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Abstract:

This paper presents a robotic system that assists people
with reduced mobility in the activities of picking up and
putting down objects out of their reach. Human-robot
communication is non-verbal, using gestures that have
been specifically selected for the robot’s use. Gestures are
read out using an RGB-D camera while the commands
they express are executed online by a small UR3 cobot.
The evaluation of the system has shown that it is useful
and safe in the sense of the SUS and GQS, respectively.

Keywords: assistive robots, manipulators, 3D vision sys-
tems, gesture recognition, human-robot interactions

1. Introduction

Robots as aids for people with disabilities are of
wide interest to users, researchers, and engineers [1].
This is a consequence of the strong diversity of needs
of people with disabilities, the high societal relevance
of this branch of robotics, and the rapid advances
in science and technology. A systematic review of
assistive robots is included in [1, 2]. The classifica-
tion proposed in [1] distinguishes manipulation aids.
They are categorised into fixed base and wheelchair
manipulator arm systems. MySpoon [3], Mico, Jaco [4],
iARM [5] and BATEO [6] can serve as examples. In
contrast, the classification in [2] is based on appli-
cations: assistance in activities of daily living, fetch
and bring activities, food and beverage service, med-
ication delivery services, user-related delivery ser-
vices, telepresence and communication, monitoring
safety, and navigation. This article concerns fixed base
manipulator arm systems designed for fetch and bring
activities.

The potential of assistive robotic manipulation to
improve the quality of life for people with motor
impairments is a motivation for work [7]. A Body-
Machine Interface (BMI) has been proposed. It is
based on on a vest that is equipped with four MTx
motion trackers in order to capture shoulder move-
ments. BMI uses a person’s residual motor capabilities
to generate control signals for a robotic arm. In this
way, a high-DOF MICO manipulator can assist people
with motor impairments to perform everyday tasks. It
is noted in [8] that communication with a robot can be
done through gestures, and there are circumstances
when this is justified. The authors propose a wireless,
human gesture based controlled robotic arm system

for tool handling (pick and place) and other applica-
tions where human reach is elusive. The gestures are
captured using IMU and flex sensors placed on the
human hand, and they are in sync with the manipu-
lators movement. The solution is intended primarily
for industrial applications, not for assistive robotics.
The article [9] presents a system for controlling a
robot arm by human fingers and hand movements.
The sensory hardware is composed of gyroscpes and
flex connected to Arduino microcontroller. Sensory
data processing is based on fuzzy logic. This is more
of a technology demonstrator than a final solution but
itis undoubtedly a step in the search for a good system
for communicating with a robot using gestures. In
[10] the authors propose a vision-based HCI architec-
ture for the robotic arm by identifying somatosensory
motion. The input of the model is collected by Kinect
sensors from human body movement. The evaluation
of the proposed system was preliminary and limited
to the virtual environment.

Recently, a number of works have appeared,
[11-13], based on the Google MediaPipe [14] thatis an
open-source framework that offers developers a plat-
form for building real-time multimedia applications.
A gesture control interface for laparoscopic surgery
is discussed in [11]. Four RGB cameras are used to
capture hand movements. Although the study offers
a solid mathematical background and includes user
evaluation, it lacks real-world testing. A gesture con-
trolled robotic arm for surgical tool assistance is pro-
posedin [12]. The system is based on YOLOV5 for accu-
rate surgical tool detection, MediaPipe Framework for
real-time hand gesture tracking, and the UFactory Lite
6 robotic arm. RGB-D and RGB cameras are used for
hand movement capture and tool detection, respec-
tively. The recognized gestures have the meaning of
instructions to the manipulator, no telemanipulation
takes place. The evaluation was carried out in a vir-
tual RobotDK environment and was based exclusively
on selected system performance indicators. The con-
cept of a gesture control interface for teleoperation
of quadruped robots with a robotic arm is presented
in [13]. An RGB-D camera (Intel RealSense) captures
human gestures. They have the meaning of motion
commands for the Unitree Go 1 mobile platform. The
position of the effector of myCobot manipulator can be
teleoperated by hand movement using a custom tele-
operatin algorithm. However, evaluation of the system
is limited to a basic feasibility study.
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There are reports in the literature about research
on other forms of human-manipulator communica-
tion. In [15], the authors present and discuss a tongue
drive system in conjunction with augmented reality
for an assistive manipulator. A P300-based brain-
computer interface is proposed and analysed in [16].
A minimalist interface for a proof-of-concept control
system with higher autonomy for head care tasks
using the PR2 robot is proposed in [17]. In the article
[18], hand configuration in combination with voice
commands are used to define the actions of the manip-
ulator. The RGB-D camera is used to segment the
scene, detect objects, including the hand, its position,
and the object it is pointing at in the scene.

In parallel with the development of human-robot
communication technology, the problem of evaluation
of such interactive systems has been addressed. An
analysis of the previously cited works leads to the
conclusion that two types of evaluation parameters
can be distinguished: system performance indicators
for feasibility study and user-centered UX/HRI mea-
sures for users’ opinions study. The system perfor-
mance indicators include task realization success rate
[11,13,15,18], task completion time [7,11,13,15, 16,
18-20], response time [11, 12, 16, 18] task execution
accuracy [11,18,20]. In turn, user experience has been
assessed on the following measures: Quality of Life
in Essential Tremor Questionnaire (QUEST; [19]), Sys-
tem Usability Scale (SUS; [11,19,20]), Godspeed Ques-
tionnaire Series (GQS) and Attitudes towards Tech-
nology Scale (ATTS; [20]), Van Der Laan’s technol-
ogy acceptance scoring, Ergonomics survey [11], the
Questionnaire for the Evaluation of Physical Assistive
Devices (QUEAD; [21]). This classification provides a
structured framework for comparing our system with
prior art.

The contribution of this article consists of four
elements that are present together.

1) The concept of a manipulator designed to assist
individuals with reduced mobility in tasks involv-
ing physical objects handling has been proposed.
Human-robot interaction is facilitated through
gesture-based commands, which are captured by
an RGB-D camera and processed using Google
MediaPipe Hands software. Crucially, our design
eliminates the need for wearable or hand-mounted
sensors to indicate to the manipulator effector
the position to be tracked and the actions to
be performed with the gripper. This sensor-less
control mechanism increases user comfort and
accessibility.

2) A complete mathematical background is provided
to support the gesture-based control logic,
enabling robust and responsive interaction
between the user and the robotic arm.

3) The gesture control algorithm was implemented
and tested on an existing robotics platform com-
prising hardware and software, confirming its fea-
sibility outside a simulation environment.

4) The evaluation of the gesture control system was
carried out in a significant group of 37 naive

participants. UX and HRI tests based on live exper-

iments involving a scenario specific to an assistive

robotic arm yielded positive results, i.e. the system
is sufficiently useful and safe in the sense of SUS
and GQS measures.

Initial research for this work was developed in [22]
and [20].

The solution proposed in this work has a simpler
design and is more user-friendly than the systems
discussed in [8-10]. Atthe same time, it is complemen-
tary to the systems presented in [15,16] and [18], and
contributes to the growing field of accessible, sensor-
less human-robot interfaces.

2. System Idea

The general concept of the manipulation aid sys-
tem is shown in Figure 1.

RGB-D camera

Figure 1. Overall concept of the system

The user can move objects out of their reach into
their immediate environment with the support of the
manipulator. Commands are given to the manipulator
by means of hand gestures, which are recorded using
the RGB-D camera.

The set of commands interpreted by the manipula-
tor’s sensory system are activation/deactivation, hand
tracking, opening and closing of the gripper. Once the
gesture command mode is activated, the gripper fol-
lows the position of the hand. The gripper can be open
or closed, depending on whether the hand is open
or closed with a fist. The above makes the manipu-
lator an extension of the user’s arm from the user’s
perspective.

3. System Components
3.1. General System Architecture

The system architecture implementing the con-
cept outlined in Section 3.1 is presented in Figure 2.
The user hand is captured by an RGB-D camera. The
resulting RGB and depth images are processed by the
/camera_image_processor module. The extracted
hand landmarks positions and recognized gestures
are then used to determine the instructions for the
robot through the /robot_controller module. Con-
sequently, the coordinate system of the gripper fol-
lows the coordinate system of the hand and the jaws
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RGB-D camera RGB image
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Figure 2. General system architecture

of the gripper follow the instructions expressed by the
hand gestures.

3.2. Hardware

The hardware platform of the assistive manipu-
lator under consideration consists of the following
components:

- UR3 manipulator with CB3 control box and Robotiq
2F-85 two-finger gripper,

- desktop PC,
- Intel RealSense D435 depth camera (RGB-D).

The camera is connected to the PC via a USB cable
while the PC communicates with the CB3 control box
via TCP/IP.

The UR3 manipulator is a small cobot and can
be adapted as an assistive manipulator. The camera
built into the UR3 manipulator is of the RGB type and
cannot be used for the gripper to track human hand
movement in 3D. For this reason, it was necessary to
use an external RGB-D camera.

3.3. Software

Ubuntu 20.04 and ROS Noetic form the software
base on the PC for this project. The software of
the considered assistive manipulator consists of
a number of ROS nodes that are associated with
Universal Robots ROS Driver, Movelt Motion Planning
Framework, and gripper. In addition, there are two
custom nodes: /camera_image_processor and
/robot_controller mentioned in Section 3.1. A
part of the ROS graph with these nodes is included in
Figure 3.

Icoordinates

/command

Icamera_image_processor Irobot_controller

Igestures

Figure 3. ROS graph

/camera_image_processor is a software which
performs RGB image and depth map acquisition and
then carries out the data processing.
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H
N
| - >
| y
—>{ /camera_image_processor —» /robot_controller —»! y
| ?

1

Y
[y

v
UR3 Madipulator
'

*20

@0

(@) a human hand and its
model in MediaPipe

(b) hand landmarks in the
MediaPipe hand model

Figure 4. Google MediaPipe Software Framework: a
hand model

The Google MediaPipe Framework [14, 23] was
used to implement this node. The work [24] proves
thatitisareliable and precise framework for assessing
3D hand movements in clinical applications. Specifi-
cally, MediaPipe Hands was used to track hand posi-
tion and orientation, similar to [11].

The MediaPipe hand landmark recognition model
recognizes the hand in the captured data and creates
a skeletal model of it, illustrated in Figure 4(a). There
are 20 landmarks associated with the hand model
shown in Figure 4(b). They can be used to define a
coordinate frame X}, Y, Z; associated with the hand (a
hand coordinate frame).

Let “pp; denotes a position of the i-th hand land-
mark in the camera coordinate frame X Y.Z.. The
VETSOI'S Ty, x, Th y Th,z Of X, Yp Z), are defined as follows:

“Pro — “Pro
1°Pro = “Proll2’
Ty = (“Pra7 = “Pro) X (“Pro — “Pro) @
’ 1(°Pr,17 = Pro) X (Pro — “Pro)ll2
(3)

rh'x = Th,y X rh'z.

(1)

Thz =

The origin of the hand coordinate frame is located
at “pp, o. Consequently, a homogeneous transformation
matrix from X, Y, 2, to X.Y.Z. takes the following
form:

c c
Ry “pno

TS = [ 0 1 ] where °Ry, = [Th,x Th,y Th,Z]-

(4)
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The above construct makes some similarities
between the coordinate frames of the human hand and
the gripper (the latter is denoted by X,Y,.Z,). In both
cases, the z versors have their origin at the wrist and
are directed along the fingers to the outside of the arm.
In turn, the y versors are directed perpendicular to the
plane of the palm on the outside of the inner part of
the palm. In the case of a gripper, the inner part of
the palm is assumed to be on the camera side of the
gripper.

Let T? denotes a homogeneous transformation
matrix from X,.Y.Z. to the manipulator base coor-
dinate frame X,Y,2p, [25], and T? := TPT{. The
structure of the resulting matrix is as follows:

b b
re=|" " (5)

The matrix PR;, represents the orientation of
XnYnZy in XYy Z, while bph,o represents the posi-
tion of the human wrist in X, Y, Z},.

TP is used to determine a reference path for
XeYeZe in XpYyZyp. Let 2oy o, PRy, PPe, PR, are the
positions and the orientations of a human hand and
a gripper respectively when the control system is acti-
vated. Define

’Be — Bro (6)
= (PRp)™* - PR,. (7)

=Tl

Then the reference path for the gripper can be
expressed as follows:

bpe,ref = bph,o + D, (8)
bRe,ref = th “R. (9)

Sometimes it is good to control only the position
of the effector, especially when a twitching human
palm makes the gripper oscillates and once fixed the
orientation of the gripper is sufficient. In this case, the
expression (9) takes the form

bRe,ref = bRe- (10)

Note, that similar mappings are used in direct and
bilateral teleoperation [26]. Consequently, two work-
ing modes can be distinguished:

full teleoperation, defined by (1)+(9);
reduced teleoperation, defined by (1)-+(8), (10).

b Pe et " Re ref are the quantities that are passed to
the /coordinates topic.

The MediaPipe hand gesture recognition model
can recognize several static gestures. The gestures
supported by the system are: closed fist, open palm,
thumb up, victory, none of them. They are illustrated
in Figure 5. The gesture type is published to the
/gestures topic once it has been recognized.

Both the position of the wrist and the recognized
gestures have an assigned meaning in terms of com-
mands for the manipulator. The position of the wrist
determines the position of the gripper. The open palm

(c) open palm (d) closed fist

Figure 5. Google MediaPipe Software Framework:
recognizable static gestures

Figure 6. Camera workspace (A) and gripper
workspace (B)

and closed fist gestures denote open and closed grip-
per jaws, respectively. The thumb up or victory ges-
tures mean activation/deactivation of the gesture tele-
operation command mode.

The system operates within predefined
workspaces in 3D space, as illustrated in Figure 6.
Workspace A corresponds to the region within the
camera field of view, where user gestures are captured
and processed as commands for the robot. Workspace
B defines the area within which the gripper operates.
Its position remains confined to this designated
region. Both workspaces are rectangular in shape,
and their exact dimensions can be adjusted to suit
specific requirements.

/robot_controller is a high-level software mod-
ule that processes the data subscribed from the
/coordinates and /gestures topic into commands
for the manipulator.

The hand coordinates are converted into coor-
dinates of the robot’s base coordinate frame. These
coordinates are then set as the target position for
the gripper. The manipulator’s point-to-point move-
ment is handled by the Movelt motion planning frame-
work. It provides access to algorithms from the Open
Motion Planning Library (OMPL). Robot movement
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trajectories are calculated with the Rapidly-exploring
Random Trees (RRT) Connect algorithm in this sys-
tem.

The hand gesture dictates whether the gripper
opens or closes, and if the control system is activated
or deactivated. The resulting data representing the
desired motion is stored in the fields of a variable,
which is then published to the /command topic.

g gesture teleoperation

teleop=1 | teleop=2

teleap=0 apen aripper

RSI=T close aripper
=0
open:

Powered By[Visual Paradigm Community Edition €%

Figure 7. UR3 manipulator gesture control
representation using finite state machine

The behaviour of the system is represented by the
FSM diagram shown in Figure 7. At startup, the system
enters the idle state. The thumb up gesture (see Figure
5(a)) toggles the value of the teleop variable from
0 to 1, while the victory gesture (see Figure 5(b)) tog-
gles it from O to 2. A value of 1 corresponds to reduced
teleoperation, while a value of 2 corresponds to full
teleoperation. When either value is set, the gesture
teleoperation state becomes active.

In this state, the manipulator’s gripper is teleop-
erated based on the user’s hand gestures according to
algorithms (1)-(8), (9), or (10). The system recognises
both an open palm gesture (see Figure 5(b)) and a
closed fist gesture (see Figure 5(c)).

Initially, the open gripper state is active. A closed fist
gesture toggles the value of the open variable between
1 and 0, activating the open gripper and close gripper
states, respectively. These states correspond to the
open or closed gripper of the manipulator.

The gesture teleoperation state is deactivated when
the value of the teleop variable is reset to 0 using
either the thumb up or victory gesture. At this point,
the system returns to the idle state.

4. System Evaluation
4.1. Research Question

The study aims to answer the following research
questions in relation to the system presented in Sec-
tion 2:

RQ1 Is the system usable in the user’s view?
RQ2 Is the system safe from the user’s perspective?

4.2. Method

Participants The study involved 37 participants aged
22-25yearsold (Med = 23, Q, = 22, Q3 = 23). There
were 4 females and 33 males in the group. All of them

were students of control engineering and robotics at
Wroctaw University of Science and Technology.

Informed consent was obtained from all subjects
involved in the study after they had been acquainted
with the research objectives and procedures used in
the study.

(b) the end

(a) the beginning

Figure 8. Snapshots of the experimental task being
carried out

Scenario The task scenario is illustrated in Figure 8.
The participant is asked to move everyday objects,
a TV remote control and a syrup bottle, from a fur-
ther away area to a closer location. The further and
closer areas are marked with a red and green border,
respectively. A similar task in the evaluation scenario
can be found in [7] and [16]. All commands addressed
to the robot must be expressed in gestures. The set
of commands consists of: activation/deactivation of
the system, opening and closing of the gripper, and
movement of the gripper (see Fig. 7 in Section 3.3).

The reduced teleoperation was selected to be the
working mode during the study.

Procedure The team firsttrained the participanthow
to operate the robot. As part of the training, the partic-
ipant had to practise the task of carrying and bringing
back an item, in the form of a plastic block. Then
the participant performed the task from the scenario.
After the experiment, the participant had to fill out the
questionnaires. The experiment was conducted in a
fully simulated environment in the Robotic Laboratory
at Wroctaw University of Science and Technology.
The study was conducted according to the guide-
lines of the Declaration of Helsinki and was approved
by the Research Ethics Committee of Wroctaw Univer-
sity of Science and Technology, Opinion No. 0-24-63.

Measures The users’ impressions have been col-
lected by means of questionnaires. To answer our
research questions concerning usability, we used the
System Usability Scale (SUS), a well established ques-
tionnaire for assessing the usability of the system con-
taining 10 items on a five point Likert scale ranging
from totally disagree to totally agree [27]. To assess
perceived safety, we used the Godspeed (GQS) ques-
tionnaire for perceived safety (3 items using semantic
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differential scales) [28]. We also used the Negative
Attitude towards Robots scale (NARS-PL) [29], Polish
version, in order to gather information about parti-
cipants’ attitude towards technology (containing also
13 items on a five point likert), which could impact the
results.

4.3. Results

Internal Reliability of the Questionnaires
- For the 10 SUS items the Cronbach’s Alpha was
0.9575 (excellent reliability).

- For the 13 NARS items the Cronbach’s Alpha was
0.9561 (excellent reliability).

- For the 3 GS items the Cronbach’s Alpha was 0.8917
(very good reliability).

The System Usability Scale It follows from Chi-square
goodness-of-fit test that the cummulative SUS score
comes from a normal distribution (a 100-point scale,
M =69.5,SD = 7.0,a = 0.05,p = 0.37). Furthemore,
the one-sample t-test allows to conclude that the mean
of SUS score is 70, which can be considered as good
according to [30] (@ = 0.05,p = 0.19).

Godspeed Questionnaire Series: Perceived Safety (PL)
It follows from Chi-square goodness-of-fit test that the
cummulative GQS score comes from a normal distribu-
tion (a 18-point scale, M = 13.5, 5D = 2.3, « = 0.05,
p = 0.05). Furthemore, the one-sample t-test allows
to conclude that the mean of GQS safety score is 13
(@ =0.05,p =0.19).

Negative Attitude Towards Robots Scale (PL) It follows
from Chi-square goodness-of-fit test that the cummu-
lative NARS-PL score comes from a normal distribu-
tion (a 48-point scale M = 16.7,SD = 6.4,a = 0.05,
p =< 0.001). Furthemore, the one-sample t-test
allows to conclude that the mean of NARS-PL score is
17 (e = 0.05,p = 0.76).

4.4, Discussion

With regard to the research questions RQ1 and
RQ2, it can be concluded that participants with low
negative attitudes toward robots assess the tested sys-
tem as sufficiently useful and sufficiently safe.

When evaluating a system consisting of a human
and a robotic assistive arm, user feedback appears to
be most relevant. If the results of the users’ study are
satisfactory, then it can be tentatively assumed that
system performance indicators are also satisfactory.
The implication in the oposit direction is not obvious.

The evaluation in most previous work on gesture
communication with the assistive robotic arm and
with other robots is based on system performance
indicators [7,11,13,15,16,18-20]. The use of UX and
HRI studies can be noted in less numerous and more
recent works [11, 19-21]. This makes it challenging
to do a reliable comparative analysis with results pre-
sented in other works.

The satisfactory result of the SUS test is confirma-
tion of the soundness of the proposed gesture-based

control of the manipulator by the users. A satisfactory
score of perceived safety means that there was no
behavior of the robotic system during the execution of
the task by the participant that would interfere with
his/her sense of security.

The results obtained, although positive, leave some
room for improvement. It would seem that changing
the appearance of the manipulator to be less industrial
and the gripper to be more hand-like would increase
the level of perceived safety. BATEO [6], iARM [5],
MICO [7] can serve as examples.

Gesture-based manipulator control systems dis-
cussed in [8] and [9] require appropriate sensors to be
mounted on the hand. The solution proposed in this
paper, which does not require such sensors, is defi-
nitely more user-friendly. A similar solution with an
RGB-D (Kinect) sensor for gesture identification and
arm movement is discussed in [10], but the sensory
system proposed there was not integrated into the
physical robot and no evaluation was performed with
the users (which is the case here).

The works [4, 15, 16] focus on different forms of
communication (using tongue, brainwaves, joystick)
therefore the gesture-based communication proposed
here can be seen as a complement to these. All the
previously mentioned forms of communication can
form the basis of a simple manual control mode for
the robot, but they can also be part of a more elaborate
semi-autonomous control system [3].

In the work [18] there is no hand telemanipulation
as here, but voice commands are responsible for the
movement of the manipulator. The hand is used to
indicate target locations for the manipulator’s gripper.
This solution may be difficult to use for users with
speech disabilities. On the other hand, both solutions
can coexist and complement each other.

The gesture control system presented in this arti-
cle uses MediaPipe Hands similary to [11,12] and [13]
and Intel RealSense RGB-D camera similary to [12]
and [13]. However, in this paper, the target user is
a person with reduced mobility, while in the others,
these are doctors or indeterminate users.

In this work the manipulator is meant to be an
extension of the user’s hand, and for this reason,
telemanipulation using gestures is of primary impor-
tance from the viewpoint of potential applications.
This issue is explored here in more depth compared
to [11,12] and [13]. What’s more, the evaluation here
is based on live experiments, based on a scenario close
to the activities of daily living with a larger group
of study participants. Therefore the result obtained
here is more reliable compared to the conclusions
that can be drawn from [11-13], where the number
of study participants was significantly smaller and
the studies themselves were conducted in a virtual
environment [11,12].

In our context, MediaPipe Hands, combined
with depth data from the RGB-D camera, enables
robust detection of complex hand gestures without
requiring users to wear any sensors or markers. This
significantly improves user comfort and reduces setup
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time, while maintaining high gesture recognition
accuracy.

5. Conclusion

It has been proposed and studied a robotic sys-
tem that can assist people with reduced mobility in
the activities of picking up and putting down objects
out of reach. The manipulator in this system acts as
an elongation of a person’s arm. The movement of
the manipulator’s gripper is done by telemanipulation
by the user’s hand, whose movement is captured by
the camera. A few commands given to the robot are
expressed using gestures. The sensory part of the sys-
tem is based on the RGB-D camera (Intel RealSense
D435) and Google MediaPipe Software Framework.
During the evaluation, the system worked reliably and
participants assessed it as useful and safe.

The UR3 manipulator used in this study is not the
primary focus of the system. The core software compo-
nent of the proposed system can be easily adapted for
use with other manipulators that are compatible with
ROS/ROS2 and the Movelt software environment.

The results obtained justify the continuation of
work at a higher level of technological readiness. This
work should be based on another collaborative robot
(better suited to the requirements of an assistive
robotic arm) a much wider and more diverse group of
participants in UX and HRI studies, and a wider spec-
trum of system performance indicators to evaluate
the gesture-based communication with an assistive
robotic arm.
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