MIS palpation, when

the user pushes the surgical tools against the tissue in multiple directions, the applied

force will consist of one–dimension (1–D) normal force (along the z–axis) and 2–D

shear force (along the x–axis and y–axis) components. In order to use the current

tactile display, the superposition of the two shear force components could be employed

as the input of the shear feedback instead of using one–axis shear force information.

Another method is improving the structure of the tactile display. A tactile display

representing multiple DoF force feedbacks might enrich the user’s perception during

their tissue palpation. Two more tactile elements could be added to the display in

the circumferential direction. In such situation, the tactile display could provide 3–

DoF force feedback, including 1–DoF normal and 2–DoF shear (along with x–axis

and y–axis) feedback. Regarding the participant, twelve novices verified the SuP–

Ring to avoid the influence of the variation in surgical skills and experiences in the

tissue palpation task. We plan to evaluate the SuP–Ring in actual laparoscopic tissue

palpation conducted by professional surgeons in future work. We hope that they will

give us valuable feedback to enhance the device’s performance.

Finally, using the adjacent tactile elements (normal indentations) might provide

a feeling of shear force on the user’s skin (pseudo shear feedback). However, we did

not consider representing the pseudo shear feedback in this study. An evaluation test

will be conducted to justify the capability of tactile display in representing the pseudo

shear feedback. If it is possible, the tactile display will be an interesting device in
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numerous applications, such as virtual object interaction or telerobotic manipulation.

4.6 Summary

In this chapter, we developed a ring–type tactile display using pneumatic power, called

SuP–Ring. The tactile display employed normal indentation substituted for lateral

skin stretch to provide both normal and shear feedback. The SuP–Ring comprises

three tactile elements in which the central tactile element displays normal feedback,

and the other tactile elements display shear feedback. With the proposed method,

the shear feedback could be provided independently of normal feedback regardless of

friction between the end effectors and human skin as the other tactile display using

lateral skin stretch. The tactile device can be easily worn on the user’s finger because

it is lightweight and is ring–shaped. Owing to the low-cost fabrication of SuP–Ring

using biocompatible materials, it has high applicability to surgical situations, such as

sterilizability or disposability. Fundamental investigations of the tactile display system

showed that the pressure presented by the SuP–Ring could be linearly controlled by the

input signal from a sensing device, such as a force sensor. The JND test indicated the

pressure that can be distinguished by users. The test results show that the user could

perceive the change in the pressure of the shear elements regardless of the difference

in the normal element stimulus. An evaluation of tissue palpation was conducted to

investigate the effectiveness of SuP–Ring for tumor localization. The experimental

results indicated that SuP–Ring, which has the capability of rendering normal and

shear feedback is effective for tumor detection. The shear feedback of the tactile device

enables users to improve their performance in localizing tumors. Normal feedback could

contribute to preserving tissue safety in laparoscopic tissue palpation. However, an

improvement of the tactile display needs to be carried out to apply the device in actual

surgery. Furthermore, we believe that our proposed tactile display has the potential

to be used in a wide range of fields, such as virtual reality or robot teleoperation in

addition to MIS.
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Chapter 5

Tumor characterization in laparoscopic

surgery using the tactile display having

multicomponent force feedback function

This chapter describes assessments of multiple contact force components in determining

the tumor features such as tumor depth and size. A palpation strategy can achieve

the tumor characterization based on tactile feedback obtained during tissue palpation.

Several artificial phantom tissue models with embedded tumors of different sizes and

depths were prepared for the assessments. A fundamental experiment was conducted

to investigate the response of the contact force component obtained by a force sensor

for tissue palpation. The experimental results indicated the contact force component’s

potential use in determining the tumors’ depth or size with the proposed palpation

strategy. Psychophysical experiments were performed to assess the user’s ability to

identify the tumor depth and size of the embedded tumors within the prepared phantom

models, using the tactile feedback from SuP–Ring, the tactile display proposed in

the previous chapter. The effectiveness of tactile display with multicomponent force

feedback function for tumor characterization in LS is discussed.

5.1 Introduction

In tumor resection surgery, characteristics such as the location, depth, and size of the

tumor are important information. If surgeons know the characteristic information,

they can resect the entire tumor with a minimum margin without interfering with the

function of surrounding tissue or remaining organs [11, 12]. The tumor characteristic

could be determined by preoperative image–based techniques such as CT, MRI. How-

ever, due to the tumors and surround tissue are shifted during surgery, the preoperative
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information is not completely reliable. Palpation is a promising technique for obtaining

tumor characteristics during operation. In MIS, surgeons based on haptic sensation

from haptic devices to palpate abnormal tissue [26].

Tactile feedback is a promising method for providing haptic information to sur-

geons during intraoperative tissue palpation. Tactile feedback not only provides an

intuitive understanding of tissue properties, but it is also independent of the visual

channel; thus, it rarely impedes the surgeon’s operation. Numerous actuation meth-

ods have been employed to generate the tactile feedback for tissue palpation, such

as tactile displays using shape memory alloy wires [77], multiple servomotors [79], and

pneumatic systems [82] to drive pin-array elements to represent the spatially distributed

reaction force. Bianchi et al. [116] and Rizzo et al. [117] utilized pneumatic air–jet and

magnetorheological–fluid (MRF) devices, respectively, to display lumps (or tumors) of

different sizes. Although these tactile displays can provide information about tumor

shape, size, or stiffness, the perception of tumor depth is arguable. In addition, these

devices are often large and complex. They are expensive to manufacture because they

consist of multiple display elements, large drive units, and tactile array sensors to ac-

quire tactile information. Thus, the tactile display may not be used as a disposable

device for widespread surgical applications.

In previous chapter, SuP–Ring, a ring–type tactile display that uses pneumatic

power to provide instantaneous tactile feedback to assist surgeons in tumor localization.

This tactile display with two force–feedback functions has high clinical applicability

owing to its simple structure, low cost, disposability, and robustness to sterilization.

The tactile display employs normal indentation, a substitutional modality, driven by

pneumatic power to produce normal and shear force feedback. In the tactile display, the

shear feedback is provided independently of normal feedback regardless of the friction

between the tactile elements and human skin as the other tactile display uses lateral

skin stretch, a popular feedback modality, in which a shear force is applied to the skin.

Although SuP–Ring have been effective in localizing tumors intraoperatively, their

ability to characterize tumors has not been considered. Konstantinova et al. reported

that the use of a combination of normal (related to normal force) and lateral (related

to shear force) motions is more effective in exploring hard nodules (or tumors) [22].

Thus, we assumed that the provision of both normal and shear force feedback, such as
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Fig. 5.1: Illustration of the proposed tissue palpation strategy. (a) Tissue model

with embedded tumor and haptic devices for the tissue palpation. (b) Tumor depth

determination. (c) Tumor size determination.

SuP–Ring, might be effective in assessing characteristics such as tumor depth and size.

We propose a palpation strategy with a force sensor and a tactile display to

identify the depth and size of the abnormal tissue (Fig. 5.1). The user palpates the

tissue using the force sensor, and the force feedback of the tactile display provides the

user with contact force information. First, the user estimates the indentation depth of

the force sensor based on the provided force feedback (Fig. 5.1(b)). Subsequently, they

attempt to determine the tumor’s depth by detecting its presence at the indentation

depth of the given sensor. Furthermore, we assume that the size of the tumor can be

obtained by localizing the tumor edges using force feedback. As shown in Fig. 5.1(c), if

the left and right edges of the tumor are located, the entire tumor area (or the tumor

size) can be determined.

In this chapter, we aimed to assess the use of normal and shear feedback to identify

tumor depth and size during laparoscopic tissue palpation. First, fundamental exper-

iments were conducted to investigate the response of the contact force components

during tissue examination. Several artificial phantom tissue models with embedded

tumors of different sizes and depths were prepared for the experiment. The experi-

mental results revealed which contact force components are effective in determining

the tumor depth and which components are useful in determining the size of tumors

based on the proposed palpation strategy. Next, we conducted psychophysical exper-

iments to investigate the user’s ability to determine the tumor’s depth and size using
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tactile feedback from a tactile display. Participants with no medical background were

requested to wear our developed tactile display and perform palpation tasks with arti-

ficial phantom tissue models. They were required to respond to the depth and size of

the embedded tumor within the examined tissue under three feedback conditions (of

the tactile display): only normal force feedback, only shear force feedback, and both

normal and shear force feedback. The experimental outcomes were used to evaluate

the identification performance.

5.2 Materials and Methods

5.2.1 Fundamental experiments

Fundamental experiments were designed to assess the response of contact force com-

ponents, including normal and shear forces, for tumor characterization. In the experi-

ments, we established an automated tissue palpation setup that provides accurate and

consistent force responses for evaluation.

Phantom tissue with embedded tumor

Nine artificial phantom tissue models with embedded tumors were prepared. The

dimensions of each model were 80 mm × 50 mm × 15 mm (Fig. 5.2). The phantom

tissue were fabricated from pourable urethane rubber (Young’s modulus: 6 kPa) using

a 3–D printed mold. Semicylindrical tumors with a height of 5 mm, a square base,

and side lengths of 10, 15, and 20 mm (as the size of the tumor) were fabricated from

silicone rubber (Young’s modulus: 28 kPa), as shown in Fig. 5.2(a). The tumors were

embedded at depths of 2, 5, and 8 mm from the surface of the phantom tissue. The

depth and size of the embedded tumor in the models were within the depth range (0–30

mm) [12] and size range (6–160 mm) [11] of hepatocellular carcinoma. The identity

(ID) of the phantom tissue model and the location, size, and depth of each embedded

tumor are shown in Fig. 5.2(b). The stiffness of normal (phantom) tissue is similar to

that of the human liver (ranging from 4 to 6.5 kPa) [110]. In comparison, the embedded

tumor stiffness matched the hepatocellular carcinoma range (20.4–75 kPa) [111].
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Fig. 5.2: Artificial phantom tissue model. (a) Structure of the tissue model (c) The

dimension of tissue models and the embedded tumors.

Experimental setup

Fig. 5.3(a) shows the experimental setup using the prepared tissue models. A 6–axis

force/torque (F/T) sensor (ATI, Inc. Nano 17) was employed to measure the contact

force. A sensing rod with a hemispherical tip (diameter of 8 mm), fabricated from

photopolymer resin (clear resin 1 L) using a 3–D printer (Form 3, Formlabs, Inc.), was

attached to the sensor. The rod was used as a sensing component that directly con-

tacted the tissue models. The force sensor was mounted on an adjustable stage (vertical

stage), which was fixed on another adjustable stage (horizontal stage). The horizontal

stage was mounted on a stand established from the aluminum frames. Stepper motors

adjusted the movement of the stages. The phantom tissue model was placed on a

polyurethane foam plate with dimensions of 80 mm × 50 mm × 20 mm (Fig. 5.3(b)).

The foam plate simulated the soft tissue (or organ) beneath the evaluated human tissue

(liver tissue). The phantom tissue and foam plate were placed in a plastic case to hold

them in position. The case was fixed on a 2–axis manual stage to adjust the position

of the phantom tissue model.
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Experimental procedures

Some essential points were defined in the fundamental experiment. The central point

on the surface of the phantom tissue was defined as the origin point, with Z = 0 mm

and X = 0 mm (Fig. 5.3(b)). The initial point was 5 mm above the origin. The starting

point was a point on the surface of the phantom tissue, which was 17 mm to the left

of the origin (with Z = 0 mm and X = –17 mm). The final point (with Z = 0 mm

and X = 17 mm) was symmetric to the starting point through the origin (Fig. 5.3(b)).

The tip of the sensing component (the sensing tip) was adjusted using the vertical and

horizontal stages. The collection cycle was conducted as follows:

First, the vertical stage was adjusted to move the sensing tip along the z–axis

away from the tissue surface (Z = 0 mm). At the surface of the model, the normal and

shear force outputs of the sensor were set to 0 N to eliminate the effect of the initial

noise. The stage was moved from Z = 0 mm to Z = 14 mm in 2 mm increments to
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increase the applied force. At each increment (collection point), the tip was stopped

for 1 s to collect the components of the contact force, including normal and shear

forces (z–axis and x–axis forces, respectively). Subsequently, the sensing component

was rapidly returned to the tissue surface (Z = 0 mm) and the collection cycle was

completed.

In the experiment, the sensing tip moved from the initial point to the origin. At

the origin, the applied force was zero. Next, the tip was moved to the starting point

by adjusting the horizontal stage. A collection cycle was conducted at the starting

point. Subsequently, the horizontal stage was used to adjust the position of the tip in

the x–axis direction from the starting point to the final point in increments of 2 mm.

A collection cycle was applied at each increment. After the data was collected at the

final point, the tip was returned to the initial point. Experiments were conducted on

the nine prepared models.

Data analysis

Data preparation

In the fundamental experiments, we aimed to evaluate the effectiveness of the force

component in identifying the depth and size of the embedded tumor. The raw normal

and shear force outputs tended to have different ranges of values. Thus, the raw data

were normalized to the range 0–100 to provide the two force components an equal

scale [118]. The normalized values (called evaluation values, E) were calculated as

follows:

E =
F − Fmin

Fmax − Fmin

× 100, (5.1)

where F is the absolute value of the measured normal (or shear) force at each collection

point in each tissue model. Fmin and Fmax are the minimum and maximum absolute

values of the measured normal (or shear) force within all collection points from the

nine tissue models, respectively. In this experiment, the Fmin values were 0 N at the

tissue surface for both measured force components.

Detection sensitivity

According to the proposed palpation strategy for determining tumor features, the
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Fig. 5.4: Detection sensitivity of contact force components for tumor detection by

signal detection theory. (a) Tumor detection by criterion. (b) ROC curves of normal

and shear force for tumor detection. (c) Indentation depth zones of the sensor

indentation depth of the sensor should first be estimated from the contact force in-

formation. The indentation depth of the sensor was divided into three depth zones:

shallow (2–6 mm), medium (6–10 mm), and deep (10–14 mm) according to the depth

of the tumor embedded in the nine tissue models (Fig. 5.4(c)). Assuming that the

indentation depth zones were obtained, we had to locate the tumor in each depth zone

to determine the tumor depth. Similarly, to determine the size of the tumor, we had

to identify the edge of the tumor over the depth zones. Overall, to assess the ability

of normal and shear forces to determine tumor features, we investigated the sensitivity
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of the force components in distinguishing between the tissue area with and without

tumors. For example, when we obtained the contact force data for all tissue models in

fundamental experiments, the Cartesian display of the evaluation values of the normal

and shear forces in the deep zone could be shown in Fig. 5.4 (a). A simple method of

detecting the tumor area is to select an appropriate criterion for each force component.

Since the force response of the tissue area with tumor tends to be higher than that of

the tissue area without the tumor, if the evaluation value of the force component is

greater than the criterion, it is classified as “tumor.” Conversely, if the evaluation value

is lower than the criterion, it is classified as a “normal tissue” (or “no tumor”) (Fig. 5.4

(a)). This classification method is rooted in signal detection theory (SDT) [118]. The

tests using this classification method can be evaluated using a hit rate H ∈ [0, 1] (the

ratio of “tumor” class response when a tumor is present) and a false alarm rate F ∈
[0, 1] (the ratio of “tumor” class response when a tumor is absent). The values of

hit and false alarm rates are based on the selected criterion, which is a scale from 0

to 100 (according to the range of the evaluation value). If the sensitivity of the force

component is good, the hit rate approaches 1, and the false alarm rate approaches 0.

However, there is no way to select a criterion that achieves only hits (H = 1) and no

false alarms (F = 0) for all tissue models. With SDT, we can analyze the empirical

receiver operating characteristic (ROC) curve of each force component response to re-

move the effect of the selected criteria. The ROC curve indicates pairs of (F,H) for the

different criteria. To obtain the ROC curves for each normal and shear force response,

the criteria vary from low to high levels (from 0 to 100 with an increment of 1). The

area under the ROC curve can be used as a sensitivity index to assess the sensitivity

of each force component information in detecting the tumor area (Fig. 5.4 (b)). The

sensitivity index (Ag) was computed as follows [119]:

Ag =
1

2

N−1∑
0

(Hi+1 +Hi)× (Fi+1 − Fi), (5.2)

where (Hi, Fi) is the pair of hit and false alarm rates, and N is the number of criteria.

Ag ranges from 0 to 1, with a chance level of 0.5. If the Ag value is less than the

chance level, it means that the evaluated force component cannot distinguish between

the tissue area with and without the tumor. A higher Ag value indicates that the
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evaluated force component can be more effective for tumor detection.

5.2.2 Psychophysical experiment

We conducted psychophysical experiments to assess the ability of users to identify

abnormal tissue features. The users provided tactile feedback using our developed

tactile display and performed simulated tissue palpation tasks. The effectiveness of the

tactile feedback conditions in characterizing the tumor was analyzed using experimental

results.

Participants

In this chapter, we aimed to examine the effects of tactile feedback on tissue palpation in

a fair manner. Since skilled surgeons vary widely in their surgical skills and experience,

novices were employed to reduce the influence of variation in the palpation experiments

[85]. Ten participants, including seven men and three women (ranging in age from 23

to 28 years), without any medical background, participated in the experiments. All

participants were right–handed according to the Coren test [120]. The participants

consented to conduct the experiment with an experimental protocol according to the

ethical standards of the Helsinki Declaration and approved by the Ethical Committee

of the Nagoya Institute of Technology.

Tactile display

Fig. 5.5(a) shows the ring–shaped tactile display (SuP–Ring) using pneumatic power

that we developed for laparoscopic tumor localization. The development of SuP–Ring

was describe in Chapter 4. The tactile display consists of three tactile elements (silicone

membranes): a normal element, positive shear element, and negative shear element.

The normal indentations generated from these tactile elements provide tactile feedback

to the users. This display method can represent the shear force independently of the

normal force without being affected by the friction between the tactile elements and

human skin, as in the other tactile display that employs other feedback representation

methods such as the lateral skin stretch method. In addition, because the SuP–Ring is

lightweight and has a ring shape, it can be easily worn on the user’s fingers and rarely
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Fig. 5.5: Tactile display. (a) Tactile display’s prototype. (b) Operation mechanism of

the tactile display.

impedes the surgeon’s movement during operation. Furthermore, this tactile device is

sterilizable and disposable, making it highly clinically applicable.

The SuP–Ring provides the relative pressure based on the force information from

a force sensor according to Equations 4.2, 4.3, 4.4. In this experiment, the maximum

pressure value of Pthreshold = 101.89 kPa for the device’s tactile elements was set to

prevent these silicone elements from being ruptured. PN0 = PS0 = 23.3 kPa are the

offset pressure values of the corresponding normal and shear force elements. GN = 15.4

kPa/N and GS = 39.02 kPa/N are the gain values of the normal and shear elements,

respectively. The gain values were set such that the range of the air pressure for

providing normal and shear feedback was the same, based on the results of the funda-

mental experiments. The feedback of shear force information from the tactile display

enabled surgeons to detect the tumor within the normal tissue area, and the normal

force feedback contributed to preserving the safety requirements for laparoscopic tumor

localization, as reported in the previous chapter.

Experimental setup

A simulated tissue palpation experiment was designed to assess the user’s ability to

characterize the tumor using the SuP–Ring (Fig. 5.6). A similar experimental setup was

used in our previous chapter to evaluate the effectiveness of the SuP–Ring in tumor
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localization. A palpated tool with a 6–axis F/T sensor (ATI, Inc. Nano 17) and a

sensing rod as the tool’s sensing component, similar to the fundamental experimental

setup, was used to measure the contact force. The tool can traverse vertically over a

linear guide rail (A–rail), which can move horizontally over another linear guide rail

(B–rail). The user can control the tool’s tip position by moving the handle of the tool.

The tactile feedback of the tactile display presented the normal force (z–axis force

component) and shear force (x–axis force component) from the force sensor.

The phantom tissue model was the same as that used in the fundamental exper-

iment. A ruler was attached to the case as a reference. The experimental images from

the camera were displayed on a monitor mounted on the table. A wooden sheet sim-

ulating the abdominal wall was placed above the experimental setup with steel rods.

Because of the wooden sheet, the user could obtain only visual information through

the monitor.



5.2 Materials and Methods 81

Start

Set the experimental 

feedback condition (N,S,NS)

Palpate the 

tissue model

 Is conducting 

time over 60 s?

 Finish palpating 

the tissue model

Collect: - Identified tumor depth 

- Identified tumor depth 

- Completion time (s)

- Confidence rating of the tumor depth 

- Confidence rating of the  tumor size 

End

Yes

NoDid participant

identify the tumor

characteristic?

Yes

No

Sellect a tissue model for

experiment

1  training 

experiment session

2    training 

experiment session

Practice

Practical

experiment

Practice

Practical

experiment

Day 1

Day 2

Day 3

st

nd

(a) (b)
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Experimental Procedures

The aim of the experiment was explained to the participants before conducting tissue

palpation using the tactile display. Not all participants had experience with a tissue
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model with embedded tumors because they did not have a medical background. The

participants need to know the tissue model they would be testing. Thus, we requested

them to touch the tissue model with their index fingers to determine the depth and

size of the embedded tumor. The operating mechanism of the tactile display was

then demonstrated. The experiments were conducted under three conditions according

to the feedback from the tactile display: normal feedback only (condition N), shear

feedback only (condition S), and both normal and shear feedback (condition NS).

In condition N, only normal feedback was provided to the users through the normal

elements of the tactile display. In condition S, the shear elements represent the shear

force information, and the normal force information is ignored. In condition NS, three

tactile elements of the tactile display were activated to provide both normal and shear

force feedback to the user.

The participants wore the tactile display on their right–hand index finger pad

and stood in front of the table to perform the tissue palpation experiment. The par-

ticipants held the tool handle with their right hand. The participants palpated the

phantom tissue models by moving the tool. The position of the tool tip was observed

via the monitor. The participants were informed that the embedded tumor was always

located near the central point of the model. In the palpation experiment, the depth

and size of the tumors were categorized into three types. For tumor depth, we defined

“shallow,” “medium,” and “deep” depth corresponding to tumor depths of 2, 5, and 8

mm. For the size, “small,” “medium,” and “large” size were defined for tumors with

sizes of 10, 15, and 20 mm. The participants were required to identify the tumor depth

and size categories based on tactile feedback. They conducted training experiments to

fully understand the experimental procedure before performing practical experiments

to collect the necessary data. Each participant spent three days on the psychophysical

experiments, including one day for the training experiments and two days for the practi-

cal experiments (Fig. 5.7(b)). Both training and practical experiments were conducted

under three feedback conditions.

Training experiment

At the beginning of the training experiments, the participants examined the tis-

sue model in the regions with and without tumors and felt the tactile feedback they
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received. They were requested to memorize tactile feedback in each region. After

confirming that the participants could distinguish between the tumor and the normal

tissue areas based on tactile feedback, they were requested to identify the tumor depth

and size. For the tumor depth determination, the participants attempted to detect

the embedded tumor based on the tactile feedback provided. The participants were

requested to examine the tissue model in all three indentation depth zones (shallow,

medium, or deep). They determined the order of palpated depth zones. The depth zone

was perceived based on the intensity of tactile feedback. The tumor depth (shallow,

medium, or deep) was identified by determining the shallowest depth zone at which the

participant detected the tumor. Regarding tumor size determination, the participants

were requested to localize the edges of the tumor. Based on the location of the tumor

edges and reference dimension with the ruler, the participants could identify the size of

the tumors (small, medium, or large). During tissue palpation, because the tumor was

semi–cylindrical, the edges of the tumor may have been incorrectly detected when the

participant palpated the tissue model in the inappropriate depth zone, for example,

if a large tissue model with a medium depth tumor is palpated in the shallow depth

zone. Thus, the participant might receive the same tactile feedback if a small tissue

model with a shallow depth tumor is palpated in the shallow depth zone, resulting in

incorrect detection of tumor size. Moreover, the results of fundamental experiments (to

be mentioned in the next section) demonstrated that force feedback is capable of de-

tecting all tumors in the deep depth zone only. Thus, the participants were instructed

to examine the tissue model in the deep zones to accurately detect the location of the

tumor edge. The training experiment consisted of two training sessions.

In the first training session, the depth and size of the embedded tumors were

informed to the participants in advance. The participants palpated the tissue model

to confirm the perception of tumor characteristics in each feedback condition. The

main objective of the first training session was to aid the participants in identifying

the tumor depth and size using tactile feedback from the tactile display. All tissue

models were palpated under the three feedback conditions. There was no time limit

for palpation during the training session. The participants were permitted to examine

any tissue model repeatedly under any feedback condition until they were confident in

identifying the tumor characteristics.
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In the second training session, several phantom tissue models were randomly

selected from the nine models. The participants were requested to determine the

depth and size of the tumors embedded in the models. The aim of the training session

was to practice palpating the tissue in a practical experimental scenario. One of the

three feedback conditions was selected for the experiment. The tissue palpation task

was performed within 60 s, and the participants were requested to complete the task

as rapidly as possible. Completion time was recorded using a stopwatch. After 60 s,

the participant had to immediately stop tissue palpation. After completing the task,

the participants indicated their perceived depth (shallow, medium, or deep) and size

(small, medium, or large) of the embedded tumor. They were also requested to provide

the “confidence rating” for their identification of each tumor’s characteristics. The

ratings ranged from 1 (not confident at all) to 100 (very confident). At the end of each

trial of the training session, the participants were informed of the actual information

(the depth and size of the embedded tumor) of the model that they palpated. The

participants could check the correctness of their identification. After completing the

trial with the selected model, each participant took a break for approximately 30 s and

then performed the tissue palpation task with other tissue models. The experimental

procedure is shown in Fig. 5.7(a). In the second training session, each participant

experimented with all feedback conditions in a random order.

Practical experiment

Before undertaking the practical experiment, the participants were permitted to

practice palpating the tissue model several times in the same way as in the first train-

ing session. After they were confident about their perceptions, a practical experiment

was started. In the practical experiment, all nine tissue models were examined one at

a time for each feedback condition on each day. In each trial, the model was selected

randomly. Each participant performed 54 trials over two days (27 trials each day), and

ten participants conducted 540 trials in the practical experiments. The procedure of

each tissue palpation trial in the practical experiments was the same as that in the

second training session of the training experiments. After each trial, the participants

responded to the identification of the tumor depth and size, as well as the confidence

rating of each identification. In the practical experiment, we did not inform the partici-
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pants of the correct characteristics of the implanted tumor at the end of each trial, as in

the training experiment. During the experiment, participants were requested to wear

headphones that produced white noise to eliminate the influence of other cues (such

as sound noise from the pneumatic system) on the performance of the experiment. Af-

ter completing tissue palpation in one condition, the participants took a 5–min break

before moving to the next condition. Each participant spent approximately 1 h each

day to complete the palpation tasks (27 trials) (about 2 h for two days). The partic-

ipants conducted the experiment in different orders of feedback conditions on the two

days of the experiment. The feedback condition order was also shuffled and partially

counterbalanced across the participants.

5.3 Results

5.3.1 Fundamental experiment

Fig. 5.8 shows qualitatively the contact forces measured from the force sensor of the

nine tissue models in the experiment (X ∈ [–17 mm, 17 mm] and Z ∈ [2 mm, 14 mm]).

The model IDs are shown in the corner of each image. Each image indicates the raw

data of the normal force (Fig. 5.8(a)) or shear force (Fig. 5.8(b)) applied to each tissue

model. The maximum absolute values of normal and shear force in the experiments

were Fmax = 4.64 N and Fmax = 1.53 N, respectively. The obtained data were depicted

and smoothed by contour plotting using Python.

Indentation depth

Fig. 5.9 shows the relationship between the evaluation values of the normal (and shear

force) and the indentation depth of the force sensor during the fundamental experi-

ments. The evaluation values were computed from the raw data of all models according

to Eq. (1). Pearson’s correlation coefficient was used to evaluate the relationships. The

results indicated a strong correlation between the evaluation value of the normal force

and the indentation depth (r(1134) = 0.94, p < 0.01), and a moderate correlation

between the evaluation values of shear force and indentation depth (r(1134) = 0.46,
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Fig. 5.8: Results of the fundamental experiments. (a) Response of the normal force.

(b) Response of the shear force.

p < 0.01). This suggested that the use of normal force information is more effective in

estimating the indentation depth of the sensor (or indentation depth zone).
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Tumor depth determination

From the above results, we can determine the indentation depth zone of the sensor

using normal force information. Regarding the tumor depth determination, we need to

investigate the sensitivity of the force component information for detecting the tumor

area in each indentation depth zone.

The tissue model was divided horizontally (along the x–axis) into four evaluation

regions: region 0 (X ∈ [–17 mm, –11 mm]), region 1(X ∈ [–7 mm, –1 mm]), region 2

(X ∈ [1 mm, 7 mm]), and region 3 (X ∈ [11 mm, 17 mm]), as shown in Fig. 5.10(a). In

all tissue models, the embedded tumors were located in regions 1 and 2 (the “tumor”

region), while regions 0 and 3 were the normal tissue without the presence of tumor

(the “no tumor” region). The means of the normal and shear force evaluation values

in the “tumor” and “no tumor” regions were employed to assess the sensitivity of the

force components for tumor detection. Fig. 5.10(b) shows the sensitivity index of the
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Fig. 5.10: Detection sensitivity in tumor depth determination. (a) Illustration of

evaluation regions and indentation depth zones. (b) Detection sensitivity of normal

and shear force in determining the embedded tumor in different indentation depth

zones, regarding the tumor depth. (c) Detection sensitivity of normal and shear force

in determining the embedded tumor in different indentation depth zones for all tissue

models.

two force components for three tumor depths in three indentation depth zones of the

sensor, regardless of the tumor size. In the shallow zone, the Ag value of the shear force

for the shallow embedded tumor (2 mm depth) was approximately 0.75. On the other

hand, the Ag values of normal force for the shallow embedded tumor and of normal

and shear force for the medium (depth of 5 mm) and deep (depth of 8 mm) embedded

tumors were roughly the chance level (0.5). This indicated that the shear force can only

be used to distinguish between the areas with and without tumors in the shallow zone.

In the medium zone, the results indicated that we can use the normal and shear forces

to detect shallow and medium tumors, while deep tumors may be difficult to detect

using both normal and shear forces. In the deep zone, normal or shear forces can be
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Fig. 5.11: Detection sensitivity in tumor size determination. (a) Illustration of evalu-

ation regions. (b) Detection sensitivity of normal and shear force in determining the

edge of embedded tumors in the evaluation regions, regardless of the tumor depth.

used to localize the tumor at different depths. Fig. 5.10(c) shows the sensitivity index

of the force components of all tissue models in the three indentation depth zones of

the sensor. Generally, the shear force revealed a better sensitivity in detecting tumors

in each depression depth zone.

Tumor size determination

For tumor size determination, we investigated the capability of the force components

in detecting tumor edges. Eight evaluation regions were set horizontally in the tissue
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model (Fig. 5.11(a)). To detect the tumor edges, we distinguished tissue regions with

and without tumors in the tumor edge region. In the models with small tumors (10

mm), the tumors were present in regions 3 (X ∈ [–7 mm, –5 mm]) and 4 (X ∈ [5 mm, 7

mm]), whereas the tumor was absent in regions 2 (X ∈ [–9 mm, –7 mm]) and 5 (X ∈ [7

mm, 9 mm]). Here, we defined the small region as regions 3 and 4 and regions 2 and 5.

With this detection method, we observed that the edges of small tumors were located

in the small region. Similarly, the medium region consists of evaluation regions 1 (X ∈
[–11 mm, –9 mm]),6 (X ∈ [9 mm, 11 mm]), 2, and 5. The large region consisted of the

evaluation regions 0 (X ∈ [–13 mm, –11 mm]), 7 (X ∈ [11 mm, 13 mm]), 1, and 6. The

edges of the medium (15 mm) and large (20 mm) tumors were located in the medium

and large regions, respectively. The Ag value was also used to evaluate the normal and

shear force sensitivities for tumor edge detection. Furthermore, the results of the tumor

depth determination indicated that the contact force information was not effective in

detecting several tumors of medium or deep depth in the shallow and medium depth

zones. The sensitivity of the force components for tumor depth detection had the best

performance in the deep indentation depth zone. Thus, we decided to evaluate their

sensitivity to tumor size determination in the deep zone only.

Fig. 5.11(b) shows the sensitivity index of the two force components for detecting

the tumor edge in the deep zone. The results indicated that the edge of small embedded

tumors can be detected in the small region, the medium tumor in the medium region,

and the large tumor in the large region. Generally, the shear force also exhibited better

sensitivity in detecting tumor edges (or tumor size determination) compared with the

normal force.

5.3.2 Psychophysical experiment

Fig. 5.12 shows the confusion matrices of the participants’ responses in the three feed-

back conditions provided by the tactile display for the three tumor depths and three

tumor sizes of the nine tissue models. The average accuracy for each feedback condi-

tion is also listed below each confusion matrix. The results indicated that condition

NS had the best matching performance, followed by conditions S and N.

Statistical tests with a significance level of 0.05 were used to investigate the effect

of the feedback conditions on the participant’s performance in determining the tumor
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Fig. 5.13: Summary of identification performance for three experimental conditions

(N,S, and NS). (a) Accuracy of tumor depth and tumor size identification. (b) The

confidence ratings of tumor depth and tumor size identification. ** indicates p < 0.01,

* indicates p < 0.05, and ns indicates p > 0.05.

depth and tumor size independently. Fig. 5.13(a) shows the accuracy of all participants’

identification of the tumor depth and size in the three conditions. The accuracy is
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expressed as the ratio of correct identification responses (Ncorrect) to the number of

identification targets (Ntarget) (multiplied by 100 to turn it into a percentage) using

the following equation:

Accuracy =
Ncorrect

Ntarget

. (5.3)

The accuracy data were normally distributed using the Shapiro–Wilk test. The data

also passed Mauchly’s test of sphericity. Thus, a repeated–measures analysis of vari-

ance (ANOVA) was conducted to evaluate the effect of the feedback conditions on the

identification accuracy. The ANOVA test results indicated that the feedback condition

significantly affected the identification accuracy of tumor depth (p = 0.013) and tumor

size (p = 0.03). Multiple comparisons using paired t–tests with Bonferroni correction

indicated that a significant difference in determining tumor depth (p = 0.012) and

tumor size (p = 0.024) between conditions N and NS, whereas no significant difference

was observed in the identification accuracy between condition S and the other feedback

conditions.

The average confidence ratings of the participants for their identification of

each tumor depth and tumor size under the three feedback conditions are shown in

Fig. 5.13(b). The rating data were normally distributed based on the Shapiro–Wilk

test. Mauchly’s test of sphericity revealed that the sphericity assumption was violated

(p < 0.01). A repeated–measures ANOVA with a Greenhouse–Geisser correction in-

dicated a statistically significant difference between the means of the three feedback

conditions for both the depth (p < 0.01) and the size (p < 0.01) determination of

the embedded tumors. Paired t–tests revealed that there were significant differences

in confidence ratings between conditions N and NS (p < 0.01 for both depth and size

identifications) and between conditions N and S (p = 0.02 for depth identification, and

p < 0.01 for size identification). Furthermore, a statistically significant difference was

observed between conditions S and NS in tumor size identification (p < 0.01), but there

was no significant difference between the two conditions for tumor depth determination

(p = 0.23).

We also investigated the effect of the feedback conditions on the participants’

time to complete the palpation task. The completion time data (Fig. 5.14) passed

the Shapiro–Wilk normality test and Mauchly’s sphericity test. The results of the
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repeated–measures ANOVA indicated that the feedback conditions had no significant

effect on the participants’ completion time (p = 0.96). The average completion time of

the participants in the three feedback conditions was approximately 46 s.

5.4 Discussion

5.4.1 Fundamental experiments

The results of the fundamental experiments indicated the response of normal and shear

forces during tissue palpation in nine tissue models. The tumor depth information was

obtained by estimating the indentation depth of the force sensor at which the tumor

was present. According to the Pearson correlation tests, the normal force indicated

a high linear correlation with the indentation depth of the sensor, whereas the shear

force was slightly correlated with the indentation depth over the entire tissue area

that was examined. Thus, it is better to use normal force information to estimate the



5.4 Discussion 95

indentation depth of the sensor.

SDT was used to evaluate the capability of the force components to distinguish

between the tissue areas with and without tumors. SDT is a better method for eval-

uating the results of fundamental experiments than machine learning–based methods,

which tends to cause overfitting on a small dataset [26]. In manual tissue palpation,

although surgeons might perceive the indentation depth of the sensor based on force

feedback information, achieving the same indentation every time as in robot–assisted

tissue palpation is challenging. However, surgeons may have the ability to reach the

relative indentation of the sensor during palpation. Thus, in the fundamental experi-

ment, we investigated the capability of the contact force components to determine the

tumor in three indentation depth zones, which might be achieved by manual tissue

palpation. Fig. 5.10(b) and Fig. 5.10(c) show the sensitivity indices of the two force

components in tumor detection for the three tumor depths in the three indentation

depth zones. The shear force indicated a higher sensitivity at each indentation depth

zone compared with the normal force. The small effect of normal force on tumor de-

tection might stem from the boundary conditions of the examined tissue. In actual

scenarios, human tissue is located on top of other organs or soft tissue. Thus, the

human tissue might be deformed during palpation with probes or sensors, causing a

decrease in the normal force response. In this chapter, we used a polyurethane foam

plate to simulate the underlying soft tissue. Here, the shear force exhibited better

sensitivity in tumor localization, as reported in Chapter 3. Other studies achieved

better tumor characterization results with the normal force because the experimental

tissue were placed on rigid bases [7,86]. According to the fundamental results, both the

normal and shear forces should be used to identify the depth of the embedded tumor.

The tumor size information can be obtained by localizing the two edges of the

embedded tumor. The sensitivity indices of the contact force responses in the deep

zones for detecting tumor edges were evaluated. Based on the results of the fundamental

experiments, we could detect the tumor edge of the small embedded tumor in the

small region, the medium tumor in the medium region, and the large tumor in the

large region. Generally, the shear force also exhibited higher sensitivity for tumor edge

detection compared with the normal force component. Thus, the use of shear force

information is considered an effective method of determining tumor size.
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Fundamental experiments demonstrated the possibility of using the contact force

components (normal and shear forces) information to characterize the tumor. The

experimental results support the hypothesis of the proposed palpation method. Normal

force information can be used to estimate the indentation depth of the sensor. The

tumor depth can be obtained by localizing the tumor using shear force information

at a given indentation depth. The tumor size can be determined in the deep zone by

relying only on shear force information. From the results, a tactile display with normal

and shear force feedback functions, such as our developed tactile display (Sup–Ring),

can be a good candidate for identifying tumor characteristics.

5.4.2 Psychophysical experiments

The psychophysical experiments indicated the effect of tactile feedback conditions pro-

duced by the SuP–Ring on the participant’s performance in tumor characteristics iden-

tification. For tumor depth identification, higher determination accuracy and higher

confidence were obtained in condition NS than in condition N. The results revealed

that additional shear feedback was necessary to detect the tumor at a given depth. In

addition, the mean accuracy of identifying the tumor depth under condition S was up

to 62 %, which was slightly lower than that under condition NS. However, there was no

statistically significant difference in accuracy and participant confidence under the two

conditions. A possible reason is that the participant received kinesthetic feedback on

their palms in addition to the tactile feedback in the simulated tissue palpation tasks.

This might enable the participants to estimate the indention depth of the sensor using

kinesthetic feedback under condition S. However, in actual surgery, the perception of

kinesthetic feedback tends to be impaired owing to the friction between the surgical

tool shaft and trocar [121]. Meanwhile, the normal tactile feedback, which represented

the normal contact force at the tip of the palpated tool, was not affected by trocar

friction. Thus, we consider that normal feedback is necessary to determine the depth

of the tumor during actual surgery.

For tumor size identification, the participants responded more accurately and

confidently to tumor size when both normal and shear feedback were provided (con-

dition NS), compared with when only normal feedback was provided (condition N).

The average accuracy of tumor size identification in condition NS was 65 %. The ac-
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curacy value was slightly lower than the accuracy of participants’ performance (73 %)

in the task of identifying the size of 10 rectangles generated using the MRF haptic

display [117]. However, the MRF display in this study was a large device (with a base

of 200 mm × 200 mm), and it presented rectangles of large size (ranging from 20 mm

× 20 mm to 155 mm × 155 mm). Thus, MRF displays are not suitable for surgical

applications. Meanwhile, our tactile display has significant clinical advantages, such

as simple structure, small size, low cost, disposability, and sterilizability. In the other

feedback conditions, there was no difference in the participants’ performance in iden-

tifying tumor size between conditions S and NS. However, the participants responded

more confidently when only the shear feedback (condition S) was represented. In con-

dition NS, dynamic normal feedback of the SuP–Ring could have interfered with the

participant’s perception of shear feedback, causing them to lose confidence in identify-

ing the tumor size. Furthermore, in the determination of tumor depth under condition

NS, the dynamic effect between the two feedback components may have caused the

participant to lose confidence in determining the tumor location. However, providing

normal feedback might have caused them to be more confident in estimating the inden-

tation depth of the sensor. Thus, there was no significant difference between conditions

S and NS in participants’ confidence in identifying the tumor depth. In the future, we

plan to investigate the dynamic effects between the two tactile feedback components

of tactile displays.

The participants’ completion time was not significantly affected by the tactile

feedback conditions in the palpation tasks. These results indicate that participants

may need a certain period, called the standard period, to determine the tumor features.

In this experiment, the average completion time was approximately 46 s, which was

considered a standard period. In some conditions, participants could rapidly identify

the tumor features but needed the standard time to confirm this information. How-

ever, in other feedback conditions, if the tactile feedback did not provide much useful

information, the participant could assume that increasing the time spent on tissue pal-

pation would not provide any further useful information. Therefore, the standard time

may be sufficient for the participants to complete the tissue palpation task, regardless

of feedback conditions.
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5.4.3 Limitations and future works

Generally, the experiments indicated that the users had a high potential in identifying

the depth and size of embedded tumors when they were provided with both normal

and shear feedback using a tactile display. However, some problems should be ad-

dressed to enhance tissue characterization performance. First, although our developed

tactile display has significant clinical advantages, it does not provide high–resolution

tactile feedback. This may cause a reduction in the user’s ability to determine tumor

features. We plan to improve our tactile display in further studies to obtain a better

identification performance, as mentioned in Chapter 4. Second, in the tissue palpation

task, the participants conducted the training experiments and practiced again before

conducting the practical task. However, the training time might have been insuffi-

cient for them to remember the feedback perception properly and provide consistent

estimations. If the participants were trained for a longer time, they would determine

the tumor characteristics more accurately. Finally, all participants in this study were

novices, which enabled us to fairly evaluate the effectiveness of tactile feedback for tis-

sue characterization. In future research, we plan to perform experiments with skilled

surgeons. We consider that experts will perform better in tumor characterization be-

cause they have higher surgical skills and more experience in tissue palpation. The

effect of participants’ skills and experience will be investigated in future studies.

5.5 Summary

In this chapter, we investigated the capability of tactile feedback in characterizing

tumors during laparoscopic tissue palpation. We proposed a palpation strategy to

identify tumor features, such as depth and size. Contact force components (normal and

shear force) were used to determine the indentation depth of the palpated sensor and to

detect the tumor area and the edges of the tumor. The tumor depth was determined

by detecting the presence of the tumor at a given indentation depth of the sensor.

The size of the tumor can be derived by localizing the tumor edges. The responses

of the contact force components when palpating the tissue were indicated through

fundamental experiments with nine artificial phantom tissue models. The experimental
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results indicated that both normal and shear force information should be used to

determine tumor depth. Additionally, the shear force provides a higher sensitivity for

determining tumor size. Twelve participants without a medical background performed

simulated tissue palpation tasks to identify the depth and size of the embedded tumor

within the tissue model. The normal and shear force feedback during tissue palpation

was provided to the participants using our developed pneumatic tactile display. The

tactile display has high clinical applicability owing to its simple structure, light weight,

and sterilizability. In the experiment, we evaluated the effectiveness of tactile feedback

on the participants’ identification performance. The experimental results indicated

that the participants identified the tumor characteristics more correctly when provided

with both normal and shear feedback. However, the tactile display requires further

improvements to enhance the user’s identification performance.
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Chapter 6

Conclusion

In tumor resection surgery, the tumor characteristics such as location, size, and depth

are essential information for surgeons. By understanding these characteristics, the

surgeon can maximize and accurately remove the tumor, to preserve the functions

of the surrounding tissue and remaining organ of the patent. Preoperative imaging

techniques such as CT and MRI could be utilized to determine the abnormal tissue.

However, accurate registration of the tumor characteristics, such as its location, using

the obtained information from these techniques is difficult due to the movement of

the soft tissue and the shifting of the tumor position during surgery. In open surgery,

surgeons can identify the tumor in soft tissue through a palpation procedure using

tactile sensation on their fingers. However, this procedure is more challenging when

the surgeon’s fingers do not directly contact the tissue, as in LS or RMIS. Computer

technologies can compensate for the lack of surgeons’ tactile sensation in laparoscopic

tumor determination.

The main focus of this thesis is to propose intraoperative tissue palpation systems

using haptic technology to assist surgeons in MIS, especially in LS. A palpation system

consists of a sensing device to acquire tissue data during laparoscopic palpation and a

display device to convey the data to the surgeon. The haptic devices in laparoscopic

surgery are often force–based devices. Since the sensation of lumps or tumors through

palpation is a complex process (even for human sensation), devices for tissue palpation

are required to have multiple sensing or display functions to enrich the surgeon’s per-

ception of tumors. However, too many elements may complicate the structure of the

palpation device or increase its size, which may be disadvantageous for MIS applica-

tions. For example, a large sensing device cannot be inserted into the patient’s body,

and a complex display device interferes with surgeons’ movement during surgery. Thus,

the balance between the devices’ functions and the simplicity of their structure is im-
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portant. Furthermore, in the manual palpation technique, the combination of normal

and lateral motions (related to normal and shear forces, respectively) is necessary to

explore the target tissue. Thus, a 2–DoF force–sensing device (having normal and shear

force–sensing functions) and a 2–DoF force–displaying device (providing normal and

shear force feedback) were developed to achieve the balancing purpose in laparoscopic

tissue palpation. In addition, to apply the system to MIS, we focused on developing

devices that could meet the requirements of the clinical environment, such as steriliz-

ability and electrical safety. Thus, two technologies, acoustic reflection principle and

pneumatics, were used to design the sensing and display devices, respectively, because

of their advantages in medical device development. Moreover, tissue deformation, sur-

geon’s motions, and the data display modalities often cause the surgeon’s difficulties in

identifying the tumor. For example, surgeons might miss tumor position due to unclear

obtained tissue data, or visual sensory overload might occur since the surgeons are re-

quired to focus on laparoscopic images during surgery. The proposed devices aimed

to reduce these difficulties and improve the surgeon’s performance and confidence in

tumor detection. Furthermore, this thesis also focused on introducing a palpation

method using the proposed devices that could enable the surgeons to determine the

tumor characteristics, such as its depth and size.

The first contribution of this thesis is to introduce a forceps–type tactile sensor,

a sensing device using the acoustic reflection principle, which would be helpful for

decision–making of surgeons in intraoperative tumor detection in laparoscopic gastric

tumor resection surgery. We proposed a novel acoustic sensing design consisting of

two acoustic cavities to acquire two contact force components information, including

normal and shear force. Since the tactile sensor has no electrical components inserted

into the patient’s body, it offers great advantages in MIS regarding sterilizability and

electrical safety. In addition, the sensor also has a simple structure with a small size

that is suitable for use in MIS. Since the developed tactile sensor has low manufacturing

and computational costs, it could be used as a disposable device, compared to the other

expensive sensing devices such as ultrasonic sensors. The tissue palpation experiment’s

results with an artificial gastric tissue having an embedded tumor showed that the

normal force information from the tactile sensor significantly fluctuated during the

tissue palpation, causing difficulties in localizing the tumor position. The bending of



103

the gastric tissue due to applied force by surgeons and their sensor’s movements are

often the reasons for the reducing effect of the normal force in intraoperative tumor

localization. On the other hand, the shear force information was relatively stable and

greatly changed at the tumor position, regardless of the tissue bending or the sensor’s

movements. The surgeon could more easily detect the tumor position based on the

shear force information than the normal force. In summary, this finding showed that

the shear force information would be useful for the decision–making of the surgeons in

their intraoperative tumor localization.

Owing to the use of visual feedback for displaying the contact information might

cause a potential overloading visual channel, another feedback modality, such as tactile

feedback, that is independent of visual channel should be used to transmit contact infor-

mation to surgeons during surgery. The second contribution of this thesis is to propose

a pneumatic ring–type tactile display (SuP–Ring) having two force feedback functions

to assist surgeons in laparoscopic tissue palpation. The tactile display employed nor-

mal indentation, a substitutional sensory modality, which was largely unaffected by

skin friction (as skin stretch modality), to provide force feedback to the surgeon. The

SuP–Ring comprises three tactile elements to display normal feedback, shear feedback

of the contact force in tissue palpation procedures. Due to the tactile display’s ele-

ments are controlled by pneumatic power, it has high clinical applicability, such as

simple structure, low–cost, disposability, and strong robustness to sterilization. The

results of a psychophysical experiment show that the user could perceive the change

in the pressure of the shear elements regardless of the difference in the normal ele-

ment stimulus. The effectiveness of SuP–Ring on tumor localization was investigated

through a palpation experiment with an artificial phantom tissue. The experimental

results showed that the shear feedback of the tactile device could enable surgeons to

improve their confidence and performance in localizing tumors, while normal feedback

could contribute to the avoidance of tissue damage in intraoperative tissue palpation.

The above findings showed that tactile devices have normal and shear force sens-

ing or feedback capabilities is useful for tumor localization. The next contribution of

this thesis is to introduce a palpation strategy using multiple contact force component

sensory devices to determine tumor characteristics, such as depth and size. In the

strategy, the tumor depth is determined by detecting the presence of the tumor at a
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given depth position of the sensor. The size of the tumor can be derived by localizing

the tumor edges. Fundamental experiments using nine phantom tissue models with

embedded tumors of different sizes and depths were conducted to investigate the use of

contact force components in determining tumor features using the proposed strategy.

The experimental results indicated that both normal and shear force information should

be used to determine tumor depth, while the shear force provides high sensitivity for

determining tumor size. The effectiveness of tactile feedback on tumor characterization

using the prosed palpation strategy was investigated via tissue palpation experiments.

Participants without any medical background wore the SuP–Ring on their fingers and

tried to identify the depth and size of the embedded tumor within the phantom tissue

models using the proposed palpation strategy. The experimental results showed that

participants could identify tumor features more correctly and confidently when given

normal and shear force feedback.

Although the proposed tactile devices and palpation method proved to be useful

for laparoscopic tumor characterization, they still have several limitations that should

be addressed in future studies. Firstly, since the developed tactile sensor is designed for

sliding palpation, it is not yet suitable for use with the proposed tactile display, which

is designed for tapping palpation. We plan to improve the structure and function of the

tactile sensor to integrate with the SuP–Ring, to achieve a complete haptic system for

laparoscopic tissue palpation. Developing a 3–axis force sensor similar to commercially

available force sensors could be a possible approach. Secondly, the tissue palpation with

the SuP–Ring was limited direction movement and relatively time-consuming. Thus,

the SuP–Ring’s structure could be improved to achieve a 3–DoF tactile display. In that

case, the surgeon could flexibly palpate target tissue from multiple directions to obtain

more tissue information, enabling more accurate tumor characterization. Thirdly, in

this thesis, the effectiveness of the proposed devices for tumor characterization was

verified by novices in experimental environments. In future work, we plan to investigate

the effectiveness of the devices and the palpation method in actual tissue palpation with

experts. Their performance and advice would be helpful for us to improve the current

systems.

Finally, we are considering various applications of the developed tactile devices

and the sensing (and feedback) principle, in addition to medical applications. For
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example, since acoustic-based sensing devices have no electrical elements at the sensing

(or contact) section, it is possible to propose a sensor using the acoustic principle

for systems that need to work in wet environments, such as underwater robots. For

the substitutional feedback modality, normal indentation, it is possible to consistently

provide normal and shear force feedback to the user with high fidelity regardless of the

user’s skin friction, wet or dry conditions, compared to other tactile feedback modalities

such as skin stretch. Thus, we believe that virtual reality devices developed based on

the substitutional feedback modality will be a potential reliable devices that allow users

to feel digital objects in a virtual environment.
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