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1. Introduction 

The following two subsections describe the importance and the rele-

vance of robotics, which is the basis of the research work. Furthermore, 

the objectives of the research will be also presented. 

1.1. Preliminaries 

Nowadays in Hungary there is a big demand of the automation and ro-

botization of the industrial processes thanks to the Fourth Industrial 

Revolution (Industry 4.0 [1]–[3]) announced in Germany in 2013. In 

recent years the replacement of the human resources with machines is 

also appeared in Hungary. Currently, the 4th industrial revolution is tak-

ing place, triggered by the rapid development of Information and Com-

munication Technologies (ICT) [1]. Industry 4.0 is a promising en-

deavor to integrate business and industrial processes, and to connect 

suppliers and customers in the value chain of companies [1]. The re-

placement of human strength and intelligence requires the reconsidera-

tion and new plans of manufacturing processes. The concept also makes 

it possible to create the conditions for flexible mass production. The 

modern communication devices, e.g., smartphones and tablets provide 

the opportunity to monitor and intervene in the process. The different 

value adding processes can be monitored or intervened with remote ac-

cess. 

For decades, there have been researches in medicine science that pro-

vide remote access to, e.g., the surgery of the patients. This requires the 

presence of sense of touch, i.e., haptic feedback. The term of haptic is 

derived from the ancient Greek word haptikos, which means "sense of 

touch" [5]. 

Nowadays, there is an increasing research potential for the cooperative 

use of conventional robotic arms, and the replacement of human activ-

ities with humanoid robots. This requires the development of the haptic 

feature of robots [4]–[8]. 

1.2. Objectives 

Industrial 4.0 is based on automation, robotization and data mining. 

Nowadays, it can be observed that assembly, welding, painting, etc. are 
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performed by robots instead of human forces. This is also due to the 

ever-increasing customer demand and, finally, the precise positioning 

and availability of robots. 

The replacement of the human processes with robots requires multi-di-

rectional engineering researches. Important to model and transpose the 

manufacturing and the assembling processes of operators. 

In many applications, industrial robots have to solve a mounting pro-

cess that may require the use of force feedback. In these situations, the 

system will need to decide as to whether an assembling operation has 

been carried out properly. 

Several feasibility studies of robotic industrial assembly processes were 

performed by Robert Bosch Department of Mechatronics for the Robert 

Bosch Power Tool Ltd. The assembly processes contained several snap-

in phenomena, which involve mechanically momentary loss of stability. 

The main objective of the PhD research phase is to study and model the 

assembly processes associated with loss of stability, which can also be 

done by a robot. Flexible structures can be well modeled using the large 

displacement and small deformation theory. Using the simulation re-

sults it is also possible to perform a stability study, which considers non-

conservative, e.g., the presence of dissipative forces. Applying the force 

measurement system to be developed in the course of the research, the 

theoretically determined and actual measurement results can be com-

pared. 

Intelligent end effectors need to be developed for the robot to perform 

operations correctly, like humans. This also includes the use of embed-

ded systems (microcontrollers) that process the force feedback and 

communicate with the robot control unit. 

The main purposes of the research work: 

 Overview the available literature of the haptic topic. 

 Exploration, modeling, and measuring of the momentary loss 

of stability phenomenon during the assembling processes. 

 Development of an intelligent end effector unit that can track, 

and perform assembling processes, which involve the loss of 

stability. 
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 Perform experiments of practical assembling steps. 

The dissertation was written by according to the chronological order of 

the research work. 
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2. Methods of solving objectives 

In the first step of my doctoral research I reviewed a number of litera-

tures. The haptic concept is usually subdivided into three parts: ma-

chine, computer and human haptic feedback [4]. In my dissertation I 

deal with the machine haptic feedback. 

In machine haptic feedback, e.g., an industrial robot includes force 

feedback that intelligently replaces assembly processes previously per-

formed by humans. Figure 2.1 shows an example of a force measure-

ment for a robot/actuator. By feedback, conversion and evaluation of 

the measured signal, the system can decide on how the position, speed 

of the actuator will be controlled. 

Sensor

A/D PC/µC D/A

Output Robot, 

actuator

Reference 

signal

Input

 

Figure 2.1. An example of machine haptic feedback 

Machine haptic feedback plays an important role in intelligent handling 

of different tasks [6], [7]. 

In my dissertation, I deal with modeling and performing robotic assem-

bly processes where the phenomenon of snap-in occurs. One of the el-

ements carrying such a phenomenon is the plastic snap-fit joints of dif-

ferent designs [9]–[11]. These elements are commonly used to connect 

two units to be assembled. The importance of the research topic is also 

well reflected in the number of literatures on the assembly processes of 

snap-in workpieces. 

Snap-fit elements can be modeled with Finite Element Method (FEM) 

as planar beam structures. There are two commonly used approaches 

for nonlinear finite element mechanical tasks, UL (Updated Lagran-
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gian) [12] and TL (Total Lagrangian) [12], [13]. Considering small de-

formations and large displacements, the handling of rotations is essen-

tial. Using the corotational formulation [14]–[16], deformations and 

rigid body motions can be separated. A similar principle is included in 

the UL description mode. Finite element formulae of planar flexible 

beam structures are discussed in sufficient detail in [14]–[16], based on 

which I have developed an algorithm to simulate the phenomenon of 

snap-in. 

The treatment of contact problems is an important task to model com-

plex structures. The relationship between two bodies can be unilateral 

or bilateral. In the unilateral one, the contact stress can only point to the 

body, while in the bilateral case, the direction of the contact stress is not 

restricted [19]. In normal contact, the direction of the contact force is 

always perpendicular to the contact surface. 

According to Signorini’s contact condition [19], [20], the contact can 

be described by a non-regular function written as 

𝑝𝑐𝑑 = 0, (2.1) 

where 𝑝𝑐 is the contact pressure and 𝑑 is the gap. When contact takes 

place 𝑝𝑐 ≥ 0 and the gap 𝑑 is equal to zero, in all other cases the contact 

pressure is zero while the gap is greater than zero. 

In the investigated assembly processes, I examined point-to-point con-

tact problems. By providing the kinematic condition 𝑑 = 0, most of the 

tasks can be handled, but there was an assembly process where I used 

the penalty function method. 

Assembly processes can lead to a momentary loss of stability, in which 

case it is advisable to carry out investigations on the stability of the 

given equilibrium position. In early times the concept of stability was 

dealt with in mechanics, in order to characterize some types of equilib-

rium of systems [17], [18]. 

Structures which are loaded by only conservative forces, the Dirichlet’s 

theorem can be applied to perform stability analysis. The theorem uses 

the potential energy 𝛱, and it states that equilibrium is considered stable 

if 𝛱 has a minimum there. 
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Stability tasks often involve conservative and non-conservative forces. 

This type of mechanical stability problems can be investigated by L. 

Salvadori's [17], [18] theorem. 

In my dissertation, I determined the hysteresis shaped load-deflection 

curve by modeling a battery snap-in and snap-out process. The battery 

had to be placed in a plastic, flexible cell holder. An experimental meas-

urement system was developed to measure the hysteresis curve. The 

measuring system includes a load cell, a microcontroller and relays for 

communication with the robot. In order to be able to display force val-

ues in close to real time on a personal computer, I have developed a 

measurement data acquisition program in LabVIEW software. 

The measurement and the simulation results of a quasi-static assem-

bling operation of the battery is shown in Figure 2.2. The horizontal 

dashed line represents the weight of the battery. The points 𝐴’ and 𝐵’ 
are the borders of the stability, where the battery autonomously snap-

out and snap-in, respectively. However, adhesion can occur between 

these two points, as it was observed during the measurements. 

 

Figure 2.2. The required assembly and disassembly forces 

(       measurement; ---- simulation) 

The assembly processes can be performed either quasi-statically or dy-

namically. The stability test stated that, at the point indicating the limit 

of stability, in the quasi-static case, the battery will automatically snap 
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into the cell holder. When the assembly is performed dynamically, the 

battery can be released before the border of stability, and it will snap 

into its final position. Since the kinetic energy of the battery can cover 

the increments in frictional work and deformation energy in the position 

before the boundary. Thus, I have developed an approximation method 

that determines the position of the end effector to open and stop while 

the batteries are inserted dynamically with Coulomb friction. 

Based on the obtained measurement and simulation results, as well as 

on the literature it was expedient to develop an intelligent robotic end 

effector. The designed and manufactured end effector is shown in 

Figure 2.3. The unit can be equipped with a pneumatic gripper. For the 

end effector, I redesigned the PCB of the previous measurement system, 

which has optocouplers instead of relays to eliminate phenomenon of 

bounce. The signals of the load cell are digitalized by a 24-bit sigma-

delta A/D converter. 

Structurally, the end effector includes an overload protection for the 

safety of the load cell as well as two plates that form an elastic parallel 

mechanism to prevent unwanted force components. 

 

Figure 2.3. The developed end effector unit 

The microcontroller is an ATmega328 unit located on the Arduino pro-

totyping platform. I developed a task-dependent algorithm for the mi-

crocontroller, which can be used to determine the boundary of stability, 
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and the point TCP (Tool Center Point) of the gripper before the bound-

ary point can be reached also in the case of dynamic snap-in. 

The following conditions of the stability can be combined for a specific 

task: 

{
|�̂�𝑛𝑜𝑚 − �̂�|

�̂�𝑛𝑜𝑚
< 𝛿1} , {

|𝐹𝑚𝑎𝑥
𝑛𝑜𝑚 − 𝐹𝑚𝑎𝑥|

𝐹𝑚𝑎𝑥
𝑛𝑜𝑚 < 𝛿2} , 

{tan𝛼𝑖 < 0}, {𝐹𝑖 < 𝛿3}. 

(2.2) 

The first condition involves a comparison of the average mounting 

force measured during the process and its nominal value with a previous 

measurement. The second condition can make decisions based on the 

typical maximum assembly force and the maximum force measured in 

the course of assembly. The third condition is that the workpiece to be 

mounted will have to be released at the negative slope of the load-dis-

placement diagram. Using the last condition ensures that the gripper 

releases the workpiece in front of the border of the stability, thereby 

performing the dynamic assembly. 

With the intelligent robotic end effector, I performed additional assem-

bly processes, such as snap-fitting a plastic buckle and assembly of 5 

battery cells into a plastic cell holder. The developed intelligent end ef-

fector can be used not only on a robot but also separately. 

In addition to intelligently performed mounting operations, the devel-

oped unit is also capable to check tasks to ensure the quality of a given 

sub- or assembly. 
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3. Thesis statements 

The following thesis statements are the new scientific results of the re-

searches that are developed as part of the doctoral research work. 

T1. I have developed a finite element algorithm for the theory of 

snap-in, which models elastic structural elements with large dis-

placements and small deformations. The mechanical contact be-

tween the planar beam structural elements is modeled with the 

penalty function method, and with kinematic loads ensuring the 

kinematic condition (𝑑 = 0) assuming Coulomb friction. The al-

gorithm directly provides the required components of the contact 

forces decomposing into conservative and non-conservative 

components for further analysis. Through a snap-in and snap-out 

example, I verified the hysteresis closed curve of the load-dis-

placement diagram obtained by the simulation. 

Related publications: [S1], [S2], [S3], [S4], [S6], [S7]. 

T2. With the help of L. Salvadori's theorem, I determined analytically 

the unstable equilibrium positions in which the assembly process 

is performed autonomously while the end effector is opened. The 

equilibrium instability was also numerically verified by using the 

Newmark method with low velocity perturbation. When a work-

piece is quasi-statically inserted, I have shown that it can be stuck 

in an intermediate position before unstable point. Both findings 

are supported by measurement experiences. 

Related publications: [S7], [S10]. 

T3. Theoretically, I have shown that in the course of dynamic assem-

bly process the end effector can be opened earlier than the unsta-

ble equilibrium position reached. I have developed an approxi-

mate algorithm for the numerical determination of the opening 

position, which is based on the assumption that the kinetic energy 

of the workpiece with the initial velocity can cover the increment 
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of frictional work and deformation energy derived from the ver-

tical support forces. The significance of this may be expressed in 

the shortening of the assembly cycle time. 

Related publications: [S10]. 

T4. I have developed an intelligent robotic end effector with a load 

cell that can perform snap-in, quasi-static or dynamic assembly 

processes in accordance with T2 and T3, respectively. Measure-

ment of forces in direction of assembly is ensured by a parallel 

mechanism consisting of two flexible plates. The main unit of the 

end effector is a microcontroller, which provides intelligence for 

it. That based on a set of conditions suitable for specific tasks, 

and the given velocity of the gripper, hence it is able to determine 

the releasing point of the workpiece, i.e., the TCP position of the 

gripper. 

Related publications: [S5], [S8], [S9], [S11], [S12]. 
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4. Possible application of the results 

By developing haptic feature of industrial robots, intelligent execution 

of manufacturing and assembly processes can be achieved. 

I have developed an algorithm, which can be used also in industrial 

tasks for finite element modeling of assembly of snap-fit plastic ele-

ments. Using the models, I performed simulations. Snap-fit elements 

are subject to large displacements, large rotations and small defor-

mations during assembly. These structures can be treated with the co-

rotational method. There is often contact between the components of 

the structure. Kinematic condition and the penalty parameter technique 

are used to treat the mechanical contact problems assuming Coulomb 

friction. I determined the load-deflection diagrams of snap-in and snap-

out process of a battery. 

In order to obtain the loss of stability during assembly, I performed an-

alytical and numerical stability analyses. Problems containing dissipa-

tive forces, e.g., friction could be investigated by the basis of theorem 

Salvadori. For high-speed assembling, I proposed a numerical method 

that can determine the position of the robotic end-effector opening be-

fore loss of stability, when dynamically inserting a battery into a plastic 

cell holder. During the assembly process, the kinetic energy of the 

workpiece can cover the increment of deformation energy and friction 

work. This knowledge can also be well utilized in industry to optimize 

technology. 

I have developed an intelligent end effector to handle snap-fit assembly 

operations. I have designed two variants of the end effector that 

measures only forces in direction of the assembly. 

After the end effector was assembled, the electronic system was built-

in and calibrated, I performed test measurements. To solve a practical 

problem, the user needs to train the intelligent end effector, which con-

sists of a premeasurement to determine the load-deflection diagram, its 

parameters (𝐹𝑚𝑎𝑥
𝑛𝑜𝑚, �̂�𝑛𝑜𝑚, etc.) and its characteristic points. In the pro-

gram of the microcontroller, the control conditions suitable for the 

opening of the end effector must be set up for the given task. In the 

course of my research I have introduced several robotic processes, 
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where the developed intelligent end effector can be applied in the in-

dustry. 

My plans in the future include dynamic modeling and simulation of 

snap-in assembly processes. Furthermore, investigating and performing 

different haptic assembling operations. The other end effector construc-

tion, which will contain a linear guide rail system will be designed and 

manufactured to make comparative measurements. 
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