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Abstract: In this paper, a new robotic gripper is proposed and modeled which is able to 

bear a high amount of load and it can be used as the claws of climbing robots. As the 

climbing robots are usually heavy and their configuration should be kept in height against 

the gravity, firm grippers with no slippage possibility should be designed in order to 

guarantee the stability. The proposed new gripper is essentially required for the grip-based 

climbing robots which are heavy and are supposed to accomplish a specific operational task 

while they are grasping the pipe-shaped structures. The kinematic and quasi-static modeling 

of the proposed gripper is extracted and its related parameters are optimized to provide the 

maximum gripping force and the minimum slippage probability. Since these robust grippers 

are usually actuated by high torque motors, the reaction effect of the actuators force on the 

arm of the robot model is investigated here as a new study. Hence, the corresponding 

mechanical arm is also controlled, using a robust nonlinear controller to neutralize the 

destructive effect of extreme reaction forces or torques from the gripper motors to the robot 

arm during its mission. Thus, a robust controller is designed and implemented on the arm 

joint to cover the required positioning accuracy of the arm movement during the climbing 

motion. Afterward, the applicability of the proposed gripper and also the efficiency of the 

designed controller is verified by the aid of some analytic and comparative simulation 

scenarios performed in MATLAB-SIMULINK and MSC-ADAMS simulation. It is shown 

that the proposed gripper together with its related controlling algorithm for the arm can 

successfully provide a proper climbing mechanism for these kinds of robots which are 

supposed to climb through the structures and perform a special manipulating task.   
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1 INTRODUCTION 

Nowadays, a large number of robotic end-effectors are 

made which are responsible to perform inspectional or 

operational tasks like sensing, lasing, citing, welding and 

even load-carrying operations. In other word, the end-

effector is the boundary between the robot and its 

interacting environment. Hence, the criteria of designing 

a tool as an autonomous or semi-autonomous system 

should be discussed according to the tasks, sequences of 

their operations, workstations, design optimization 

considerations, type of operations like handling, 

grasping, pick and place procedures and etc. A vast 

amount of robots and robotic systems needs a gripper 

shape mechanism either for their locomotion procedure 

or implementing their operational tasks. For example, in 

load-carrying operations, generally, a gripper-based 

mechanism is demanded to accomplish their 

corresponding missions. In this paper, a gripper tool is 

investigated.  

According to the required tasks, different kinds of 

grippers are proposed to accomplish the duties of the 

robots in order to perform the final operation. So, a 

proper mechanism should be proposed for a gripper 

which is supposed to perform a special task. The 

configuration choice is a frequent apprehension for 

designers so the proper configuration choice should be 

investigated precisely for a good systematic robotic cell 

design. Considering the fact that 15-70% of the total cost 

of a manufactured system is spent on handling 

operations, the tooling procedure must be considered 

through designing a robot based on RC (Robotic Cell) 

aspects and the gripper should be designed as a handling 

tool in a robotic cell planning [1]. The investigation of a 

proper tool for a robotic system is not limited to the 

mechanism design but also the effect of the gripper on 

the system base should be considered too. This is 

contributed to the fact that the operation of a tool in the 

final step of its operation as an end-effector can affect 

the base system behavior.  

In this paper, the effect of the designed gripper on its 

related robotic arm is also investigated. There are a lot 

of criteria parameters for designing the robotic gripper 

including their dexterity, stiffness, compliance, 

robustness, applicability and etc. each of them needs 

special consideration for their styling design, 

mechanism design, kinematics, kinetics and etc [2].  One 

of the most famous designs of these kinds of grippers is 

inspired by human or animal hands. These kinds of 

grippers have a lot of degrees of freedom and their 

control procedure is challenging, however, their 

advantage is their high adaptability and dexterity which 

can grasp the objects with different shapes. The other 

cases of grippers have a simpler structure with a lower 

amount of DOFs motivated by two or more moving 

fingers which are designed for object handling. Here 

some of the famous kinds of the grippers are reviewed 

for each case, different kinds of grippers are designed 

according to their special applications.  

 SLUM(Self-Locking Underactuated Mechanism) 

gripper [3] is a three fingers gripper for which each 

finger has two DOFs (degrees of freedom) which is 

driven by only one central actuator so this gripper is an 

underactuated mechanism and is designed for handling 

objects with different geometrical shapes with good 

adaptivity. The SLUM gripper is a complicated gripper 

which cannot be used easily. Another sample of the 

underactuated grippers is GR2 [4] which has two fingers 

with the structure of four-bar parallel mechanisms. The 

mechanism is controlled using two motors. The grasping 

task can be performed through two phases called object-

covering and locking operations.  
LARM is another gripper based on the human hand [5]. 

This gripper has three fingers and each finger has one 

degree of freedom and is able to grasp the cylindrical, 

spherical or cubic objects. In some grippers, all of the 

joints are active joints(fully-actuated) [6]. These kinds 

of grippers are able to handle any object with any 

geometrical shapes with good stability. In some artificial 

hands [7], cables and pulleys are employed to increase 

the operation speed and the exerted force for sensitive 

tasks equipped by a 3D thumb in order to provide forces 

up to 100 Newtons. Simplicity and low-cost production 

is a target which should be considered for designing a 

system. This issue is not considered in hand grippers 

since lots of DOFs and motors are employed in them 

which is not suitable for simple mechanism design and 

is not financially or technically optimum. The material 

which the grippers are made from is also significant to 

cover the special applications of the designed grippers. 

For example, the material of the gripper designed in [8] 

is made from silicone which can provide good 

compliance and adaptability to encompass the target 

objects by the aid of a simple linear actuator.  
Some grippers are formed as a single closed-loop 

structure to hold the objects. These grippers curl around 

the objects like a camera lens with a controllable contact 

force. An example of this kind of grippers can be seen in 

[9] in which a 12-bar parallel mechanism is employed to 

provide a four DOFs gripper. This gripper can hold the 

objects and can move them slightly in a planar trajectory. 

Most of the grippers employ lever-based force to provide 

big contact forces however, some grippers use wedge-

based force to exert big contact force. SGM (Spherical 

Gripper Mechanism) [10] is an example of this kind of 

grippers which is a spherical mechanism and is able to 

hold the objects with different geometrical shapes but 

within a limited sized. In that research, static analysis is 

investigated by virtual work method for SGM. The 

previously mentioned grippers are a tool to hold and 

handle the objects while a complicated application can 

be considered for grippers.  
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As it is the aim of our proposed gripper in this paper, 

grippers can be designed and implemented for weight 

supporting purposes. This application is common in 

robotics and is inspired by animals like apes that use 

their hands and tails for climbing trees. It should be 

declared that the ape's hand duty is not limited to simple 

grasping or object holding like fruits but also its hands 

can be used as a support member to keep the animal body 

on trees. The main application of the mentioned grippers 

is for climbing robots. To meet this goal, a strong gripper 

is needed which could be able to grasp and hold a bar or 

a pipe firmly without slippage. The stability of the 

climbing robot depends on its related grippers since the 

total weight of the robot is tolerated by the grippers as 

the support points for the robot. One of the best grippers 

manufactured to cover the mentioned target is Climbot 

[11]. This robot gripper has two fingers, each gripper is 

a four-bar linkage mechanism with a worm-gear 

transmission system to provide the required normal 

force.  

The same structure is employed in [12] for 3Dclimber 

with a V-shape mechanism that is able to grasp the pipes 

with circular shapes cross-section and support the robot 

movement without slippage. The two-finger mechanism 

is also used in Raupi [13] by which the contact with bars 

can be detected by using the installed micro switches and 

is able to provide up to 46-newton force for supporting 

a 2-kilogram robot by using the special gearbox. ROMA 

[14] is another gripper-based climbing robot in which 

the grippers are controlled by linear motors with 

mechanical brake to grasp the pipes and climb the 

metallic infrastructures. The gripper mechanisms are not 

only based on human fingers. Some of them are designed 

according to the hook structure which are employed in 

robots that ascend through the rocks and cliffs [15].  

One of the essential studies to design a gripper is 

modeling the kinematics and statics of the related 

mechanism which shows the efficiency and applicability 

of the designed gripper. These studies are performed in 

the following researches. Rahman et al [16]. have 

performed the static and control analysis of a modular 

gripper with four fingers in which three phases of 

transformation, grasping and releasing are studied. Also 

Heidari et al. [17] have studied the kinematics and 

stability of an underactuated two-fingered gripper with 

the ability to hold and move cylindrical and spherical 

objects.  Kinematics and geometrical analysis of MESO 

[18] gripper are done in which the designed gripper can 

grasp tiny and delicate objects like nails with only two 

fingers. In this paper, a new gripper is designed and 

proposed which can tolerate heavy loads that the 

proposed gripper can be treated as a supporting member 

for climbing robots which move through infrastructures 

and trusses without the risk of slippage just like the 

monkey's hands which help them to swing through the 

branches of trees. The proposed gripper is modeled and 

its related kinematics and statics are extracted. The 

geometrical specification of the gripper is then 

optimized according to the extracted model, for 

example, the position of the gripper actuator. The 

efficiency of the designed gripper is verified by 

modeling the gripper in MATLAB and MSC_ADAMS 

and the proposed gripper is then manufactured according 

to this model.  

It is shown that the proposed gripper is able to support a 

20 kg robot successfully. Not only the gripper can grasp 

the exact position of the bars accurately but also is able 

to provide sufficient normal force so the generated 

friction force can neutralize the destructive effect of 

backlash torque of climbing operation from climbing 

robot's main motors and to avoid its probable slippage. 

In the previous works, the calculations related to robust 

grasping is missed and the non-slippage condition for 

grippers is not discussed either. They usually focus on 

grasping procedure for grippers in order to encompass 

the objects with different shapes while about the firm 

grasping with no slippage, no special research is 

conducted. For example, for UHVAT [19] (Usable 

Holding Versatile Adjustable Tool) gripper, only the 

kinematics of the gripper is extracted while its static 

formulation is ignored. However, in the present work, 

the grasping robustness is also investigated according to 

static equations which is not considered for UHVAT. 

This study is required to ensure that the gripper is able 

to grasp an object firmly and provide the stability of the 

robot in height without slipping or releasing possibility 

during the grasp operation and under the external forces 

including the gravity and the robot's motor torques. It 

should be noticed that one of the main criteria for 

designing a gripper is its simplicity and robustness. Thus 

it is desired to provide the most effective grasping with 

the lowest amount of DOFs.  

This goal is met in the present work while the UHVAT 

is an underactuated mechanism with a lot of motors. 

Two DOFs in open condition for each finger are 

considered for UHVAT. This mechanism and its related 

motors are considered in order to provide a grasping 

process with a complete encompass of the target object. 

In some cases, complete encompass is not necessary 

since the key factor which holds the object is the friction 

force and this force is depended on the normal force and 

the coefficient of friction. Thus at least two normal 

forces should act on the object from opposite sides. So, 

for a successful grasping, what matters is the friction 

force and the normal force and friction force is 

independent of the contact area. Therefore, two contact 

points with enough normal and friction are sufficient for 

a good grasping and holding. The mentioned 

considerations are investigated in this paper and the 

main factors for a firm grasping are discussed with 

details. The elegant aspect of the proposed gripper in this 

paper is that the reaction forces on the moving chassis 
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resulted from the gripper actuators are also controlled. 

In other words, the novelty of this paper is to compensate 

and control the mentioned phenomena while in the other 

relevant studies, the control operation is only focused on 

gripper's motion itself and the effect of these reaction 

forces is not considered. Also, the pivot point of 

applying the motor torque in UHVAT is supposed to be 

stationary and connected to the ground while here a 

more realistic model of a gripper is investigated in which 

the pivot point is located on the robot (the wrist point for 

the manipulating arm). Thus the mentioned 

corresponding reaction forces need to be neutralized 

using a proper controller. To illustrate the explained 

phenomena, during the design of a grip-based 

manipulator, this huge amount of force and torque which 

affect the manipulator link through the reaction torque 

from the gripper motors should be considered. This 

unwanted reaction torque deviates the gripper from its 

target and needs to be controlled on the arm motor (the 

motor which is connected to robot chassis) for a proper 

approach. Since the amount of these reaction torques are 

time-dependent and is not predictable, the best choice is 

to consider them as an external disturbance and their 

destructive effect should be neutralized by using a robust 

controlling strategy. For the proposed gripper in this 

paper, the above-mentioned consideration is inevitable 

and since this gripper is designed for high load 

applications, providing the accuracy and stability of its 

related manipulator is extremely significant. Since for a 

firm grasping, a huge amount of torque should be 

exerted to lock the gripper, its reaction torque from this 

actuator affects the related arm motion. Thus a strong 

robust nonlinear controller such sliding mode controller 

is required to compensate the mentioned manipulator 

disturbances. One of the main earliest studies related to 

control a mechanical arm using sliding mode was 

performed by Slotine [20].  

This study is extended in [21] in which parametric 

uncertainties are also engaged in modeling and the 

controller is improved so that the chattering 

phenomenon is compensated. In another study, he 

delivered a stronger controller by combining the 

robustness of the sliding mode method with an adaptive 

algorithm through which not only the stability and 

accuracy could be guaranteed in a robust way, but also 

the uncertain parameters could be estimated too [22]. 

This adaptive sliding mode is also applied for a 

mechanical arm with flexible joints [23]. Here the 

adaptive algorithm is derived from the Lyapunov theory. 

The sliding mode can also be combined with PID 

method for a robotic system [24] which provides 

asymptotical stability for tracking control of an 

advanced robot using Lyapunov theory in which the 

experimental results from sliding mode method and 

simple PID method are compared. In [25], the sliding 

mode controller is strengthened using a compensator and 

the destructive effect of chattering is neutralized using 

an integrator parameter. The positive effect of this 

controller is verified by testing the controller on a 

MIMO (Multi-Input-Multi-Output) system.  
The performance of sliding mode is extremely 

dependent on knowing the exact value of the uncertainty 

bounds. UDE (Uncertainty and Disturbance Estimator) 

method [26] provides an approach to decrease this 

sensitivity and provides the possibility of designing a 

sliding mode controller while it is not required to know 

the exact bound by using the measured values from the 

previous moments of operation. This method is an 

efficient solution whenever the variation of uncertainties 

is smooth. The main methods of designing a controller 

according to SMC (Sliding Mode Control) is introduced 

in [27-28] for the control engineers and its related 

challenges such as chattering, uncertainty bounds and 

etc. are explained. 

It can be seen from the mentioned literature that, robust 

design of a stable gripper is ignored so far. The firm 

grasping of the gripper requires the static model of the 

system in order to check the slippage condition of the 

gripper. Also, some grippers introduced in literature 

have complicated structures with numerous DOFs and 

fingers which makes its control procedure difficult. Thus 

in this paper, a novel gripper mechanism is introduced 

and designed which has a simple mechanism and 

provides a good grasping force. Kinematics and statics 

of the gripper are extracted and its mechanism is 

optimized to provide a firm grasping for increasing the 

stability of the robot. The model is simulated and its 

results are verified by MATLAB-Simulink and also 

MSC_ADAMS. The fabrication procedure of the 

manufactured gripper is also explained and it is shown 

that this gripper meets the required expectancies and is 

firm enough to bear the total weight of a climbing robot. 

The mechanical arm which our proposed gripper is 

installed on is controlled by using the SMC method and 

its efficiency is verified by conducting some simulation 

scenarios in MATLAB-Simulink.  

This effect of the gripper on its related arm is a novel 

study that is considered here while it was ignored in 

previous works. It will be shown that the proposed 

gripper installed on the manipulator which the arm 

motor is controlled by the designed sliding mode 

controller can successfully provide the required support 

for climbing the heavy robots through the pipe-shaped 

structures. In section two, the gripper design procedure 

is explained, in section three the modeling of the gripper 

is derived including kinematics, statics, and control 

strategy. Afterward in section four, fabrication of the 

designed gripper is explained and finally, in section five, 

modeling verification of the proposed gripper is 

performed by the aid of some simulation scenarios and 

their related analysis. Conclusion and discussion are 

explained in section six.  
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2 GRIPPER DESIGN  

The designed gripper in this paper is a finger-shaped 

gripper which is suitable for grasping the circular and 

even semi-circular shape bars (or pipes). The main target 

toward designing this gripper is its high load capability 

and robustness against slippage during the time that 

reaction torques from main motors related to the 

climbing robot and weight force of the whole robot are 

exerting on grippers. The gripper should withstand these 

conditions to balance the climbing robot in height. 

Another challenge that should be considered for 

designing the gripper is the good maneuverability and 

adaptability of the gripper such that the gripper can open 

wide enough and successfully encompasses the bar with 

a proper configuration and also its configuration should 

be simple enough for ease of control. Therefore, the 

mechanism of the proposed gripper is inspired by 

locking plier through which the mentioned required 

strength for locking a bar with no slippage possibality 

could be realized. The mechanism is modified as a two-

finger gripper so that a motor would be able to open and 

lock the mentioned gripper using a one DOF additive 

mechanism. In “Fig. 1ˮ, the CAD model of the proposed 

gripper with its components is shown. 

 

 
Fig. 1 The CAD model of the gripper. 

 
It can be seen from “Fig. 1ˮ that by rotation of the slider 

bar connected to the gripper lever using a revolute joint, 

the finger of the gripper rotates and consequently the 

grasping and releasing operation could be accomplished 

by rotation of the slider bar in CW or CCW directions. 

In other words, the mentioned slider is an interaction 

between the slider bar and the gripper lever which can 

move freely along the slider bar while the slider itself 

acts as a revolute joint through which the lever can rotate 

about it. By dividing the whole system into two 

subsystems, two 4-bar mechanisms (loop 1 and loop 2) 

appear which can be seen in “Fig. 2ˮ. 

In “Fig. 2ˮ, the joints are shown by J1 to J7 in which J7 

declares a prismatic joint for the above-mentioned slider. 

All moving links are shown by d1,d2,b1,b2, and C where 

d1 and d2 together configure the sliding bar. Actually, 

the slider is modeled as a passive prismatic joint. 

Employing Gruebler formula, the DOF of the system can 

be obtained as “Eq. (1)ˮ: 

 

3 ( )

3 (5 7) 7 1

m J JDOFs N N N=  − +

=  − + =
 (1) 

 
Where, Nm is the number of moving members 

(d1,d2,b1,b2, C) and NJ is the number of total DOFs of 

all of the joints, thus, NJ =7 and therefore, according to 

Gruebler formula defined in “Eq. (1)ˮ one can conclude 

that the resultant DOF of the whole mechanism is one. It 

means that by using a motor as a rotary actuator, it is 

possible to lock and open the gripper mechanism.  

 

 
Fig. 2 Schematic of the gripper mechanism as 2 four-bar 

linkage. 

 
This procedure is illustrated in “Fig. 3ˮ in which the 

fingers of the gripper can be opened or closed by the 

rotation of the main joint as the controlling input of the 

mechanical motion. 

 

 
Fig. 3 The gripper motion as a one DOF mechanism. 

3 MODELING 

3.1. Kinematics Modeling 

The schematic of the proposed gripper is illustrated as 

following “Fig. 4ˮ which has two 4-bar linkage 

mechanisms. One of the engaged mechanisms has a link 

with variable length (link 1) which is treated as a passive 

prismatic joint. 
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As can be seen from the schematic view of the gripper 

mechanism in “Fig. 4ˮ, link 3 is common between the 

two mentioned sub-mechanisms and link 1 has variable 

length. It should be considered that the link a1-a2 is 

stationary which is connected to the robot manipulating 

arm. The motor is installed on the joint ϴ1. Here the 

kinematics of the proposed mechanism of the gripper is 

extracted and the relation between the angle ϴ1 and 

angular velocity ω1 is calculated with respect to angles 

and velocities of the other gripper's components. This is 

a common method to calculate the kinematics of a 

system mechanism as it was also performed for UHVAT 

gripper [19]. For the first closed-loop kinematic chain, 

we have “Eq. (2)ˮ according to the schematic view of the 

gripper shown in “Fig. 4ˮ: 
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Now the second closed-loop kinematic chain (second 

sub-mechanism) is considered which results in: 
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All parameters are shown in “Fig. 4ˮ which are 

geometric parameters of the gripper components like the 

joints angles and the lengths of the links. Here all of the 

kinematic parameters are calculated as a function of ϴ1 

and d. As the link 3 is common in two mechanisms, by 

the same amount of ϴ3 which can be defined as two 

different functions and by solving these two functions 

with respect to d by the elimination of the length d, “Eq. 

(4)ˮ can be extracted: 

1 1 1 2 1
3 1
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1 1
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Fig. 4 The 2D schematic of grippers and geometrical 

parameters. 

 
From “Eq. (4)ˮ, ϴ2, ϴ3, ϴf, and d could be defined as the 

function of ϴ1 which can be shown as the functions 

Θ2(ϴ1), Θ3(ϴ1), Θf(ϴ1), and H(ϴ1) in “Eq. (4)ˮ. For 

extracting the final formulation of the gripper 

kinematics, it is sufficient to provide the geometrical 

relations of the two mentioned closed-loop kinematic 

chains along with two directions of X and Y-directions. 

The velocity kinematics of the mechanism can also be 

extracted by the derivation of the above formulas with 

respect to time.   
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→

− − − + =

→

+ + + =

 

                                                                                    (5) 

 
The angular velocity of the second and third links as a 

function of ϴ1 and ω1 can be derived by the velocity 

kinematics of the first closed-loop chain. The second and 

third links angular velocities are shown in “Eq. (6)ˮ as 

functions of Ω2(ϴ1, ω1) and Ω3(ϴ1, ω1): 
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Similarly, by solving the velocity kinematics of the 

second closed-loop kinematic chain, the angular velocity 

of the link F (the gripper finger) can be extracted as “Eq. 

(7)ˮ which is a function of ϴ1 and ω1 shown as Ωf(ϴ1, 

ω1) 

1 2 2 2 3 3
1 1

2

. .sin( ) .sin( )
( , )

sin( )
f f

f

b c

b

    
  



 − −
= =  
 

 (7) 

Now it is possible to calculate the linear velocity of the 

endpoint of the gripper finger in two directions of X and 

Y shown as vx and vy in “Eq. (8)ˮ as the functions Vx(ϴ1, 

ω1) and Vy(ϴ1, ω1): 

 

1 1

1 1

. .sin( ) V ( , )

. .cos( ) V ( , )

x f f x

y f f y

v L

v L

     

     

= − − =

= − − =
 (8) 

The above equations declare the forward kinematics of 

the gripper which relates the joint space of DOF to the 

Cartesian workspace. In the simulation section, more 

analysis will be conducted to illustrate the gripper 

kinematics in more detail. 

 

 
Fig. 5 The 2D schematic of the gripper with forces and 

torques acting on it. 

 
3.2. Statics Modeling 

As explained, the main objective of the proposed gripper 

design is to prevent it from slippage around the target 

pipe. Therefore, the calculation of the normal contact 

force and its corresponding friction force should be 

performed. The static formulations of the linkages are 

required to check the satisfaction of the explained non-

slippage condition. The static friction force should be 

higher than the reaction friction force to guarantee the 

static equilibrium. In “Fig. 5ˮ, the geometric parameters 

are shown as the angles of components or the lengths of 

the links. Here we can see that a pipe with a diameter of 

P is grasped by the gripper while the gripper motor 

exerts torque Mm and external torque Mext is 

implemented from the environment. 

When the gripper is in the locked configuration, the slide 

bar has the angle of α with the length of d which declares 

the position of gripper's motor. First, the free body 

diagram of links A, B, C, D, and E are extracted as 

following “Fig. 6ˮ. 

 
Fig. 6 Free body diagram of static equilibrium of  gripper 

components. 

 
Equilibrium equations of the related links can be written 

as “Eq. (9)ˮ: 

1 2 1 2

1 2 3 1 2 3

1 2 3 1 2 3

1 1

3 2 3 2 4

3 3 1 2 2 2 3

sin( ), cos( )

0, 0

(c c )sin( ) (c c )cos( )

c cos( ) c sin( ) 0

tan( ) 0

0, 0

0

0

x m y m

x x x y y y

x y

y x

x y

x x f y y y

x y y x

ext f

A

f M f M

B

f f f f f f

f f

f f

C f f

D f f F f f f

f P f h f h f h

E M F P

 

 

 



→

= =

→

− + + = − − =

+ + +

− − =

→ − =

→ − − = − + + =

− + − + =

→ − =

 (9) 

 

Where, fx, fy, fx1, fy1, fx2, fy2, fx3, fy3, fy4, Mext, and Ff are 

joints generalized forces, contact and friction forces, Mm 

is the motor torque and Mext is the external implemented 

torque from environment on the gripper. Thus here we 
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have a simultaneous set of ten equations with ten 

unknowns. Therefore, the contact force Fn=fy4 can be 

calculated as a function of Mm, Mext,α, and d in “Eq. 

(10)ˮ: 

 

4 (d, ,M ,M )n y m extF f F = =  (10) 

 
It should be considered that the above formulation is 

valid for the equilibrium condition. In other words, it is 

supposed here that the gripper does not slip and the static 

friction is more than the required friction which is 

exerted as the reaction torques from climbing robot's 

main motors. Following condition in “Eq. (11)ˮ is 

required to satisfy the mentioned situation for 

equilibrium: 

 

ext
f n s f

M
F F F

P
  =  (11) 

 
Where, μs is the coefficient of static friction. Since this 

gripper is supposed to bear the climbing robot weight, 

the rotational stability of the robot around all of the local 

axis should be provided.  

 

 
Fig. 7 The equilibrium diagram of the gripper from the 

side view. 

 
The rotational stability of the robot around the grasped 

pipe axis can be guaranteed by providing sufficient 

contact area, however, if the center of mass of the robot 

would not be located within the plane of the robot (the 

robot tilts), the rotational equilibrium of the robot around 

the other axis could be violated. To cover the mentioned 

challenge, the finger width is broadened so that an 

opposite torque will be generated (MFm) during the 

moments that the robot is in the threshold of tipping 

over. So the contact forces (Fm) will be generated at the 

ends of the gripper finger as the required reaction forces. 

This torque can neutralize the created torque (Mweight) 

resulted from the weight of the robot so the robot falling 

will not occur. This modification in design is shown in 

“Fig. 7ˮ. As can be seen from “Fig. 7ˮ, when the robot 

tilts about δϴ, the weight of the robot Fw causes a tip 

over torque equal to Mweight which results in instability 

of the robot. By the aid of the mentioned remedy in 

gripper design, the reaction forces Fm created from the 

end sides of the gripper for the case of tipping over of 

the robot, an opposite torque (couple) is provided which 

neutralizes the effect of the mentioned tip over-torque. 

3.3. Control Modeling 

As mentioned, the proposed gripper is designed to grasp 

the pipes with a high contact force so that the weight of 

the climbing robot would be tolerated and the non-

slippage condition is guaranteed. Thus the motor of the 

gripper would produce a considerable torque (Mm) 

which consequently results in huge contact force at the 

gripper finger. The reaction of this torque (gripper open-

close motor) together with the torque which rotates the 

gripper (the gripper wrist motor) are variable and are not 

precisely predetermined. Thus this summation of 

torques (the reaction torques from gripper motors) will 

be implemented on the mechanical arm as an external 

disturbing torque and effects the rotational movement of 

the manipulating arm.  

 

 
Fig. 8 Free body diagram of the robot arm and its 

implemented gripper. 

 
Thus the motor related to this mechanical arm should be 

controlled in a robust way to compensate for the 

mentioned destructive disturbance. In fact, this subject 

is a novel study to investigate the effect of gripper's 

motors on the related arm. Previous studies are focused 

only on the gripper motion like the control strategy 

performed for UHVAT [19], but here in this paper, the 

related mechanical arm is also modeled to investigate the 

effect of the gripper's motors reaction forces on the 

robot. As the mechanical arm has a nonlinear equation 

of motion, so the nonlinear control method should be 
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employed such as sliding mode control which is a robust 

nonlinear controller. The aspect of these reaction torques 

which are exerting on robot arm manipulator is 

illustrated in “Fig. 8ˮ.In “Fig. 8ˮ, the summation of the 

grasping torque (Mm) and rotating torque (Mr) related to 

the gripper motors is shown by Mre which is considered 

as an external disturbance implementing on the arm. To 

compensate the destructive effect of these torques, the 

sliding mode controller is designed in this paper. Here, 

the effect of gripper's motor reaction forces is 

investigated on the robotic arm. Thus, the behavior of 

the robotic arm motion is supposed to be studied as a 

non-linear system for which the dynamic equation of the 

arm should be extracted and the reaction force of the 

gripper's motors should be considered as its related 

disturbances. The dynamic equation of the arm equipped 

by the designed gripper is as “Eq. (12)ˮ which is a 

nonlinear equation of motion: 

..

( ) reu D G M = + +  (12) 

Where, ϒ is the rotational angle of the arm, D is the 

inertia of the link, G is gravity vector 

(G(ϒ)=5.88.cos(ϒ)) and Mre is the mentioned 

disturbance and u is the control input. The error of 

tracking can be defined as “Eq. (13)ˮ: 

~

d  = −  (13) 

Here ϒd is the desired angle of the arm and ϒ̃ is the error 

of tracking. The sliding surface s can be defined as 

following “Eqs. (14), (21)ˮ: 
. .. . .
~ ~ . ~ ~ .. .. ~

ds s         = +  = + = − +   (14) 

 
Where, λ is a positive definite constant and s=s(t) is a 

time-varying sliding surface. By substituting the 

dynamic equation from “Eq. (12)ˮ into “Eq.(14)ˮ, the 

derivative of sliding surface (ṡ) can be rewritten as “Eq. 

(15)ˮ: 

.
. .. ~( ) Mre

d

u G
s y

D


 

− −
= − +  (15) 

Two modes should be considered in sliding mode, 

reaching mode and tracking on slipping surface mode. 

First of all the controlling input should be calculated so 

that the states would converge to the sliding surface and 

in order to meet this goal ṡ should converge to zero, thus, 

the corresponding controlling input as the reaching 

mode control input can be extracted as “Eq. (16)ˮ: 
.

. .. ~

0 ( ) Mreds u D G   
  

 =  = − + +
 
 

 (16) 

Here û is the controlling input related to reaching mode 

and M̂ is initially uncertainty guess which is the 

implemented disturbance on the robotic arm. Now the 

following control law introduced in “Eq. (17)ˮ can be 

defined in a way that both of reaching and tracking 

modes can be covered simultaneously: 

_ .sgn(s)Control Law u u K


→ = −  (17) 

At the above formula in “Eq. (17)ˮ, a switching 

function(sgn(s)) is considered so that the tracking error 

can converge to zero. To meet this goal, the controlling 

gain of K (switching coefficient) should be calculated 

properly. If the following condition in “Eq. (18)ˮ is 

satisfied then the tracking condition can be guaranteed: 

 
.

21
| s | ss | s |

2
dts   −   −  (18) 

 
In “Eq. (18)ˮ, η is a positive definite value. As seen, to 

satisfy the convergence condition for s toward zero, the 

above condition in “Eq. (18)ˮ should be satisfied which 

declares the Lyapunov stability theorem. Now ṡ which 

was derived from “Eq. (15)ˮ should be substituted to the 

“Eq. (18)ˮ. Then one can conclude “Eq. (19)ˮ: 
.

.. ~( ) M
s | s |re

d

u G

D


   

 − −
 − +  −
 
 

 (19) 

 
By substituting the finalized controlling input from “Eq. 

(17)ˮ instead of u in “Eqs. (19), (20)ˮ can be obtained: 

 
.

.. ~.sgn(s) ( ) M
s | s |re

d

u K G

D


   

 
− − − − +  −

 
 

 (20) 

 
Finally, the following formula as “Eq. (21)ˮ can be 

extracted by substituting the û from “Eq. (16)ˮ into “Eq. 

(20)ˮ: 

 
.

.. ~

.
.. ~

( ) M .sgn(s) ( ) M

s

| s |

red re

d

D G K G

D

    

  



  
  − + + − − −
  

  − +
 
 
 
 

 −

 (21) 

 
Summarizing the above equation to “Eq. (22)ˮ results 

in choosing the proper gain of K by which the value s 

can converge to zero: 
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( )s sgn(s) | s | s M M | s | | s |

K | M M |

re re

re re

K D

D









 
=  − −  − 

 

  − +

 (22) 

 
Thus, the controlling input can be improved as “Eq. 

(23)ˮ by substituting the calculated switching gain: 

 

| M M | .sgn(s)re reu u D
  

= − − + 
 

 (23) 

 

Here in “Eq. (23)ˮ, |Mrê − Mre| is bound of uncertainty 

(unknown disturbance). In order to decrease the effect of 

chattering phenomena following modification as “Eq. 

(24)ˮ can be considered instead of switching function 

[28]: 

 

sgn(s) ( ) | M M | .sat( )
s s

sat u u D
  

=  = − − + 
  

 (24) 

 

Where ϕ is the thickness of the boundary layer around 

the sliding surface s and instead of sgn function which is 

a totally discontinuous function, the saturation function 

(sat) is used so the high-frequency chattering problem 

can be resolved by employing “Eq. (24)ˮ. According to 

the above-designed controller, the arm equipped by the 

designed gripper can be successfully controlled in the 

presence of the gripper motor's reaction torque exerting 

on the mechanical robot arm (disturbances).  

4 FABRICATION 

The main actuator for open-closing the gripper is a 220 

volts AC motor which can generate 8 N.m torque with 

the angular velocity of 1.2 revolutions per minute. When 

grasping condition is accomplished, the gripper locks on 

the pipe by a locking toggle which does not let the 

gripper open suddenly and by consideration of high ratio 

gearbox implemented on AC motor, back drivability for 

the mentioned actuator is prevented to ensure when the 

electricity is gone the locking condition continues. So 

the mechanical locking process is provided for the 

designed gripper.  Another motor just like the mentioned 

one for open-closing the gripper is chosen to rotate the 

gripper to align the gripper on the target pipe(wrist 

motor). To control open-closing or rotating operation, 

some DC two-channels relays are employed which are 

controlled by main Arduino microcontroller in which by 

signals coming from Arduino the relay opens one circuit 

(e.g. CW rotation of AC motor) and closes the other 

circuit (e.g. CCW rotation of AC motor). The employed 

slider is to open-close the gripper and it is made of 

phosphor bronze material which can slide easily with 

low friction on the slide bar (link A) connected to the 

open-close motor and also it is a frictionless joint which 

connects links A and B (look at the illustrating “Fig. 1ˮ). 

For gripper's jaws, the widened structure is attached to 

the fingers with dry soft rubber covering the inside 

surface to fill all possible gaps between the pipe and 

gripper's jaws (“Fig. 1ˮ) and the middle area of the 

grippe's jaw is teeth-shaped for providing the highest 

static friction coefficient.  

 

 
Fig. 9 The manufactured gripper has grasped the pipe. 

 

 
Fig. 10  The sideshow of gripper assembled on robotic arm 

manipulator. 

 
The whole mechanism is connected to the climbing 

robot's manipulating arm which is driven by a 24volts 

DC motor with a maximum torque of 17.6 N.m. This DC 

motor which is related to the robotic arm is supposed to 

be controlled in this paper by the 600 pulse A/B encoder 
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attached to the rotating shaft of the motor. In “Fig. 9ˮ, a 

prototype of the gripper is shown which has grasped the 

pipe.In “Fig. 10ˮ, the gripper which is assembled on the 

robotic arm is shown grasping the target pipe firmly. 

In “Fig. 11ˮ, it can be observed that the total weight of 

the robot is tolerated by two grippers which are grasping 

two pipes that are treated as the main support for the 

whole 20Kg climbing robot in which the proposed 

gripper is designed to perform such this specific desired 

application: 

 

 
Fig. 11 Two grippers have grasped two pipes which are 

treated as firm support of whole 20Kg climbing robot. 

5 SIMULATION 

5.1. Kinematics Simulation 

The gripper is a one DOF mechanism in which its 

kinematic equations were derived using geometric 

relations extracted in “Eqs .(6), (7)ˮ so all of the joints’ 

angles and velocities can be obtained according to the 

angular position (θ1) and angular velocity of the main 

DOF (ω1). Therefore, the results of “Eqs .(6), (7)ˮ are 

shown in “Figs. 12, 13 and 14ˮ for a specific motion 

defined by “Eq. (25)ˮ for 6 seconds back and forth 

motion of the main DOF, which the kinematics 

calculation results are compared with MSC-ADAMS 

simulation results: 

1(t) cos( t)
10.2 6

 
 =   (25) 

The angular velocities of gripper's components ω2, ω3, 

and ωf are shown in “Figs. 12, 13 and 14ˮ for the desired 

motion defined as “Eq. (25)ˮ for the main DOF. The 

simulation process is according to the Table of the list of 

parameters provided in the last section of the paper. As 

can be seen from the above diagrams, there is great 

compatibility between MATLAB results from the 

kinematic calculation and MSC-ADAMS simulation for 

all of the three main gripper components (link2, link3, 

link f) which indicates the correctness of kinematic 

calculation from kinematics section. 

 

 
Fig. 12 Angular velocity ω2 compared with MSC_ADAMS 

simulation result. 

 
Fig. 13 Angular velocity ω3 compared with MSC_ADAMS 

simulation result. 

 

 
Fig. 14 Angular velocity ωf compared with MSC_ADAMS 

simulation result. 

 
In “Fig. 15ˮ, the comparison between the main DOF 

angular velocity (ω1) and the finger's angular velocity ( 

ωf) is shown. It is obvious that at the start and endpoint 

of the gripper motion when the figures touch the pipe, 

the angular velocity of the finger is about 1/3 of the main 
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DOF angular velocity which means that in grasping 

phase the finger moves gently without any shock or 

tough impact on the target pipe so in grasping phase with 

slow angular velocity of finger, the pressing process 

occurs. Now the forward kinematics is investigated and 

its results are compared with MSC-ADAMS simulation 

results which this comparison is shown in “Fig. 16ˮ for 

both directions of X and Y for horizontal and vertical 

displacements values of the finger. 

 

 
Fig. 15 The comparison between the angular velocity of the 

main DOF (ω1) and the finger angular velocity (ωf). 

 

 

 
Fig. 16 Forward kinematics results in the Cartesian 

workspace and its comparison with MSC-Adams along X and 

Y direction. 

 
As can be seen from “Fig. 16ˮ, for closing and opening 

modes of the gripper, a back and forth motion of the 

finger in the Cartesian workspace can be observed. Good 

compatibility between MATLAB and MSC-ADAMS 

shows the correctness of the extracted modeling. In the 

end, all of the kinematic responses of other components 

of the gripper can be obtained by the aid of the calculated 

motor angle according to the kinematic model obtained 

from equations in the kinematic section of this paper. 

5.2. Statics Simulation 

As mentioned in the static section, for a proper grasping 

with no slippage, the normal force of the gripper should 

be increased as high as possible so the static friction 

force can be increased. This force is a function of 

gripper's configuration in its closed state, the amount of 

external torque, the length d, and the angle α which was 

derived in statics section.  

 

 
Fig. 17 The amount of static friction force Fs with respect 

to distance d. 

 

 
Fig. 18 The amount of static friction Fs with respect to 

angle α. 

 

In fact, the length d and the angle α indicate the gripper 

open-close motor position and this means that the 

amount of the normal force is the function of the 

gripper’s motor position. So, according to static force 

function in “Eq. (10)ˮ, the static force (Fs) is a function 

of d and α and these dependencies are shown in “Figs. 

17, 18ˮ as the diagrams which show how static friction 

force changes with respect to d and α magnitudes by 

considering no external torque (Mext=0). The same 

comparison is also conducted by considering the 
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constant torque of 8 N.m for gripper's motor (Mm=8 

N.m) and static friction coefficient of 0.5 between the 

pipe and gripper's finger. Therefore, if the reaction 

friction force between the finger and pipe would be 

lower than the static friction force, the non-slipping 

condition is guaranteed. 

As can be seen from “Fig. 17ˮ, by constant value α=0.82 

rad, by increasing the length d, the value of Fs decreases 

homographically. Now the Fs relations with angle α is 

extracted considering d=5mm which is shown in “Fig. 

18ˮ. It can be seen from “Fig. 18ˮ, when the angle 

increases from a negative value to positive, the static 

friction increases until the angle α equals to zero. 

Afterward, Fs decreases as the angle increases. It can be 

concluded that the growth of Fs according to angle α is 

harmonic. Also it can be seen that, the maximum Fs has 

occurred in α=0 and d=0 but the manufacturing 

limitations do not permit this values for design process 

since by decreasing the length d, the reaction force on 

critical joints such as slider joint increases extremely 

which can cause joint failure by extreme stress which 

would be caused from that huge force on the mentioned 

joint. Considering the manufacturing limitation we 

know that the least size of length d and angle α in 

grasping state configuration is the best choice to achieve 

large static friction forces. Now by considering values of 

20 mm and 0.82 rad for the distance d and angle α for 

the grasping phase, the comparison between the static 

friction force and reaction friction force with respect to 

the external torque (Mext) according to the “Eq. (10)ˮ are 

illustrated in “Figs. 19, 20ˮ for two directions of external 

torque. We know that for the non-slippage condition the 

reaction friction force (Ff) should be less than static 

friction force (Fs). 

 

 
Fig. 19 Comparison between static friction force (Fs ) and 

reaction friction force (Ff ) by increasing the absolute amount 

of external torque (Mext) with negative values. 

 
From “Fig. 19ˮ, it can be observed that for the negative 

values of external torque(Mext), the reaction friction 

force (Ff) increases linearly and the value of static 

friction force (Fs) decreases linearly as the absolute 

value Mext increases from zero and this procedure 

continues. The intersection of these two profiles is at 

Mext=12 N.m which is the slippage threshold point. 

Therefore, for the negative values of Mext which their 

absolute values are less than 12 N.m, the safe zone for 

the non-slipping condition is Mext<12 N.m. Now the 

positive values of Mext  are investigated in “Fig. 20ˮ. 

 

 
Fig. 20 Comparison between static friction force (Fs) and 

reaction friction force (Ff )by increasing the absolute amount 

of external torque (Mext) with positive values. 

 
From “Fig. 20ˮ, it can be concluded that for the positive 

values of Mext ,by increasing Mext from zero, the Fs and 

Ff increase linearly with different slope angle and the 

intersection of the profiles is at the value of 25 N.m for 

Mext. Therefore, the values less than 25 N.m for positive 

direction of Mext are in the safe non-slipping zone which 

is a wider area than the safe area obtained for the 

negative direction of Mext. By increasing the static 

coefficient (μs) and decreasing the value of length d and 

angle α as a result of the mentioned manufacturing 

limitations, the bounds of the extracted safe non-slipping 

zones for both directions of Mext increase which 

consequently increases the factor of safety for the non-

slipping condition. 

5.3. Control Simulation 

In this part, the efficiency of the designed controller is 

verified by conducting some simulation scenarios. As it 

was explained we suppose that the reaction torque of 

gripper's motors is applied on the arm motor which is 

considered as a disturbance. Here this disturbance is 

supposed as “Eq. (26)ˮ in the actual state for 10 seconds 

of arm motion: 

25cos(t)(newton.meter)reM =  (26) 

The related bound of disturbance Mre, is about 30 N.m. 

We consider the initial error 0.5 rad for the arm angle 
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and so both the regulation and tracking control should be 

accomplished by the designed sliding mode controller. 

The desired path for angle ϒ is chosen as “Eq. (27)ˮ 

which is a function of time for 10 seconds of arm motion: 

2.sin(0.2 t)( )rad =  (27) 

As was explained in the control section, the sliding mode 

controller suffers from the chattering effect. According 

to “Eq. (24)ˮ, with consideration of bound ϕ=0.1 for the 

sliding surface boundary layer and saturation function, a 

smooth response (continuous) can be achieved. The 

SMC coefficients of λ and η, are chosen about 15 while 

the inertia parameter (D) is 0.165 and the gravity 

coefficient is 5.88 according to the robot's arm mass and 

length. Therefore, according to SMC method, control 

error for a smooth response (bound of sliding surface 

ϕ=0.1) and chattering response (switching sign function) 

are compared and shown in “Fig. 21ˮ. 

 

 
Fig. 21 Tracking error in SMC method, in chattering mode 

(switching sign function) and smooth mode (saturation 

function with bound of ϕ. 

 
The corresponding comparison related to the inputs of 

these two simulations is shown in “Fig. 22ˮ. 

 

 
Fig. 22 Control input in SMC method, in chattering mode 

(switching sign function) and smooth mode (saturation 

function with bound of ϕ). 

From “Fig. 21ˮ it can be observed that the error 

converges to zero by the SMC method for both 

approaches. In “Fig. 22ˮ, it is observed that in sign 

function mode SMC, the inputs oscillates intensely 

between 10 and -20 N.m which is not desirable control 

input while in the improved approach with bound of 

ϕ=0.1, the unwanted chattering phenomena is eliminated 

and the continuous response has resulted. The PD 

controller is also compared with the improved SMC 

considering bound of ϕ=0.1. For PD controller, the gains 

of Kp=100 and Kv=50 are set based on the pole 

placement method. By increasing the gains, tracking 

precision will be increased while it can also motivate the 

unmolded natural frequencies and results in instability 

[29]. Thus to illustrate the superiority of the SMC, the 

comparison is provided with PD controller with high 

gains which are extremely larger than SMC control 

coefficients (about 15). In “Eq. (28)ˮ the formulation of 

PD controller is defined: 

.

. .u Kp e Kv e= +     (28) 

As can be seen, the input control law is a linear equation 

of error (e) and its derivative (ė ̇) with proportional gain 

Kp and derivative gain of Kv. In “Fig. 23ˮ, the 

comparison of the actual path employing the two 

mentioned controlling strategies with respect to the 

desired path (defined in “Eq. (27ˮ)), is demonstrated 

with 0.5 rad initial error. This initial condition is to 

engage the regulation process of the controllers in the 

presence of disturbance Mre. 

 

 
Fig. 23 Comparison between the controlled trajectory path 

by sliding mode and PD controller. 

 
According to “Fig. 23ˮ, it can be concluded that the 

desired path is precisely tracked by the SMC method 

while PD response has considerable deviation with 

respect to the desired trajectory. In “Fig. 24ˮ, the error 

comparison of these two controllers is shown 

accordingly to clarify the superiority of SMC rather than 

PD controller. 
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Fig. 24 Comparison of tracking errors between sliding 

mode and PD controller. 

 
As can be seen from “Fig. 24ˮ, the error of the SMC 

method converges to zero in less than 0.2 seconds which 

is a fast response, while PD error oscillates around zero 

with a considerable domain. So the arm follows the 

desired path in less than 0.2 seconds in the presence of 

disturbances caused by the gripper's motor reaction 

forces. Considering the fact that during grasping the 

pipes by the designed grippers, the robot mechanism 

converts to a closed-kinematic chain, the precision is 

extremely significant and any error is destructive since 

it can result in system collapse. Thus, it can be concluded 

that the designed SMC controller is extremely necessary 

for covering the grasping process of climbing robots 

which are equipped by the proposed gripper that the 

reaction torques from their motors (gripper motors) can 

be exerted on the robot arm as considerable disturbances 

which their effect should be repelled by a robust 

controller, for example sliding mode controller proposed 

in this paper. 

6 CONCLUSION 

In this paper, a novel gripper with a novel mechanism is 

proposed and manufactured by which a high amount of 

load and torque can be tolerated without any slippage. 

This gripper is extremely applicable for grip-based 

manipulator especially for the climbing robots in which 

the load of the robot needs to be tolerated. The 

kinematics of the gripper were calculated by which the 

required angular velocity of the input motor can be 

estimated to accomplish the opening and locking process 

of the gripper jaw. Afterward, the quasi-static analysis 

of the proposed gripper was extracted by which the 

required motor torque can be calculated for a robust 

grasping. It was explained that in order to increase the 

safety factor related to the non-slippage condition, it is 

required to increase the static friction force of the jaw 

then an analysis study was performed in which the 

optimum values of the geometrical configuration of the 

gripper were estimated. It was shown that this critical 

normal force is a function of the motor torque, the 

position of the motor, and the external implemented 

torque on the gripper caused by robot's weight or etc. It 

was concluded that the less the distance of d and the 

angle of the α, the more the static friction force results 

accordingly. However, as was explained, due to 

manufacturing limitations, the minimum amount of 20 

mm for distance d and 0 degrees for α were applicable 

practically. Also, the maximum toleratable external 

torque capacity of the gripper was extracted for both 

directions and the corresponding safe zone of the 

designed gripper for the non-slippage condition was 

analyzed as a function of the mentioned parameters. It 

was seen that the maximum tolerable torque of the 

gripper in the clockwise direction is about 25 N.m while 

this value is about 12 N.m for counter-clockwise 

direction. Finally, in order to compensate the destructive 

effect of external torque resulted from the robot dynamic 

in climbing process, a robust controller named SMC was 

designed and implemented on the arm's motor of the 

robot to neutralize the implemented disturbances from 

the gripper's motor torque reactions. The performance of 

the designed robust controller was compared with a 

simple PD controller and it was shown that by 

employing the designed SMC controller, the settling 

time of tracking operation is about 0.2 sec while using a 

simple PD, the system remains in the border of 

instability. The performance of the proposed gripper and 

its optimization analysis were performed by conducting 

some simulation in MATLAB-Simulink and the 

corresponding results were verified by MSC-ADAMAS. 

Also, the efficiency of the designed robust controller 

was investigated by comparing the performance of the 

manipulator with a simple linear controller. It was 

shown that using the proposed gripper equipped by the 

designed nonlinear controller, it is possible to 

accomplish a climbing procedure for an ascending robot 

with accurate positioning. 

7 LIST OF PHYSICAL PARAMETERS 

Physical properties of the system 

Symbol Value Definition Unit 

1c 85.3 
Geometric parameter 

in Fig.4 
mm 

2c 33.2 
Geometric parameter 

in Fig.4 
mm 

L 60.86 
Geometric parameter 

in Fig.4 
mm 

1b 60.21 
Geometric parameter 

in Fig.4 
mm 

2b 24.52 
Geometric parameter 

in Fig.4 
mm 
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1a 36.91 
Geometric parameter 

in Fig.4 
mm 

2a 75.12 
Geometric parameter 

in Fig.4 
mm 

1h 70.26 
Geometric parameter 

in Fig.5 
mm 

2h 50.34 
Geometric parameter 

in Fig.5 
mm 

3h 4.14 
Geometric parameter 

in Fig.6 
mm 

P 50 Pipe diameter mm 

ψ 0.5 
Geometric parameter 

in Fig.5 
rad 

sμ 0.5 
Static friction 

coeficient 
- 

g 9.8 Gravity accelration 
m

s2
 

w 300 Gripper width mm 
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