
Received November 5, 2021, accepted December 9, 2021, date of publication December 14, 2021,
date of current version December 28, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3135698

Tumor Depth and Size Perception Using
a Pneumatic Tactile Display in
Laparoscopic Surgery
HOANG HIEP LY 1,2, YOSHIHIRO TANAKA1, (Member, IEEE), AND MICHITAKA FUJIWARA3
1Department of Electrical and Mechanical Engineering, Graduate School of Engineering, Nagoya Institute of Technology, Nagoya 466-8555, Japan
2Japan Society for the Promotion of Science, Tokyo 102-0083, Japan
3Medical xR Center, Nagoya University Graduate School of Medicine, Nagoya 466-8550, Japan

Corresponding author: Hoang Hiep Ly (h.ly.944@nitech.jp)

This work was supported in part by the Japan Society for the Promotion of Science (JSPS) under Grant-in-Aid (KAKENHI) for JSPS
Fellows (Grant number: JP19J23169) and for Scientific Research (Grant number: JP17H01252).

ABSTRACT Tumor location, depth, and size are essential information for tumor resection surgery. In open
surgery, surgeons can obtain information by palpating the tissue with their fingers. In minimally invasive
surgery, where the natural sense of touch is restricted, surgeons can rely on haptic information provided by
haptic devices to determine the tumor characteristics. Tactile feedback is a promising representationmodality
for providing haptic information intuitively to surgeons during tissue palpation. In this paper, we propose a
palpation strategy using tactile feedback to determine the tumor depth and size. For the palpation strategy,
the tumor depth was determined by detecting the presence of the tumor at a given indentation depth of the
sensor. Tumor sizemay be obtained by localizing the tumor edges. Fundamental experiments were conducted
to investigate the use of contact force components 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 tumor regions and edges. Users’ ability to characterize the tumor
using tactile feedback from our developed tactile display was demonstrated through tissue palpation tasks.
Participants 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 tactile displays
that provide normal and shear force feedback can be successfully used for tumor characterization.

INDEX TERMS Minimally invasive surgery, pneumatic tactile display, tumor characterization, tactile
feedback.

I. INTRODUCTION
Over the last few decades, minimally invasive surgery (MIS)
has become a common surgical procedure. MIS offers many
medical advantages over traditional open surgery, such as
less postoperative pain, shorter recovery time, and better
cosmetic healing. However, this surgery has some limitations.
Surgeons have to cope with constrained motion and limited
visual information of the tissue during surgery. In addition,
MIS eliminates the natural haptic sensation, resulting in
the risk of tissue trauma during surgery [1], [2]. Haptic
information in MIS might enable surgeons to perform safer
operations.
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In tumor resection surgery, characteristics such as the loca-
tion, depth, and size of the tumor are important informa-
tion. 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 remain-
ing organs [3], [4]. Generally, advanced imaging techniques
such as magnetic resonance imaging (MRI) and computed
tomography (CT) can be used to characterize tumors preop-
eratively [5]. These techniques can provide an accurate image
of the location of the tumor and its mechanical properties such
as depth, size, and chemical structure [6]. These preoperative
imaging approaches are effective for rigid structures, such as
skulls or bones, but are challenging for soft tissue. Shifting
intraoperative organs and soft tissue deformation during a
surgical procedure can complicate the accurate registration
of a tumor, and preoperative information is not completely
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FIGURE 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.

reliable [5], [7]. A promising approach to obtaining tumor
characteristics is the use of palpation techniques during the
surgery. In open surgery, surgeons can rely on the tactile
sensation of their fingers to palpate and explore the tumor
[8], [9]. In MIS, which has no direct tactile sensation, the
haptic sensation from haptic devices can be used to examine
abnormal tissue [10].

Haptic information can be provided to surgeons using var-
ious methods. Talasaz and Patel [11] and Gwilliam et al. [10]
used tactile array sensors to construct force distribution
images when palpating target tissue. Yamamoto et al. [12]
and Liu et al. [13] collected discrete and continuous force
data using single–point force sensors to obtain the graphical
stiffness mapping of the soft tissue examined. The location
and size of the embedded tumor were reflected in tactile
images. The movements of these sensors in tissue palpation
were driven by a robotic or automated stimulation system.
The tumor depth was obtained using the indentation displace-
ments of the force/tactile sensors. Although visual feedback
methods can provide relatively useful information on the
mechanical tissue properties, the results of tumor characteri-
zation are often affected by several factors during data collec-
tion. For example, if high contact stresses occur at the edges
of the sensor array or the indentation depth of the force sensor
is not maintained at a constant level during palpation, the con-
structed force image may be degraded. Additionally, the use
of visual feedback to interpret the tissue information might
overload the visual channel for surgeons because they have to
focus on laparoscopic imaging during surgery [14]. Instead
of graphical representation, recent research has focused on
analyzing force data using haptic perception algorithms to
obtain tissue characteristics. Computational models estab-
lished using artificial neural networks [7], [15] and deep
current neural networks [16] have been used to identify the
size and depth of abnormal tissue. Other researchers have
proposed models for estimating the characteristics of tumors
using a finite–element–based method [17] or a dynamic posi-
tion sensing method [18]. These computational models can
determine the size and depth of the tumor with high accu-
racy. However, the performance of these methods is highly

dependent on the data collected, complicating their applica-
tion to various tissue. Furthermore, the sensors for collecting
the data must be moved by an automated system, such as a
robot. Thus, the proposed methods can only be applied to
robot–assisted MIS.

Tactile feedback is a promising alternative for providing
haptic information to surgeons 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 methods have been employed
to generate the tactile feedback for tissue palpation, such
as tactile displays using shape memory alloy wires [19],
multiple servomotors [20], and pneumatic systems [21] to
drive pin-array elements to represent the spatially distributed
reaction force. Bianchi et al. [22] and Rizzo et al. [23] uti-
lized 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 acquire tactile information. Thus,
the tactile display may not be used as a disposable device for
widespread surgical applications.

Fukuda et al. developed a tactile ring that uses pneumatic
power to provide instantaneous tactile feedback to assist
surgeons in tumor localization [24]. This tactile display has
high clinical applicability owing to its simple structure, low
cost, disposability, and robustness to sterilization. Utilizing
this type of tactile display, we proposed a ring–type tactile
display (SuP–Ring) with two force–feedback functions for
tissue palpation [25]. 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 tac-
tile elements and human skin as the other tactile display uses
lateral skin stretch, a popular feedback modality, in which
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FIGURE 2. Artificial phantom tissue model. (a) Structure of the tissue model. (b) The dimension of tissue models and the embedded tumors.

a shear force is applied to the skin. Moreover, the shear
force feedback of the display can improve the performance
of locating tumors, and the normal feedback can contribute
to maintaining the safety requirements of MIS. Although
the tactile devices described above 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) [26]. Thus,
we assumed that the provision of both normal and shear force
feedback, such as 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 abnor-
mal tissue (Fig. 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. 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. 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 study, we aimed to assess the use of normal and
shear feedback to identify tumor depth and size during
laparoscopic tissue palpation. First, fundamental experiments
were conducted to investigate the response of the contact
force components during tissue examination. Several artifi-
cial phantom tissue models with embedded tumors of differ-
ent sizes and depths were prepared for the experiment. The
experimental results revealed which contact force compo-
nents 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 experiments to investigate the user’s ability to

determine the tumor’s depth and size using tactile feedback
from a tactile display. Participants with no medical back-
ground were requested to wear our developed tactile display
and perform palpation tasks with artificial 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.

II. MATERIALS AND METHODS
A. FUNDAMENTAL EXPERIMENTS
Fundamental experiments were designed to assess the
response of contact force components, including normal and
shear forces, for tumor characterization. In the experiments,
we established an automated tissue palpation setup that pro-
vides accurate and consistent force responses for evaluation.

1) PHANTOM TISSUE MODELS 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. 2). The tissue models were fabricated
from pourable urethane rubber (Young’s modulus: 6 kPa)
using a 3–D printed mold. Semi–cylindrical tumors with a
height of 5 mm, a square base, and side lengths (d) 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. 2(a). The tumors were embedded at depths of 2, 5, and
8 mm from the surface of the tissue models. The depth and
size of the embedded tumor in the models were within the
depth range (0–30 mm) [4] and size range (6–160 mm) [3]
of hepatocellular carcinoma. The identity (ID) of the phan-
tom tissue model and the location, size, and depth of each
embedded tumor are shown in Fig. 2(b). The stiffness of
normal (phantom) tissue is similar to that of the human liver
(ranging from 4 to 6.5 kPa) [27]. In comparison, the embed-
ded tumor stiffness matched the hepatocellular carcinoma
range (20.4–75 kPa) [28].
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FIGURE 3. Setup of the fundamental experiment. (a) Front view of the setup. (b) Tissue model setup.

2) EXPERIMENTAL SETUP
Fig. 3(a) shows the experimental setup using the prepared
tissue models. A 6–axis force/torque (F/T) sensor (Nano 17,
ATI, Inc.) was employed tomeasure the contact force. A sens-
ing rod with a hemispherical tip (diameter of 8 mm), fab-
ricated 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
contacted 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. 3(b)). The foam plate simulated the soft tissue (or organ)
beneath the evaluated human tissue (liver tissue). The phan-
tom tissue model 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.

3) EXPERIMENTAL PROCEDURES
Some essential points were defined in the fundamental exper-
iment. The central point on the surface of the phantom tissue
model was defined as the origin point, with Z = 0 mm
and X = 0 mm (Fig. 3(b)). The initial point was 5 mm
above the origin. The starting point was a point on the surface
of the phantom tissue model, 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. 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 stagewas adjusted tomove 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 = 14mm in 2mm increments to 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, respec-
tively). 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.

4) DATA ANALYSIS
a: 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 [29].
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FIGURE 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.

The normalized values (called evaluation values, E) were
calculated as follows:

E =
F − Fmin

Fmax − Fmin
× 100, (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.

b: DETECTION SENSITIVITY
According to the proposed palpation strategy for determining
tumor features, the indentation depth of the sensor should
first be estimated from the contact force information. 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. 4(c)). Assuming that the inden-
tation 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 fea-
tures, we investigated the sensitivity 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. 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. 4 (a)). This classification method is
rooted in signal detection theory (SDT) [30]. 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 remove 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. 4 (b)). The sensitivity index (Ag) was
computed as follows [30]:

Ag =
1
2

N−1∑
0

(Hi+1 + Hi)× (Fi+1 − Fi), (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 evaluated force
component can be more effective for tumor detection.

B. PSYCHOPHYSICAL EXPERIMENT
We conducted psychophysical experiments to assess the abil-
ity of users to identify abnormal tissue features. The users
provided tactile feedback using our developed tactile display
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FIGURE 5. Tactile display. (a) Tactile display’s prototype. (b) Operation mechanism of the tactile display.

and performed palpation tasks with artificial phantom tissue
models. The effectiveness of the tactile feedback conditions
in characterizing the tumor was analyzed using experimental
results.

1) PARTICIPANTS
In this study, 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 experi-
ence, novices were employed to reduce the influence of
variation in the palpation experiments [24]. Ten partici-
pants, 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 [31]. 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.

2) TACTILE DISPLAY
Fig. 5(a) shows the ring–shaped tactile display (SuP–Ring)
using pneumatic power that we developed for laparoscopic
tumor localization [25]. The tactile display consists of three
tactile elements (silicone membranes): a normal element,
a positive shear element, and a 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
forcewithout 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 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 the
following formulas:

PN =


PN0 + GN × FN, if PN0 + GN × FN

≤ Pthreshold
Pthreshold, otherwise

(3)

PSP =



PS0 + GS × FS, if FS > 0 and PS0
+GS × FS < Pthreshold

Pthreshold, if FS > 0 and PS0
+GS × FS ≥ Pthreshold

PS0, otherwise

(4)

PSN =



PS0 + GS × (−FS), if FS < 0 and PS0
+GS × (−FS) < Pthreshold

Pthreshold, if FS < 0 and PS0
+GS × (−FS) ≥ Pthreshold

PS0, otherwise
(5)

where PN, PSP, and PSN are the representing pressure val-
ues of the normal, positive shear, and negative shear ele-
ments, respectively. FN and FS are the measured normal
and shear forces, respectively. A 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 fundamental experiments. The band-
width of the SuP–Ring is approximately 4.5 Hz [25]. Fig. 6
shows the relationships between the input force values and
the corresponding (static) pressures represented at the three
tactile elements of the SuP–Ring. The error bars indicated the
standard deviations of 6measurements. Generally, the normal
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FIGURE 6. Static relationship between input force values and
corresponding pressures (tactile feedback) represented at the three
tactile elements of the tactile display.

and shear force feedback (pressures) provided by the tactile
display are consistent. These feedback components are lin-
early related to the corresponding force inputs with the coef-
ficient of determinations of 0.99 (for all tactile feedback). 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 study on the development of
SuP–Ring [25].

3) EXPERIMENTAL SETUP
A tissue palpation experiment was designed to assess the
user’s ability to characterize the tumor using the SuP–Ring
(Fig. 7). A similar experimental setup was used in our pre-
vious study to evaluate the effectiveness of the SuP–Ring in
tumor localization. A palpated tool with a 6–axis F/T sensor
(Nano 17, ATI, Inc.) 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 experiment. A ruler was attached to the case
as a reference. Experimental images from the camera were
displayed on a monitor mounted on the table. A wooden
sheet simulating 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.

4) 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 model with
embedded tumors because they did not have a medical back-
ground. 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 ele-
ment of the tactile display. In condition S, the shear elements
represent the shear force information, and the normal force
information is ignored. In conditionNS, 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 participants held the tool
handle with their right hand. The participants palpated the
phantom tissue models by moving the tool. The position of
the tool’s 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 exper-
iment, 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 experi-
ments 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 practical
experiments (Fig. 8(b)). Both training and practical experi-
ments were conducted under three feedback conditions.

a: TRAINING EXPERIMENT
At the beginning of the training experiments, the participants
examined the tissue model in the regions with and without
tumors and felt the tactile feedback they 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
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FIGURE 7. Laparoscopic tissue palpation setup.

detect the embedded tumor based on the tactile feedback pro-
vided. 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, since the depth and size of tumors
often have a coupling effect on the force feedback [17], the
edges of the (semi–cylinder) tumormay have been incorrectly
detected when the participant palpated the tissue model in
the inappropriate depth zone. For example, when a large
tissue model with a medium depth tumor is palpated in the
shallow depth zone, the participant might receive the same
tactile feedback when 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 fun-
damental experiments (to be mentioned in the next section)
demonstrated that force feedback is capable of detecting 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 con-
firm 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 ses-
sion. The participants were permitted to examine any tissue
model repeatedly under any feedback condition until they
were confident in identifying the tumor characteristics.

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 complet-
ing the task, the participants indicated their perceived depth
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FIGURE 8. Experimental procedure. (a) Experimental procedure for each palpation task. (b) Experimental procedure for each
participant.

(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 palpa-
tion task with other tissue models. The experimental proce-
dure is shown in Fig. 8(a). In the second training session,
each participant experimented with all feedback conditions
in random order.

b: PRACTICAL EXPERIMENT
Before undertaking the practical experiment, the partici-
pants were permitted to practice palpating the tissue model

several times in the same way as in the first training session.
After they were confident about their perceptions, a practi-
cal 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 participants of the correct
characteristics of the implanted tumor at the end of each trial,
as in the training experiment. During the experiment, partici-
pants 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

VOLUME 9, 2021 167803



H. H. Ly et al.: Tumor Depth and Size Perception Using Pneumatic Tactile Display in Laparoscopic Surgery

FIGURE 9. Results of the fundamental experiments. (a) Response of the
normal force. (b) Response of the shear force.

the experiment. After completing tissue palpation in one con-
dition, 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 participants 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.

III. RESULTS
A. FUNDAMENTAL EXPERIMENT
Fig. 9 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. 9(a)) or shear
force (Fig. 9(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.

1) INDENTATION DEPTH
Fig. 10 shows the relationship between the evaluation values
of the normal (and shear force) and the indentation depth of

FIGURE 10. Relationships between the contact force components and the
indentation depth of the force sensor.

the force sensor during the fundamental experiments. 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,
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).

2) 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 inves-
tigate 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. 11(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. 11(b) shows the sensitivity index of the two force
components for three tumor depths in three indentation depth
zones of the sensor, regardless of the tumor size. In the
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FIGURE 11. 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.

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 andmedium
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 used to localize the tumor at different
depths. Fig. 11(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.

3) 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 model
(Fig. 12(a)). To detect the tumor edges, we distinguished

FIGURE 12. Detection sensitivity in tumor size determination.
(a) Illustration of evaluation 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.

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. 12(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) com-
pared with the normal force.
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FIGURE 13. Confusion matrices of the participant’s performance on tumor characterization under three feedback
conditions. (a) Results of tumor depth identification. (b) Results of tumor size identification. (c) Results of both tumor
depth and size identification.

B. PSYCHOPHYSICAL EXPERIMENT
Fig. 13 shows the confusion matrices of the participants’
responses in the three feedback 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 condition 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 depth and
tumor size independently. Fig. 14(a) shows the accuracy of

all participants’ identification of the tumor depth and size in
the three conditions. The accuracy is 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
. (6)

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
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FIGURE 14. 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.

variance (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 corrections
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. 14(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 indicated 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 andNS (p < 0.01
for both depth and size identifications) and between con-
ditions N and S (p = 0.02 for depth identification, and

FIGURE 15. Completion time of participants in their tumor
characterization. * indicates p < 0.05, and ns indicates p > 0.05.

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. 15) passed the Shapiro–Wilk
normality test and Mauchly’s sphericity test. The results of
the repeated-measures ANOVA indicated that the feedback
conditions had no significant effect on the participants’ com-
pletion time (p = 0.96). The average completion time of
the participants in the three feedback conditions was approx-
imately 46 s.

IV. DISCUSSION
A. 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 Pear-
son 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
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 evaluat-
ing the results of fundamental experiments than machine
learning–based methods, which tends to cause overfitting on
a small dataset [10]. 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 palpa-
tion. Thus, in the fundamental experiment, we investigated
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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. 11(b) and 11(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
detection 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
study, 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 [32]. Other
studies achieved better tumor characterization results with the
normal force because the experimental tissue were placed on
rigid bases [7], [15]. 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 localiz-
ing 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.

Fundamental experiments demonstrated the possibility of
using the contact force component information (normal and
shear forces) 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 infor-
mation 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 iden-
tifying tumor characteristics.

B. PSYCHOPHYSICAL EXPERIMENTS
The psychophysical experiments indicated the effect of tac-
tile feedback conditions produced by the SuP–Ring on the
participant’s performance in tumor characteristics identifi-
cation. 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, themean 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 for
this is that the participant received kinesthetic feedback on
their palms in addition to the tactile feedback in the tissue
palpation tasks. Kinesthetic feedback is often associated with
normal tactile feedback. This might enable the participants
to estimate the indention depth of the sensor using kines-
thetic 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 a
trocar [33]. 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 tumor
during actual surgery. A further study will investigate the
effect of kinesthetic feedback and normal tactile feedback
on the determination of tumor characteristics in actual tissue
palpation.

For tumor size identification, the participants responded
more accurately and confidently to tumor size when both
normal and shear feedback were provided (condition NS),
compared with when only normal feedback was provided
(condition N). The average accuracy of tumor size identifi-
cation in condition NS was 65 %. The accuracy 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 [23]. 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 applica-
tions. Meanwhile, our tactile display has significant clinical
advantages, such as simple structure, small size, low cost,
disposability, and sterilizability [25]. In the other feedback
conditions, there was no difference in the participants’ per-
formance in identifying tumor size between conditions S and
NS. However, the participants responded more confidently
when only the shear feedback (condition S) was represented.
In condition 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 identi-
fying the tumor size [25]. Furthermore, in the determina-
tion 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 loca-
tion. However, providing normal feedback might have caused
them to be more confident in estimating the indentation
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 inves-
tigate the dynamic effects between the two tactile feedback
components of tactile displays.
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The participants’ completion time was not signifi-
cantly 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 comple-
tion 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. However, 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 palpation would not provide any further
useful information. Therefore, the standard time may be suf-
ficient for the participants to complete the tissue palpation
task, regardless of feedback conditions.

C. LIMITATIONS AND FUTURE WORKS
Generally, the experiments indicated that the users had a
high potential in identifying the depth and size of embed-
ded tumors when they were provided with both normal and
shear feedback using a tactile display. However, some prob-
lems should be addressed to enhance tissue characterization
performance.

First, we consider the issues of using the SuP–Ring in
actual tissue palpation scenarios. In actual surgery, tumors
often have complex structures, and the contact force when
palpating actual tissue often consists of three-dimension (3D)
force components, including 1D normal force component
(along the z–axis) and 2D shear force component (along the
x–axis and y–axis). Simply moving the palpated tool in a
single path, as in the palpation task performed in the study,
is not sufficient to grasp the characteristics of the tumor.
Moreover, because the SuP–Ring has two degrees of freedom
(2–DoF), the tactile display could not represent the three
components of the contact force. However, the tumor can
still be assessed using the SuP–Ring by moving the palpated
tool in parallel paths to scan the entire tissue surface. This
technique is known as the vertical strip technique, a common
global palpation technique for soft tissue examinations [34].
In addition, the superposition of the two shear force compo-
nents could be used as an input for the tactile display’s shear
feedback to determine the tumor features. By using the above
methods, the SuP–Ring canmaintain its advantage in terms of
simplicity. An alternative approach is to modify the structure
of the SuP–Ring to represent 3–DoF tactile feedback. The
effect of the 3–DoF tactile display will be investigated in
a future study. Furthermore, although our developed tactile
display has significant clinical advantages, it does not pro-
vide high–resolution tactile feedback [25]. This may cause
a reduction in the user’s ability to determine tumor features.
We plan to improve the resolution of the tactile feedback in
further studies to obtain a better determination performance.

Second, in the tissue palpation task, the participants con-
ducted the training experiments and practiced again before
conducting the practical task. However, the training time

might have been insufficient for them to remember the feed-
back 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 feed-
back for tissue characterization. In future research, we plan to
perform experiments with skilled surgeons. We consider that
experts will perform better in tumor characterization because
they have higher surgical skills and more experience in tissue
palpation. The effect of participants’ skills and experience
will be investigated in future studies.

V. CONCLUSION
In this study, 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 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 tissue palpation
tasks to identify the depth and size of the embedded tumor
within the tissue model. The normal and shear force feed-
back 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 nor-
mal and shear feedback. However, the tactile display requires
further improvements to enhance the user’s identification
performance.
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