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In-Hand Object Localization Using a Novel
High-Resolution Visuotactile Sensor

Shaowei Cui , Rui Wang , Jingyi Hu , Junhang Wei , Shuo Wang , and Zheng Lou

Abstract—In-hand object localization and manipulation
has always been a challenging task in robotic community.
In this article, we address this problem by vision-based
tactile sensing with high-spatial resolution. Specifically, we
design a novel tactile sensor based on stereo vision, named
GelStereo, which can perceive tactile point cloud with high-
spatial resolution (<1 mm). A tactile-based in-hand ob-
ject localization pipeline composed of saliency detection
and probabilistic point-set registration algorithms of the
perceived contact point cloud is presented. Furthermore,
extensive qualitative and quantitative analyses of perceived
tactile point cloud and in-hand localization and insertion
experiments of small parts are performed on our robot
platform. The experimental results verify the accuracy and
robustness of the tactile point cloud sensed by the novel
GelStereo tactile sensor and the proposed in-hand object
localization pipeline. This novel high-resolution visuotac-
tile sensing technology has predictable application poten-
tial in the field of dexterous robotic manipulation.

Index Terms—In-hand object localization, robotic manip-
ulation, tactile sensor.
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I. INTRODUCTION

IN-HAND object localization is one of the prerequisites
of achieving dexterous and complicated robotic manipu-

lation [1]. Without sufficiently accurate in-hand localization,
the robot will not be able to perform human-like dexterous
manipulation, such as assembling small parts [2], [3]. Fig. 1
shows a task of grasping and inserting a peg, the primary problem
that needs to be addressed in this assembly task is how to ensure
the positioning accuracy of the grasped peg. Minor positioning
disturbances or errors will cause the failure of the insertion
process.

In recent decades, roboticists have studied a lot about in-hand
object localization. Most of the proposed methods rely on vision
to locate the grasped object, and many efforts have been invested
in the research of grasping configuration and environment using
computer vision technologies [4]. These vision-based methods,
however, tend to become unreliable in actual manipulations
because of the noncontact propriety. Many factors can affect
the accuracy and robustness of the vision-based localization
systems, such as occlusion, the field of view limitations, and
light degradation [5].

Recently, tactile perception has been proven to be a reliable
solution [6], [7]. Various tactile sensors and sensing systems
have been designed for robotic sensing and manipulation tasks,
such as object properties exploration [8], grasp stability assess-
ment [9], and dexterous in-hand manipulation [10]. Accord-
ing to sensing principles, tactile sensors can be divided into
piezoresistive sensors, capacitive sensors, piezoelectric sensors,
quantum tunnel effect sensors, optical sensors, and sensors based
on barometric measurements [11]. Nevertheless, most fingertip
tactile sensors have limited spatial resolution, which may not
achieve satisfactory performance in object localization tasks
with high positioning accuracy requirement, especially for small
parts. Fortunately, visuotactile sensors using vision retrographic
sensing methods can achieve high-resolution tactile sensing
even beyond human fingertips [12], which have been shown
powerful performance in various in-hand object localization and
manipulation tasks [13].

As one of the mainstream visuotactile sensors, the TacTip
sensors start from imitating the structure of the human fingertip
tactile corpuscles [14], creatively placing the matrix-placed pins
into the gel layer, so that the contact information of the fingertip
tactile sensor can be converted into the matrix displacement
information of the embedded pins. These bionic fingertip
tactile sensors have also been successfully applied to various
robotic manipulation tasks such as dexterous grasping [15],
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Fig. 1. Diagram of an in-hand localization and peg-in-hole assembly
task. (a) The peg is grasped by a Robotiq 2F-85 gripper, and the grasped
pose is stochastic. (b) The robot locates the grasped peg and aligns it
to the mating hole. (c) The robot completes the peg-in-hole insertion
process.

contour following [16], and in-hand manipulation [17].
Yamaguchi et al. [18] present FingerVision sensors using
vision-based tactile sensing. They use a transparent coating
design, which gives the sensors proximity sensing ability.
Nevertheless, these sensors cannot obtain the depth geometric
information generated by contact. More recently, few studies
have attempted to realize high-precision in-hand localization
using common visuotactile sensors without depth information
sense, but usually require the auxiliary perception of other
sensors, such as standard tactile/force sensors [19].

GelSight sensors [20], benefit from its creative use of the
photometric stereo algorithm to reconstruct depth information,
which can obtain dense tactile point cloud directly. Later, Gel-
Slim sensors [21], [22], [23] are then proposed to address
the fingertip integration and size issues of the common Gel-
Sight sensor. Romero et al. [24] proposed a rounded fingertip
that utilizes a form of light piping for directional illumina-
tion. Lambeta et al. [25] introduced a low-cost, compact, and
high-resolution tactile sensors named DIGIT for in-hand ma-
nipulation. This type of visuotactile sensors has realized depth
reconstruction [26], slip detection [27], and force distribution
estimation [22], and also have been successfully applied to
many manipulation tasks such as USB interface positioning
and insertion [13], object point cloud tracking [28], and cables
manipulation [29]. However, the use of photometric stereo algo-
rithms has high requirements for the light source. It is necessary
to ensure that the three colors of light are evenly distributed
on the internal contact surface and use a specific calibration
board for color-normal registration, which pose a considerable
obstacle to the fabrication of the GelSight sensors and ensuring
the accuracy of 3-D reconstruction.

To address the problems mentioned above of existing tactile
sensors, this article presents a new visuotactile sensor named
GelStereo, which adopts a stereo vision system to capture depth
information. Compared to GelSight-type sensors, GelStereo can
perceive absolute depth information without specific three-color
structured light with uniform light field distribution, which
simplifies the design, fabrication, and calibration cost of the
mechanical structure and 3-D reconstruction system. With this
novel sensor, we also propose a dense markers detection and
tracking pipeline to track all markers in each GelStereo frame,

and a structure-based stereo matching algorithm is presented to
realize high-resolution (<1 mm) tactile point cloud sensing in
real-time.

Furthermore, this article also presents a tactile-based in-hand
object localization pipeline composed of saliency detection and
probabilistic point-set registration algorithms. The in-hand ob-
ject’s pose can be obtained using saliency detection and Filter-
Reg [30] point-set registration of the perceived tactile point cloud
on the contact surface. Compared to traditional iterative closest
point (ICP) [31] algorithms, this probabilistic method is not
susceptible to noise, outliers of the saliency tactile point cloud
thanks to its probabilistic propriety, which achieves a more stable
and accurate pose estimation. Finally, extensive experiments are
performed to verify the accuracy and robustness of tactile point
cloud sensed by GelStereo sensor and the proposed in-hand
object localization method. The contributions of this study are
summarized as follows:

1) A new visuotactile tactile sensor named GelStereo is
proposed to obtain real-time and high-resolution tactile
point cloud using a stereo vision system. Compared to
GelSight-type sensors, the proposed depth reconstruction
method does not require a carefully designed three-color
light source, thereby further simplifies the sensor’s depth
information acquisition scheme.

2) A tactile-based in-hand object localization method is de-
signed using saliency detection and probabilistic point-set
registration algorithms of the perceived GelStereo tac-
tile point cloud. Compared to traditional methods, its
probabilistic property further extends the accuracy and
robustness of the proposed pipeline to noisy contact cases.

3) Extensive qualitative and quantitative analysis of tactile
point cloud and in-hand object localization experiments
of small parts are performed on our robot platform. The
experimental results verify the accuracy and robustness
of the tactile point cloud sensed by GelStereo and the
proposed in-hand object localization pipeline.

The rest of this article is organized as follows. In Section II,
the GelStereo sensor is presented. Based on this novel sensor,
the high-resolution tactile point cloud sensing algorithm and a
registration-based in-hand objects localization pipeline are pro-
vided in Sections III and IV, respectively. The experiments are
introduced in Sections V and VI. Finally, Section VII concludes
this article.

II. GELSTEREO SENSOR

The basic idea of GelStereo is to convert the tactile informa-
tion generated by contact into the geometric deformation of the
elastomer layer and adopts a camera module to capture various
tactile information contained in the elastomer deformation. This
visuotactile sensing solution usually consists of a coating layer,
an elastomer layer with embedded markers, a supporting frame
with a light source, and a camera module [32]. The proposed
GelStereo sensor adopts a similar scheme, and its conceptual
design is described in Fig. 2.

The most significant difference between GelStereo and
other visuotactile sensors is the camera module, which uses a
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Fig. 2. Conceptual design and an exploded view of the GelStereo
sensor. (a) The binocular camera module. (b) The camera support.
(c) The LED strip. (d) The GelStereo tray. (e) The gel layer. (f) The
water-transfer paper with markers pattern. (g) The painting layer of the
GelStereo Sensor.

Fig. 3. Calibration board and results. (a) Calibration chessboard.
(b) Calibration results.

binocular module to capture contact information. When touch-
ing an object, geometry changes of the gel layer will cause
the attached markers to shift. In this way, the GelStereo sensor
converts the tactile information generated by contact into the
displacement of markers, which can be captured by the binocular
camera and processed by subsequent sensing algorithms to
extract various tactile information, such as contact point cloud,
slip, and force.

Fig. 2 shows an exploded view of the GelStereo 3-D model,
which has three parts, including a 3D-printed tray with a LED
strip, a binocular camera module, and a gel module. These three
parts are fabricated separately and connected by screws, and this
separation design can ensure that a module can be easily replaced
when it is broken. Specifically, the selected binocular camera
module can obtain stereo frames over 30 FPS by one USB port
connection. The tray is fabricated using white photosensitive
resin, and the attached flexible LED strip provides a stable and
uniform light field by diffuse reflection. The gel module contains
four layers from the outside to the inside: the coating layer, the
markers layer, the gel layer, and the acrylic support plate layer.
Note that the spatial resolution of the lattice pattern is set as
0.9 mm in this article, which is determined according to the
tactile afferent density (140/cm2) of human fingertips [33].

Since light propagates differently in different mediums, we
make a special calibration chessboard to achieve accurate stereo
calibration, as shown in Fig. 3(a). Similar to the markers, the
chessboard pattern is printed to the gel layer by water transfer.
With this specific calibration board, it can achieve an overall

Fig. 4. Finished GelStereo Sensor. (a) Finished GelStereo sensor. (b)
Captured view when touching a screw. Note that a printing error causes
the missing marker in the upper left corner during the assembly process,
and we automatically fill in this marker in practice.

Fig. 5. Procedure of markers detection in the GelStereo frames. (a)
The initial GelStereo frame F . (b) The Gaussian filtered binarized image
F0. (c) The final image with detected blobs.

calibration mean error of 0.64 pixels [see Fig. 3(b)]. The finished
GelStereo and captured binocular views are shown in Fig. 4.

III. TACTILE POINT CLOUD SENSING ALGORITHM

In this section, the high-resolution tactile point cloud sensing
algorithm will be introduced. The GelStereo sensor perceives
the tactile point cloud of the contact surface in two steps. First, a
markers detection and tracking pipeline are proposed to obtain
real-time markers’ position in binocular view. Second, a stereo
matching method is presented to realize one-to-one matching of
markers in the left and right view, followed by the triangulation
principle of the stereo vision to calculate the 3-D tactile point
cloud.

A. Real-Time Markers Detection and Tracking Pipeline

First, the position of each marker needs to be detected and
tracked at each GelStereo frame. Since the imaging system used
to observe the markers is stable and not easily affected by contact
objects and external lighting changes, we directly use the blob
detection method to detect the markers in each binocular frame.

Fig. 5 shows the procedure of locating markers from the initial
GelStereo frame F [see Fig. 5(a)]. F is first processed using
two Gaussian filters and subtracted to remove background noise,
and the filtered binarized image F0 is obtained by binarizing the
GelStereo image with a suitable threshold, as shown in Fig. 5(b).
Then the preprocessed frame is obtained after dilatation and
erosion. Finally, the positions of markers are obtained by running
the blob detection algorithm with fine-tuned parameters on the
GelStereo frame F0 [see Fig. 5(c)].

However, the blob detection algorithm cannot guarantee that
all markers can be detected in each frame, so we propose a
markers detection and tracking pipeline to ensure that, as shown
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Fig. 6. Real-time markers detection and tracking pipeline.

in Fig. 6. Please note that this tracking pipeline is run on the left
and right views simultaneously, and we take the left view as an
example for a detailed introduction.

Fig. 6 shows the proposed pipeline. In the initialization phase,
the initial positions of markers in the view can be obtained if all
markers are detected when there is no touch. In practice, we
realize this process by directly counting the number of blobs
detected in the frame’s valid area. For example, if we detect 625
blobs in F (see Fig. 5), then the tracking positions T is set as
the centroids of the detected blobs

T = C, if FBD(F ) = N

T ∈ RN×2 (1)

where C indicates the position matrix of all detected markers,
FBD(·) is the blob detection function, and N is the number of
total markers (N = 625 in Fig. 5). Thus, the tracking positions
(T) will be updated based on blobs detection results.

Given the current GelStereo image Fi, the detection positions
Ci are first obtained by blob detection algorithm. If Ci contains
all positions, the current tracking positions T will be updated
by Ci directly. Otherwise, the markers in T will be updated if it
is close enough to the detected markers in Ci. Inspired by [32],
we adopt K-nearest neighborhood (KNN) method to obtain the
nearest points correspondences between previous frame T and
current frame Ci, and the corresponding pairs with euclidean
distance lager than manually set threshold d are rejected, which
is proved feasible in practice. Therefore, valid marker pairs
update the corresponding markers in T

C = FKNN,1(Ci,T)

Tn = C(Tn), if L2(C(Tn)− Tn) < d

n ∈ 1, . . . , N (2)

where FKNN,1 indicate the KNN function with K = 1, and C is
the obtained corresponding pairs. C(Tn) is the nth detected
marker’s position in KNN pairs C, L2(·) denotes Euclidean
distance function, and N is the total number of markers. In
practice, d is set to half of the pixel distance between the two
blobs.

In short, the markers tracking positions T will be directly
updated if all makers in the current frame are detected. Oth-
erwise, T will be partially updated through KNN matching
and threshold limitation to ensure the markers’ position update
accuracy. In this way, the number of T can always be kept as N
by the proposed pipeline.

B. Structure-Based Markers Stereo Matching Algorithm

Given the makers tracking positions of the left and right view,
the key step to obtain the 3-D tactile point cloud is to find the

Fig. 7. Illustrations of the sorting problem. (a) We can find a green line
between any two rows to separate the two rows of markers perfectly. (b)
The blue line cannot separate the two adjacent rows of markers.

markers correspondences. Since the image features near each
marker in the left and right views are very similar, the traditional
windows-based stereo matching methods [34] cannot handle
this situation well. The stereo matching deep neural networks
may address the above problem well, but these deep learning
methods usually require a large amount of training data, high
computing power, and cannot guarantee sufficient generalization
ability. Therefore, we propose a structure-based markers stereo
matching algorithm for this specific imaging system.

We first design a robust markers sorting algorithm named
Foresight sorting. The purpose of this sorting algorithm is to sort
the markers in the left and right views from the top to bottom
and left to right. In this way, the sorted markers correspond to
each other in the binocular view, which naturally achieves exact
matching effect.

Fig. 7(a) shows the GelStereo frame when there is no touch.
In this situation, we can sort the markers directly using their
coordinate values because we can find a green line between any
two rows. However, this premise is generally broken when the
GelStereo sensor makes contact, as shown in Fig. 7(b). In this
respect, we present the Foresight sorting method to address this
issue. The key innovation of the proposed sorting method is to
built a foresight space, which is used to expand the row sorting
space to realize the foresight effect.

Specifically, given the tracking positions of the current view
(T), we first sort T on the ordinate and then create a foresight
space S that is twice the width of T. Subsequently, the first two
rows (2r) of T sorted by the ordinate are filled into the foresight
space, and then the r correctly sorted markers are extracted from
the foresight space and deleted from T. Therefore, the extracted
markers of each row can be guaranteed above the remaining
markers of T. Thus, each marker of T is well sorted from top
to bottom and left to right.

The essential step of foresight sorting is to extract the r
correctly sorted elements from 2r-length foresight space S. We
achieve this by applying an outlier detection algorithm based
on abscissa difference, derived from the observation that the
markers’ abscissa in two adjacent rows is usually very close, as
shown in Fig. 7(b). In particular, a correctly sorted space R is
first built to save the qualified markers, and each marker of S
will be input into R as long as its abscissa difference with each
marker in R is greater than the threshold l. In practice, l is set to
one-third of the pixel distance between the two blobs. The whole
foresight sorting algorithm is summarized in Algorithm 1.
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Algorithm 1: Foresight Sorting Algorithm.
Require:

Current markers tracking positions, T ∈ RN×2

Abscissa tolerance, l pixels
The number of columns in T , r

Ensure:
Sorted markers positions, T ′ ∈ RN×2

Init T ′

Sorting T by ordinate
while len(T) > r do

Create foresight space S ∈ R2r×2

S = T[: 2r]
Create row space R ∈ Rr×2

for i = 1; i < 2r; i++ do
flag= True
for j = 1; j < len(R); j ++ do

if abs(S[i][0]−R[j][0]) < l then
flag= False
break

end if
end for
if flag == True then
R ⇐ S[i]
Delete S[i] from T

end if
if len(R) == r then
break

end if
end for
T ′ ⇐ R

end while
T ′ ⇐ T
return T ′

Finally, the tactile point cloud can be computed by the trian-
gulation principle of the binocular vision system. Given one
of the sorted left and right tracking positions, tl and tr, its
corresponding tactile pointP can be calculated by the following:

P = Q× p

p = [tl,h, tl,v, d, 1]

d = abs(tl,h − tr,h) (3)

where tl,h and tl,v indicate the horizontal and vertical axis
coordinates of tl, respectively. The disparity of this point is
denoted by d, and p is the homogeneous coordinate of the
point in the image coordinate system. Q is a 4× 4 perspective
transformation matrix computed by stereo calibration. In this
way, the 2-D position information of the markers in binocular
view can be converted into 3-D point cloud in the left camera
coordinate system.

In this way, the positions of N markers in binocular view
can be tracked by the proposed markers detection and tracking
pipeline, and N tactile point cloud can be obtained by the
designed matching method in real-time.

Fig. 8. Proposed in-hand object localization pipeline. (a) The Gel-
Stereo sensor contacts an M10 screw. (b) The obtained tactile point
cloud. (c) The saliency point cloud detection result (yellow point cloud).
(d) The initial pose of the in-hand screw. (e) The estimated pose of the
contacting screw.

IV. IN-HAND OBJECT LOCALIZATION

This section introduces an in-hand object localization method
based on 3-D tactile point cloud perceived by the GelStereo sen-
sor. It consists of two steps: saliency tactile point cloud detection
and pose estimation by probabilistic point-set registration. The
saliency tactile point cloud detection process is used to extract
the tactile point cloud in the contact area, and the extracted point
cloud can be used to estimate the in-hand pose by point-set
registration.

Fig. 8 shows the proposed in-hand object localization
pipeline. When the GelStereo sensor contacts a screw, the corre-
sponding tactile point cloud is first generated by the tactile point
cloud sensing algorithm introduced in the last section, as shown
in Fig. 8(b). Afterward, the point cloud in the contact area is
detected as a saliency point cloud [yellow point cloud is shown
in Fig. 8(c)]. Given the initial pose [see Fig. 8(d)], the pose of
the contacting screw can be calculated by point-set registration
method, as shown in Fig. 8(e).

A. Saliency Point Cloud Detection

Inspired by [29], the saliency point cloud can be extracted by
setting a threshold in the contact direction, i.e., if the depth value
of a 3-D tactile point on the contact surface exceeds the default
threshold, this point will be considered as a saliency tactile point,
the yellow dots as shown in Fig. 8(b). Given the obtained tactile
point cloudQ ∈ RN×3, the saliency point cloudP ∈ RM×3 can
be obtained by the following:

P ⇐ Qi, if Qi,z > z

i = 1, 2, . . ., N (4)

where Qi is the ith tactile point of the tactile point cloud Q,
and Qi,z indicates its depth value in the GelStereo coordinate
system. ⇐ denotes putting current point Qi into the saliency
point cloud P space. In practice, d is set as 0.35 mm, which is
determined experimentally.

B. Pose Estimation Using Point-Set Registration

After perceiving the saliency point cloud, the grasped object’s
pose can be calculated by points-set registration between the
saliency point-set (source) and the template point-set (target).
In this article, we achieve this by a probabilistic point-set regis-
tration method, namely FilterReg [30].
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Compared to the popular ICP [31] algorithms, the FilterReg
method is not susceptible to noise, outliers, and occlusion thanks
to its probabilistic propriety, which is more suitable for the case
of a noisy saliency point cloud. Moreover, the FilterReg method
is 3–7 times faster than modern ICP algorithms, which can be
considered as a real-time registration method. In this article,
the source and target point-set are set as the saliency tactile
point cloud and the template object point cloud, respectively.
The target object point cloud can be obtained by simple 3-D
modeling or using a handheld scanner device (such as iPhone
12 Pro).

Given a predicted (initial) in-hand pose gsTinit, The target
point-set P ′ is first transformed to this initial pose

gsP ′
init =

gsTinitP
′ (5)

where gsP ′
init indicate target point-set with initial pose in the

GelStereo frame. Then, the transformation matrix Tr ∈ R4×4

of the registration between the source point-set P ∈ RM×3 and
the target point-set gsP ′

init ∈ RM ′×3 is computed by

Tr = Fprobreg(P,
gsP ′

init) ∈ R6 (6)

where Fprobreg(·) indicates the FilterReg registration method, and
M ′ is the number of points in the target point-set P ′. The target
point-set is then transformed to the GelStereo surface, as shown
in Fig. 11(d).

gsP ′
r = T−1

r
gsP ′

init (7)

where T−1
r is the inverse transformation matrix of the obtained

transformation matrix Tr.
Finally, the pose of the in-hand object in the robot base frame

can be transformed by

bP ′
r = bTg

gTgs
gsP ′

r (8)

where gTgs is the transformation matrix between the GelStereo
frame to the gripper frame, which can be calculated by the open-
ing width of gripper and fixed configuration of the GelStereo
sensor installation.bTg describes the desired transformation ma-
trix between the gripper frame and the robot base frame.

V. EXPERIMENTS: DESIGN AND SETUP

The primary goal of our experiments is to examine the
accuracy and robustness of the proposed high-resolution 3-D
tactile point cloud sensed by the novel GelStereo sensor and the
designed in-hand object localization pipeline. In particular, we
design the experiments to answer the following two questions:

1) How accurate and robust are the high-resolution tactile
point cloud acquired by our GelStereo sensor?

2) Is the pose estimation of the proposed in-hand object
localization pipeline precise enough, and how does it
perform in real robot manipulation tasks?

A. Task Design

To answer the two questions, we design a set of experiments
based on the proposed tactile point cloud sensing algorithm and
object localization pipeline using the GelStereo sensor.

Fig. 9. Contact objects and calibration boards. (a) Contact objects (b)
Calibration boards with different protrusion heights (0.4–1.8 mm with
0.2 mm step).

Fig. 10. Four pegs and a USB interface for grasping and insertion
experiments.

Tactile Point Cloud Sensing Task. First, we use the GelStereo
sensor to contact different parts of various objects [see Fig. 9(a)]
with different forces to verify the robustness of the perceived
point cloud.

Moreover, we also design a batch of calibration boards with
different protrusion heights to measure the accuracy of the
acquired tactile point cloud quantitatively, as shown in Fig. 9(b).
The protrusion heights of these calibration broads are distributed
uniformly between 0.4 and 1.8 mm at a 0.2 mm interval, and
each calibration broad is tested five times. The resolution of
0.2 mm is considered to be sufficient for daily robotic grasping
and manipulation tasks.

In-hand Object Localization and Insertion Task. To answer
the second question, we equip the GelStereo sensor to our robot
setup and perform actual robot experiments of random grasping
and inserting different small parts. Instead of fixing the peg at the
end effector, we randomly place the target in the middle of the
gripper, and the alignment process is completed by the proposed
in-hand object localization method. We select four pegs and a
USB interface for this peg-in-hole assembly task, as shown in
Fig. 10. Peg-(a), (b), and (d) are selected inspired by the IROS
robotic grasping and manipulation competition [35]. Peg-(c) is
used to verify whether the proposed in-hand localization pipeline
can handle nonregular-shape object.

Fig. 11 shows a peg grasping and insertion experimental
scenario. The whole process can be divided into three stages:
grasping, alignment, and insertion. For each peg, we first obtain a
template pose for its corresponding hole, as shown in Figs. 11-3.
Therefore, the adjustment pose of the robot can be computed
by the transformation between the in-hand pose (blue) and the
template pose (green). After pose adjustment, the robot will
insert downward to the hole.

We chose this insertion task because the true value of the
in-hand pose is difficult to obtain, and the insertion success
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Fig. 11. Robot motion, gripper width, perceived tactile point cloud, and the estimated robot’s pose are shown with the corresponding stages of an
in-hand object localization and insertion task. The Grasping stage (1–2), Alignment stage (3–4), and Insertion stage (5–8).

rate can be considered an indirectly quantitative analysis of the
localization accuracy. Note that this task’s assembly tolerance
is less than 0.3 mm and without the aid of other model-based or
learning-based assembly skills.

Furthermore, we also compare the FilterReg method with the
traditional RANSAC [36]+ICP method for point-set registration
in the proposed in-hand object localization pipeline. The two
methods are tested on each peg 36 times and the USB interface
for ten times.

B. Implementation Details

In the GelStereo frame preprocessing stage, we adopt a 1× 1
MORPH_ELLIPSE kernel in the dilatation and erosion steps,
and two Gaussian kernels are set as 3× 3 and 51× 51, respec-
tively. We set the threshold to 220 (Range: 0–255) to binarize
the filtered GelStereo image.

For each accuracy measurement experiment, we record the
perceived tactile point cloud when the bottom plane of the
calibration board fits the sensor contact surface exactly. This
setting ensures that the saliency point cloud perceived by the
GelStereo sensor is exactly the raised part of the calibration
boards.

To protect the sensor, we set up two triggers during the in-
hand object localization and insertion tasks. One is a grasping
stop trigger during the gripper closing process, which will be
triggered when the average markers’ motion (compared to the
moment before grasping) exceeds a safety threshold. This safety
threshold is set as 10 pixels in this article to avoid damage to the
sensor while holding the small part. The other one is an insertion
stop trigger during the insertion process, i.e., the robot will stop
insertion when the average markers’ motion (compared to the

moment before insertion) exceeds a safety threshold, which is
set as 5 pixels in this article.

Both the tactile point cloud sensing algorithm and the in-
hand object localization are running on a PC (Intel Core i7-
7700K@4.2 GHz, 8 cores, and no GPU), and all codes are
implemented by Python OpenCV, Open3D [37] and ROS de-
velopment package. In practice, the tactile point cloud sensing
algorithm achieves about 15 FPS on this platform.

VI. EXPERIMENTS: RESULTS

A. Tactile Point Cloud Sensing Experiments

Qualitative Visualization. Fig. 12 visualizes the qualitative
results when the sensor contacts various objects with different
forces. The first row shows various contacted objects, such as
screw, key, etc. When the GelStereo sensor contacts these objects
in the pose shown in the second row, the corresponding perceived
tactile point cloud and tactile images are shown in the third and
last row of Fig. 12, respectively.

These tactile images indicate that the proposed GelStereo
sensor can obtain high-resolution and contact-sensitive tactile
information, especially when contacting a key [see Fig. 12(d)],
which strongly demonstrate the effectiveness and robustness of
the design and fabrication scheme of the proposed GelStereo
sensor.

Quantitative Analysis. To further quantitatively analyze the
accuracy of the proposed tactile point cloud sensing system,
we use a branch of calibration boards to perform accuracy
measurement experiments. Some of the perceived point cloud
are shown in Fig. 13.

We successively attach calibration boards with different pro-
trusion heights (0.4–1.8 mm) to the sensor contact surface and
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Fig. 12. Visualization results of the GelStereo sensor contact with different objects. First row: objects illustration. Second row: the configuration
of the sensor contact objects. Third row: perceived tactile point cloud visualization (saliency point cloud are shown in yellow points). Last row: the
corresponding left view of each contact. (a) An M10 screw. (b) A lighting-to-3.5 mm connector. (c) An SD memory reader. (d) A key. (e) An irregular
plastic part. (f) A Samsung USB flash drive.

Fig. 13. Some perceived tactile point clouds illustration of the accu-
racy measurement experiments, where the yellow points indicate the
detected saliency tactile point caused by the protrusion parts of different
calibration boards. (a) 0.4 mm protrusion. (b) 0.8 mm protrusion. (c):
1.2 mm protrusion.

record the corresponding detected saliency tactile point cloud.
Theoretically, the smaller the height difference, the higher the
sensing accuracy of the proposed tactile point cloud sensing
system. The measurement error box plot between true height
and perceived height is shown in Fig. 14, and the detailed
measurement mean/std analysis is shown in Table I.

Table I shows that the measurement error is lower than
0.06 mm, which is completely tolerable in the daily manipulation
tasks, verifying the accuracy of the proposed tactile point cloud
sensing method from a quantitative perspective. In conclusion,
the qualitative and quantitative analyses of the perceived tactile
point cloud have answered the first question: the high-resolution
3-D tactile point cloud acquired by the GelStereo sensor is
accurate and robust enough for robotic manipulation tasks in
our daily life.

Fig. 14. Box plot of the tactile point cloud measurement result.

TABLE I
MEASUREMENT ERROR MEAN/STD ANALYSIS

B. In-Hand Object Localization and Insertion
Experiments

Table II presents the assembly success rate of different pegs
with the two registration method. The insertion results show
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TABLE II
INSERTION SUCCESS RATE OF DIFFERENT PEGS

Fig. 15. Pose illustrations of some failed insertion case. 1©: Peg-(d)
with −0.21 rd roll angle. 2©: Peg-(a) with 0.78 rd pitch angle. 3©: Peg-(c)
with 0.27 rd roll angle. 4©: Peg-(e) with 0.47 rd pitch angle.

TABLE III
ALLOWABLE POSE RANGE OF DIFFERENT PEGS

that the proposed FilterReg-base pose estimation method out-
performs the traditional RANSAC+ICP method for all pegs and
achieves an average 85.71% insertion success rate. Especially
for the USB interface insertion [Peg-(e)], the RANSAC+ICP
method only succeeded twice in ten insertion experiments, while
the FilterReg-based method succeeded six times. These results
powerfully demonstrate that the probabilistic model can achieve
more accurate and generalized registration than the traditional
ICP-based method for the proposed in-hand object localization.

Moreover, we find that the insertion failure cases are con-
centrated in the case of relatively large pitch and roll angle
(GelStereo frame), as shown in Fig. 15. Our analysis is because
when the pitch angle or roll angle is relatively large, the robot
needs to make a larger pose adjustment. Due to errors in coordi-
nate system conversion, high-precision insertion is easy to fail
without the assistance of other assembly models.

We further count the pose adjustment range that the proposed
in-hand object localization method can handle for different pegs,
as shown in Table III. The results show that the allowable
range increases as the clearance increases, consistent with our

Fig. 16. Alignment and insertion process of a successful USB inter-
face assembly experiment. Upper: Robot state sequence. Middle: Pitch
angle, Roll angle, and GelStereo markers motion curve. Lower: The
corresponding perceived tactile point cloud sequence.

intuition. Moreover, the peg-(c) achieves the largest allowable
roll range, which is caused by the irregular geometric shape of
its cap that is more likely to produce an in-hand pose with a large
roll angle.

Fig. 16 shows the robot pose Rx (GelStereo pitch angle), Ry
(GelStereo roll angle), GelStereo average markers motion, and
perceived tactile point cloud during a successful case of aligning
and inserting the USB interface. At the moment-(a), the USB
interface pose is computed by the proposed in-hand localization
method, and the obtained pitch angle and roll angle are 0.33 and
−0.04 rd, respectively. The robot then adjusts the end-effector
pose Rx and Ry accordingly and complete the pose adjustment
at the moment-(b). Moment-(c) and (d) indicate the robot and
GelStereo point cloud states during insertion. Finally, the USB
interface is successfully inserted into the base and turn on the
light, as shown in Fig. 16-Moment-(e).

VII. CONCLUSION

This article presented a novel tactile sensor based on stereo
vision, namely GelStereo, which can perceive tactile point cloud
with high-spatial resolution in real-time. With this sensor, we
also proposed a registration-based in-hand objects localization
pipeline for robotic manipulation tasks. In the experimental
sections, extensive qualitative and quantitative experiments were
performed, and the results strongly demonstrated the robustness
and accuracy of the sensor’s design and the proposed tactile
point cloud sensing algorithm.

Furthermore, we also conducted extensive in-hand object
grasping and insertion experiments on our robot platform. The
experimental results showed that the proposed in-hand object
localization method achieves an 85.71% insertion success rate
on five objects with different size, geometry, and clearance,
which strongly indicate the accuracy and robustness of the
proposed in-hand object localization method.
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The designed GelStereo sensor and the in-hand object pose
estimation pipeline had predictable application potential in more
robotic dexterous manipulating tasks. In the future, we will
explore more tactile modal information sensed by the GelStereo
sensor, including force estimation, dense surface reconstruction,
and slip detection. Furthermore, The allowable range of the
proposed pose estimation pipeline can be further extended by
combining other learning-based assembly models.
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