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Abstract—The article presents the development of a method 

for planning the trajectory of motion of the joints of an 

anthropomorphic manipulator in virtual reality with copy 

control with haptic gloves based on the method of calculating 

the position of the operator’s hands. The article discusses the 

existing development of haptic gloves, analyzes the scientific 

publications on this topic, which showed a variety of technical 

solutions. Two methods for the implementation of haptic gloves 

are indicated, for which the calculation of the path of 

movement of the robot arm is performed. The method of 

planning the trajectory of motion of the joints of the 

anthropomorphic manipulator with copy control using haptic 

gloves is based on the Denavit-Hartenberg representation and 

the developed method and calculating the position of the 

operator’s hands in virtual reality. 

Keywords—haptic glove, virtual reality, copy control, 

anthropomorphic manipulator, motion control 

I. INTRODUCTION 

Increasingly, the need arises to perform tasks in places 
where the presence of a person is difficult, risky or even 
impossible. In such dangerous situations, the use of 
anthropomorphic manipulators (the structure consists of 3 
units of 6–7 degrees of mobility) is effective. For remote 
control of the manipulator, a haptic glove worn by the 
operator can be used. Haptic gloves significantly expand the 
possibilities of plausible immersion, allowing you to feel 
virtual objects by affecting the tactile sensations of a person 
for greater dexterity and control during operations. This can 
be an advantage not only during rescue operations, but also 
in the energy and construction sectors, medicine, and 
industry. 

The aim of this work is to develop a method for planning 
the trajectory of motion of the joints of an anthropomorphic 
manipulator with copy control using haptic gloves. To 
achieve this goal, literary sources were analyzed in which 

existing haptic gloves and existing methods for planning the 
trajectory of movement of the manipulator are presented. 

A method for planning the trajectory of motion of the 
joints of an anthropomorphic manipulator with copy control 
using haptic gloves on absolute orientation sensors and bend 
sensors is proposed, the software architecture is presented, as 
well as methods for calculating the position of the operator’s 
hands in virtual reality. 

II. ANALYTICAL REVIEW OF CURRENT 

DEVELOPMENTS OF HAPTIC GLOVES AND 

METHODS OF PLANNING A TRAJECTORY OF 

MOTION OF JOINS OF MANIPULATORS 

As part of the work, an analysis of systems and 
mechanisms developed in recent years has been made. These 
systems are used to build haptic gloves. There is a general 
trend for all developments, which consists in the desire to 
reduce the weight of the structure for the possibility of more 
comfortable and long-term use, as well as moving towards a 
cheaper design. 

The papers [1–9] describe the current developments of 
haptic gloves. The devices considered are shown in Fig. 1. 
The input parameters for controlling the anthropomorphic 
manipulators of the robot should be data on the angles of 
rotation of the fingers, the orientation of the hand in space 
and its relative distance from the target point. 

Let us consider a gloves device for generating input data. 
In [1–2, 4, 6–8], a pneumatic or electric drive is used for the 
haptic glove to read out the angles of rotation of the fingers 
of the operator’s hand and provide feedback. The position in 
space is realized by inertial sensors (accelerometers) 
measuring the tilt of the operator’s hand. 

In articles [3;5;9], worm-geared motors or brake 
mechanisms are used to provide feedback; accelerometers 
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are used to register the position of the glove in space. Bend 
sensors can be used to calculate finger angles. 

 

 
Fig.1 Existing Haptic Gloves Prototypes: а) – Scorbot-Er 4u; б)–

RMLGlove; в) – DEXMO; г) – ExoTen-Glove; д) – CyberGrasp; e) – haptic 
gloves based on a worm-geared motor; ж) – Wolverine; з) – The Rutgers 

Master II 

This article proposes two options for the implementation 
of haptic gloves, based on absolute orientation sensors 
(inertial) and on the basis of bend sensors, for subsequent 
control of robotic arms. The functional diagram of the haptic 
gloves is shown in Fig. 2. Input data are generated using 
motion sensors and transmitted to the actuator through the 
communication module. 

Control board and software 
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Battery

Feedback
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Motion sensors

Operator

Simulation (executive) 
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Fig.2.Functional diagram of the haptic glove 

To plan the path of movement of the robot arms, input 
data on the angles of rotation of the fingers (which must be 
calculated when processing data from inertial sensors), the 
orientation of the hand in space and its relative distance from 
the target point are required. The output data is a set (table) 
of discrete values of generalized variables that determine the 
position of the manipulator in space. There are 2 main 
approaches to solving the problem of planning the path of 
movement of the robot manipulator: Sample-based (feasible 
solution based on probabilistic configurations) and the 
combinatorial approach (numerical and analytical methods). 
The non-deterministic configuration space, the high available 
computational complexity and the need to search for a 
complete solution and evidence of its presence allow us to 
conclude the prospect of using analytical methods for 
calculating the angle of rotation of the manipulator in this 
article. The need to find a complete solution is associated 
with the possible use of anthropomorphic robots in 
collaboration with humans [10-12]. In this case, the robot 
should be able to manipulate the manipulators to avoid 
collisions or optimize the performance of targeted 
operations. 

Based on the existing methods for solving kinematics 
problems (graph-analytical methods, genetic algorithms, 
machine learning, fuzzy logic, spline interpolation), it is 
proposed to use the Denavit-Hartenberg representation and 

the approach to calculating the rotation angles of the 
operator’s hand described in [13-16]. 

To implement the method of planning the trajectory of 
motion of the joints of the anthropomorphic manipulator 
with copy control using haptic gloves, it is necessary to 
develop a method for calculating the position of the 
operator’s hands in VR, which will allow obtaining data on 
the rotation angles of the operator’s fingers and the position 
of the hand in space by processing information from inertial 
sensors of the haptic glove. 

III. METHOD FOR CALCULATING THE OPERATOR'S 

HAND POSITION IN VIRTUAL REALITY 

This section deals only with the left hand of the operator. 
The calculations for the right hand of the operator are 
similar. The purpose of the calculation is to determine the 

Cartesian coordinates 𝑥ℎ
′ , 𝑦ℎ

′ , 𝑧ℎ
′ and Euler angles𝛼 ′, 𝛽′, 𝛾′of 

the operator’s virtual brush relative to the operator’s center 

of vision (Fig. 3), as well as rotation angles𝜽′in the joints of 
the fingers of the operator’s virtual hand [16-19]. 

x

y

z

x

y

z

(x h, y h, z h)

Fig. 3. Coordinate system associated with the operator’s center of vision 

 The initial data for the calculation are: 

 Cartesian coordinates 𝑥ℎ , 𝑦ℎ , 𝑧ℎof the center of the 
hand of the operator, calculated relative to the center 
of vision of the operator; 

 Eulerangles 𝛼, 𝛽, 𝛾of the operator’s hand relative to 
the coordinate system associated with the operator; 

 Cartesian coordinates of the ends of the fingers of the 
operator relative to the center of his hand in the case 
of a haptic glove based on inertial sensors; 

 measurement results of a bend sensors in the case of a 
haptic glove based on bend sensors. 

Cartesian coordinates 𝑥ℎ, 𝑦ℎ , 𝑧ℎand Euler angles of the 
operator’s hand can be displayed in virtual space without 
changes: 

< 𝑥ℎ
′ , 𝑦ℎ

′ , 𝑧ℎ
′ , 𝛼 ′, 𝛽′, 𝛾 ′ >=< 𝑥ℎ , 𝑦ℎ , 𝑧ℎ , 𝛼, 𝛽, 𝛾 >.           

The rotation angles 𝜽 in the joints of the fingers of the 
operator’s hand cannot be mapped into the angles of rotation 

𝜽′in the joints of the fingers of the virtual arm of the 
operator without transformations, since in the general case 
the lengths of the phalanges of the fingers of the operator’s 
hand differ from the lengths of the phalanges of its virtual 
model. It is possible to implement a custom virtual model of 
the operator’s hand, in which the phalanx lengths will 
coincide with the lengths of the operator’s phalanges, 
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however, this will require a rather laborious operation to 
measure the lengths of the operator’s phalanges. Consider 
the individual finger 𝑖. In fig. 4 shows various positions of 
the operator’s finger. For the 𝑗 −th position of the 𝑖-th finger 
𝐴𝑖,𝑗denotes the center of the joint between the metacarpal 

bone and the proximal phalanx, point𝐵𝑖,𝑗the center of the 

joint between the proximal and middle phalanx, point 𝐶𝑖,𝑗the 

center of the joint between the middle and distal phalanx, 
point𝐷𝑖,𝑗the end of the finger. When the finger is naturally 

bent, the radius vector 𝒓𝒊of its end describes in space a 
certain curve 𝑒𝑖(Fig. 4). 

A0A1A2A3

B0

B1

B2

B3

C0

C1

C2

C3

D0

D1

D2

D3

 

Fig. 4. The trajectory of the end of the finger when it is bent  

When bending the finger of the virtual model of the 

operator’s hand, the radius vector 𝒓𝒊
′of its end likewise 

describes a certain curve𝑒𝑖
′ .This article proposes to 

transform the position of the finger of the operator’s hand 
into the position of the finger of the virtual model of the 
operator’s hand as follows. For the operator’s hand and its 
virtual model, a polar coordinate system is introduced, the 
axis of which is directed along the position of the 
straightened finger (Fig. 4, Fig. 5). In these polar coordinate 

systems, the radius vectors 𝒓𝒊 and 𝒓𝒊
′ ′have the 

coordinates 𝒓𝒊(𝜑𝑖 , 𝜌𝑖) and 𝒓𝒊
′(𝜑𝑖

′ , 𝜌𝑖
′). The peculiarity of the 

curves 𝑒𝑖and 𝑒𝑖
′ ′ is that the position of the points on these 

curves is uniquely determined by the angles 𝜑𝑖  and 𝜑𝑖
′ . The 

paper proposes to transform the position of the operator’s 
finger into the position of the finger of the virtual model so 

that the angle𝜑𝑖
′ is equal to the angle𝜑𝑖. For the human-like 

motion of the fingers of the virtual model, it is assumed that 

the bending angles 𝜃𝑖
′ 'in each finger joint are equal to each 

other (Fig. 5). 

The value of the angle 𝜑𝑖in the case of using inertial 
sensors can be found by the formula: 

𝜑𝑖 = atan2(𝐷𝑖𝑥 , 𝐷𝑖𝑦),   (1) 

Where atan2() – arctangent function taking into account 
the quadrant of the angle;𝐷𝑖𝑥 , 𝐷𝑖𝑦  – Cartesian coordinates of 

the end of the finger of the operator 𝐷𝑖 . 

In the case of using bend sensors, the angle 𝜑𝑖 is a 
function of the sensor reading𝜑𝑖(𝑎), which can be 

approximated by some polynomial based on experimental 
studies. 

A1,2
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θ 
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Fig. 5. Calculation of the bending angles𝜃𝑖
′in the finger joints of a virtual 

model 

The direct kinematics problem for the finger of a virtual 
model is solved as follows: 

tan𝜑𝑖
′ =

𝑙𝑖1
′ sin 𝜃𝑖′+𝑙𝑖2

′ sin 2𝜃𝑖′+𝑙𝑖3
′ sin 3𝜃𝑖′

𝑙𝑖1
′ cos 𝜃𝑖′+𝑙𝑖2

′ cos 2𝜃𝑖′+𝑙𝑖3
′ cos 3𝜃𝑖′

, (2) 

Where 𝑙𝑖1
′ , 𝑙𝑖2

′ , 𝑙𝑖3
′  – the lengths of the proximal, middle 

and distal phalanges of the finger of the virtual model, 
respectively. 

The desired bending angles 𝜃𝑖 ′'in the finger joints of the 
virtual model can be found by numerically solving an 
equation with one unknown: 

𝑙𝑖1
′ sin 𝜃𝑖 ′ + 𝑙𝑖2

′ sin 2𝜃𝑖 ′ + 𝑙𝑖3
′ sin 3𝜃𝑖 ′ − tan𝜑𝑖

′ (𝑙𝑖1
′ cos 𝜃𝑖′ +

+ 𝑙𝑖2
′ cos 2𝜃𝑖 ′ + 𝑙𝑖3

′ cos 3𝜃𝑖 ′) = 0. (3) 

IV. METHOD OF PLANNING A TRAJECTORY OF 

MOVEMENT OF JOINTS OF ANTHROPOMORPHIC 

MANIPULATOR 

The kinematic diagram of the manipulator with 7 
degrees of mobility is shown in Fig. 6.  

The following designations are given in the current 
diagram: 𝐵1, 𝐵2 , 𝐵3, 𝐵4 – humeral, ulnar, wrist nodes and 
working end;𝐴1 − 𝐴7 – rotational degrees of mobility of the 
manipulator, 𝐴8 – the center of the working end of the 
manipulator; 𝑙𝐵1−𝐵2,  𝑙𝐵2−𝐵3,  𝑙𝐵3−𝐵4 – the length of the links 
of the manipulator; 𝛉 = {𝜃1, 𝜃2, 𝜃3, 𝜃4, 𝜃5, 𝜃6, 𝜃7} – are the 
angles of rotation of the links of the manipulator. 

The solution of the inverse kinematics problem for 
planning the trajectory of the joints of the anthropomorphic 
manipulator with copy control using haptic gloves consists 
in the coalescence of the method of calculating the position 
of the operator’s hands in virtual reality and searching for 
such a value of the attached coordinates 
𝛼𝐴, 𝛽𝐴, 𝛾𝐴, 𝛼𝐵 , 𝛼𝐶 , 𝛽𝐶 , 𝛾𝐶, at where the manipulator effector 
will be at the target point D. The methods for finding 
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generalized coordinates (the inverse kinematics problem) for 
anthropomorphic manipulators are very diverse and deeply 
studied In this regard, a ready-made mathematical apparatus 
was used, the representation of Denavit-Hartenberg. When 
repeating this implementation, any other methods may be 
used. 

 
Fig. 6 – Kinematic diagram of an anthropomorphic robot manipulator with 

7 degrees of mobility: a) - mmm; b) - ppp 

The mathematical model of the problem of searching for 

generalized coordinates for manipulator engines has the 

form: 𝐴𝐷⃗⃗ ⃗⃗  ⃗ = 𝐴𝐴
0𝐴𝐵

𝐴𝐴𝐶
𝐵 ∗ 𝐶𝐷⃗⃗⃗⃗  ⃗, where matrices of the form𝐴𝐼

J
are 

transformation matrices obtained from the Denavit-

Hartenberg representation (formulas 4-6), where 

𝛼𝐴, 𝛽𝐴, 𝛾𝐴, 𝛼𝐵 , 𝛼𝐶 , 𝛽𝐶 , 𝛾𝐶 are the angles of rotation of the 

manipulator links for up to D. 

V. SOFTWARE 

To implement the presented method of planning the 
trajectory of motion of the joints of the anthropomorphic 
manipulator with copy control using haptic gloves, software 

was developed, a model was created in the Unity 
development platform, the calculations were performed in 
the C # package (Fig. 7). The software allows you to display 
in real time each recorded movement of the fingers and 
hands of the operator and calculate the angles of rotation of 
the operator’s hands. 

 
Fig. 7. Virtual model of the operator’s hand 

 
Fig. 8. Repetition of movements behind a virtual model of the operator’s 

hand with the manipulator of the anthropomorphic robot AR-601 

 

𝐴𝐴
0 = [

cos(𝛼𝐴) cos(𝛾𝐴) − sin(𝛼𝐴) cos(𝛽𝐴) sin(𝛾𝐴) − cos(𝛼𝐴) sin(𝛾𝐴) − sin(𝛼𝐴) cos(𝛽𝐴) cos(𝛾𝐴) sin(𝛼𝐴) sin(𝛽𝐴)

sin(𝛼𝐴) cos(𝛾𝐴) + cos(𝛼𝐴) cos(𝛽𝐴) sin(𝛾𝐴) −sin(𝛼𝐴) sin(𝛾𝐴) + cos(𝛼𝐴) cos(𝛽𝐴) cos(𝛾𝐴) − cos(𝛼𝐴) sin(𝛽𝐴)

sin(𝛽𝐴) sin(𝛾𝐴) sin(𝛽𝐴) cos(𝛾𝐴) cos(𝛽𝐴)

0
0
0

0                                                                             0                                                             0 1

] (4) 

 𝐴𝐵
𝐴 = [

cos(𝛾𝐵) − sin(𝛾𝐵) 0

sin(𝛾𝐵) cos(𝛾𝐵) 0
0 0 1

𝑙𝐴𝐵

0
0

0              0        0 1

] (5) 
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𝐴𝐶
𝐵 = [

cos(𝛽𝐶) cos(𝛾𝐶) − cos(𝛽𝐶) sin(𝛾𝐶) sin(𝛽𝐶)

− sin(𝛼𝐶) sin(𝛽𝐶) cos(𝛾𝐶) + cos(𝛼𝐶) sin(𝛾𝐶) sin(𝛼𝐶) sin(𝛽𝐶) sin(𝛾𝐶) + cos(𝛼𝐶) cos(𝛾𝐶) − sin(𝛼𝐶) cos(𝛽𝐶)

− cos(𝛼𝐶) sin(𝛽𝐶) cos(𝛾𝐶) + sin(𝛼𝐶) sin(𝛾𝐶) cos(𝛼𝐶) sin(𝛽𝐶) sin(𝛾𝐶) + sin(𝛼𝐶) cos(𝛾𝐶) − cos(𝛼𝐶) cos(𝛽𝐶)

0
0
0

0                                                                             0                                                             0 1

] (6) 

Using the Wi-Fi module, the haptic glove connects to the 
computer on which the software is installed. Absolute 
orientation sensors transmit measurements of tangential 
acceleration, rotational acceleration, and local magnetic field 
strength, and bend sensors transmit values from 0 to 1023, 
depending on the degree of bending. 

Practical implementation was carried out on the 
manipulator of the anthropomorphic robot AR-601 from JSC 
NPO Android Technika. The test result is shown in Fig. 8. 
The figure shows the repetition of movements behind the 
virtual model of the operator’s hand with the manipulator of 
the anthropomorphic robot AR-601. 

VI. CONCLUSION 

The article presents the development of a method for 
planning the trajectory of motion of the joints of an 
anthropomorphic manipulator in virtual reality with copy 
control from haptic gloves based on the method of 
calculating the position of the operator’s hands. The article 
discusses the existing development of haptic gloves, analyzes 
the scientific publications on this topic, which showed a 
variety of technical solutions. According to this analysis, it 
was concluded that the input data for controlling the 
manipulator from the hapic glove are data from inertial 
sensors. A method of processing information from inertial 
sensors to calculate the position of the hands of the operator 
in virtual reality relative to the point of view of the operator 
is developed. Based on this method and the method for 
solving the inverse kinematics problem based on the 
Denavit-Hartenberg representation, a method for planning 
the trajectory of the joints of an anthropomorphic 
manipulator was developed. 

Software was developed to test the workability of the 
method, a simulation model was created in the Unity cross-
platform development environment. The calculations for the 
planning method are carried out in the C # package. The 
figures of operability and coincidence of the results of the 
rotation angles of the operator’s hand are given. 

In the future, the team is faced with the task of 
constructing a model of processing information from inertial 
sensors of the haptic glove and, on its basis, developing a 
system of copying motion control by a robot manipulator 
with feedback. 
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