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Abstract: Advances in robotics are part of reducing the burden associated with manufacturing tasks
in workers. For example, the cobot could be used as a “third-arm” during the assembling task.
Thus, the necessity of designing new intuitive control modalities arises. This paper presents a foot
gesture approach centered on robot control constraints to switch between four operating modalities.
This control scheme is based on raw data acquired by an instrumented insole located at a human’s
foot. It is composed of an inertial measurement unit (IMU) and four force sensors. Firstly, a gesture
dictionary was proposed and, from data acquired, a set of 78 features was computed with a statistical
approach, and later reduced to 3 via variance analysis ANOVA. Then, the time series collected data
were converted into a 2D image and provided as an input for a 2D convolutional neural network
(CNN) for the recognition of foot gestures. Every gesture was assimilated to a predefined cobot
operating mode. The offline recognition rate appears to be highly dependent on the features to be
considered and their spatial representation in 2D image. We achieve a higher recognition rate for a
specific representation of features by sets of triangular and rectangular forms. These results were
encouraging in the use of CNN to recognize foot gestures, which then will be associated with a
command to control an industrial robot.

Keywords: human–robot collaboration; instrumented insole; foot gesture recognition; convolutional
neural network

1. Introduction

The agile demand-driven manufacturing process creates the need to design adap-
tive production using collaborative robotics labelled as cobot. As the flexibility in the
manufacturing process increases with the rapid evolution of technology, the fabrication
process increases in complexity, impeding standard robots from operating alone. Therefore,
operators are brought to work with collaborative robots (cobot) in the same workspace and
share with them production activities or working time [1]. This human–robot collaboration
is intended to contribute to flexibility and agility thanks to the combination of human’s cog-
nition and management abilities with the robot’s accuracy, speed, and repetitive work [2].
However, cobot’s acceptance in industry is still weak as it raises the thorny issues of se-
curity and communication. Safeea et al. [3] demonstrated that the greatest drawback in
the development and acceptance of cobots in industries comes from the reliability and the
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intuitiveness of the proposed interaction scheme. The current trend in research aims to
improve interaction by ensuring a smooth control of the robot in an efficient manner at any
time through improving working conditions and reducing work-related diseases such as
musculoskeletal disorders (MSD) [1].

Assessing such a problem led to third-hand application. An example of such a case
can be seen in an assembling process where the operator needs both of his/her hands
to complete the task and, thus, the cobot must be able to intervene according to the
operator’s need. It is then used to bring parts, hold components while assembling parts,
generate a virtual haptic wall to help assembling [1], add new actions with learning by
demonstration [4], etc. In such an application, upper body recognition (face recognition
and hand gesture) [3,5,6], and lower body recognition (foot-based gesture recognition [7–9])
could be used to select the operating mode and execute some remote-controlled motions.
Consequently, there will be an interference between the cobot’s motion and the camera’s
field of view A facial expression or gesture, such as moving lips, is limited in the number
of different commands and it needs a camera to always be oriented to the operator’s face,
which is another limitation of the method. Therefore, foot gesture recognition becomes an
interesting solution when using instrumented insole including force sensors and inertial
measurement unit (IMU).

This project suggests implementing cobot operating mode selection using the foot in
the scheduling of production activities to improve manufacturing flexibility. Therefore,
an operator could need, utilizing foot gestures, to communicate actions, to be executed
by the cobot, and to select different operating modes such as physical collaboration [10],
autonomous action in shared activities [11], remote control motion [12], and learning new
tasks [4]. This process allows controlling possible modalities of high-dimensionality cobot
with a low-dimensionality wearable device such as a smart armband or smart insole.

For this purpose, we suggest a novel method exploiting time series data collected
from an instrumented insole in this study. Using these data, a large set of features are
computed and then features are extracted based on a dimensionality reduction technic
to select relevant ones. Indeed, the relevant features are transformed into a 2D image
for classification processing using 2D-CNN. The main contribution of this work lies in
the evaluation of the possible spatial representations of the relevant features used in 2D
image. The suggested spatial representations allow for the improvement of foot gesture
recognition results. As the number of research works in this field is increasing, the next
section reviews the state-of-the-art to contextualize the contribution of our research work.

2. Related Work

Firstly, a non-exhaustive definition of the cobot as a third-hand is presented. Then,
examples of systems using a robot as a collaborative worker are reported. Thereafter,
the use of human gesture as command center is explained. Finally, a brief review of the
most different existing methods for gesture recognition is analyzed. In this state-of-the-art,
the previous studies on foot gestures-based pressure sensor matrices and classification
methods, such as CNN, are particularly covered.

2.1. Third-Hand Cobot

The third-hand robot is a process developed by Ewerton et al. [13] in which the robot
is considered an assistant, i.e., it acts as a third-hand of a human worker. For example, this
assistant, also named collaborative robot (or cobot), can provide the necessary tools for its
co-worker (the human) to help him/her to perform its tasks. This collaboration can save the
worker’s time and energy so that some researches have been conducted to use industrial
robots as a third-hand robot. For instance, a semi-autonomous third-hand robot was
developed in [14] to assist the human workers in the assembly of furniture. A KUKA-DLR
lightweight Robot arm [15] was used as a worker’s third-hand for welding of work pieces
in small batches. In this line of thoughts, Metalimbs [16] developed two additional robotic
arms to the user’s body, defined as a fourth hand robot, in order to enhance the user’s
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functions. Another use of cobots is found in the field of retinal microsurgery where the
robot shares a tool’s control with the surgeon [17]. Since these cobots need to communicate
with humans, the next section explains how gesture helps to achieve such communication.

2.2. Use of Human Gesture as Command Center

New intelligent, intuitive, and user-friendly command methods have emerged in the
industry and are usually based on direct or indirect contact with the robot. Direct contact
interfaces imply physical interaction strategies which include the kinesthetic interfaces or
force feedback, allowing them to feel the position, the movements and the forces exerted
by the mechanism, and the tactile interfaces which permit to feel the form, the texture,
and the temperature [4]. Indirect ones are systems based on artificial vision [18,19], voice
recognition [20], and more recently, interfaces using IMU sensors for human gestures
recognition [4]. This type of interface is starting to spread in the field of human–robot
interaction because it turns out to be more robust to environmental disturbances and
constraints such as noise, brightness, etc. [12]. In this study, Neto et al. [12] proposed
an interaction strategy based on human gestures captured through IMUs. It permits to
recover the specific movements of the upper part of the human body. They offer various
modes of interaction depending on whether the human’s posture is static or dynamic.
However, such strategies require both hands to be free to operate the robot. Moreover, the
results of a comparative study between hand and foot-based gestures in a simulation of a
scenario where the hands are busy showed that the use of foot gestures saves more than
70% of time than the traditional approach based on hand gestures. The foot gestures were
then perceived as more useful and satisfying [21]. As a result, many current systems use
foot gestures as an alternative mechanism of interaction in situations where the hands are
preoccupied or unavailable. Some applications use tapping feet and kick to interact with
a mobile device [22]. Others use foot-based interaction to produce music [23] or perform
navigational tasks in interactive 3D environments [8]. Metalimbs propose an interactive
system to control the position of two robotic arms by the movement of the user’s foot and
the grip of each arm is controlled by the toes [16]. To achieve such performances, various
artificial intelligence algorithms are investigated. As depicted in the next section, gesture
classification in the field of artificial intelligence is still an important issue.

2.3. Gesture Recognition Methods

Human gesture recognition is applied to recognize the useful information of human
motion. Statistical modeling, such as discreet Hidden Markov model (HMM), was used as
classifier to learn and recognize five gestures performed during the motor hoses assem-
bly [24]. It was also used to teach robots to reproduce gestures by looking at examples [25],
to distinguish between finger and hand gesture classes [26], and to recognize hand gestures
in order to command a robot companion [27]. However, HMMs need a large amount of
training data and therefore their system performance could be limited by the characteris-
tics of the training data [28]. Dynamic time warping (DTW) is a widely used method in
human gesture recognition applications (an algorithm used for online time series recog-
nition). It can deal with gesture signals varying in amplitude and resolve ambiguities in
the recognition result even for multiclass classification. It is known that the use of DTW
with a set of sequential data of hand gestures have good classification rates [29]. However,
it is a dynamic method that focuses most on the local motion information and has less
consideration for the global features of gesture trajectories. Contrary to the DTW, the
convolutional neural network (CNN) is a recognition method that uses static images of
gesture trajectories and, thus, omits the local motion information [30].

Each method has distinct advantages and disadvantages. In fact, both static and dy-
namic recognition methods (CNN and DTW) were used to achieve better recognition accu-
racy in digit-writing hand gestures’ localization and recognition for Smart TV systems [30].
However, CNN is more efficient than many traditional classification methods [31]. CNN
is known for its robustness at low input variations and low pre-treatment rate necessary
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for their operation [31]. Numerous applications relying on CNN in the classification of
human gestures or actions have been recorded and were based on either 1D-CNN [32,33],
2D-CNN [34–36], or 3D CNN [37].

Most applications based on camera rely either on 2D-CNN, as it computes a 2D image
as input [36], or 3D-CNN to accurately scope the information in the space. For example, 3D-
CNNs have been developed for the recognition of human actions from airport surveillance
cameras [37]. This model extracts characteristics of spatial and temporal dimensions by
performing 3D convolutions, thus capturing the motion information encoded in several
images. Furthermore, for foot-based applications, some research works rely either on 1D-
CNN or 2D-CNN when using inertial measurement unit sensors. Those relying on 1D-CNN
directly scope the time series signal (data) obtained from the sensors to achieve accurate
classification as shown in [32,33]. However, the classification performance is still low as
the difficulty to efficiently combine all the information received from the different sensors
arises [33]. Furthermore, 2D-CNN appears to be more realistic as it focuses on the analysis
based on 2D images rendering it slower than 1D-CNN but more accurate and flexible in
the analysis of features extracted from IMU [38]. However, it requires defining the set of
images received from raw motion sensors data. Many attempts have been recorded. In [34],
a 2D-based CNN method for fall detection using body sensors has been investigated by
directly scoping raw motion data in a 2D image without feature extraction and achieving
high accuracy of 92.3%. Thus, for the proposed method, there is only scope between two
possibilities (fall detection or not). In [35], a similar work has been conducted, based on the
effective representation of sEMG (Surface electromyography) signals in images by using
a sliding window to continuously address all the signals obtained from the input to a
grayscale image. However, none of these proposed works demonstrate the impact of a
spatial representation of features used to constitute a 2D image on classification results.

Thus, we formulated two hypothesizes which are (1) for foot-based interaction context,
a 2D-convolutional neural network seems to be suitable for foot gesture recognition; and
(2) the selection of the most important features and their spatial representation in the 2D
image greatly impact the recognition process.

By using an instrumented insole and applying a 2D-CNN algorithm, the main contri-
bution of the present study is to develop a new methodology for a foot gesture recognition
system to select a cobot operating mode. The instrumented insole was worn by the worker
to acquire the foot gestures’ signals. More specifically, we suggest a simple feature extrac-
tion technique using data acquired from an inertial measurement unit (IMU) and force
sensors, as well as 2D image generation to classify foot gestures. To achieve this goal, we
have evaluated our system in different scenarios of gestures, since those can be performed
easily to control a robot. The proposed classification algorithm, trained with backprop-
agation, is then optimized to recognize gestures. Our results showed a new advance in
this area, providing interesting directions for future research by highlighting the impact
of features extraction and their spatial representation in a 2D image for the recognition
process. By enhancing the existing foot recognition methods, our goal is to increase the
ease of work of the operator.

3. Materials and Methods

Since the operator’s hands were occupied during his work, this article proposes to
use foot movements to control a robot. The overview of the proposed gesture recognition
system is illustrated in Figure 1.

The system requires data information from a human’s foot to be computed and
analyzed for selecting one cobot operating mode. The material aspect is presented in
Section 3.1. For the treatment process, the gesture recognition system was based on
machine learning classification, thus requiring training and validation phases.
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The training phase began with defining a set of foot gestures to be assimilated to
cobot operating modes (Section 3.2). Once the dictionary was established, we proceeded to
data processing and then features selection (Section 3.3) to reduce the complexity of the
model. Once completed, the selected features were transmitted to the image generation
(Section 3.3.1) to determine the most relevant representation. The generated images were
provided as an input for the 2D-CNN used for foot gestures recognition (Section 3.3.2).

The testing phase involved testing the classification of foot gestures with 2D-CNN.
The proposed real-time implementation algorithm can be summarized in Figure 2. It
depicts an initial set of conditions to discriminate between normal walking pattern and
foot gesture command. Once the algorithm detected that the user starts a gesture, it waited
for the time T until the gesture was completed. The detection of the start of a gesture was
based on a triggering condition related to the FSR’s sensors. Using the data inside the
sliding windows, the algorithm proceeded to compute the features, generate an image,
perform the 2D CNN classification for gesture recognition, and submit an operating mode
to the cobot. The cobot selected an appropriate algorithm from the available operating
modes such as trajectory tracking, collision avoidance, etc.

3.1. Instrumented Insole

While the user made a gesture, the instrumented insole acquired, processed, and
wirelessly transmitted the data via TCP to the computer to start the gesture recognition.
The proposed enactive insole is a non-intrusive, non-invasive, and inexpensive device.
The sampling frequency used in data processing and transmission was 32 Hz (Figure 3).
It contained a 9-axis motion processing unit MPU9250 [39], which measured the foot’s
acceleration, velocity, and orientation through a set of 3-axis accelerometer, 3-axis gyroscope,
and 3-axis magnetometer combined with a digital motion processor (DMP). Moreover,
four force-sensitive resistors (FSR), two in the forefoot position and two in heel position,
were also integrated to measure the pressure applied on the insole. The analog signals
acquired from pressure sensors were converted by an analog-to-digital converter (ADC)
ADS1115 [40] with a 16-bit resolution. Finally, an ESP8266-12E WiFi module [41], located
at the foot arch position, was used to transmit the data to a local computer. The detailed
design of the insole was previously presented in [42].
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Once the material architecture was defined, a cobot operating mode based on gesture
dictionaries for 2D CNN training phase was used, as presented in the next section.

3.2. Foot-Based Command: Gesture Dictionnaries

Selection between cobot operating mode was based on two gesture dictionaries:
pressure and IMU sensors (one for each kind of sensor) for classification purposes. Machine
learning classification needs a training phase with a set of grayscale images generated by
relevant features for each gesture. This section proposes a two-foot-based dictionaries
utilizing information from the 3-axis accelerometer, 3-axis gyroscope (angular velocity),
3-axis magnetometer, and the four pressure sensors of the insole.

Based on the sensor readings and different movements of the foot, dictionaries of
movements are shown below. Tables 1 and 2 present some basics movements recognizable
by each sensor considered alone.

Table 1. Dictionary of detectable movements by the accelerometer with ankle as center.

Movements of Rotation and Translation with Ankle at Center
Movements of Rotation and

Translation with Toes at
Center
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Horizontal movement of rotation 

(with toes as center) 

 
Movement of translation 

(left/right) 

 
Movement of translation 

(front/back) 

 
Movement of translation 
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Vertical movement of rotation 

(with toes as center) 

Note: Each movement is described below the illustration. 

Horizontal movement of
rotation (with toes as center)
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Note: Each movement is described below the illustration. 

Movement of translation
(left/right)
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Movement of translation
(front/back)
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Movement of translation
(up/down)
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Note: Each movement is described below the illustration. 

Vertical movement of rotation
(with toes as center)

Note: Each movement is described below the illustration.

Table 2. Dictionary of captured movement by the pressure sensors.

Active or Inactive Force Sensors (FSR) during the Movements

4 FSRs 2 FSRs 1 FSR
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
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(e) 

(a) 
(b) 

The four sensors are inactive
(foot is not touching the

ground)
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
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The two sensors at the front
are active (foot is inclined

forward)
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
which looks like tap with the heel; and (e) is an illustration of the fifth gesture (G5) which 
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(e) 

(a) 
(b) 

The two sensors at the back
are active (foot is inclined

backward)
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
which looks like tap with the heel; and (e) is an illustration of the fifth gesture (G5) which 
looks like a kick. 

(e) 

(a) 
(b) 

Only the sensor at the front
outside is active (foot is
inclined front-outward)
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
which looks like tap with the heel; and (e) is an illustration of the fifth gesture (G5) which 
looks like a kick. 

(e) 

(a) 
(b) 

The four sensors are active
(foot flat on the ground)
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
which looks like tap with the heel; and (e) is an illustration of the fifth gesture (G5) which 
looks like a kick. 

(e) 

(a) 
(b) 

The two outside sensors are
active (foot is inclined

outwards)
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
which looks like tap with the heel; and (e) is an illustration of the fifth gesture (G5) which 
looks like a kick. 

(e) 

(a) 
(b) 

The two inside sensors are
active (foot is inclined

inwards)
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
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From these simple foot gestures dictionaries, combinations of three or four movements
were used to create five gestures, as shown in Table 3. Each movement has multiple
advantages. It was simple to execute and easy to detect at once.

Table 3. Representation of the five proposed gestures denoted from G1 to G5.
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
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(a) 
(b) 
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
which looks like tap with the heel; and (e) is an illustration of the fifth gesture (G5) which 
looks like a kick. 

(e) 

(a) 
(b) 
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks 
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2) 
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture 
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4) 
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(e) 

(a) 
(b) 
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In Table 3, (a) represents an illustration of the first gesture denote (G1) which looks
like crushing a cigarette with the forefoot; (b) is an illustration of the second gesture (G2)
which looks like crushing a cigarette with the heel; (c) is an illustration of the third gesture
(G3) which looks like tap with the forefoot; (d) is an illustration of the fourth gesture (G4)
which looks like tap with the heel; and (e) is an illustration of the fifth gesture (G5) which
looks like a kick.

Once identified, the foot gestures needed to be mapped with the defined cobot op-
erating mode. In this study, based on observation of Alexander et al. [8], the following
commands with mapping gestures are presented in Table 4. Additional gestures with
different commands could be certainly defined, as described in the introduction such as
physical collaboration [10], autonomous action in shared activities [11], remote control
motion [12], and learning new tasks [4].

Table 4. Foot mapping gesture.

Foot Gesture Cobot Operating Mode

1. Cigarette crush with the forefoot Switching to the “third hand” mode
2. Cigarette crush with the heel Fast trajectory control
3. Tap with the forefoot Precise trajectory control (Slow)
4. Tap with the heel Motor-holding by the robot
5. Kick Stopping the robot

The proposed foot-based dictionary mapped with cobot operating mode must be
decoded in order to accurately scope the difference between gestures. The next section
proposes the overall process for data acquisition and features selection.

3.3. Data Acquisition and Features Selection

The data presented in Table 3 are acquired by an instrumented insole worn in the left
foot. In this study, the gestures of a single participant (one of the authors of this paper,
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a healthy adult) were recorded. The measurement time of each gesture was set at 15 s.
For numerical simulation, signals from the 3-axis accelerometer, 3-axis gyroscope, and
the 4 FSRs were exploited. We also measured the Euler angles and the quaternions from
the Digital Motion Processor (DMP). The details from the insole’s signals are provided in
Table 5.

Table 5. Insole’s device signals.

Signal’s Name Description Signal’s Origin

AcX, AcY, AcZ Acceleration in the 03 axis (X, Y, Z) 3-axis accelerometer

VaX, VaY, VaZ Angular velocity in the 03 axis (X, Y, Z) 3 axis gyroscopes

P Euler’s angle: P (Pitch)

DMP (Digital Motion Processor)
R Euler’s angle: R (Roll)

Y Euler’s angle: Y (Yaw)

q1, q2, q3, q4 Quaternions

F1 Sum of two FSR sensors located at the forefoot

FSR sensorsF2 Sum of two FSR sensors located in the heel

Ftot Sum of the four FSR sensors

For this study, we only focused on the sum of FSR sensors rather than considering
them alone because, based on our proposed gestures, it is difficult to only have one FSR
sensor activated at once.

Once the insole’s data were collected, features enhancement and selection or reduction
could be conducted to accurately scope the characteristics of each proposed gesture for
classification purposes, thus limiting the complexity of the model [43].

We tried two methods using the proposed dataset. Firstly, we selected 08 features,
presented in Table 6, from the acquired data.

Table 6. Proposed features for foot recognition based on human observation.

Feature’s Name Description Signal’s Origin

Nam Norm of acceleration 3-axis accelerometer

Ngy Norm of angular velocity 3 axis gyroscopes

P Euler’s angle: P (Pitch)
DMP (Digital Motion

Processor)
R Euler’s angle: R (Roll)

Y Euler’s angle: Y (Yaw)

F1 Sum of two FSR sensors
located at the forefoot

FSR sensorsF2 Sum of two FSR sensors
located in the heel

Ftot Sum of the four FSR sensors

The choice of the 08 proposed features was based on our observation of signals
behavior for each gesture. We noticed a difference in the signal’s variation for each gesture.
Table 7 presents the latter.
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Table 7. Signals of the norm of acceleration and the norm of angular velocity related to the five proposed gestures.

Gestures Norm of Acceleration Nam Norm of Angular Velocity Ngy

G1
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At this point, we could observe that the norm of acceleration for G1 and G2 presents
important peaks of about 8000 mm·s−2. However, for G3 and G4, the value of the peak
is lower and equals to 4900 mm·s−2. As for G5, the norm of amplitudes attends a higher
value for a long time. Moreover, the signals obtained from the norm of the angular velocity,
the sum of the two FSR sensors located at the forefoot (F1), the sum of the two FSR sensors
located at the heel (F2), and the Euler Angles are suitable to be selected as different features
to discriminate foot gestures.

The second method used in this paper considered feature enhancement and reduction,
which consists of using the raw signals obtained from the instrumented insole, and then
computed feature enhancement. This operation led to a set of 78 features presented in
Tables 8 and 9.

Table 8. Features preselected for statistical analysis part 1.

Statistical Parameters
(Abbreviation) Mean (m) Variance (var) Standard Deviation (td)

Characteristics

AcXm, AcYm, AcZm, Nam AcXvar, AcYvar, AcZvar AcXstd, AcYstd, AcZstd

VaXm, VaYm, VaZm VaXvar, VaYvar, VaZvar VaXstd, VaYstd, VaZstd

Pm, Rm, Ym Pvar, Rvar, Yvar Pstd, Rstd, Ystd

q1m, q2m, q3m, q4m q1var, q2var, q3var, q4var q1std, q2std, q3std, q4std

F1m, F2m F1var, F2var F1std, F2std

Table 9. Features preselected for statistical analysis part 2.

Statistical Parameters
(Abbreviation) Skewness (Skew) Kurtosis (Kurt) Root Mean Square (Rms)

Characteristics

AcXskew, AcYskew, AcZskew AcXkurt, AcYkurt, AcZkurt AcXrms, AcYrms, AcZrms

VaXskew, VaYskew, VaZskew VaXkurt, VaYkurt, VaZkurt VaXrms, VaYrms, VaZrms

Pskew, Rskew, Yskew Pkurt, Rkurt, Ykurt Prms, Rrms, Yrms

q1skew, q2skew, q3skew, q4skew q1kurt, q2kurt, q3kurt, q4kurt q1rms, q2 rms, q3 rms, q4 rms

F1skew, F2skew F1kurt, F2kurt F1rms, F2rms

Notes: Ac and Va correspond, respectively, to the acceleration and the angular velocity computed along the X, Y, Z axis; Na is the norm of
the acceleration; P, R, and Y are the Euler angles; q1, q2, q3, q4 are the Quaternions.
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Dimension reduction technics used in this paper extract the relevant features to be
used in the image generation process. According to the state-of-the-art, there are mainly two
approaches. One is based on the reduction in features by searching possible combinations
of features to identify the principal components with the highest variance which will be
used for classification purposes. Usually, the employed method is based on principal
component analysis (PCA) which only focuses on generating new inputs, regardless of the
label of data, thus posing the problem of the features selection in real-time identification
where the principal components might differ from one time to another. The other solution
is to deal with features selection which consists of choosing between the set of possible
features, the most representatives ones. The method is usually based on statistical analysis
in which the evaluation of features importance for discriminating between gestures is
realized. In this work, ANOVA statistical analysis, which is the most used in statistical
computation, was used to compare the significant differences in characteristics to determine
whether or not a characteristic allows good features identification of gestures as suggested
in [44]. ANOVA’s result was then calculated from the null hypothesis. The null hypothesis
is that all the calculated characteristics distribution is similar. Given that there is a null
hypothesis if the probability (p-value) is less than 0.05, the characteristics were significantly
different. The ANOVA’s results computed with Matlab 2016b for a data set of 100 samples
as 20 per gestures are given in Table 10.

Table 10. ANOVA’s statistical results.

Characteristics ANOVA
(p-Value) Characteristics ANOVA

(p-Value) Characteristics ANOVA
(p-Value)

AcXm 0.0362 AcXvar 9.82089 × 10−9 AcXstd 1.48053 × 10−12

AcYm 0.0037 AcYvar 7.0831 × 10−13 AcYstd 8.60749 × 10−14

AcZm 0.1522 AcZvar 1.11004 × 10−13 AcZstd 7.66846 × 10−15

VaXm 0.7163 VaXvar 0.0006 VaXstd 0.0004

VaYm 4.2743 × 10−5 VaYvar 0.0078 VaYstd 0.0001

VaZm 0.6465 VaZvar 0.9967 VaZstd 3.58713 × 10−6

Pm 4.70768 × 10−17 Pvar 0.0005 Pstd 1.15232 × 10−9

Rm 1.99492 × 10−35 Rvar 2.12177 × 10−16 Rstd 1.01984 × 10−5

Ym 0.0006 Yvar 0.0008 Ystd 2.06642 × 10−9

q1m 1.44179 × 10−16 q1var 6.40077 × 10−11 q1std 2.37864 × 10−6

q2m 2.29963 × 10−19 q2var 1.97067 × 10−10 q2std 2.38143 × 10−12

q3m 1.78075 × 10−9 q3var 0.048 q3std 9.1542 × 10−13

q4m 1.19374 × 10−7 q4var 7.41653 × 10−7 q4std 1.13254 × 10−10

F1m 7.62104 × 10−67 F1var 1.52173 × 10−16 F1std 1.56796 × 10−12

F2m 1.64653 × 10−65 F2var 3.33183 × 10−17 F2std 3.23638 × 10−8

AcXrms 0.0104 AcXkurt 1.54661 × 10−9 AcXskew 1.48053 × 10−12

AcYrms 0.0024 AcYkurt 4.18682 × 10−21 AcYskew 8.60749 × 10−14

AcZrms 0.1614 AcZkurt 2.44817 × 10−17 AcZskew 7.66846 × 10−15

VaXrms 0.5866 VaXkurt 8.66958 × 10−7 VaXskew 0.0004

VaYrms 2.09045 × 10−5 VaYkurt 7.08042 × 10−14 VaYskew 0.0001

VaZrms 0.6497 VaZkurt 3.37356 × 10−6 VaZskew 3.58713 × 10−6
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Table 10. Cont.

Characteristics ANOVA
(p-Value) Characteristics ANOVA

(p-Value) Characteristics ANOVA
(p-Value)

Prms 1.48031 × 10−13 Pkurt 0.0671 Pskew 1.15232 × 10−9

Rrms 0.0618 Rkurt 0.5788 Rskew 1.01984 × 10−5

Yrms 0.0003 Ykurt 0.1283 Yskew 2.06642 × 10−9

q1rms 3.92505 × 10−13 q1kurt 0.0284 q1skew 2.37864 × 10−6

q2 rms 0.1313 q2kurt 0.6328 q2skew 2.38143 × 10−12

q3 rms 0.091 q3kurt 0.0146 q3skew 9.1542 × 10−13

q4 rms 6.92425 × 10−11 q4kurt 0.0152 q4skew 1.13254 × 10−10

F1rms 6.59022 × 10−49 F1kurt 1.66156 × 10−7 F1skew 1.56796 × 10−12

F2rms 2.68932 × 10−38 F2kurt 5.70291 × 10−5 F2skew 3.23638 × 10−8

Nam 1.49825 × 10−115

For each gesture, ANOVA results determined that there are three main characteristics
which are the norm of acceleration (Nam), the sum of the two sensors located at the forefoot
(F1m), and the sum of the two FSR sensors located at the heel (F2m). Figure 4 presents the
ANOVA representation of each selected feature and its corresponding values for each of
the proposed five gestures numerated from G1 to G5.
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sensors of the forefoot (F1m), (c) Mean of the FSR sensors of the heel (F2m).
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An analysis of the proposed ANOVA results shows the possibility to enhance our
classification method by means of a threshold. Figure 4a shows that, for the mean of the
norm of acceleration Nam, there is a threshold of 0.25. This means that, for gestures where
the variation of Nam is important, such as for gestures 1, 2, and 5, the measured value
is greater than 0.25, whereas, for gestures 3 and 4, the value of the Nam is less than 0.25.
Therefore, additional conditions were set.

By reproducing the same analysis, a similar set of conditions applying on the mean of
the sum of the two FSR sensors in the heel shows a threshold value of 0.4, meanwhile, for
the sum of the two FSR sensors located at the forefoot, the threshold appears to be difficult
to be set. A further histogram analysis conducted in a more complete data set of about 100
samples per gesture is presented in Tables 11 and 12.

Table 11. Histogram analysis of Nam and F2m.

Nam F2m

G1
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Table 11. Cont.
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Table 12. Cont.
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the sensor data; (2) segmentation of the signals (the beginning of each gesture was identi-
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Histogram analysis of Nam shows the same threshold value of 0.25 as the one presented
from ANOVA’s result in Figure 4a. The histogram analysis of F2m presents a threshold
value of about 0.35 and for F1m the threshold values appear to be 0.38. Those results are
mainly the same obtained from ANOVA’s analysis in Figure 4b for F1m and Figure 4c for
F2m. In order to generalize the threshold results, we decided to set it to 0.4 for both F1m
and F2m. Table 13 presents a summary of the proposed threshold values for the processing
algorithm to ensure images normalization.

Table 13. Selected features threshold.

Mean of the acceleration norm (Nam)
{

If (Nam > 0.25) then Nam = 0.9
If not (Nam < 0.25) then Nam = 0.1

Mean of the sum of two FSR sensors in the forefoot (F1m)
{

If (F1m > 0.4) then F1m = 0.9
If not (F1m < 0.4) then F1m = 0.1

Mean of the sum of two FSR sensors at the heel (F2m)
{

If (F2m > 0.4) then F2m = 0.9
If not (F2m < 0.4) then F2m = 0.1

Once the features are selected, the next section proposes the 2D-CNN image generation
for classification purposes.

3.3.1. 2D-CNN Image Generation

A 2D-CNN system was used to recognize gestures. The 2D-CNN system has as an
input of a 2D image constituted by the features presented above. Independently from the
features selected for image generation, the algorithm of the temporal method involving
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the signal preprocessing and the image composition follows five steps: (1) collection of the
sensor data; (2) segmentation of the signals (the beginning of each gesture was identified
and then the first twenty-five pieces of data were recorded from the beginning); (3) deter-
mination of all the maximum values of the insole’s sensor measurements; (4) normalization
of the data between 0 and 1 (a division of the data by the previously measured maximum);
and (5) composition of the matrices of the pixels.

For 2D-CNN image generation, we firstly define a set of images based on features
selection presented in Table 6. These 8 features were represented in an image according to
the spatial disposition presented in Figure 5a. This representation results in a 15 × 15 pixels
image and the images obtained from the 5 different foot gestures are shown in Figure 5b–f.

Sensors 2021, 21, x FOR PEER REVIEW 17 of 24 
 

 

 
(a) 

 
(b) 

 
(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 5. (a) Characteristic images of gestures, (b) G1: Cigarette crash with the forefoot, (c) G2: Cigarette crash with the heel, (d) G3: 

Tapping with the forefoot, (e) G4: Tapping gesture with the heel, (f) G5: kick gesture 

Secondly, for complexity reduction purposes, we constructed two sets of images 
based on the three selected features obtained from ANOVA analysis. A first set of images 
was constructed based on rectangles representation of the selected features according to 
Figure 6. Each feature was converted into a pixel and displaced accordingly to the repre-
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Figure 5. (a) Characteristic images of gestures, (b) G1: Cigarette crash with the forefoot, (c) G2: Cigarette crash with the
heel, (d) G3: Tapping with the forefoot, (e) G4: Tapping gesture with the heel, (f) G5: kick gesture.

Secondly, for complexity reduction purposes, we constructed two sets of images
based on the three selected features obtained from ANOVA analysis. A first set of images
was constructed based on rectangles representation of the selected features according
to Figure 6. Each feature was converted into a pixel and displaced accordingly to the
representation in Figure 6a. Since they are grayscale images, the value of each pixel in the
matrix is between 0 (indicating black) and 255 (indicating white). The images presented in
Figure 6 are based on a set of rectangles. Images are also made up of 11 × 11 pixels.
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To reduce the grid size of the image, a new set of geometric representations was
proposed for modeling the three selected characteristics. The square, the rectangle, and
the triangle represent the mean of the norm of acceleration Nam, the mean of the sum of
two FSR sensors integrated into the forefoot position F1m, and of the two ones integrated
in the heel position F2m, respectively. This method is called “Data Wrangling” and it
consists of transforming the raw data to another format in order to make it easier to use.
Figure 7 presents the proposed method to obtain a set of images to be used. The threshold
is determined from the analysis previously presented in Section 3.3.
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Figure 8. Characteristic images of gestures: (a) G1: Cigarette crash with the forefoot; (b) G2: Cigarette
crash with the heel; (c) G3: Tapping with the forefoot; (d) G4: Tapping gesture with the heel; (e) G5:
Kick gesture.

3.3.2. 2D-CNN Classification Method

A grayscale image was used as an input of CNN. CNN consists of a succession of
layers that include feature maps and subsampling maps. The CNN model is designed
with four main building blocks, as shown in Figure 9: (1) convolution; (2) pooling or
subsampling; (3) non-linearity (ReLU); and (4) fully connected.
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connected Layer) 

Number of convolution 

Kernel 
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Windows size 2 × 2 2 × 2 2 × 2 2 × 2 

Input 15 × 15 14 × 14 7 × 7 6 × 6 

Output 14 × 14 7 × 7 6 × 6 3 × 3 
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Kernel 
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Figure 9. 2D-CNN methodology adopted.

Convolution is the first layer of CNN. Indeed, its role consists of extracting the
characteristics of the images presented as the input. During this phase, 2D convolution
is applied to the image in order to determine its useful information. The filtered images
pass through the second layer (pool) of the CNN. The role of this part is to reduce the
size of the image while preserving its most important information. Indeed, a sliding
window traverses the image and reduces its size by using a local maximum operation. The
rectified linear unit (ReLU) is the third layer of the CNN in which each negative value
will be replaced by zero. Therefore, the size of the image is not changed in this layer. The
fully connected layer is a multilayer perceptron that combines the characteristics of the
images and determines the probability of each class presented in the learning phase. In this
proposed CNN architecture, the nonlinear function used is the sigmoid function. Figure 9
presents the general structure of the CNN used for gesture recognition.

Based on the structure of image presented as input, there are some characteristics
adopted as given in Table 14.
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Table 14. CNN characteristics.

Convolution C1 Pooling P1 Convolution C2 Pooling P2
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 Convolution C1 Pooling P1 Convolution C2 Pooling P2 

 
(10 neurons on the Fully 

connected Layer) 

Number of convolution 
Kernel 5 / 15 / 

Windows size 2 × 2 2 × 2 2 × 2 2 × 2 
Input 15 × 15 14 × 14 7 × 7 6 × 6 

Output 14 × 14 7 × 7 6 × 6 3 × 3 

 
(11 neurons on the Fully 

connected Layer) 

Number of convolution 
Kernel 7 / 17 / 

Windows size 2 × 2 2 × 2 2 × 2 2 × 2 
Input 11 × 11 10 × 10 5 × 5 4 × 4 

Output 10 × 10 5 × 5 4 × 4 2 × 2 

(10 neurons on the Fully
connected Layer)

Number of
convolution Kernel 5 / 15 /

Windows size 2 × 2 2 × 2 2 × 2 2 × 2

Input 15 × 15 14 × 14 7 × 7 6 × 6

Output 14 × 14 7 × 7 6 × 6 3 × 3
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(10 neurons on the Fully 

connected Layer) 

Number of convolution 
Kernel 5 / 15 / 

Windows size 2 × 2 2 × 2 2 × 2 2 × 2 
Input 15 × 15 14 × 14 7 × 7 6 × 6 

Output 14 × 14 7 × 7 6 × 6 3 × 3 

 
(11 neurons on the Fully 

connected Layer) 

Number of convolution 
Kernel 7 / 17 / 

Windows size 2 × 2 2 × 2 2 × 2 2 × 2 
Input 11 × 11 10 × 10 5 × 5 4 × 4 

Output 10 × 10 5 × 5 4 × 4 2 × 2 
(11 neurons on the Fully

connected Layer)

Number of
convolution Kernel 7 / 17 /

Windows size 2 × 2 2 × 2 2 × 2 2 × 2

Input 11 × 11 10 × 10 5 × 5 4 × 4

Output 10 × 10 5 × 5 4 × 4 2 × 2
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of cases where G3 is classified as G2 and 
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Image based on 
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First attempt: (Set of 
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By using statistical analysis based on 
ANOVA, the recognition rate appears to be 

greater than the previous one for about 
14%. This set of images based on a spatial 
representation of selected features using a 
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(100 neurons on the Fully
connected Layer)

Number of
convolution Kernel 10 / 10 /

Windows size 4 × 4 2 × 2 2 × 2 2 × 2

Input 9 × 9 6 × 6 3 × 3 2 × 2

Output 6 × 6 3 × 3 2 × 2 1 × 1

4. Results

Foot gesture identification task was considered as a pattern recognition problem in
which a set of foot’s movements of one of this paper’s authors was recorded for training
and validation steps. The classification of gestures was based on statistical information
extracted from its patterns. For every gesture, 70% of data were defined as training samples,
15% as validation samples, and 15% as test ones. The CNN model was trained using the
training and validation set and tested independently with the testing set. Many of tests
(100) were finally performed to obtain an optimized model. The selected parameters to
test the CNN model in TensorFlow were obtained from the training process and were
presented for each type of image presented as input. Table 15 presents the latter.

Table 15. CNN test parameters.

Parameters
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Learning Rate 0.01 0.00019 0.005

Momentum
Coefficient 0.6 0.899 0.9

The recognition process is based on the gradient method. Confusion matrix related to
each method and the recognition rate for the five-foot gestures are presented in Table 16.
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Table 16. 2D-CNN classification results.

Images Input Recognition Rate Comments
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Furthermore, the system is able to make a
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However, there is still some confusion of
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G1 and G5, with 66.6%, 33.3%, 30%, and

70%, respectively.
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Limitations in this study can be seen in several points. Firstly, the recognition process 

only accounts for one user (the first author of this research works) whose characteristic 
has previously been scoped in the convolutional neural network, thus requiring for every 
new user to compute the training process. Secondly, our study is conducted in a strictly 
supervised environment where noises arisen from environmental consideration, such as 
vibrations, are taken out, thus requiring the enhancement of disturbances robustness for 
all industries purposes. Thirdly, this current study has not been yet implemented in real-
time embedded system for online classification tests. Finally, a study of the proposed clas-
sification algorithm for a larger set of gestures and participants is yet to be considered. 

6. Conclusions and Future Works 
In this paper, a new method that can be used for human–robot interaction in hybrid 

work cells is proposed. The goal is to switch between possible cobot operating modes 
based on foot gesture command. Therefore, this article presents a foot gesture human–
robot interface using an instrumented insole located inside the worker’s left shoe. Firstly, 
two foot gesture dictionaries were formulated, then five gestures assimilated to five se-
lected commands to control a robot were chosen. Foot gesture signals were collected from 
the insole and processed for features selection. In this process, a statistical analysis utiliz-
ing a dataset recorded from one person who repeated the different foot gestures several 
times was computed to identify the most representative features, i.e., the mean of the ac-
celeration norm, the mean of the sum of the two FSR sensors located in the forefoot, and 
the mean of the sum of the two FSR sensors located in the heel. Then several sets of gray-
scale images based on the spatial representation (geometric form) of the above features in 
the selected 2D image were proposed to adequately scope the differences between the 
suggested five gestures. Thus, the proposed 2D images were given as input to a 2D con-
volutional neural network with backpropagation algorithm for foot gesture recognition. 
Offline results showed the great impact of variance analysis in the recognition process as 
we achieve a higher recognition rate of 74% only by selecting the relevant features. Fur-
thermore, a spatial representation of the selected features in the 2D images seems to 
greatly impact the recognition process as there a set of geometric configurations exists in 

With the enhancement of the images
using ANOVA for selecting feature and

the modification of the spatial
representation of the features in the
images using a set of forms (squares,
rectangles, and triangles), the system
achieves a 100% of recognition rate.

Therefore, each foot gesture is correctly
identified.

Based on these results, it can be inferred that ANOVA analysis contributed to the great
increase (about 14%) in the recognition rate, implying that features specification has an
important place in the recognition process. Furthermore, by using the spatial distribution of
the selected features obtained from the ANOVA analysis, we achieved different results, 74%
for the first case and 100% for the second one. These results show that the rescaling method
of the features data has an important impact on the classification base 2D-CNN method.

5. Limit of the Study

Limitations in this study can be seen in several points. Firstly, the recognition process
only accounts for one user (the first author of this research works) whose characteristic
has previously been scoped in the convolutional neural network, thus requiring for every
new user to compute the training process. Secondly, our study is conducted in a strictly
supervised environment where noises arisen from environmental consideration, such
as vibrations, are taken out, thus requiring the enhancement of disturbances robustness
for all industries purposes. Thirdly, this current study has not been yet implemented in
real-time embedded system for online classification tests. Finally, a study of the proposed
classification algorithm for a larger set of gestures and participants is yet to be considered.

6. Conclusions and Future Works

In this paper, a new method that can be used for human–robot interaction in hybrid
work cells is proposed. The goal is to switch between possible cobot operating modes based
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on foot gesture command. Therefore, this article presents a foot gesture human–robot
interface using an instrumented insole located inside the worker’s left shoe. Firstly, two
foot gesture dictionaries were formulated, then five gestures assimilated to five selected
commands to control a robot were chosen. Foot gesture signals were collected from the
insole and processed for features selection. In this process, a statistical analysis utilizing a
dataset recorded from one person who repeated the different foot gestures several times
was computed to identify the most representative features, i.e., the mean of the acceleration
norm, the mean of the sum of the two FSR sensors located in the forefoot, and the mean of
the sum of the two FSR sensors located in the heel. Then several sets of grayscale images
based on the spatial representation (geometric form) of the above features in the selected
2D image were proposed to adequately scope the differences between the suggested five
gestures. Thus, the proposed 2D images were given as input to a 2D convolutional neural
network with backpropagation algorithm for foot gesture recognition. Offline results
showed the great impact of variance analysis in the recognition process as we achieve
a higher recognition rate of 74% only by selecting the relevant features. Furthermore, a
spatial representation of the selected features in the 2D images seems to greatly impact the
recognition process as there a set of geometric configurations exists in which the recognition
rate is very high, nearly 100%. From these results, it can then be inferred that the use of
foot gesture classification for cobot operating mode selection is possible.

Future research aims to increase the number of chosen gestures in order to have
more assimilated commands. Furthermore, for globalization purposes, larger sets of foot
gesture executions methods from different persons are required and, finally, a real-time
implementation of the proposed solution in the instrumented insole processors ought to
be attempted.

Supplementary Materials: Supplementary Materials are available online at https://www.mdpi.
com/article/10.3390/s21175743/s1.

Author Contributions: Conceptualization, F.E.A. and M.J.-D.O.; methodology, F.E.A., M.J.-D.O. and
G.V.T.D.; software, F.E.A.; validation, F.E.A.; formal analysis, F.E.A., G.V.T.D. and J.C.A.; investigation,
F.E.A. and G.V.T.D.; resources, M.J.-D.O.; data curation, F.E.A.; writing—original draft preparation,
F.E.A.; writing—review and editing, J.C.A., G.V.T.D., M.J.-D.O.; visualization, F.E.A. and M.J.-D.O.;
supervision, M.J.-D.O., R.M.; project administration, M.J.-D.O.; funding acquisition, M.J.-D.O. and
R.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work received financial support from the Fonds de recherche du Québec—Nature
et technologies (FRQNT), under grant number 2020-CO-275043 and grant number 2016-PR-188869.
This project uses the infrastructure obtained by the Ministère de l’Économie et de l’Innovation (MEI)
du Quebec, John R. Evans Leaders Fund of the Canadian Foundation for Innovation (CFI) and the
Infrastructure Operating Fund (FEI) under the project number 35395.

Institutional Review Board Statement: Ethical review and approval were waived for this study.
The data is coming from an acquisition of the foot motion of the first author for analyzing, testing
and evaluating the image generation configuration. The study did not recruit any participants.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available in the Supplementary File.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. ReferencesKrüger, J.; Lien, T.K.; Verl, A. Cooperation of human and machines in assembly lines. CIRP Ann. 2009, 58, 628–646.
2. Matthias, B.; Kock, S.; Jerregard, H.; Källman, M.; Lundberg, I. Safety of collaborative industrial robots: Certification possibilities

for a collaborative assembly robot concept. In Proceedings of the 2011 IEEE International Symposium on Assembly and
Manufacturing (ISAM), Tampere, Finland, 25–27 May 2011; pp. 1–6.

https://www.mdpi.com/article/10.3390/s21175743/s1
https://www.mdpi.com/article/10.3390/s21175743/s1


Sensors 2021, 21, 5743 23 of 24

3. Safeea, M.; Neto, P.; Bearee, R. On-line collision avoidance for collaborative robot manipulators by adjusting off-line generated
paths: An industrial use case. Robot. Auton. Syst. 2019, 119, 278–288. [CrossRef]

4. Ende, T.; Haddadin, S.; Parusel, S.; Wüsthoff, T.; Hassenzahl, M.; Albu-Schäffer, A. A human-centered approach to robot gesture
based communication within collaborative working processes. In Proceedings of the 2011 IEEE/RSJ International Conference on
Intelligent Robots and Systems, San Francisco, CA, USA, 25–30 September 2011; pp. 3367–3374.

5. Juang, J.G.; Tsai, Y.J.; Fan, Y.W. Visual recognition and its application to robot arm control. Appl. Sci. 2015, 5, 851–880. [CrossRef]
6. Jiang, W.; Ye, X.; Chen, R.; Su, F.; Lin, M.; Ma, Y.; Huang, S. Wearable on-device deep learning system for hand gesture recognition

based on FPGA accelerator. Math. Biosci. Eng. 2020, 18, 132–153.
7. Crossan, A.; Brewster, S.; Ng, A. Foot tapping for mobile interaction. In Proceedings of the 24th BCS Interaction Specialist Group

Conference (HCI 2010 24), Dundee, UK, 6–10 September 2010; pp. 418–422.
8. Valkov, D.; Steinicke, F.; Bruder, G.; Hinrichs, K.H. Traveling in 3d virtual environments with foot gestures and a multi-touch

enabled wim. In Proceedings of the Virtual reality International Conference (VRIC 2010), Laval, France, 7–9 April 2010; pp.
171–180.

9. Hua, R.; Wang, Y. A Customized Convolutional Neural Network Model Integrated with Acceleration-Based Smart Insole Toward
Personalized Foot Gesture Recognition. IEEE Sens. Lett. 2020, 4, 1–4. [CrossRef]

10. Peshkin, M.A.; Colgate, J.E.; Wannasuphoprasit, W.; Moore, C.A.; Gillespie, R.B.; Akella, P. Cobot architecture. IEEE Trans. Robot.
Autom. 2001, 17, 377–390. [CrossRef]

11. Meziane, R.; Li, P.; Otis, M.J.-D.; Ezzaidi, H.; Cardou, P. Safer Hybrid Workspace Using Human-Robot Interaction While Sharing
Production Activities. In Proceedings of the 2014 IEEE International Symposium on Robotic and Sensors Environments (ROSE),
Timisoara, Romania, 16–18 October 2014; pp. 37–42.

12. Neto, P.; Simão, M.; Mendes, N.; Safeea, M. Gesture-based human-robot interaction for human assistance in manufacturing. Int. J.
Adv. Manuf. Technol. 2019, 101, 119–135. [CrossRef]

13. Maeda, G.J.; Neumann, G.; Ewerton, M.; Lioutikov, R.; Kroemer, O.; Peters, J. Probabilistic movement primitives for coordination
of multiple human–robot collaborative tasks. Auton. Robot. 2017, 41, 593–612. [CrossRef]

14. Lopes, M.; Peters, J.; Piater, J.; Toussaint, M.; Baisero, A.; Busch, B.; Erkent, O.; Kroemer, O.; Lioutikov, R.; Maeda, G. Semi-
Autonomous 3rd-Hand Robot. Robot. Future Manuf. Scenar. 2015, 3.

15. Bischoff, R.; Kurth, J.; Schreiber, G.; Koeppe, R.; Albu-Schäffer, A.; Beyer, A.; Eiberger, O.; Haddadin, S.; Stemmer, A.; Grunwald, G.
The KUKA-DLR Lightweight Robot arm-a new reference platform for robotics research and manufacturing. In Proceedings of
the Robotics (ISR), 2010 41st International Symposium on and 2010 6th German Conference on Robotics (ROBOTIK), Munich,
Germany, 7–9 June 2010; pp. 1–8.

16. Sasaki, T.; Saraiji, M.; Fernando, C.L.; Minamizawa, K.; Inami, M. MetaLimbs: Multiple arms interaction metamorphism. In
Proceedings of the ACM SIGGRAPH, Emerging Technologies, Los Angeles, CA, USA, 30 July–3 August 2017; p. 16.

17. Fleming, I.; Balicki, M.; Koo, J.; Iordachita, I.; Mitchell, B.; Handa, J.; Hager, G.; Taylor, R. Cooperative robot assistant for retinal
microsurgery. In Proceedings of the International Conference on Medical Image Computing and Computer-Assisted Intervention,
New York, NY, USA, 6–10 September 2008; Springer: Berlin/Heidelberg, Germany, 2008; pp. 543–550.

18. Faria, D.R.; Vieira, M.; Faria, F.C.; Premebida, C. Affective facial expressions recognition for human-robot interaction. In
Proceedings of the 2017 26th IEEE International Symposium on Robot and Human Interactive Communication (RO-MAN),
Lisbon, Portugal, 28 August–1 September 2017; IEEE: New York, NY, USA, 2017; pp. 805–810.

19. Putro, M.D.; Jo, K.H. Real-time face tracking for human-robot interaction. In Proceedings of the 2018 International Conference on
Information and Communication Technology Robotics (ICT-ROBOT), Busan, Korea, 6–8 September 2018; IEEE: New York, NY,
USA, 2018; pp. 1–4.

20. Lakomkin, E.; Zamani, M.A.; Weber, C.; Magg, S.; Wermter, S. On the robustness of speech emotion recognition for human-robot
interaction with deep neural networks. In Proceedings of the 2018 IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS), Madrid, Spain, 1–5 October 2018; IEEE: New York, NY, USA, 2018; pp. 854–860.

21. Fan, M.; Ding, Y.; Shen, F.; You, Y.; Yu, Z. An empirical study of foot gestures for hands-occupied mobile interaction. In
Proceedings of the 2017 ACM International Symposium on Wearable Computers, Maui, HI, USA, 11–15 September 2017; pp.
172–173.

22. Kim, T.; Blum, J.R.; Alirezaee, P.; Arnold, A.G.; Fortin, P.E.; Cooperstock, J.R. Usability of foot-based interaction techniques for
mobile solutions. In Mobile Solutions and Their Usefulness in Everyday Life; Springer: Cham, Switzerland, 2019; pp. 309–329.

23. Maragliulo, S.; LOPES, P.F.A.; Osório, L.B.; De Almeida, A.T.; Tavakoli, M. Foot gesture recognition through dual channel
wearable EMG System. IEEE Sens. J. 2019, 19, 10187–10197. [CrossRef]

24. CoupetÈ, E.; Moutarde, F.; Manitsaris, S. Gesture Recognition Using a Depth Camera for Human Robot Collaboration on
Assembly Line. Procedia Manuf. 2015, 3, 518–525. [CrossRef]

25. Calinon, S.; Billard, A. Stochastic gesture production and recognition model for a humanoid robot. In Proceedings of the 2004
IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Sendai, Japan, 28 September–2 October 2004; pp.
2769–2774.

26. Georgi, M.; Amma, C.; Schultz, T. Recognizing Hand and Finger Gestures with IMU based Motion and EMG based Muscle
Activity Sensing. In Proceedings of the Biosignals 2015-International Conference on Bio-Inspired Systems and Signal Processing,
Lisbon, Portugal, 12–15 January 2015; pp. 99–108.

http://doi.org/10.1016/j.robot.2019.07.013
http://doi.org/10.3390/app5040851
http://doi.org/10.1109/LSENS.2020.2984152
http://doi.org/10.1109/70.954751
http://doi.org/10.1007/s00170-018-2788-x
http://doi.org/10.1007/s10514-016-9556-2
http://doi.org/10.1109/JSEN.2019.2931715
http://doi.org/10.1016/j.promfg.2015.07.216


Sensors 2021, 21, 5743 24 of 24

27. Zhu, C.; Sheng, W. Wearable sensor-based hand gesture and daily activity recognition for robot-assisted living. IEEE Trans. Syst.
Man Cybern. Part A Syst. Hum. 2011, 41, 569–573. [CrossRef]

28. Mitra, S.; Acharya, T. Gesture recognition: A survey. IEEE Trans. Syst. Man Cybern. Part C (Appl. Rev.) 2007, 37, 311–324.
[CrossRef]

29. Hartmann, B.; Link, N. Gesture recognition with inertial sensors and optimized DTW prototypes. In Proceedings of the 2010
IEEE International Conference on Systems, Man and Cybernetics, Istanbul, Turkey, 10–13 October 2010; pp. 2102–2109.

30. Wu, H.; Deng, D.; Chen, X.; Li, G.; Wang, D. Localization and recognition of digit-writing hand gestures for smart TV systems. J.
Inf. Comput. Sci. 2014, 11, 845–857. [CrossRef]

31. Buyssens, P.; Elmoataz, A. Réseaux de neurones convolutionnels multi-échelle pour la classification cellulaire. In Proceedings of
the RFIA, Clermond-Ferand, France, 27 June–1 July 2016.

32. Cho, H.; Yoon, S.M. Divide and conquer-based 1D CNN human activity recognition using test data sharpening. Sensors 2018, 18,
1055. [CrossRef] [PubMed]

33. Kiranyaz, S.; Ince, T.; Abdeljaber, O.; Avci, O.; Gabbouj, M. 1-d convolutional neural networks for signal processing applications.
In Proceedings of the ICASSP 2019 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Brighton,
UK, 12–17 May 2019; IEEE: New York, NY, USA, 2019; pp. 8360–8364.

34. Fakhrulddin, A.H.; Fei, X.; Li, H. Convolutional neural networks (CNN) based human fall detection on Body Sensor Networks
(BSN) sensor data. In Proceedings of the 2017 4th International Conference on Systems and Informatics (ICSAI), Hangzhou,
China, 11–13 November 2017; IEEE: New York, NY, USA, 2017; pp. 1461–1465.

35. Wang, L.; Peng, M.; Zhou, Q.F. Fall detection based on convolutional neural networks using smart insole. In Proceedings of the
2019 5th International Conference on Control, Automation and Robotics (ICCAR), Beijing, China, 19–22 April 2019; IEEE: New
York, NY, USA, 2019.

36. Li, G.; Tang, H.; Sun, Y.; Kong, J.; Jiang, G.; Jiang, D.; Tao, B.; Xu, S.; Liu, H. Hand gesture recognition based on convolution neural
network. Clust. Comput. 2019, 22, 2719–2729. [CrossRef]

37. Ji, S.; Xu, W.; Yang, M.; Yu, K. 3D convolutional neural networks for human action recognition. IEEE Trans. Pattern Anal. Mach.
Intell. 2013, 35, 221–231. [CrossRef] [PubMed]

38. Ha, S.; Choi, S. Convolutional neural networks for human activity recognition using multiple accelerometer and gyroscope
sensors. In Proceedings of the 2016 International Joint Conference on Neural Networks, Vancouver, BC, Canada, 24–29 July 2016;
pp. 381–388.

39. Datasheet Mpu9250. Available online: https://www.invensense.com/wp-content/uploads/2015/02/PS-MPU-9250A-01-v1.1
.pdf (accessed on 2 March 2017).

40. Datasheet ADS1115. Available online: https://cdn-shop.adafruit.com/datasheets/ads1115.pdf (accessed on 11 March 2017).
41. Datasheet ESP-12E. Available online: https://www.kloppenborg.net/images/blog/esp8266/esp8266-esp12e-specs.pdf (accessed

on 11 March 2017).
42. Barkallah, E.; Freulard, J.; Otis, M.J.D.; Ngomo, S.; Ayena, J.C.; Desrosiers, C. Wearable Devices for Classification of Inadequate

Posture at Work Using Neural Networks. Sensors 2017, 17, 2003. [CrossRef] [PubMed]
43. Johnson, K.J.; Synovec, R.E. Pattern recognition of jet fuels: Comprehensive GC × GC with ANOVA-based feature selection and

principal component analysis. Chemom. Intell. Lab. Syst. 2002, 60, 225–237. [CrossRef]
44. Wu, C.; Yan, Y.; Cao, Q.; Fei, F.; Yang, D. sEMG measurement position and feature optimization strategy for gesture recognition

based on ANOVA and neural networks. IEEE Access 2020, 8, 56290–56299. [CrossRef]

http://doi.org/10.1109/TSMCA.2010.2093883
http://doi.org/10.1109/TSMCC.2007.893280
http://doi.org/10.12733/jics20102412
http://doi.org/10.3390/s18041055
http://www.ncbi.nlm.nih.gov/pubmed/29614767
http://doi.org/10.1007/s10586-017-1435-x
http://doi.org/10.1109/TPAMI.2012.59
http://www.ncbi.nlm.nih.gov/pubmed/22392705
https://www.invensense.com/wp-content/uploads/2015/02/PS-MPU-9250A-01-v1.1.pdf
https://www.invensense.com/wp-content/uploads/2015/02/PS-MPU-9250A-01-v1.1.pdf
https://cdn-shop.adafruit.com/datasheets/ads1115.pdf
https://www.kloppenborg.net/images/blog/esp8266/esp8266-esp12e-specs.pdf
http://doi.org/10.3390/s17092003
http://www.ncbi.nlm.nih.gov/pubmed/28862665
http://doi.org/10.1016/S0169-7439(01)00198-8
http://doi.org/10.1109/ACCESS.2020.2982405

	Introduction 
	Related Work 
	Third-Hand Cobot 
	Use of Human Gesture as Command Center 
	Gesture Recognition Methods 

	Materials and Methods 
	Instrumented Insole 
	Foot-Based Command: Gesture Dictionnaries 
	Data Acquisition and Features Selection 
	2D-CNN Image Generation 
	2D-CNN Classification Method 


	Results 
	Limit of the Study 
	Conclusions and Future Works 
	References

