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Abstract
In this paper, we present a robotic workcell for task automation in footwear manufacturing such as sole digitization, glue
dispensing, and sole manipulation from different places within the factory plant. We aim to make progress towards shoe
industry 4.0. To achieve it, we have implemented a novel sole grasping method, compatible with soles of different shapes,
sizes, and materials, by exploiting the particular characteristics of these objects. Our proposal is able to work well with low
density point clouds from a single RGBD camera and also with dense point clouds obtained from a laser scanner digitizer.
The method computes antipodal grasping points from visual data in both cases and it does not require a previous recognition
of sole. It relies on sole contour extraction using concave hulls and measuring the curvature on contour areas. Our method
was tested both in a simulated environment and in real conditions of manufacturing at INESCOP facilities, processing 20
soles with different sizes and characteristics. Grasps were performed in two different configurations, obtaining an average
score of 97.5% of successful real grasps for soles without heel made with materials of low or medium flexibility. In both
cases, the grasping method was tested without carrying out tactile control throughout the task.

Keywords Robotics · Grasping · Manufacturing automation · Footwear · Shoe soles

1 Introduction

Traditionally, use of technology in footwear manufacturing
has been mainly focused on applying CAD/CAM processes
to improve shoe appearance and ergonomics [1]. Technol-
ogy enables the shoe industry to reduce defects, achieve
high-quality standards [2], and perform personalized pieces
[3]. Besides, virtual reality (VR) technologies are being
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successfully applied to create new footwear models, provid-
ing interactive experiences for the visualization of fashion
shoes [4].

Throughout the last decades, many efforts have been
made by the shoe industry to fully or partially automate
some parts of the manufacturing process [5]. However,
shoe making involves many tasks, and many of them still
employ human operators. Some of these tasks are done
by a worker using manual shoe making tools, while oth-
ers involve human interaction with a specific machine, i.e.,
material cutting of each shoe pattern, sewing machines for
stitching, cementing and pressing machines for assembling
parts together, etc. For this reason, the future of automa-
tion in footwear industry will require promoting the use of
robots [6]. In state of the art, there are innovative solutions
combining image processing [1, 7] or 3D visual perception
with robots [8], e.g., to generate trajectories to cut leather
[9] or for robot shoe-groove tracking from feature extraction
on the surface of a scanned shoe upper [10]. Furthermore,
we can find shoe glue application systems based on visual
techniques using shape reconstruction and guided by robotic
end-effectors [11, 12], and kinematic control of robots to
perform buffing and roughing operations on shoe uppers
[13, 14]. Moreover, robots have also been introduced in
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other finishing operations such as polishing cream and spray-
ing [15] or collaborating with humans in shoe-packaging
process [16]. However, there are tasks where robots have not
been introduced yet or they have not been correctly adapted
to the variability of the manufacturing process.

In this work, we propose a robotic workcell with a
novel visual perception method to compute grasping points
in two different scenarios that occur in the manufacturing
process. The first scenario consists of soles travelling on
a conveyor belt, while the second has soles resting on
a custom location. Fashion trends induce high variability
in shoe shape and make the grasping task challenging.
Recently, reinforcement learning techniques driven by
computer vision were used to perform isolated operations
of shoe grasping [17]. Even with these techniques, it is still
difficult to accomplish a re-configurable robotic workcell
at a competitive working speed. Our work is inspired
by [18], but, unlike this one, our cell works without the
support of other specific machines (e.g., for roughing and
cementing). In that work, authors tested the proposal with
only one type of shoe, while our system has been tested
with 20 different models. Footwear grasping is also present
in [19], where authors defined a system to perform pick-
and-place operations on the last taking 3D model templates
as references. We propose to increase system flexibility
without using templates or prior knowledge of the shoe
model, and without relying on reinforcement learning. Our
goal is to move towards a flexible and automated footwear
industry 4.0 according to the fundamental underlying design
principle presented in [20].

RGBD cameras and robots were successfully used for
glue application on shoe soles as shown in [8]. Our proposal
allows a robotic arm endowed with a gripper and a RGBD
camera to grasp any type of sole regardless of size and
model. Usually, size depends on foot length and model
defines the kind of material (rubber, plastic, leather, etc.),
texture (rough, smooth, etc.), and color. Our method grasps
the sole from its contour, avoiding parts with adhesive/glue,
so that the gripper is not damaged and the pressing process
can be done successfully later. We tested our workcell with
20 real soles of various sizes and characteristics, performing
10 tests per sole in a real environment at INESCOP
facilities.

This paper is organized as follows. Section 2 presents
the footwear manufacturing process and the current level
of automation. Section 3 presents our robotic cell for
sole manipulation in assembling operations of footwear
manufacturing. Section 4 details the algorithm used in
the cell to select the best grasp on soles. Section 5
shows the obtained results using real soles with different
features. Finally, Section 6 summarizes our findings and
contributions, shows the main limitations of this work, and
draws some future research lines.

2 Traditional issues of footwear
manufacturing

Shoe making has always been considered a traditional
handicraft process. Shoe manufacturing process consists of
many operations which depend on the variety of materials
(i.e., fabric, plastic, leather, rubber, foams, etc.) the shoe is
made of, as well as on its design. Design is very different
according to the kind of shoe (dress, sport, boot, sandal,
etc.), its application (i.e., business shoes, derby, sneakers,
etc.), and fashion trends. Some of the main operations
are cutting, stitching, assembling, cementing, and finishing
(Fig. 1). Each of them requires several tasks.

Cutting deals with the upper of the shoe and it is
composed of tasks such as leather selection, marking
the pattern within the selected leather piece, and cutting
the shape of the upper. The upper patterns must be cut
distributing them along the leather sheet, in order to make
the best use of space, but, at the same time, avoiding any
flaws in the raw material.

Stitching encompasses all the tasks performed to
assemble the pieces that make up the shoe. This operation
requires a minimum of two workers, one for part assembling
and other for sewing. Furthermore, in this phase, some
pieces are split so that the overlap among them does
not increase its thickness. Besides, some degree of edge
thickness is removed to enable bending motion. Prior to
stitching, other tasks, such as stamping of some pieces or
punching to add the eyelets where the shoelaces would be,
can be required.

During the assembling process, the finished upper is
molded into a foot shape using a piece called the last
(Fig. 2). To do this, the insole is fixed to the last. Both the
upper and insole are fixed to each other with adhesive or
nails. Then, a stiffener and a side lining piece are included
to give support to the sides of the upper when the last is
removed. Finally, exterior and interior pieces are assembled
and closed together.

The next phase is cementing. First, the molded upper
is bevelled, staples or nails removed from the insole, and
the surface smoothed. Afterwards, adhesive is applied on
previously defined areas of the outsole to fix it with the
assembled insole and upper. Sometimes, adhesive activation
with heat is required before proceeding with the binding
together of the insole and outsole. Last, the outsole is placed
on the insole and pressed to consolidate their anchoring.
Finally, the finishing process comprises adding finishing
touches such as attaching heel, extracting the shoe from the
last, ironing, and polishing.

In the last years, footwear manufacturing has become
a hybrid process combining three kinds of operations:
handmade, machine-aided, and completely automatic with
appropriate specific machines. Table 1 summarizes the main

812 Int J Adv Manuf Technol (2021) 114:811–827



Fig. 1 Several shoe
manufacturing stages. a Cutting.
b Stitching. c Shaping. d
Adhesive application. e Sole
assembling. f Pressing

(a) (b) (c)

(d) (e) (f)

characteristics of the stages shown in Fig. 1. Nowadays,
cutting operations have been fully automated with shoe
pattern design software and laser cutting robots, while
stitching is mostly made by humans with little or almost
no machine assistance. On the other side, assembling and
cementing are often performed by humans using non-
automatic machines.

This work focuses on presenting an automation solution
based on strategies of robotic manipulation and 3D com-
puter vision techniques to automate some tasks of the
cementing operation. Our aim is to replace operators and
machines working at this operation with a combination of
robotic arms and fully autonomous machines. The most
challenging task of the cementing phase is outsole manip-
ulation. Outsoles are very thin objects, which makes them
difficult to grasp.

3 Fabrication cell architecture

3.1 Virtual scenario

We assembled a virtual scenario of the fabrication cell
(Fig. 3) to assess its performance. The virtual scenario
emulates the real setup of the cell and it will be imported

Insole

Outsole

Upper

Last

Fig. 2 Diagram of a shoe and its last

into Robot Operating System (ROS) [21] to allow simulated
runs of the process and diagnose potential issues before
performing real experiments.

Our fabrication cell is made up of several stations with
well-differentiated tasks: scanning and grasping station,
rotation station, and assembling station. Each of them
uses different visual perception systems to accomplish the
interaction with the environment and in each one the number
of robots involved is different. First station performs three
main tasks on the outsole: scanning, applying glue, and
picking up. We use two robots and a laser digitizer for
this task. Once the sole is picked up, it is transferred to
the rotation station. This station consists of a specially
crafted place easily accessible from above and below.
This allows the sole to be picked up a second time
from below to be correctly orientated to carry out the
assembly. In the assembly station, the sole is left on a
last to be pressed in a future extension of the cell. For
these last tasks, we used a single robot with eye-to-hand
configuration and a RGBD camera instead of the laser
digitizer.

3.2 Real implementation

First, when a sole is placed on the starting position, the
conveyor belt turns on and the process begins. For outsole
scanning, we use a Gocator 2350D 3D Laser Line Profile
Scanner containing a megapixel image sensor that provides
up to 1280 points per profile with a resolution of 0.150
mm along the line and 0.019 mm in depth. The scanner is
mounted on a structure and attached to a certain position
on the conveyor belt. Once the outsole comes out from the
scanning box, the belt stops and a Comau Smart Six-6-
1.4 robot with a nozzle on its end-effector applies hot glue
to it. Finally, the outsole reaches the pickup zone and an
UR10 CB3 robot with a Robotiq 2F-140 gripper picks it
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Table 1 Characterization of shoe manufacturing stages according to the required skills and the automation level more frequently used

Stage Skill Precision Force Machine-aided

Cutting Low Medium Low Laser cutting machine/robot

Stitching High High Low Sewing machine

Assembling upper and insole High Medium Medium Stapler/pre-forming/pulling over machine

Applying adhesive (cementing) Medium Medium Low Manual with hand tools

Sole assembling (cementing) High High Low Manual without hand tools

Pressing (cementing) Low Medium Low Pressing machine

Finishing High Medium Low Iron/cutter/spray gun/brush machine

up. In this first station, we will focus on the grasping of the
outsole from the conveyor by the UR10 robot. Our input
is the digitized outsole obtained from the scanner and the
conveyor position obtained from the encoder of its electric
motor.

We can make a Gantt chart of the activities performed
in this fabrication cell to show their dependencies and what
we will focus on (Fig. 4). Once the outsole is scanned, the
digitized data is available and the grasping point process
calculation starts. Grasping points must be calculated during
the time required for the application of hot glue and before
the outsole reaches the pickup zone, in order to avoid
idle times and perform the process as fast as possible.
This requirement makes the grasping point calculation our
critical task. It is one of the main contributions of this work.
We must find a way to calculate these grasping points in
a fast and effective manner from the point cloud acquired
from the digitizer.

Once the sole is grasped and picked up, it is directly
transferred to the rotation station. The sole is now resting

UR10 CB3

2F-140

Scanning box

Conveyor belt

Pickup zone

Comau Smart

Six-6-1.4

Starting 

position

RealSense D415

Rotation station

Assembly

station

Fig. 3 Virtual scenario

on two metal rods that allow it to be easily accessed from
below. In order to be assembled on the last, the sole must
be picked up from below. The UR10 CB3 robot has a Intel
RealSense D415 depth camera attached to its end-effector
and it is positioned below the sole to take a picture of the
inferior part of it. Grasping points are now calculated again
to pick the sole from this new position and transfer it to the
assembly station. The process ends with the sole laying on
the last to be pressed in a future stage.

3.3 ROS implementation

We will reproduce the grasping task of this scenario in ROS,
with the aim of simulating, and eventually controlling, the
real robot during the process (Fig. 5).

For this task, we use Ubuntu 16.04 and ROS Kinetic. We
use RViz, the primary visualizer in ROS, with the MoveIt!
Motion Planning Framework [22] plugin to build a virtual
environment that will be ultimately configured to connect to
the physical robot and perform the real motion. We import
all the CAD models of the physical bodies interacting in
the scenario to the simulation. While the UR10 robotic arm,
the 2F140 gripper and the RealSense D415 camera have
ROS models available from their manufacturers, we must
also import several custom bodies into ROS: conveyor belt,
scanner box, UR10 structure, rotation station, and assembly
station.

3.4 Calibration

For the real setup to work correctly, the relative positions
of all the elements must be correctly defined (Fig. 6). In
order to make the assembly easily reproducible in case
of an eventual relocation, all of the elements are fixed
to a custom structure that lays underneath, which makes
calibration easier avoiding undesired relative movements of
the elements.

First of all, we define the global reference frame, Fo,
at the base of the UR robotic arm. The transformation e

oT

defines the position and orientation of the reference frame
end-effector of the robotic arm, Fe, and it is calculated using
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Fig. 4 Gantt chart of the
fabrication cell. Color code:
green, activities developed in
this work; striped green, critical
task maximum duration; grey,
inputs for developed activities;
black, other workcell activities
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Return to initial position

Travel to assembly station

Grasping procedure

Grasping point calculation

Turn around arm motion

Travel to rotation station
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Hot glue application

Sole scanning

Conveyor belt motion
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Time (s)

the Denavit-Hartenberg algorithm [23]. The model is fine-
tuned using the calibration parameters retrieved from the
robot’s controller. We have calibrated the position of the
laser scanner reference frame, Fs , using the CAD model of
the virtual scenario and verified it using the robot’s end-
effector, therefore obtaining the transformation matrix s

oT .
Glue application, which is not in the scope of this work,

requires the transformation s
rT from the COMAU reference

frame, Fr , to the scanner reference frame, as well as the
position of the COMAU end-effector frame Fn, which are
calculated the same way as before.

The final step, and probably the most important one, is
camera calibration. We are obtaining depth pictures from
the camera with a height of 720 pixels and a width of

/conveyor_server

RViz + MoveIt! Motion Planning

/move_group

/cloud_processor

Cloud processor

/pointcloud_server

Digitized shoe serverConveyor position server

/plan_motion

Motion planner

Point cloud

Grasping

points

Conveyor

position

Point cloud

Robot motion plan

Feedback

Motion

commands

Feedback

/robot_camera

Robot camera Real world

Grasping

points

Fig. 5 Layout of the ROS implementation
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Fig. 6 Real scenario calibration scene

1280 pixels. The camera intrinsic parameter matrix, K =⎛
⎝

916.46 0 633.48
0 914.11 367.75
0 0 1

⎞
⎠, is obtained from the camera’s

firmware, along with depth-scale parameter (d = 0.001).
Using this information, depth images are transformed to
point clouds by our software. We have used a custom
software to obtain the camera’s extrinsic parameters. We
need to obtain the transformation c

eT from the camera
reference frame, Fc, to the UR end-effector frame. This
problem is usually referred as camera hand-eye calibration
with a robot-mounted sensor (eye-in-hand). In order to
do this, a calibration checkerboard grid is located on a
known position on the conveyor belt structure and the
robot end-effector is moved to several positions where
this board is visible, where we take pictures at each of
those positions and detect the center of the board in every
picture. Using this information, we can fit a transformation
between the end-effector position and the camera origin,
obtaining the extrinsic parameters of the current camera
configuration. A point expressed in the camera’s reference
frame, pc, is converted to global coordinates, po, using:
po = e

oT
c
eT pc.

4 Robotic grasping algorithm

4.1 Grasping points

In the scanning and grasping station, we use a custom
version of the GeoGrasp software modified for the specific
task in hand. GeoGrasp [24] is an algorithm designed for

the computation of grasping points for unknown objects
using a point cloud acquired from a single partial view of
a scene. Even though originally designed for usage with
RGBD cameras, it has been adapted to process point clouds
obtained from a laser scanner. It is an important contribution
of this work.

This algorithm extracts geometric features, i.e., centroid
and first eigenvector, from the object point cloud using
principal component analysis (PCA). We use standard
methods from Point Cloud Library (PCL) [25] to perform
PCA on the point cloud. Using these features, the algorithm
obtains two candidate regions Q1 and Q2. These regions
are determined by the intersection of the outermost part of
the cloud with a plane defined by the centroid c and the
first eigenvector v, considering gripper grasping tip width.
The algorithm ranks combinations of points from these
regions based on local curvature using a custom ranking
function. The best-ranked pair guarantees the most stable
grasp configuration G = {g1, g2}, given the view conditions
(Fig. 7). A more detailed explanation can be found at [24].

Fig. 7 GeoGrasp algorithm on a shoe sole
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Unlike point clouds obtained from RGBD cameras
containing a few thousand points, those obtained from laser
line profile scanners have a much bigger resolution, usually
containing several hundred thousand points for similar
dimension objects. We have tested these extremely dense
point clouds with this algorithm and it is unable to process
them. We could only achieve grasping point generation with
aggressive voxelization, reducing significantly point cloud
size and obtaining grasping points inside the contour of the
outsole, making them unsuitable for this application.

Assuming the object to grasp has a uniform density
and no significant differences in height, which is normally
the case for an outsole, we can keep only the outermost
points of the object. This contour is exactly the place where
the outsole should be grasped. Under these assumptions,
the center of gravity of the contour is an acceptable
approximation of the center of gravity of the original object.
We will obtain the contour of the point cloud taken as a 2D
hull on the dominant plane, reducing point cloud complexity
and significantly decreasing processing time. The algorithm
performs PCA feature extraction, i.e., centroid and first
eigenvector, from the contour to calculate grasping points.
However, if the sole has very distinct characteristics,
deviations introduced by hull generation are corrected with
those extracted from the original cloud (Algorithm 1), using
these features to calculate the grasping points on the outsole
contour. Figure 8 shows that this method is useful to correct
deviations produced by gaps in hull generation (Fig. 8d),
non-uniform hull sampling (Fig. 8b), or by non-standard
sole typologies (Fig. 8c).

In order to extract the object’s contour, we must obtain
a hull of it. To achieve this task, we will use alpha shapes,

a well-known concept in computational geometry intro-
duced in [26], and for which there is a straightforward
implementation in PCL. First, we will define α as the curva-
ture of a disk of radius r = 1/α. This is the main parameter
of the alpha shape. Taking as input a finite set of points, two
members of it make up an edge of the alpha shape if a disk
of radius r with those two points lying on its boundary, and
containing none of the other points of the set, exists. Alpha
value determines two types of hulls: convex and concave
hulls.

The least computationally expensive process is convex
hull generation. This corresponds with a value of α = 0,
causing the disk to become a half-space. Intuitively, we can
think of a convex hull as the smallest polygon enclosing
a given distribution of points. This hull is greater than (or
equal to) the real contour; some points that belong to the
real contour are left inside, but none outside of its borders.
When the contour has a certain concavity, a convex hull
is not a valid approximation to the real contour. We will
perform this using the ConvexHull function implemented in
PCL, which uses the QuickHull method [27]. This algorithm
reduces point cloud size in a short amount of time.

Concave hull algorithms are significantly more complex
and require much more computational power. In this case,
PCL also provides a function to calculate concave hulls,
ConcaveHull, from the same authors [27]. This case corre-
sponds with an alpha value of α > 0, and we must provide
this value to the function. An optimum value for sole
hull generation of α = 0.005 was obtained in a previous
experimentation found in [28].

Once this concave hull is obtained, it is used as input
for the GeoGrasp method as shown in Algorithm 1. In our

Fig. 8 Example of generated
grasping points G obtained
using Algorithm 1 on concave
hulls with PCA correction. a
BallerinasEVA outsole. b Unisa
outsole. c 9100 outsole. d Trip
outsole

(a) (b)

(c) (d)
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proposal, the PCA values of the original cloud C
n×3
s are

used as input to correct those of the concave hull Ps and
grasping points G are calculated (Algorithm 1).

For the rotation station, we use GeoGrasp on the point
cloud C

n×4
c obtained from the RGBD camera mounted on

the robotic arm’s end-effector. In this case, the obtained
point cloud has such a size that it can be processed
directly by the algorithm. We must trim the raw point
cloud to remove the background and select only the region
of interest where the object appears for the algorithm to
calculate the grasp in that region. For this purpose, we
use geometric segmentation to select the range in three-
dimensional coordinates where the grasping calculation
should focus on. Thus, we compute D

k×4 which represents
the region of interest. In this case, it is the place between
the metal rods shown in Fig. 3, which is where the gripper
will access the lower part of the sole to perform the grasp.
Workflow is shown in Algorithm 2.

4.2 Kinematic analysis and planning

Shoe soles have a wide variety of sizes and shapes, we
must select a gripper capable of performing grasps with
different widths and depths. Our dataset is composed of sole
samples with a height ranging from 0.5 to 3.5 cm and a
width between 5 and 8.5 cm at their central section.

We have selected the 2F-140 gripper from Robotiq
which has an maximum opening range of 14 cm and an
available CAD model from the manufacturer. We can easily
determine the kinematics of the gripper to obtain analytical

expressions for the opening of the gripper (Eq. 1) and the
distance from the base to the tips of the fingers (Eq. 2).

Opening = 2
(
L2x + L2 cos(Θ2 + Θo) − Lp

)
(1)

Height = L2y + L2 sin(Θ2 + Θo) + Lh (2)

The gripper is symmetric left to right (Fig. 9). For this
analysis, we reduce the gripper mechanism to a 2D planar
four-bar linkage on the right symmetric part. It is a quadri-
lateral mechanism with a parallelogram configuration. The
lengths of its sides are equal in pairs; this causes the mech-
anism to have purely rotational motion around the anchor
points while the orientation of its end-effector is fixed. The
outermost bar has a passive degree of freedom that allows
the gripper to adapt to the surface of the object it is grasp-
ing. We must also consider that the angle expected by the
gripper is relative to the maximum opening angle.

This gripper has six parameters and one degree of free-
dom. The first two parameters, L2x and L2y , are the coor-
dinates of the pivoting point of the mechanism in the local
coordinate reference frame. L2 parameter defines the fin-
ger length, while Lp and Lh are the fingertip pad width and
length respectively. The maximum opening is 14 cm, and
corresponding with Θ2 = 0. Θo is the angular offset of the
finger with respect to the local x-axis at the starting posi-
tion. From the desired grasp width, we calculate the required
distance of the robot end-effector to the sole to perform a
successful grasp.

Execution of grasps on the real implementation has shown
to be dependent on the gripper characteristics, beyond the
correctness of the calculation of the grasping points. The
2F-140 gripper has rigid thumbs that are unable to adapt
to the shape and materials of the soles, producing slippage
when performing the grasp and pickup of soles from the
conveyor. We developed a specially crafted thimble printed
using a flexible plastic material to increase the friction and
obtain a better fit to the sole shapes. All the grasps in the
conveyor and the latter rotation station were performed with
a thimble-equipped gripper, calibrating gripper fingertip
parameters Lp and Lh to account for it.

L2

x

y

(L2x, L2y)

Θoffset

Θ2

Lp

Lh

HEIGHT

OPENING

Opening
Height

0 10 20 30 40
0

50

100

150

200

(degrees)

D
is
ta
nc

e
m
m

)

)

Θ2

Fig. 9 Kinematic characteristics of the gripper
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To assure repeatability in an industrial environment,
nothing can be left to chance or sheer luck. The MoveIt!
Motion Planner uses the Open Motion Planning Library
(OMPL) based on randomized motion planners. It takes
starting and target points (or starting and target robot
poses) as input and outputs a suitable trajectory: a series
of intermediate positions (or robot poses) the robot has
to reach in order to perform the motion. In most cases,
when planning the motion of the robot from one location in
Cartesian space to another, it will find a smooth trajectory
following the shortest or optimal path (resembling a straight
line if there are no collision obstacles). However, due to the
random nature of the planner, it can find a path that performs
some strange or sharp motions outside of the predictable
trajectory. Despite that the working range can be limited by
safety plane boundaries, these uncontrolled motions can be
dangerous in an industrial environment and when working
in a location frequented by human operators.

We have implemented a planned motion checker to avoid
this kind of undesirable behavior (Algorithm 3). When the
motion planner calculates a trajectory for the robot, the
role of the planned motion checker is to validate it. The
distance from the starting and target position of the end-
effector is compared to the total distance travelled along the

points that the planner has calculated for the trajectory. If
the deviation is greater than a specified value, the planner
is commanded to calculate a new trajectory; otherwise, the
trajectory is taken as valid. Recalculation of the trajectory
is performed a given number of times, if all of them
result in defective trajectories the execution is interrupted
awaiting user confirmation. This is a fail-safe mechanism
that allows our cell to be suitable for application in an
industrial environment. We will set a maximum admissible
deviation parameter md that is dependent on the motion to
be executed; in most cases, setting a maximum deviation
20% is enough to obtain safe trajectories, but there are
some cases (i.e., when the end-effector has to perform a
considerable orientation change) when this value has to be
manually set to a much higher value.

Figure 10 shows a comparison of two trajectories
generated by the MoveIt! Motion Planner for the sole
pickup task at the conveyor station. Both trajectories were
generated using the same starting and target points, and
both of them are seemingly valid. However, one of them
follows almost a straight line, while the other performs a
high deviation trajectory that makes the robot go outside
the reasonable working space. Figure 10b shows the end-
effector position for both of the calculated trajectories.
The number of points in the planned trajectory, k, can
vary greatly from one planned motion to another. At first,
the number of trajectory points could seem like a way
to distinguish between suitable and unsuitable trajectories,
but checking the travelled distance has been proven to be
much more robust and reliable. The distance between the
starting point (red) and the target point (green) is 0.518
m. A suitable trajectory will try to follow the shortest path
possible; in this case, it results in a path with a covered
distance of 0.534 m, resulting in a 3% distance deviation.
A high deviation trajectory finds another possible trajectory
where the end-effector pose achieved is the same, but a
much longer distance is travelled, 2.63 m corresponding to
a 407% deviation. When a high deviation trajectory that
exceeds the maximum permitted value is found, as in this
second case, the checker flags it as unsuitable and planner
is commanded to recalculate the trajectory.

5 Experiments

5.1 Grasping points calculation from the conveyor
belt

The input to our algorithm (Algorithm 1) is a dense point
cloud obtained from a digitizer. GeoGrasp can successfully
calculate grasping points on the concave hull of an outsole in
tens of milliseconds, while it could not calculate them in the
original cloud due to the great amount of points it contained.
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Fig. 10 Planned motion checking using Algorithm 3. a Motion to be planned. b 3D representation of trajectories. c Trajectory joint values. Solid
lines: suit-able trajectory, dashed lines: high deviation trajectory

To check how good a representation of the real outsole
this concave hull is, we perform a comparison between
grasping points generated in three scenarios. In scenario 1,
we calculate the grasping points for the concave hull of
a outsole with α = 0.005. For scenario 2, this concave
hull is extended with its k-Nearest Neighbors (k = 10)
using the PCL implementation based on FLANN [29]. The
third scenario calculates grasping points on the concave hull
correcting its center of mass and principal component to
those of the original cloud computed using PCA. To do
this, we have created a dataset with 20 sole models from
commercial footwear. These soles are of various sizes and
have different characteristics. We have chosen all of them
from the right foot to be able to make a fairer comparison
between them, but the method would work the same way if
they were left foot soles.

First, we perform PCA on complete clouds, obtaining
the centroid and first eigenvector of them. We can compare
these values to those obtained from PCA on the concave hull
and its extension containing the hull’s 10-NNs. Figure 11
shows the mean and standard deviation of the centroid and
first eigenvector with respect to the PCA of the original
cloud, along with individual values for each of the outsoles,
normalized to expected value (Eq. 3).
∥∥∥∥
PCA(Cn×3

s ) − PCA(Ps(C
n×3
s ))

PCA(Cn×3
s )

∥∥∥∥ (3)

We can see a decrease in deviation of the hull cloud
centroid with respect to the original one if we enhance
the cloud with its nearest neighbors (NN), while the first
eigenvector deviation remains practically the same. The
improvement is not significant enough to compensate for
the processing time required to look for 10-NNs of all of
the points of the hull (Fig. 12), but we can try a different
approach. Because we want to perform grasps along the
contour of the sole, we can try enhancing grasping point
calculation by correcting PCA values of the hull with those

of the original cloud when calculating the grasping points.
This is the motivation of scenario three.

We can proceed to calculate the grasping points on soles for
these three scenarios using our proposal of new GeoGrasp
described in the previous section, and obtain the total elapsed
time to obtain a result for the three scenarios: concave hull,
enhanced concave hull with 10-NNs, and concave hull with
PCA correction (i.e., using centroid and first eigenvector
of original cloud when calculating grasping points on the
hull). Total elapsed time includes all of the computations
performed on the original cloud applicable for each
scenario: hull generation, PCA, NNs, grasping point
calculation, etc. Figure 12 shows mean values and standard
deviations for the complete process of grasping point
generation for all outsole samples, elapsed time is measured
on a laptop with a 2014 Intel®Core™i7-4600U Processor.

Overall, the most time-consuming process is nearest
neighbor calculation on very dense point clouds, while
concave hull generation is performed much faster. Adding
PCA correction increases generation time, but includes
characteristics from the original cloud to perform better
grasps on the hull.

5.2 Grasping from rotation station

Grasping from the rotation station has a series of peculiar-
ities that makes it a challenging task. Unlike the grasping
station where we grasped the sole from the flat surface of
the conveyor belt, the rotation station requires the gripper to
perform an aerial grasp. The sole is lying on two metal rods
that allow an inferior approach, which means that there is
not a solid surface supporting the sole during the grasp.

The sole arrives to the rotation station directly from
the grasping station and it is left lying on the rods. The
positioning on the rods is precisely height controlled using
the kinematics of the gripper and the height of the grasp
obtained from the scanned point cloud.
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Fig. 11 Relative differences of
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The robotic arm performs a 180° rotation to reach the
rotation station from below and takes a picture using the
RGBD camera on its end-effector. Due to space limitations
in the physical implementation, unlike the scanner point
cloud (Fig. 13a), the point cloud obtained from the camera
is not a complete view of the sole and lacks the shoe
tip (Fig. 13b). This cloud is then segmented to keep only
the section of the shoe between the metal rods, which is
the place where the grasp can be performed. The grasping
points are calculated using only this section of the sole
(Algorithm 2).

If we consider the grasping points computed from a
complete point cloud, G, as ground-truth (Algorithm 1), we
can perform a comparison between the grasping points
obtained from the complete view of the sole and those
calculated with the partial view as RGBD, G′ (Algorithm
2). We must perform some kind of matching between both
point clouds. This is not a straightforward task for two
main reasons. First, they have been obtained from different
sensors with different resolutions; in the grasping station
a laser scanner is used, while in the rotation station we
use a RGBD camera. Second, the point clouds are of two
different views of the sole; the laser scanner obtains a top
view of the sole, while the RGBD camera records a bottom
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Fig. 12 Total elapsed time for grasp generation

view. The upper and bottom sides soles have very different
characteristics making feature extraction unsuitable for
matching.

We opted for an automated matching procedure based on
two affine transformations. First, we perform a translation
to bring together the end points of the sole’s heel and a
rotation to align the position of the sole (Fig. 14a). This
initial matching is then adjusted obtaining the optimal affine
transformation between five corresponding points of the
sole present in both point clouds (Fig. 14b); this method
uses singular value decomposition (SVD) to minimize the
least-square error between the point sets [30].

Once the matching is done, we can compare the grasping
points obtained at the conveyor grasping station G =
{g1, g2} with those of the rotation station G′ = {

g′
1, g

′
2

}
.

This can give us an idea of how close they are to each other,
and see the difference it makes to use the whole sole or only
the central part of it to calculate the grasping points. This
will be more noticeable when the sole has a non-standard
shape or a relatively prominent heel. Although our dataset is
composed of 20 soles, Fig. 15 only shows the error obtained
in 13 of the 20 soles shown in Fig. 11, made with material
of low and medium flexibility. This error is calculated as the
root mean square error (RMSE) between the grasping points
in both scenarios (Eq. 4).

√√√√1

2

2∑
i=1

∥∥gi − g′
i

∥∥2 (4)

The error analysis shows that the matching error is
greater in soles with heel and there is no significant dif-
ference between low and medium flexibility. In this exper-
iment, we have preferred to show only low and medium
flexibility errors because high-flexibility soles sometimes
cause dynamic problems in the grasping task from the rota-
tion station, which will be discussed in the next section.
Nevertheless, it is possible to note that our algorithm to
compute grasping point on soles works well with any type of
sole (Fig. 16), including not only low and medium flexibility
but also full flexibility.
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Fig. 13 Different point grasping
computed from upper view from
scanner and bottom view from
RGBD camera

(a) (b)

5.3 Frommodel to production

Here, we tested our setup for the entire dataset of soles
with varying sizes, colors, and shapes, repeating the process
10 times for each one. Therefore, 200 tests were carried
out. All shoe soles are made of materials with some level
of flexibility, to allow the natural actions of movement of
the human foot. In our experimentation, we have classified
our sole samples into three categories: low, medium, and
full flexibility. This measure of flexibility accounts for
the degree of deformation suffered by the object when
grasped under the action of gravity. Low flexibility refers to
minimum deformation, almost unnoticeable, while medium
flexibility accounts for a slight bend of the sole. In the
full flexibility group, all the soles experience a considerable
deformation that changes its original shape.

From the results shown in Table 3, we can see that low
and medium flexibility soles work well with our cell. Soles
that are very flexible and change their shape when grasped
are highly likely to slip when grasped in the rotation station.
The rotation station requires an aerial grasp, which is very
difficult to perform if the sole changes its shape and there is
no deformation control in the system.

We can go further in our analysis and see how the pres-
ence of a heel affects the process in case of low and medium
flexibility soles, classifying them further into soles with

(a) (b)

Fig. 14 Matching of scanner top view and camera bottom view. a First
step. b Second step

and without heel. The results in Table 2 show that the
absence of heel produces a very high success rate, while
heels have a great impact on the grasping performed in the
second station. Heels change the geometric characteristics
of the sole and are difficult to represent by the point cloud
when only an upper or lower view of the sole is present.
Point clouds obtained by laser sensors and RGBD cameras
record only points on the surface; they are not able to give
a representation of the volume of the object without further
post-processing. From the data in Fig. 15, we can confirm
that heel presence has a considerable impact on the location
of the centroid of the object.

We have obtained the measurement accuracy for grasping
points as the positioning error in the conveyor and rotation
stations. We have calculated this value for all of the trials
performed using outsoles without heels (10 soles with 10
trials per sole), representing it as the RMSE between the
position of grasping points computed on the point cloud and
those points in which the end-effector grasps the objects.

Fig. 15 Distance of grasping points from conveyor to rotation station
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Fig. 16 Several examples of our shoe sole dataset

Table 2 Grasping success ratio for soles according to flexibility level

Low Medium Full

No. of soles 9 4 7

Conveyor 98.9% 100% 75.7%

Rotation 84.3% 85% 34%

Table 3 Grasping success ratio for low and medium flexibility soles
classified according to the presence of heel

No heel Heel

No. of soles 10 3

Conveyor 100% 96.7%

Rotation 95% 48.3%
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The value for the conveyor station is 1.5 mm, while the value
for the rotation station is 3.9 mm. As shown in Table 3,
these values obtain 100% and 95% success rates, showing
that sole typology (flexibility and heel presence) is a
bigger determinant in grasping success than positioning
error. We can conclude that our method and the designed
cell prototype can be recommended to be used with low
and medium flexibility soles without heels. Future work
will include end-effector force control to improve grasping
success for the different sole typologies.

Once the whole process for one sole was tested correctly,
we implemented queues to make the process more efficient.
Several soles can be present on the conveyor and their
scanned models are stored in a queue. These soles are
processed as they arrive to the pickup zone. While the
robot arm is performing the tasks for rotation and assembly
station, more soles are being processed at the scanner until
one reaches the pickup zone. When the robot arm has
finished the process, it returns to the pickup zone to grasp
the next sole and the process starts again. The usage of
queues endows for an asynchronous processing of soles and
reduces idle times.

Figure 17 shows some frames of the grasping tasks
in our real and virtual sole assembling robotic workcells
for footwear manufacturing: the first frame illustrates sole
grasping from conveyor pickup zone, the second frame
presents sole drop on the rotation station, and the third frame
shows sole grasping from below the rotation station.

We are using a Local Area Network (LAN) with four
different physical nodes: an Ubuntu computer with the main
process, a Windows box with the laser scanner digitizer
software, the UR10 robot, and a Raspberry Pi with the
RGBD camera. The main node is an Ubuntu 16.04 box
with a 2019 Intel®Core™i7-9700F and 16 GB of RAM.
At idle state, the process requires 1040 MB of RAM. The

network usage is 60 KB/s because the robot position is being
broadcast continuously to the main node. Each digitized
cloud from the conveyor takes up 6 MB in the queue.
Considering the distance between the beam of light of the
digitizer and the pickup zone, there could be a maximum
of 4 soles simultaneously in the queue before the first one
is processed. In the rotation station, the complete scene
obtained from the RGBD camera is 28 MB, but only one
scene is processed at a time. When the process is running,
network usage can increase to several MB/s considering
point cloud transmission between nodes.

Processing time of the complete process is not very
dependent on the type of sole to be processed. Larger
soles result in bigger point clouds that need more time
to be processed in the conveyor station (i.e., concave
hull generation and PCA feature extraction). As shown
in Fig. 12, processing time for grasping point calculation
is in the order of seconds for the conveyor station, but
because there are intermediate processes (glue application
and conveyor motion) between the scanning and the picking
up, it does not really influence the overall processing
time (Fig. 4). For the rotation station, no hull must be
generated making the process much faster, the time needed
for GeoGrasp to process the sole and obtain grasping points
is in the order of milliseconds. Complete sole processing by
the robot takes around 50 s: this includes from sole pickup in
conveyor station to assembly station dropping and returning
to starting position. With the introduction of queues, while
the robot is performing the required motion with the sole,
the conveyor is turned on and the laser scanner continues
processing soles until one reaches the pickup position.

A flowchart of the final prototype implemented is shown
in Fig. 18, where the three independent tasks running in
parallel are shown. The first task processes soles on the
conveyor as they arrive to the scanner, adding their digitized

Fig. 17 Grasping tasks in our proposal of conveyor and rotation station: real workcell versus virtual scenario

824 Int J Adv Manuf Technol (2021) 114:811–827



Fig. 18 Flowchart of the overall
operation of the implemented
proposal. Three independent
tasks run at the same time: sole
scanning, sole pickup
positioning, and robotic arm
controlling. Algorithms 1 and 2
are used in grasping controller
blocks for grasping points
calculation and Algorithm 3 is
used in the motion controller to
check planned motions

versions into a queue. The second task is waiting for a
sole to reach the pickup zone on the conveyor and once
this happens it stops the conveyor motion, populating the
position queue with the sole current location. The first and

second tasks are set on hold when the conveyor stops,
waiting for the sole at the pickup zone to be picked up by the
robotic arm. The third task controls robot arm operation and
it is continuously processing soles that arrive to the pickup
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zone. Once the sole is picked up, the conveyor is set on
motion and tasks 1 and 2 resume. The robot arm task will
process the sole through all the stations and return to the
starting position to pick up the next sole that should be ready
at the pickup zone.

6 Conclusions

In this work, we have proposed important improvements in
GeoGrasp, introducing an algorithm based on concave hull
generation. In this way, we can quickly obtain the outsole’s
contour and compute grasps overcoming the limitations
of GeoGrasp working with dense clouds. We have tested
three scenarios of grasping points generation on concave
hulls: without modifications, enhancing the hull with its 10-
NNs, and using PCA correction. We can improve grasping
points computation performing a PCA on the original point
cloud and correct the hull’s characteristics, i.e., centroid and
first eigenvector, with those of the original cloud. Concave
hull enhancing with PCA correction provides information
about the typology of the outsole, providing data about
its density and interior features that has been lost when
generating the hull; therefore, it can be used to obtain
grasping points that are better aligned with the original point
cloud characteristics.

In the real-world application, we have studied two
grasping procedures with their own peculiarities. First, once
the sole is scanned, we pick it up from the conveyor belt. In
this case, a concave hull is obtained to reduce the grasping
point generation time, correcting it with the PCA values of
the original cloud. This sole is taken to a second station
where an aerial grasp from below must be performed. We
use an RGBD camera on the end-effector to obtain a partial
point cloud of the sole and calculate grasping points. To
produce safe robot motion, we have implemented a planned
motion checker to restrict the deviation in the trajectory of
the end-effector when calculating point-to-point motion.

There are some limitations to this method. One of the
main disadvantages of 2D hull generation is information
loss about the interior characteristics of the object. This is
not an issue if the sole has a uniform thickness all around,
but it can be an issue if the sole has different heights
(e.g., a high heel) or non-symmetric internal features.
This inconvenience has been partially mitigated using PCA
correction. The sole’s characteristics have a significant
impact on the performance of the method. Picking up soles
from the conveyor has a very high success ratio overall,
while soles with a very high flexibility have a low success
when performing the aerial grasp necessary for the rotation
station. The presence of heel also affects the performance of
the aerial grasp, due to the fact that a partial lower view is
used to calculate the grasping points in the rotation station.

Heel presence modifies the location of the centroid of the
sole and it is impossible to notice without further post-
processing in the cloud obtained from the RGBD camera.

In conclusion, the current implementation of our method
and the designed cell prototype can be recommended to be
used with low and medium flexibility soles without heels.
We plan to mount force sensors on the gripper to perform
force control on outsole grasping and expect to improve
grasp success on all sole typologies. Future research lines
include tackling outsole manipulation, using a dual-robot
setup to grasp the sole from both ends in the rotation
station and actively control its deformation while pressing it
together with the finished upper.
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