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Abstract— Ensuring stable object placement is crucial to
prevent objects from toppling over, breaking, or causing spills.
When an object makes initial contact to a surface, and some
force is exerted, the moment of rotation caused by the instability
of the object’s placing can cause the object to rotate in a
certain direction (henceforth referred to as direction of correc-
tive rotation). Existing methods often employ a Force/Torque
(F/T) sensor to estimate the direction of corrective rotation
by detecting the moment of rotation as a torque. However,
its effectiveness may be hampered by sensor noise and the
tension of the external wiring of robot cables. To address
these issues, we propose a method for stable object placing
using GelSights, vision-based tactile sensors, as an alternative
to F/T sensors. Our method estimates the direction of corrective
rotation of objects using the displacement of the black dot
pattern on the elastomeric surface of GelSight. We calculate
the Curl from vector analysis, indicative of the rotational field
magnitude and direction of the displacement of the black dots
pattern. Simultaneously, we calculate the difference (Diff) of
displacement between the left and right fingers’ GelSight’s
black dots. Then, the robot can manipulate the objects’ pose
using Curl and Diff features, facilitating stable placing. Across
experiments, handling 18 differently characterized objects, our
method achieves precise placing accuracy (less than 1-degree
error) in nearly 100% of cases.gﬂ

I. INTRODUCTION

Stable placing of grasped objects is important for many
reasons, such as 1) preventing objects from toppling over,
2) preventing damage to the objects themselves or their
surroundings, and 3) keeping their contents, such as liquids
or small particles, from spilling. Consider settings like chem-
istry and biology laboratories, for instance, where beakers
and flasks are handled routinely. With the growing demand
for laboratory automation, the risk of these objects toppling
over with resulting breakage or spillage of their contents has
become a significant concern.

We define stable placing as a state where a flat-bottomed
object’s bottom surface is parallel to a table or a non-flat
object contacts the table at three or more points. Conversely,
unstable placing is defined as the state where a flat-bottom
object’s bottom surface isn’t parallel to the table or a non-flat
object contacts the table at less than three points. Unstable
placement can result from many factors, such as inaccurate
object pose estimation.
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The moment of rotation caused by the instability of the
object’s placing can cause the object to rotate in a certain
direction (henceforth referred to as direction of corrective
rotation). The existing method for stable object placing is to
use a Force/Torque (F/T) sensor mounted on the robot’s wrist
by estimating the object’s direction of corrective rotation
from the torque applied to the grasped object [1]. However,
several issues when using F/T sensors make this estimation
uncertain. 1) Tension of external wiring of robot cables: The
F/T sensor needs to be calibrated to compensate for the
weight of the robot’s wrist or gripper. However, changes in
the robot’s pose can cause variable tension in the cables,
thereby complicating accurate calibration and preventing
precise force and torque detection. 2) Sensor noise: The F/T
sensor contains noise, which makes the measured sensor
values uncertain. The F/T sensors attached to the wrist
often require a larger rated capacity. In general, increasing
the sensor’s rated capacity sacrifices the ability to measure
changes in a small range.

To address these issues, typical approaches include mount-
ing a F/T or tactile sensor on the fingertip. As precision
manipulation needs detailed information like fingertip con-
tact area, interest in the use of tactile sensors, particularly
vision-based ones like GelSight [2], are growing [3]-[5]. In
this context, this study uses GelSight tactile sensors. Unlike
F/T sensors attached to the wrist, tactile sensors are attached
to the end-effector’s fingertip and are not affected by cable
tension from other sensors (such as a camera’s USB cable).
Moreover, since detecting small magnitudes of force and
torque is required, they are typically designed to minimize
the impact of noise.

GelSight uses a camera to measure the deformation of
an attached elastomer during contact with a surface. Some
GelSight devices feature black dots on their surface to
track their displacement when they make contact with a
surface. The displacement of GelSight’s black dots provides
significant information, and some previous studies used it for
a learning-based approach in peg-insertion task [5], [6].

Our work proposes utilizing these displacements as an
alternative to torque measurements traditionally given by F/T
sensors to achieve stable object placing. Our observations
of how tactile sensors respond to various objects during
unstable placement suggest that the displacement patterns
of GelSight’s black dots can be categorized into two types
with two directions of corrective rotation: roll and pitch
(Fig. [T). After analyzing each classification, the displace-
ment of GelSight’s black dots can be expressed as a one-
dimensional feature for each direction of corrective rotation.
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The direction of corrective rotation of the object is estimated
by calculating the Curl from vector analysis for the roll axis,
indicative of the rotational field magnitude and direction of
the displacement of the black dots pattern, and the difference
(Diff) of displacement for the pitch axis between the left
and right fingers’ GelSight’s black dots. These features allow
accurate stable object placing on the robot. The novelty and
contribution of this method are as follows:

o Estimation of the direction of corrective rotation of
objects for stable placing using a training-free method
employing Curl and Diff features based on the Gel-
Sight’s black dots displacement. To the best of our
knowledge, achieving stable placement with proposed
Curl and Diff is a novel and non-trivial achievement.

o The use of these features yielded a nearly 100% success
rate of stable placing, achieving a consistently high rate
across various objects with less than a 1-degree error.
Despite the apparent simplicity of our proposed method,
it is versatile enough to be applied to many objects.

II. RELATED WORKS
A. Object Pose Estimation

When considering a placing task, a typical first step is
the use of object pose estimation methods. Object pose
estimation is a well-studied problem in computer vision and
is important for robotic tasks. While many approaches are
image-based, they often face issues associated with occlusion
and coarse accuracy [7], [8]. It is worth noting that there exist
methods that reduce uncertainty and increase object pose es-
timation accuracy by having the grasped object contact other
objects [9]-[11]. However, these require prior knowledge of
the object’s shape, limiting their use for arbitrary objects.

Research utilizing tactile sensors has demonstrated their
ability to estimate pose with greater accuracy [3], [12]. In
particular, vision-based tactile sensors, such as GelSight,
have been used in recent research, and some have achieved
success in tasks with milli-order to sub-milli-order accu-
racy [3]-[5], [13], [14]. However, these methods only esti-
mate an object’s relative or absolute pose and do not consider
whether the object can be placed stably on a desk or other
surface. If there is an error in the estimation result, the object
may be unstable and may topple over. Therefore, the focus
of this paper is the stable placing of objects.
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Fig. 1: Concept of the proposed method: The displacement of the black dots on GelSight is analyzed in two patterns corresponding to an
object’s directions of corrective rotation: roll and pitch. By calculating the Curl and Diff of the displacement of the black dot to
estimate the object’s direction of corrective rotation and manipulate the object accordingly, the robot ensures its stable placement.

B. Object Placing

Object placing can be approached from both hardware
and software perspectives. A well-known method for the
hardware approach is to incorporate passive compliance in
the robot’s wrist [15]. This mechanical compliance allows the
robot to adjust to its environment and achieve stable placing
without intricate control manipulations. However, hardware
approaches are often specialized for specific objects, making
them less flexible in accommodating a variety of objects.

As for the software approach, conventional methods in-
volve control of applied force using robot joint torque
or F/T sensors [1]. Yet, as discussed in the introduction,
these methods often require substantial engineering effort to
address problems like cable tension and sensor noise.

Several studies have proposed the use of tactile sensors,
either solely or combined with F/T sensors, to estimate and
control the force and torque on an object [5], [6], [14], [16].
These studies can be broadly divided into learning-based and
analytical approaches. The learning-based approach, such as
[14], [16], predicts where and how much external forces are
applied to an object and performs object manipulation based
on these predictions. In [5], a policy for controlling the object
pose directly from raw images of GelSight is proposed.
These studies indicate that tactile sensors can be used as
F/T sensors, either directly or indirectly, by learning from
raw images of vision-based tactile sensors and flow images
showing tactile sensor displacement. While these approaches
can generally adapt to various objects, the prerequisite of
extensive training can be time-consuming and may result in
out-of-distribution problems if data is insufficient.

In an analytical approach, [6] successfully measured the
force and torque applied to a single GelSight sensor by
using the Helmholtz-Hodge Decomposition to calculate the
relationship between multiple forces and torques applied to
different objects and GelSight’s black dots displacement.
This method does not require the collection of large-scale
data on various objects. However, to fully capture the poten-
tial of these approaches, a conversion to force and torque is
attempted, which may necessitate calibration with dedicated
equipment. In our work, we propose an analytical approach
that avoids the need for calibration and shows promise in
achieving stable object placing across various objects.
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III. PRELIMINARIES

As Preliminaries, this section describes the estimation of
the direction of corrective rotation of an object when the
object is placed unstably by pressing the object against a
desk. Then, the robot control method for stable placing based
on sensor information is described.

Three coordinate systems used in this study are described
below (Fig. [2). The first one is the robot coordinate system,
which is set at the base of the robot arm. The second is
the end-effector (EE) coordinate system, which is set at
the center of the two robot gripper’s fingertips. The robot
manipulates objects by applying force and torque to them
for stable placing. The point where the robot arm generates
force is the origin of the EE coordinate system. In this paper,
‘the point where the robot arm generates force’ is referred to
as the force application point. The third is the tactile sensor
coordinate system, in which the robot coordinate system
is rotated around the z-axis so that the x-axis direction of
the tactile sensor coordinate system is parallel to the x-axis
direction of the EE coordinate system.

A. Estimation of Direction of Corrective Rotation

The idea behind the estimation of the direction of correc-
tive rotation can be explained by considering the moment
around the point of contact between the object and the
environment [17]. The direction of corrective rotation is
determined based on whether the force application point
is to the right or left of the vertical line from the object’s
contact point (Fig |§| (1)). The direction of corrective rotation
is clockwise when the force application point is on the right
side of the vertical line and counterclockwise when the force
application point is on the left. If the force application point
is on the vertical line, the object does not rotate.

The sign of the torque at the force application point
indicates the direction of corrective rotation. The torque
is positive, indicating clockwise rotation, if the force ap-
plication point is to the right side of the vertical line;
negative, for counterclockwise rotation, if on the left. We
note that depending on the convention used, positive torque
can indicate either clockwise or counterclockwise rotation
but should stay consistent across future experiments. If the
torque is zero, the force application point is on the line,
indicating that the object does not rotate. Based on the sign
of this torque detected by sensors, the robot is controlled to
perform stable placing of the object. This control method of
the robot is described in Section [I=Bl

Sensors measure these torques to estimate the direction of
corrective rotation. While the method using the F/T sensor
(referred to in this paper as the F/T sensor-based method,
which is the baseline for this paper) can estimate the
direction of corrective rotation, it is prone to inaccuracies
primarily due to the cable tension and sensor noise. Espe-
cially near the vertical line, misrecognition of the direction
of corrective rotation may occur as the measured sign of
torque is likely to invert. Our proposed method uses tactile
sensors to overcome these issues, providing a more accurate
estimation of the direction of corrective rotation. Although
tactile sensors measure different physical quantities than
torque sensors, their measurements can still be interpreted
as positive or negative with respect to the vertical line,
providing a consistent approach to the estimation of the
direction of corrective rotation.

B. Robot Control for Stable Placing

The previous section described that the direction of cor-
rective rotation of the object can be estimated based on the
sign of the torque. This section describes how to control the
robot for stable placing based on the torque.

If the torque measured at the force application point is not
zero, the object, which is in an unstable state, can be rotated
in the direction of corrective rotation. Stable placing can be
performed by controlling the object by applying torque to
the force application point so that the torque becomes 0. We
make assumptions for our model, which are detailed below:
As shown in Fig. 3| (2), the force application point is in the
area where the object can be placed stably. We note that the
area where this stable placement is feasible is not constant
but varies depending on the position of the vertical line from
the object’s contact point at the time the object is unstably
placed. Under this assumption, manipulating the object so
that the detected torque is zero results in a stable placing.

To realize stable placing, the robot arm is con-
trolled by admittance control so that force Figrget
(Ftargetfan Fta/r‘getfya Ftargetfz) = (07 0; th) and tquue
Ttarget = (Ttargetfz7 Ttarget—y Ttarget7z> = (07 0, 0) for
the force application point exerts the force and torque in
the robot coordinate system. The combination of force and
torque is called a wrench. Let wiarget = (Frargets Ttarget)
be the target wrench and weyrrent = (F,7) be the current
wrench. For this target wrench, when the object is pushed
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against the desk, the reaction force from the desk is Fj,,
and the other forces and torques are 0. In this experiment,
F;, =5N.

The end-effector velocity of the robot arm, v.. from the
EE coordinate system, is calculated as follows to achieve the
target wrench wygrges:

Vee = k(wcurrent - wtarget) (1)

where k is a gain. In this paper, the same value for this gain
is used for all objects.

In the case of the F/T sensor-based approach, the current
wrench Weyrrent uses an F/T sensor mounted on the wrist.
Let’s denote the force measured by the F/T sensor on the
wrist as F’ and the torque as 7. The force F' and torque 7 =
(T, Ty, =) at the force application point can be calculated
as follows:

F=R-F
r=R-7+dx (R-F) )

Here, R is a 3x3 rotation matrix, and d is a 3x1 displacement
vector from the F/T sensor coordinate to the EE coordinate
in the F/T sensor coordinate.

In our method, we use the Curl and Diff features values
calculated by GelSight, instead of the 7, and 7, values for
roll and pitch that are calculated from the F/T sensor.

IV. METHOD: TACTILE-BASED PLACING

The previous section described that the direction of cor-
rective rotation can be estimated based on the sign of the
torque. This section describes how to use tactile sensors as
an alternative to F/T sensors to estimate the direction of
corrective rotation.

Our observations of how tactile sensors respond to various
objects during unstable placement suggest that the displace-
ment patterns of GelSight’s black dots can be categorized
into two types with two directions of corrective rotation: roll
of the tactile sensor coordinate system and pitch of the EE
coordinate system (Fig. [I). The following section describes
how to calculate the rotations for pitch and roll based on the
displacement of the black dots on the GelSight.

A. Calculation of Rotation in Pitch Direction by Curl

We describe a method where the Curl features calculated
from the displacement of the black point of the tactile sensor,
used as an alternative to 7, (pitch rotation at the force
application point) calculated from the F/T sensor by eq. (2).

When the object is pressed against the desk, a torque is
generated that attempts to rotate the object (Fig. ] (1)). This

torque is transmitted to the GelSight and results in a shift
in the position of the black dots on the GelSight, which
represents the applied torque. This torque at the contact
point on GelSight can be observed as the displacement
of the black dots on GelSight (Fig. [I] (1) Pitch rotation).
From the red arrows in Fig. E] (1), when the left side of
the object contacts the desk (with the gripper considered
as the center), we observe a displacement of the arrows
representing the black dots on the GelSight moving in a
specific rotational direction. If the right side of the object is
in contact instead, the arrows exhibit the opposite rotational
movement. Specifically, in the former case, the arrows move
in a clockwise direction, whereas in the latter, they move in
a counterclockwise direction.

When the displacement of these arrows, which represent
the movement of the black dots on the GelSight, becomes
zero, the object is in a stable placing state with respect to the
pitch rotation. To achieve a stable placement of the object
by minimizing the torque, the robot should rotate around
the force application point in the direction indicated by
these arrows, which in turn reduces the displacement of the
black dots. We note that the contact point is the fingertip,
and the force application point is the middle of the contact
point between the two fingers. Thus, this rotation center is
considered the origin of the EE coordinate system.

From the arrows, the direction of rotation and its degree
of rotation are calculated by Curl of vector analysis. The
Curl is indicative of the rotational field magnitude and
direction of the displacement of the black dots pattern. The
displacements of the black dots on the GelSight give a vector
field Aiactite = (Az, A). In the EE coordinate system, the
Curl of this field can be computed as follows:

Curl Aiactite = 0A,/0x — 0A, )0z 3)

We use the mean of the calculated Curl of all black dots
as an alternative to 7, calculated from the F/T sensor by
eq. (2), the torque at the force application point. The goal is
to control the end-effector speed by eq. of the robot so
that this value becomes 0.

B. Calculation of Rotation in Roll Direction by Diff

We describe a method where the Diff features calculated
from the displacement for the pitch axis between the left and
right fingers’ GelSight’s black dots, used as an alternative to
7, (roll rotation at the force application point) calculated
from the F/T sensor by eq. (2).

When the object is pressed against the desk, a torque
is generated that attempts to rotate the object (Fig. || (2)).
This torque is transmitted to the GelSight, and is exerted
as shear forces in opposite directions on the right and left
GelSight. This makes a difference in the displacement of the
black dots in GelSights between the left and right fingers.
The shear force arising at the contact point on GelSights
can be observed by the displacement of the black dots
on the GelSights (Fig. [I] (2) Roll rotation). Additionally,
there are also forces generated by the action of pushing the
object against the table that is exerted on the GelSights,



whose magnitudes may change the overall direction of
displacement. Fig. [I] (2) demonstrates the displacement of
the black dot of GelSight when the tilted object makes
contact with the desk. On the side where the object is in
contact, the displacement of the black dot is represented as
an arrow pointing vertically upward (in the z-axis direction
of the tactile sensor coordinate system). This displacement
is noticeably larger compared to the side where the object is
not making contact.

When there is no longer any imbalance between the left
and right of the displacement of the black dot of GelSight,
the object is in a state of stable placing with respect to
the direction of rotation of the roll. In order to reduce
the imbalance of the left and right of the displacement of
the black dot of GelSight, the robot should rotate around
the force application point with respect to the direction of
the object’s rotation. We note that the contact point is the
fingertip, and the force application point is the middle of
the contact point between the two fingers. Thus, this rotation
center is considered the origin of the EE coordinate system.

In this study, we use two GelSight sensors, GelSightl and
GelSight2. Considering the black dots’ displacement in the z-
axis direction of the tactile sensor coordinate system (normal
facing upwards to the desk) helps calculate the GelSights’
displacement affecting the roll axis. This makes it possible
to be irrespective of the pose of the robot and GelSights. We
compute the average displacement values of the black dots
on each of the two GelSights along the z-axis of the tactile
sensor coordinate system. We denote these values as A.; and
A5 respectively. We define a metric Diff as the difference
between A,; and A,o:

szf = Azl - AzQ €]

Diff serves as the torque at the force application point in the
tactile sensor coordinate system. The goal is to control the
robot’s end-effector speed to reduce Diff to zero. We note
that the end-effector speed calculated from Diff corresponds
to the speed measured from the tactile sensor coordinate
system. However, as 7, in eq. @) is calculated in the EE
coordinate system, we must convert the value of Diff from
the tactile sensor to the EE coordinate system. This can be
achieved using standard coordinate transformation methods.

V. EXPERIMENTAL SETUP
A. Robot Setup

Our robotic system, as shown in Fig. [2] features a 7-
DoF Franka Emika Panda Arm. The end-effector command
to the robot is updated at 200 Hz. This robotic arm is
equipped with a custom-designed parallel gripper. The grip-
per features vision-based tactile sensors, known as GelSight
Mini [18]. The sampling rate of GelSights is 10Hz. A
Leptrino force/torque sensor (FFS055YAS501U6) is mounted
between the robot arm and the gripper. The rated capacity
of force of F/T sensor is Fy,. = 500 N, torque is T'ryz =
+4 Nm, resolution is +1/2000, and sampling rate is 200 Hz.
An Intel RealSense Depth Camera D435i is used to capture
the pose of the arUco marker [19]. The system runs on a PC
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equipped with 32 GB RAM and an Intel Core i7-8§700 CPU,
running Ubuntu 20.04.6 LTS with ROS Noetic.

(5) Move to down & (6) End stable placing

B. Task Setup and Process of Object Placing

We conduct experiments where a robot grasps objects and
places them on a desk to evaluate our proposed system. To
aid evaluation, an arUco marker is placed on the object, and
the object’s pose is measured when the object is placed on
the desk. The displacement is then calculated by comparing
the object’s pose initially in its manually assigned stable state
on the table with the final pose achieved through the robot’s
stable placing process. The detailed steps of the experimental
procedure are graphically illustrated in Fig. [3]

This experiment begins by manually placing an object
with an attached arUco marker of size 25 mm onto a desk.
We note that the experiment is repeated 10 times for each
of the proposed and baseline methods but for the same
object placed in the same location. The robot moves to a
predetermined pre-grasping position (Fig. [5] (1)). The pre-
grasping positions are specific to each object.

The robot grasps the object, and then, the camera (Re-
alSense) in front of the robot (Fig. [2), with a sampling rate
of 30Hz, is used to capture the pose of the arUco marker
(Fig. 5] (2)). The initially placed object is defined as being in
a stably placed state in this experiment. To ensure accuracy
and reduce potential noise during marker recognition, we use
the average pose from the marker across 90 static images
captured by the camera over three seconds.

After capturing the arUco marker, the robot lifts it off the
ground by moving along the z-axis, and tilts it (Fig. 5] (3)-
(4)). To evaluate the stable placing, the grasped object is
tilted (either fixed or randomly sampled) in this pre-placing
process. The way the tilt is specified is different for each
experiment and will be described in the section In the
tilted state, the value read from the F/T sensor is recorded
as an offset. During control procedures, we will use the
value derived from the F/T sensor after removing this offset.
The displacement of the black dots of the tactile sensor is
calculated from the position of the black dots of the tactile
sensor at this stage.

The robot then moves under velocity control at 0.005 m/s
in the -z-axis direction in the robot coordinate system
(Fig. [B] (5)). When the force value of the F/T sensor along
the z-axis of the robot coordinate system exceeds 1N, the
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process of stable placing begins using both the proposed and
baseline methods (Fig. [3] (5)).

After sufficient time has passed to ensure the completion
of stable placing, the placing process is stopped, and the pose
of the arUco marker is captured again (Fig. |§| (6)). As with
the acquisition of the arUco marker taken in the beginning,
the mean value of the 6d pose of the arUco marker was
calculated from 90 static images captured over three seconds.
Under the control of stable placing, the displacements in the
roll and yaw axes of the arUco marker are evaluated. This
evaluation is done by comparing the marker’s pose before
and after the stable placing procedure is completed (Fig. [2).

Finally, the robot releases the object and returns to the
home position. We performed this experimental process ten
times for each object and calculated the mean and variance
of the displacements of the arUco marker at that time.

C. Target Objects

For the evaluation, we chose 18 objects considering vari-
ous factors such as size (lengths of the short and long axes
and thickness), softness, surface friction, texture, left-right
asymmetrical shape and texture, and whether the object had
a flat contact surface or not (Fig. [6).

VI. EXPERIMENT RESULTS

This evaluation focused on two key aspects: 1) Evaluation
of stable placing, considering changes in the object’s grasp
positions and the size of its support polygon - the area
defined by the contact points between the object and the
surface upon which it rests. 2) Comparison of the proposed
method, Tactile-based method, with baseline, F/T sensor-
based method across a variety of objects.

A. Different Grasp Positions and Support Polygon Size

We evaluate the influence of the object’s grasping po-
sition and the size of the object’s support polygon on
stable placing. To investigate these effects, we utilize two
rectangular objects, small rectangular and large rectangular,
which have the same height and different sizes of support
polygon (Fig. [6). The dimensions of small and large rect-
angular are, respectively, 30 mm x 30 mm x 70 mm,
50 mm X 50 mm x 70 mm in terms of width, depth,

and height. These two objects were made by 3D printing,
and they both weigh 142g. The two grasping positions
are at heights of 1.0 cm and 2.5 cm from the desk. To
compare under the same noise conditions, the stable placing
experiment, following the process outlined in section [V-B]
was conducted 10 times with the object tilted 10 degrees
to the roll and pitch in the tactile-sensor coordinate in the
pre-placing process (Fig. 3] (4)). Table [I] presents the mean
and standard deviation of the roll and pitch misalignment
and their combined values from ten iterations of stable
placing experiments. However, when the error magnitude
exceeds 2 degrees, we do not compute the mean and standard
deviation as the means appear exceedingly large when the
object topples over. We also report the number of times
when roll and pitch errors were below 1 and 2 degrees. We
chose the thresholds of 1 degree and 2 degrees based on
our experimental considerations. Specifically, the 1-degree
threshold was selected due to the detection accuracy of the
arUco marker. The 2-degree threshold was chosen because
our experimental experience suggested that exceeding this
value often leads to the object toppling over.

Using our proposed tactile-based method, stable placing
was achieved under all conditions regardless of the grasping
position and the size of the support polygon. In the case
of the baseline F/T-based method, for the large rectangular
object, stable placing was achieved at both grasp heights. For
the small rectangular object, while there were six successful
outcomes with a low grasping height (1.0 cm), there were
no successes when the grasping height was high (2.5 cm).

The reasons for this are explained below. The direction
of corrective rotation can be estimated through the sign
of the torque. For a rectangular object, as illustrated in
Fig. 3] (2), bias in estimating the direction of corrective
rotation depends on the grasping position and the size of the
supporting polygon. A low grasping position or large support
polygon may still enable accurate estimation despite sensor
inaccuracies since the area in which stable placement can be
achieved is larger. Conversely, a high grasping position or
small support polygon decreases the area in which stable
placing can be feasible and increases the risk of sensor
inaccuracies negatively affecting the direction of corrective



TABLE I: The accuracy of stable placing when the grasping position and the size of the support polygon of the object are different.

Object ‘ Grasp ‘ Tactile-based (Ours) F/T-based (Baseline)
height [ Roll [deg] Pitch [deg] All [deg] < 1deg < 2deg [ Roll [deg] Pitch [deg] All [deg] < 1deg < 2deg
Large rectangular 1.0 cm 0.4+0.2 0.2+0.2 0.3+0.2 10/10 10/10 0.4+£0.2 0.2+0.2 0.3£0.2 10/10 10/10
25cm || 04403 02+£01 03+02 10/10 10/10 | 0.3+0.2 03+0.2 03402 10/10 10/10
Small rectangular 1.0 cm 0.3£0.1 0.1+£0.1 0.2+0.2 10/10 10/10 - - - 6/10 6/10
25cm || 03402 01£01 02+02 10/10 10/10 - - - 0/10 0/10
TABLE II: The accuracy of stable placing.
Object Obs [ Tactile-based (Ours) [ F/T-based (Baseline)
type Ject [ Roll [deg] Pitch [deg] All [deg] < ldeg <2 deg[ Roll [deg] Pitch [deg] All [deg] < ldeg < 2deg
Small rectangular 04+02 01+£0.1 0.2£0.2 10/10 10/10 - - - 2/10  2/10
Large rectangular 0.4+0.3 0.3£0.2 0.44+0.3 10/10 10/10| 0.4+0.2 0.44+0.3 0.44+0.2 10/10 10/10
Elongated Wooden rectangular 04402 02401 03+02 10/10 10/10 - - - 7/10  7/10
shape Wooden cylinder 02+02 01+£01 02%£01 10/10 10/10 - 6/10 7/10
Beaker 0.2+0.2 0.3£0.1 0.3£+0.2 10/10 10/10 - - - 4/10 4/10
Metal rectangular 0.2+0.1 0.24+0.1 0.24+0.1 10/10 10/10| 0.34+0.2 0.14+0.1 0.24+0.2 10/10 10/10
V shape V block 04£03 02X01 03+02 10/10 10/10 - - - 1/10  1/10
Joint 0.7+ 0.5 0.2+0.1 0.44+0.5 8/10 10/10 - 0/10 0/10
Asymmetry LEGO blocks 03+£02 09X01 06+03 10/10 10/10 - 6/10  6/10
Metal object 0.2+0.2 0.2+0.1 0.24+0.2 10/10 10/10 - - - 0/10 0/10
Non-surface Metal pedestal 02+02 02+£01 02+£01 10/10 10/10| 0.2+£0.2 0.1£0.1 0.2£01 10/10 10/10
contact Conversion connector || 0.4+0.2 0.24+0.1 03402 10/10 10/10 - - - 2/10  2/10
Soft ‘Wood bond tube 0.3£0.2 0.2+0.1 0.24+0.2 10/10 10/10 - 1/10 1/10
material Hand cream tube 04+03 04+£02 04402 10/10 10/10 - - - 4/10 4/10
Fewer Test tube stand 0.1£0.1 0.6 £0.2 0.3+0.3 10/10 10/10| 0.2+0.2 0.5+0.2 0.3£0.2 10/10 10/10
contact Metal part 0.4£0.2 0.1£0.1 0.3+0.2 10/10 10/10 | 0.3+0.2 0.1 4+0.1 0.24+0.2 10/10 10/10
Round shape Round bottom flask 04+£02 02+£02 03+£0.2 10/10 10/10 - - - 0/10 0/10
Liquid Bottle with liquid 04Lf03 02+02 03L£02 10/10 10/10 B 1/10  5/10

rotation estimation. F/T sensors’ measured values have low
accuracy due to their noisy nature. We note that a low pass
filter is used to remove noise from the F/T sensor, but noise
that cannot be removed still has an effect. Therefore, even
under the same conditions of conducting 10 stable placings
with a 10-degree tilt in roll and pitch, failures may occasion-
ally occur due to the inherent uncertainty of the F/T sensor.
Additionally, cable tension can cause a shift in the torque
value, which could potentially lead to misinterpretations of
the object’s direction of corrective rotation.

B. Evaluation across Diverse Objects

We evaluate the proposed method and a baseline F/T-
based method for the stable placing of 18 different objects.
This stable placing experiment, which follows the process
outlined in section [V-B] was conducted 10 times with the
object tilted. The tilt in the pre-placing process (Fig. [5] (4))
is calculated from a normal distribution with a mean of £10
degrees (and the direction of the tilt is uniformly sampled to
be positive or negative) and a variance of 1 in both roll and
pitch directions in the tactile-sensor coordinate. For objects
prone to toppling over, we specify their tilts as follows:
The conversion connector, which is tilted even in the stable
placing state, has a normally distributed noise with a mean of
+10 degrees in the roll direction and a mean of 43 degrees
in the pitch direction, while the Joint object has a mean of
-5 degrees for noise in the pitch direction and a mean of 10
degrees in the roll direction. For hand cream, which has a
small support polygon, a mean of +£5 degrees. The variance
of tilt for all items tested is 1. The Table [lll shows the results.

In the Tactile-based method, stable placing with an error
of less than 1 degree was achieved for all objects except
for the Joint object. The method was successful for objects
with asymmetrical shapes and textures, objects with a point
of contact with the desk instead of a surface, soft objects,
objects with a small size of support polygon, and objects with

a changing center

of gravity, such as liquids.

Fig. [7] shows

examples of the stable placing process using the proposed
method. The Curl and Diff values are nearly zero for a
variety of objects, and stable placement is achieved.

Additionally, the method was also robust against cracks in
the sensor of the surface and manufacturing differences in
the size and shape of the black dots. The image of the tactile
sensor in Fig. [] shows that the surface of the tactile sensor
is cracked. The tactile sensor was completely damaged and
was replaced by another GelSight, which was also handled
with a large black dot due to individual differences in the
GelSight (Metal object and Test tube stand in Fig. [7).

For the Joint object, while it did not topple over, an error
of less than 2 degrees remained. We analyze this occurrence
as follows: The displacement of the black dots on GelSight
is calculated based on their positions before stable placing
when noise is added to the object’s pose. In the Joint object
experiment, the object was grasped at the tip of the V-shape,
which was far from the center of gravity. As gravity causes
the object to rotate, the black dots on GelSight deviate from
their positions in the stable state. Even when the Joint object
reaches a stable placement, some displacement of the black
point remains present. Thus, the robot arm is controlled
to apply force to the force application point to reduce the
displacement of the black point. Unlike objects with a larger
support polygon that retain their pose, the Joint object, with
its smaller support polygon, appears to tilt due to the force
intended for its rotation. However, the tilt is small, less than
2 degrees, and the risk of toppling over is small.

The Tactile-based method achieved high accuracy for a
variety of objects, while the F/T-based method often failed.
A common feature of the objects with a 100% success rate
in the F/T-based method is that the support polygon is large,
such as large rectangular, metal rectangular, metal pedestal,
test tube stand, and metal part. Objects with small support
polygon failed with probability or did not succeed at all.



Beaker
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Fig. 7: Examples of stable placing. For the sake of visibility, the length of the arrows is eight times the actual displacement.

As explained in Section [VI-A] the F/T sensor is affected by
sensor noise and the cable tension, causing uncertainty in
sensor values and misrecognizing the direction of rotation
of the object. As a result, there were many failures that
resulted in the object toppling over in the F/T sensor-based
approach. There were also failures that the object’s tilt was
kept after contact between the object and the desk. Moreover,
some were seen where the robot arm applied force in the
direction that the object was to be upright, but the object
passed through the upright state and toppled over.

In summary, the F/T sensor method fails in stable placing
due to sensor noise and the cable tension, causing deviations
in the measured torque values, which result in misrecognition
of the object’s direction of corrective rotation. On the other
hand, the Tactile-based method succeeds in stable placing
with high accuracy as a result of its precise estimation of
the object’s direction of corrective rotation.

VII. CONCLUSION

We propose a method for stable object placing using
tactile sensors. Under unstable object placing conditions, we
observed that the displacement pattern of the black dots in
GelSight aligns with the two possible directions of corrective
rotation. By estimating these two object directions of correc-
tive rotation from Curl and Diff, the robot can manipulate the
object’s pose for stable placing. This method of estimating
the direction of corrective rotation is robust against sensor
failures such as cracks in the surface, and manufacturing
differences in the size and shape of the black dots. In
experiments with 18 objects with different characteristics,
the F/T sensor-based method fails because it misrecognizes
the direction of rotation for objects other than those with a
large support polygon due to sensor noise and cable tension.
In contrast, the proposed Tactile sensor-based approach can
achieve stable placing with high accuracy (less than 1-degree
error) in nearly 100% of cases across all objects, highlighting
its potential as an effective F/T sensor alternative.
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