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Abstract 

This Thesis is framed within the scope of investigation of mechanisms and 

manipulators with reconfiguration capacity. The term reconfigurability refers to 

an ability of the mechanism to change its topology for changing the 

characteristics of this mechanism according to some varying tasks. The 

expansion of the parallel mechanism capacity by means of reconfigurability 

brings various benefits, including flexibility, cost reduction, and time saving. 

However, existing solutions do not outweigh the risks related to incorporating 

novel design solutions in production. Thus, there is still the open issue in a 

reliable reconfigurable solution that would prove to provide enough benefits to 

implement it in a commercially available manipulator. 

This Thesis focuses on the conception and design of joints to be used in 

reconfigurable parallel manipulators. A set of different joint designs was 

proposed and subjected to characteristics analysis in order to select the ones that 

provide better qualities. From the comparison among the various designs, it will 

be shown that two of them present such potential benefits as big workspace area, 

high load capacity and accuracy, small inertia forces, simplicity of 

manufacturing, and small dimensions. Therefore, these two joints will be 

selected for further study, performing an in-depth analysis of their application as 

reconfigurable joints. Their kinematics and structural analysis have been carried 

out.  

The selected joint designs have potential to be applied in various types of 

mechanisms where reconfigurability can be profitable. One of such applications 

is a haptic device. As one of the primary goals of the practical tests is design 
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validation by obtaining clear and unambiguous results, this application was 

chosen for testing the joints' performance and reconfigurability due to the 

simplicity of the necessary setup. It allowed to decrease the amounts of elements 

that potentially could affect the experimental testing results. Application of the 

proposed reconfigurable joints in a haptic device provides additional benefit 

consisting in an ability of performing precise straight motion along the selected 

axis.  

The joints’ reconfiguration ability and performance were tested by application 

of the joint prototypes in haptic device that controlled a 2-RFR planar 

ultraflexible parallel manipulator. The haptic device was equipped with a force 

feedback system that was intended to help indicating the singular areas of the 

workspace in which the control of the manipulator can be lost. Both joint designs 

were tested by a group of operators that was asked to perform several testing 

tasks. The results of the test demonstrate that the proposed joint designs are 

suitable for implementing them as haptic device and presenting the ability of 

joint reconfiguration. They provide reliable operation and control simplicity. 

After thorough analysis of the experimental results, the most beneficial joint 

design and the most appropriate control mode for it were determined. After 

adapting this design to conventional manufacturing technologies, the joint could 

be tested in a commercially available manipulator. 

The Thesis is organized as follows: 

In Chapter 1, the existing research in the field of reconfigurable parallel 

mechanisms will be presented. The reconfiguration methods will be reviewed 

with the further focus on the reconfiguration with special joints. Haptic devices 

related researches as an application field for reconfigurable joints will be 
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considered. The analysis of the market of commercially available parallel robots 

will be presented. The existing joint solutions that allow reconfiguration will be 

presented and analyzed.  

In Chapter 2, a series of novel reconfigurable joint designs will be proposed. The 

characteristics of the proposed joints will be compared and two most profitable 

designs in relation to reconfiguration abilities will be chosen for further study. 

In Chapter 3, two of the joints that have proven to be the optimum ones for 

reconfiguration purposes will be analyzed in-depth. The solution to position 

problems, velocity equations, workspace characterization, and the quasi-static 

and finite element analysis will be presented. 

In Chapter 4, manufacturing of the joint and haptic device prototypes will be 

presented. The design of the experimental setups will be explained. 

In Chapter 5, the prototypes were tested for functionality and in a haptic device 

application. A group of people was asked to perform several tasks, controlling 

the 2-RFR ultraflexible manipulator with the proposed haptic device. Aside that, 

the reconfigurability of the joints was tested. The results, their possible 

explanation and discussion will be presented. 

Finally, the last chapter presents the summary of all the main conclusions derived 

from this Thesis. Besides, the possible directions of future work will be 

proposed.  
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1. State of the art  

1.1. Reconfigurable parallel manipulators 

Manufacturing of any product is necessary to satisfy some demands of the 

market. Changes in the market force modifications in the production as well. 

Switching fast from manufacturing one product to another one is usually a 

complex task, as the readjustment can take long. Every hour of non-production 

causes money loss and losing the position in the market. That is why fast 

readjustment is a very urgent issue. Many researches were carried out, trying to 

improve the adaptability of the robots for different tasks. Reconfigurable robots 

is one of the possible solution to this problem. However, reconfigurability can 

be reached by various different methods. A discussion on the reconfiguration 

principles and strategies in [1] provided the definition of topology and 

configuration as a ground for the development of reconfiguration approaches. 

The topology of a mechanism represents the information on the arrangement, 

quantity and types of links and joints. Unlike the topology, configuration of the 

mechanism is described as geometrical characteristic, focused on parameters of 

the links and joints relative to each other, for instance, lengths, angles, positions. 

The study comes with four ways of reconfiguration. It states that reconfiguration 

is possible if one of the next parameters changes: the number of links/joints; joint 

types; the adjacency and the incidence of links and joints; geometrical locations 

of the joint. By analyzing these possibilities, several reconfiguration strategies 

were formed. Among them – special kinematic geometry – the ability to change 

the topology and configuration in some particular positions of the mechanism. 

Another strategy consists in locking joints or actuators. In this case, in some 
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position, some degree of freedom (DOF) of the mechanism becomes blocked 

which causes topological and configurational changes. Next strategy is design 

of special links and joints and obtaining reconfiguration by these design features. 

The strategy of selection of multiple input variables is claimed to be most used 

[1]. It involves control of a complex mechanism by selection of the proper input 

variables among the variety of possible ones. An example of this method can be 

seen in selective actuation applications [2], [3] and modular robot systems [4–

7] . 

Several studies focused on classification and analysis of the reconfigurable 

manipulators were carried out. The main purpose of these research was to 

simplify the design process of reconfigurable mechanisms. The work [8] reveals 

five types of morphing, which are used for reconfiguration: topological 

morphing, geometrical morphing, connectivity and mobility change in furcating 

morphing, several types of furcating morphing, and joint-motion morphing. In 

this classification, by topological morphing, author means reconfiguration by 

physical constraints of the joints design, lockable joints and internal forces, like 

springs. Geometrical morphing includes manipulations with joint axis positions, 

joint axes orientation related to links, special joints, using internal mobilities and 

plane symmetry. Connectivity and mobility change in furcating morphing is 

mostly focused on creation of different configurations of the mechanism through 

passing of the singularity positions. Types of furcating morphing refer to the 

ways of getting several operation modes of the mechanism, including selective 

actuation and special design of the mechanism or its joints. Joint motion 

morphing takes place when the manipulator can have idle mobility. For instance, 

the joints of the mechanism in this case can switch between active and idle state. 

Despite some of the morphing types can be implemented by similar means; these 
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means are used in a different way, which differentiates these morphing types. 

The task-based classification of the joints of reconfigurable mechanisms was 

presented in [9]. This classification is based on the Assur groups that can provide 

certain kind of motions. It simplifies the structural synthesis of the mechanisms. 

The work also includes mathematical means of the proposed classification. The 

proposed method of task-based design, proposed in [9] was tested by creation of 

the prototype of a robot for extra-high-voltage (EHV) power line repair. The 

robot is planar and has two DOF and the kinematic chain of 2-PRRR. Two legs 

of the robot hold the nut cut in special way, which, when connected and rotated, 

can fix the EHV cable by repositioning the broken wires. 

In the paper [10] complex joint types are considered. The researchers proposed 

a special approach, based on screw theory, for the analysis of the mobility 

characteristics of complex joints. To make the analysis simpler, the joints were 

united into three groups: joints with single-closed-loop kinematic chain (SKC), 

joints with multi-closed-loop kinematic chain (MKC), and joints with local-

closed-loop kinematic chain (LKC). 

1.1.1. Modularity approach for reconfigurability 

One of the ways to readjust a robot from one task to another is to design it from 

standardized modules, which are easy to connect and assembly, like a Lego 

construction set. Several researches used this approach to solve the readjustment 

problem.  

In paper [4], an automation solution suitable for low volume and high-mix 

production was proposed. The focus of the research was to create "plug-and-



27 

 

play" modular reconfigurable component-based robotic system, which will 

provide rapid reconfiguration of the production line (robotic cell). The paper 

provides the description of the module design (fixed dimension, including 

passive joints, and variable dimension modules). Active modules have one DOF 

each and are divided into two types: R-joint and P-joint. Passive modules have 

single R-joint, or U-joint. The modules of the system are presented in Figure 1. 

Variable dimension modules are parts, which are necessary to connect fixed 

dimension modes. These parts are designed so that they will be easy to 

manufacture in purpose of speeding up the readjustment process.  

 

a) b) 

Figure 1. The modules of the system [4]: a) actuated joints; b) passive joints 

The developed concept was tested on a prototype of a work cell, consisting of 7-

DOF redundant serial robot, a 6-DOF 3-RRRS parallel robot, and a 1-DOF 

conveyor. This work was continued in research [11], where two parallel robot 

configurations, consisting of three legs, are considered. Robot links are the same 

types as in [4]. The robotic modular system was designed for general 

applications for work in a production line. The research focused on three legs 

robot configuration as it was considered as optimal due to uniform load 
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distribution and minimal risk of leg interference. The configurations consisted 

of two joints with actuators (P or R types) and two passive joints (R and S types). 

There were five RRRS configurations with different joint axis directions and 

eight configurations with a prismatic joint (PRRS and RPRS).  

In paper [5], similar approach for the reconfigurable tripod was considered. In 

this research the same actuators, joints and connection links are reused for each 

configuration of the robot.  The base and the end-effector platforms are 

manufactured for each new task. The legs of the tripod were attached to linear 

actuators, fixed on the base platform with universal joints, and with spherical 

joints to the end-effector platform. Thus, leg kinematic chain can be 

characterized as PUS. The tripod configurations could include a passive leg 

between the platforms, which made mutual translation motion impossible. These 

platforms are presented like easy-to-manufacture parts for different 

configurations. In this research, the efficiency of the motion transformation, in 

other words, motion purity was used as an optimization criterion.  

The modular structure has found its application in mobile robots. The authors of 

[6] present LOCOBOT - an assisting mobile robot for different tasks, which is 

equipped with the modular arm, capable to be readjusted. The robot arm of 

LOCOBOT has a modular design; it allows offline changing of the dimensions 

of the arm according to the task. The modules of the arm are active joints of 

revolute and prismatic types and passive links of constant length. The robot arm 

has PRRRP kinematic chain. One of the main features of the research was safety, 

due to the robot-human interactions.  

The other way to readjust of a mobile robot is self-assembly. In this case, the 

whole robot is used as a module. In [7] the usage of parallel mechanism in 
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reconfigurable mobile robot system is studied (see Figure 2).  

 

a) b) 

Figure 2. Mobile self-assembly robotic system [7]: a) connected; b) internal design. 

In the robotic system presented in Figure 2, a separate mobile robot module has 

a parallel platform with docking mechanism, which allows it to make an 

assembly consisting of two or more robot modules. The platform moves around 

a passive leg U-joint. It is moved by other two legs, which are attached to the 

platform with U-joints and actuated by H-joint (the screw). This structure allows 

robot assembly to gather, as well as to pass different obstacles, like grooves and 

bumps.  

1.1.2. Reconfigurability by means of additional actuation 

Going through some singular positions implies a loss of control of the 

mechanism, which may require an additional actuation. In [12] the 
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kinematotropical mechanism examples were introduced. In this kind of 

mechanisms, different number of global mobility can exist, depending on the 

positional parameters of the mechanism. Depending on the position, different 

number of actuators is necessary to control the mechanism. The transition from 

one mobility number to the other happens when the singularity position is being 

passed. Several examples of the kinematotropical mechanisms were considered: 

planar Wunderlich mechanism and spatial - Wren's platform and novel 

RR(4R)(4R)RR mechanism (The Queer Square).  

The problem of the singularities and the methods of their elimination is assessed 

in review [13]. Redundant kinematics and actuation are one of the possible 

solutions. It can include the actuation of passive joints and by including 

additional kinematic chains, which do not increase DOF of the robot. This 

actuation can be temporary and used only in case the mechanism gets into a 

singular pose. Redundant actuation can also provide better distribution of the 

load among the actuators. In some cases, such actuation can provide more fail-

proof mechanism, because failing of one actuator will not lead to mechanism 

failure. 

1.1.3. Reconfigurability by detaching and reconnecting the 

kinematic chains 

A reconfigurable robot for multimode tasks, which consists of two separable 

tripods, is proposed in [14]. The robot is capable to combine assembly and pick-

and-place operations. The main feature of the robot is that swinging tripod can 

be detached from the sliding tripod to perform the gripping operations, which 

are impossible for the initial configuration (Figure 3). 
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a) b) 

Figure 3. Reconfigurable robot, containing two tripods [14]: a) tripods in detached position; 
b) tripods attached. 

In this study, the reconfigurability is achieved by the ability to change the amount 

of DOF from 6 to 3, depending on the task, by detaching and attaching the joints 

of swinging tripod. Separability is reached by using magnetic joints, which 

connect swinging tripod legs to the platform.  

Legs of the sliding tripod consist of a cylindrical joint attached to a revolute one, 

so they form a universal joint, and together they are attached to the moving 

platform with a spherical joint. A leg of the swinging tripod has a configuration 

of RUS, with S-joint detachable. In both legs, universal joints have one lockable 

axis. This feature is necessary for reconfiguration of the robot.  

In [15] a concept of a novel parallel manipulator, called PARAGRIP is 

introduced. This robotic system uses the object, which is being transported, as a 

moveable platform that unites the legs of the structure. The legs separately from 

the moving platform (the object) consist of serial manipulators equipped with 

self-adjusting grasping mechanism, mounted on U-joint. The reconfigurability 
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in this mechanism is implemented by combination of using different number of 

limbs with different configurations and functions. This concept can be 

considered as a robot with decoupling limbs. The PARAGRIP system is 

presented in Figure 4. 

  

Figure 4. The PARAGRIP system [15]. 

In research [16] a robot was proposed, which is able to reconfigure without 

stopping during its operation. This parallel mechanism can change its amount of 

DOF from 6 to 5, 4, and 3 by detaching the legs and blocking the passive joints. 

The robot has 6 legs: 3 fixed and 3 detachable. Detachable legs have RRS 

kinematic chain in all robot designs, and for the fixed legs design variants were 

proposed: RUS, URS, PUS, UPS, and CPS. The fixed legs have one lockable 

joint to be able to stay under control when the other legs are being detached. The 

robot with PUS kinematics of the fixed legs is presented in Figure 5. 
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a) b) 

Figure 5. The reconfigurable robot with detachable legs [16]: a) with fully attached legs; b) 
with partially detached legs. 

In [17], another reconfigurable manipulator is presented, 4 –RUU parallel 

manipulator. The robot has four revolute joints actuated and universal passive 

joints. The decomposition of this mechanism into two 2-RUU manipulators (the 

prototype can be detached into two equal parts, see Figure 6) has demonstrated 

that it can work in two Schönflies modes and one 2-DOF motion mode.  

The robot has one singular position in each of the Schönflies motion mode, two 

self-motion positions in the second Schönflies motion mode and possible self-

motion positions in 2-DOF mode, when the links positions satisfy certain 

conditions. The robot cannot turn from one Schönflies mode to the other, because 

they do not have common configurations, but it is possible through the third 

mode of 2-DOF. 
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a)  b) 

Figure 6. 4-RUU reconfigurable manipulator [17]: a) attached as 4-RUU; b) detached as two 
2-RUU. 

1.1.4. Reconfigurability by changing the geometric dimensions 

One of the ways to change the robot kinematics is varying the dimensions or the 

configuration of the base platform or end-effector platform. In research [18] 

reconfigurability was implemented by rearranging the places where the legs of 

Gough platform robot are attached to the base. The movement of these points 

was implemented with linear actuators. The change in location of the attachment 

points causes the variation of the workspace without altering dynamic 

characteristics. The research was focused on finding the optimal geometry of the 

modular parallel robot. Two criteria of optimality were used: workspace size 

criterion and the minimal necessary stiffness criterion. The second criterion 

appeared to be the most influencing and has been proposed as an optimality 

index.  

Similar way of reconfiguration can be found in the paper [19], where points of 
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limb attachment lay on the linear guides. Here, linear guides are arranged into 

three groups with two guides in each. The guides in one group are parallel to 

each other. The groups are arranged in a three-beam star with the angle of 120 

degrees between the beams. 

Research [20] presents a variant of a reconfigurable Stewart-Gough platform, 

which can change the dimensions of its base platform. The platform performance 

is to operate some axisymmetric tools, like 5-axis milling machine. The 

mechanism has 5-PSPU kinematic chain. The legs’ points of attachment to the 

base can be reconfigured during the operation or offline, keeping the same 

singularity locus of the mechanism. This feature is implemented by using linear 

actuators to move the spherical joints of the legs.  

In [21], reconfigurable base platform has the shape of three beam star and is 

equipped with linear guides. The movement of the limb attachment points are 

not independent. Their displacement is driven with the same actuator, which is 

placed in the center of the star. The base platform can obtain different shape with 

the linear guides and rotary joints (see Figure 7).  

 

Figure 7. Reconfiguration of the base platform with linear guides and rotary joints [21]. 
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Research [22] is the continuation of [21]. In this research the manipulator has 

the similar shape and actuation of the base platform. But as it can be seen from 

Figure 8, the beams of the star, which forms the base, can have inclination. Also, 

it has one intermediate triangle platform. 

 

Figure 8. Reconfiguration of the base platform by the inclination of the linear guides [22]. 

In paper [23] the influence of the base and end-effector platform sizes on the 

robot's adaptability is analyzed in a planar robot and Stewart platform. Four 

structures were developed to implement the concept (Figure 9). The first two 

structures are similar to the design presented in [20]. The third structure has two 

sets of three limbs joint in each. The joints in the set are connected to the three-

beam star, which form the base. Two stars can turn around their centers, one 

relative to the other, thereby changing the polar angle. The fourth structure has 

similar configuration as the previous one, but the stars can have inclination 

relative to each other. All the variants of Stewart platform have 6-UPS kinematic 

chain. The planar manipulator has PRPRPRP structure. Two prismatic joints 

form the base platform. The legs of the mechanism have PRPR structure.  
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a) b) c) d) 

Figure 9. The four designs of reconfigurable mechanisms with changeable base platform 
[23]: a,b) changing the polar radius; c) changing the polar angle; d) inclination of the 

platforms. 

Other variant of using linear guides for base platform reconfiguration is studied 

in the paper [24]. In this research, the special design of a delta robot was 

considered, where the grid of linear guides formed the base platform (see Figure 

10). 

 

Figure 10. Reconfigurable manipulator with grid-like base platform design [25]. 

As can be seen from Figure 10, the linear guide carriages can travel from vertical 

to horizontal guides. By these means, different shape of the base platform and 
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workspace can be obtained. 

A reconfigurable spherical wrist was presented in [26]. The implementation of 

the wrist is a 4-bar spherical mechanism (see Figure 11).  

 

Figure 11. A reconfigurable spherical wrist [26]. 

As it can be seen, the base of the wrist can be reconfigured by changing the angle �� between the vertical axis Ui and inclined axis Vi. This angle can be changed 

by the actuator, which is placed in the center of the wrist. The mechanism has 

HRRPR structure. It can find applications in serial robots as an active spherical 

joint (in the wrist) and in humanoid robots as a waist joint. 

Paper [27] presents a parallel wrist for the serial robot, which provides spherical 

movement. The wrist was designed to be mounted on a serial assembly robot, 

but authors admit that the resulting prototype is too big for this purpose [27]. The 

first concept of the wrist had 3-RRR structure, but later simulations and the 

prototype had 3-PRPS. The prototype has a triangle-based pyramid base 

platform with P-joints mounted on it. This feature allows referring this 

mechanism to mechanisms with a variable shape of the base platform. 
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In [28], a 3-PRS manipulator for high precision operation of the telescope mirror 

was proposed. In this 3-DOF platform, prismatic joints, fixed on the base 

platform of the robot are actuated. Thus, by actuating them the shape and 

dimensions of the base platform of robot are being changed during the operation. 

Paper [29] considers reconfigurability of the legged walking robots with the 

purpose of creation of adjustable leg for different ground surfaces. In this work, 

the mechanism designed by Theo Jansen is considered, which originally has 1 

revolute actuator. In the mechanism, proposed in the research (Figure 12), three 

bars of the leg were replaced by the prismatic actuators. This feature allows the 

leg to change its geometry by changing the lengths of the links, according to the 

surface, on which the leg steps. This mechanism cannot be classified as a leg of 

a parallel manipulator, because it is a mechanism itself with a complex 

kinematics. 

 

Figure 12. A reconfigurable leg for walking robots [29]. 

The reconfigurability of internal combustion engines with the purpose of 

decreasing fuel consumption and emission amount was studied in [30]. The 

desired effect is gained be changing the compression ratio which depends on the 
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volume of the combustion chamber. The patent search has shown that most of 

the proposed mechanisms had variable dimensions of some links of the 

mechanism, which had influence on the combustion chamber volume. All the 

mechanisms have 2 DOF, one of which was related to the piston with the 

crankshaft and the other is related to the reconfigurative mechanism.  

An asymmetric 3-UPU manipulator was presented in paper [31]. It constitutes a 

Stewart-Gough platform with several asymmetrical parts: the moving platform 

and the universal joints which are attached to the base platform. The moving 

platform has triangle shape. The vertices of the platform, where the limbs are 

attached, are bent at the same angle: two in one direction and one in the other. 

The lower U-joints have an asymmetrical design to provide bigger rotation angle 

in one plane. The manipulator has translational (3T) and rotational (spherical) 

modes. The reconfiguration of the manipulator needs to be performed offline, 

because it requires turning the platform upside down. The researchers do not 

specify the application of this manipulator, but it can be assumed that it can be 

applied the same way as other Stewart-Gough platforms. 

1.1.5. Reconfigurability by blocking actuators or joints 

Another way of getting reconfigurability consists in blocking or releasing some 

actuators or passive joints of the mechanism. An example can be seen in paper 

[32], where 5 and 4 legged platforms with lockable joints are presented (see 

Figure 13). The leg type, used for both robots was RbRPS, where joint Rb can 

be blocked, and allowing reconfiguration to happen. This design provided the 

platform operation in six-dimensional space, as well as the singularities 

avoidance and actuator force reduction. In the proposed robot, only P-joints are 
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actuated, other joints are or passive, or lockable.  

 

a) b) c) 

Figure 13. A reconfigurable 4-RbRPS parallel manipulator [32]: a) general model; b) locked 
configuration; c) the prototype. 

The actuation blocking concept can be also implemented on a software level. 

This approach is called selective actuation. In [1] 3-CPPRR parallel manipulator 

was presented, which can change its DOF-s by using selective actuation. 

Cylindrical joints are actuated, every other joint is passive. The R-joints axes of 

each link intersect in a common center, allowing spherical motion. Depending 

on the actuation, 3 DOF spherical, translation or hybrid motion types can be 

obtained. In addition, robot provides 6 DOF spatial motion when fully actuated. 

The potential application field of the robot is high precision micro and nano 

assembly. 

Paper [33] is focused on the type synthesis of the multiple DOF parallel 

mechanism, which can change the motion pattern by choosing the necessary 

actuators, depending on the task. In this research, no particular application for 

the robots was proposed. Various types of legs were considered and three main 

classes for the legs that combine spherical and translational motion types were 

synthesized: 5R, 4R1P and 3R2P. A 3RRRRR mechanism was used to study 
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transition between motion types.  

In research [3], decoupled motion is considered. In this case, the control 

simplification is obtained by dividing the motion to certain groups, with different 

actuators assigned to them. This can reduce the size of the Jacobian matrix of the 

mechanism and speed up the calculation. This is a particular case of selective 

actuation, when, for example, rotational DOF-s are separated from translational 

DOF-s in calculations and motion. In this research, several three-legged 

mechanisms were presented. The legs kinematic chains were PRPPRR, 

RPPPRR, PRRS, RPRS, PRPS, RPPS, PPRS, and PPPS. 

In paper [34] the work in the field of decoupling of the groups of motion [3] is 

continued. Here the approach for type synthesis of symmetrical 3-legged 3-DOF 

mechanisms was proposed. In the proposed mechanisms, the vertical translation 

can be controlled independently from two horizontal rotations. The new 

architectures which were obtained in this work had PRRS, PRPS, RPPS, PPRS, 

and PPPS leg structure. First two joints of each limb are actuated. 

A methodology for design and analysis of robots that are capable of changing 

their operation modes was presented in [35]. As an example, the analysis of 

three-legged UPS robot with blocking actuators was carried out.  

A reconfigurable parallel mechanism for pick and place operations that can 

provide pure translation motion and pure rotation motion patterns is presented in 

[36]. It utilizes lockable universal joints in 3-CPU kinematic chain (Figure 14). 

The lockable joint has three axes. The reconfiguration occurs when the proper 

axis of the universal joints is being locked. The mechanism does not have 

singularities in the translation mode, but has singularities within the workspace 
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in the rotation mode. The authors claim that using several robots of proposed 

design in assembly operations can increase flexibility and adaptability of the 

assembly system. This research is a continuation of the previous work [27], 

where the design of a robot wrist for assembly purposes was proposed. 

 

 a) b)  

Figure 14. 3-CPU mechanism [36]: a) general view; b) reconfigurable U-joint. 

In research [37] the 3-URU manipulator with metamorphic joints was presented. 

By the means of locking U-joints, which are attached to the base platform of the 

robot, two motion patterns can be obtained. Depending on the configuration and 

the locked axis, the robot can have three rotational movements, the axis of which 

are perpendicular and intersect at one point, thus forming a spherical motion, or 

it can have a pure translational configuration [36] [37]. 

A manipulator with lockable joints, which can change the motion mode from 

three translational DOF to three rotational DOF, was studied in [38]. The 

mechanism has three legs with RRRR structure. The legs are connected from 
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one side to the fixed platform, but from the other side they are connected to 

special 4R mechanism, similar to which were used in [39]. These 4R 

mechanisms (Figure 15) provide different kind of motions, depending on the 

way it is being folded.  

 

 

a) b) c) 

Figure 15. 4R mechanism [38]: a) Transition configuration; b) R| mode c) R_ mode. 

The mechanism is equipped with lockable joints, which allow the manipulator 

to reconfigure. The advantage of this solution is the absence of singularity 

positions and self-motions during the reconfiguration. 

In the work [40] the holonomic under-actuated robots were studied. The research 

considered several planar examples of 4-RPR mechanisms with variable 

topology. The topological variations were implemented by the lockable passive 

prismatic joints. The concept was intended to be a variable wing structure 

(Figure 16), which could change the plane wing shape according to the necessary 

aerodynamics. The spatial structure has two interconnected 8-SPS mechanisms. 

Four legs of each mechanism are equipped with lockable passive prismatic joints 

and the other four legs of the mechanisms contain actuated P-joints. 
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Figure 16. Variable wing structure [40]. 

A class of modular reconfigurable robots was presented in [41]. The mechanism 

implements 3-CPU under-actuated topology. The universal joint of the leg 

consists of three revolute joints, each of which is lockable. By these means pure 

translation or spherical motion can be obtained. As it is stated in current work, 

the approach can be implemented in different in 3-CRU structure, which has the 

advantages of removing P-joint, but on the other side, it requires more complex 

kinematic relations. The prototype, which was used to prove the concept, 

consisted of two separate modules, placed one on top of the other. The lower 

module was the spherical wrist, described in previous works [27], [36]. The 

upper module was a 3-CPU mechanism. The prototype was designed for 

assembly purposes, the lower module was planned to serve for orientation tasks 

and the upper one is designed for translation tasks. 

New metamorphic joint is presented in paper [42]. This joint consists of three 
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revolute joints (see Figure 17). In the initial position, the axes of the revolute 

joints are perpendicular to each other. Axis 1 or 2 can be blocked, so the joint 

provides 2 DOF. Based on these joints, an asymmetric mechanism was 

simulated. The resulting metamorphic mechanism can implement 1R2T and 

2R1T types of movement. The goal of this research was to create a method for 

development of the mechanisms with such movement types. 

 

a) b) 

Figure 17. A novel metamorphic joint (a) and a mechanism based on it (b) [42]. 

A spherical 3RPRP mechanism is studied in research [43]. The manipulator 

composes 3-RPR and 3-RRP mechanisms. The prototype and the CAD model 

are presented in Figure 18. The reconfiguration of the mechanism occurs when 

one of the kinematic pairs is being blocked. By blocking a certain pair, ten 

different types of kinematic limbs can be obtained. This spherical mechanism 

can find its application in shoulder and waist joints of the humanoid robots, in 

antennas orientation systems, engraving machines and others. 
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Figure 18. Spherical 3RPRP mechanism [43]. 

Ragnar - a 3T1R reconfigurable manipulator, was analyzed in paper [44]. The 

robot constitutes a 4-limb delta-robot with a special mechanism mounted on the 

moving platform (see Figure 19). 

 

Figure 19. Ragnar - a 3T1R reconfigurable manipulator [44]. 

The mechanism has a set of lockable rotary joints, which allows changing the 

movement modes of a robot. When every joint is locked, the robot is in 

overactuated mode; when unlocked, it is in underactuated mode. If it is partially 

locked, the robot has 3R1T movement, with pitch or roll rotation, depending on 

which joints are locked. The purpose of the robot was to increase the amount of 

possible movement patterns with the same amount of actuators. The Ragnar 
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robot is described as a 4 − RRΠR type (Revolute-Revolute-Parallelogram-

Revolute serial joint arrange). 

Among the research works developed by COMPMECH group, a methodology 

for analysis of multioperational capacity of reconfigurable parallel manipulators 

was developed in [45]. This research is focused on obtaining a variety of low-

mobility parallel manipulators, which maintain constant motion patterns along 

their whole workspace. It is implemented by using selective actuation on 6 DOF 

manipulator. The concept was tested using the prototype of a 3-CPCR 

mechanism, which provided different types of motion: Schönflies, Cartesian and 

planar. 

 

1.1.6. Reconfigurability by changing the orientation of the joint 

axis 

Reconfigurability by changing the joint axis orientation was proposed in [46]. A 

novel joint, called Hook (rT) joint, was introduced (Figure 20). It was 

implemented in two robots, which had triangular platforms and three limbs. First 

of them had 3-rTPS structure, the second one had 3-rTPrT and the third one had 

3-SPS with a central strut of rTPrT structure. The work was focused on study of 

mobility changes depending on the chosen actuation of the rT-joint.  
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Figure 20. An rT-joint [46]. 

The authors continued with the implementation of the reconfigurable rT joint in 

other type of robots. In paper [47], a robot with three limbs connected to three 

mutually perpendicular base surfaces from one side and the end-effector 

platform from the other side is presented. The rT-joints, used in this research, are 

in fact U-joints, which are able to change the orientation of the axis in one of the 

R-joint that it consists of. The axis is turned 90 degrees from its original state, so 

the movement of the second R-joint becomes blocked. It causes changing the 

kinematic chain of the leg from UPS to RPS, which totally changes kinematics 

of the robot.  

Research [48] continues the previous one [47] and proposes a mechanism which 

can provide pure translational motion or pure rotational motion. The mechanism 

limb has 3-rTPrT kinematic chain. 

A manipulator, based on reconfigurable revolute joints (rR), is presented in [49] 
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It has two possible motion modes, depending on the direction of the axes forming 

the rR joint - 3R and 1T2R. The mechanism has three legs of rRPS structure. 

The rR joints are fixed to the platform with the certain inclination angle. Due to 

the proposed joint design, the axes of the rR joint can vary their directions 

resulting in changing the type of motion of the end-effector platform. 

Another research [50] with rR joints was on 3-rRPS metamorphic parallel 

mechanism which provides several motion patterns. Depending on the 

configuration, motions can be 3 DOF coupled rotational, 3 DOF planar or 1T2R. 

The work [51] presents the class of robots, which is capable to perform 3T1R 

motion. The robot considered in the article is noticeable because it consists of 

the same kinematic chain as H4 and Delta robots, which is 4-PRPaR, but in 

comparison to them, it can provide one additional rotational DOF. It became 

possible due to the rearrangement of all the joint axes of the manipulator, so they 

became parallel to each other. Although this mechanism is not able to 

reconfigure, the research proves that the same kinematic links can have different 

behavior in different configurations. The robot has very simple sub-chain 

topology, which is profitable for 4-DOF transportation and orientation 

operations.  

Research [52] is a further development of [17]. Here, a 4-rRUU manipulator was 

presented. In this manipulator, reconfigurable revolute (rR) joints are used. The 

axis of rotation in these joints can be inclined manually, which allows obtaining 

pure translation movement mode and Schönflies motions with different axis of 

rotation. Double Hooke's joint is used in rR-joint to transmit the rotation from 

the actuator to the limb (see Figure 21). 
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Figure 21. 4-rRUU manipulator [52]. 

1.1.7. Reconfigurability by using special joints or links design 

Another possible way of reconfigurability is to develop special joint designs, 

which can change the motion type. Research [53] is focused on variable joints, 

which combine rotation and translation (RP-joint). The example of such joint 

and the real application is presented in Figure 22. The joint has a fixed part with 

the circular opening, in which other part that has rectangular shape is able to 

rotate. To allow this rotation, the short sides of the rectangular part have rounding 

of the same radius with the opening. In one side of the circular opening, there is 

a groove, with the same thickness as rectangular part. Therefore, in some point 

of rotation the rectangular part can get into the groove and change the motion 

type from rotation to translation. Reconfiguration of the robot is realized by 

changing this motion type, as if the joint was changed from R to P. 
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a) b) 

Figure 22. Variable R-P joint (a) and Knipex adjustable pliers (b), based on a similar 
principle. 

The other special joint example is presented in the work carried out in [54] 

devoted to the non-actuated rehabilitation mechanism. The mechanism is planar; 

it has two configurations for training only hip or only knee. It changes from one 

configuration to the other with the help of roller joint, which moves in an oblong 

groove of a link, which is attached to the patient's thigh (Figure 23). Depending 

on the exercise, the roller joint can stay in the end of the groove (the hip exercise) 

or move along the groove (the knee exercise).  

The paper [55] presents the continuation of the work [54] in which a 1 DOF 

mechanism for lower limb rehabilitation was studied. The kinematics was 

improved, in comparison with the previous mechanism. The researchers were 

able to protect the patient from the contact with moving joint parts. However, 

reconfigurable part of the mechanism is based on the previous concept. 
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a)  b)  

Figure 23. Rehabilitation mechanism in two modes [54]: a) knee-only motion; b) hip-only 
motion. 

A set of variable joints is introduced in [56] (see Figure 24). The authors present 

a prismatic joint of L-shape, combining functions of two P-joints that are 

perpendicular with respect to each other. The carriage can travel between the 

guides, changing the motion direction, when the junction point is passed. Among 

the other proposed concepts there is a set of joints that combine cam pair and 

revolute or/and prismatic joint. One design contains a cylindrical revolute part 

in a uniform groove, and the other consisted of a revolute part with a segment 

cut and a groove with two different sizes. A revolute joint able to vary the plane 

of rotation was considered. It was based on spherical joint with the guides for 

the link. A joint, similar to the one in [53], which combines prismatic and 

revolute joints, was presented. Identical principle is placed in the design of a 

special link, which makes the other proposed joint change its type from prismatic 

to cylindrical. In this design, a cylindrical guide is attached to the flat object, 

which slides between two planes. When the object slides out of the constraining 

planes, it gains the rotational DOF and the joint becomes cylindrical.  
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Figure 24. Set of reconfigurable joints proposed in [56]. 

In the paper [39] three kinematic sub-chains, which can be considered as variable 

joints are presented. The sub-chains, considered in the study were 4R, RPRP and 

so-called “diamond kinematotropic chain”, which is actually a variant of Pa-

joint. The mentioned sub-chains are depicted in Figure 25. 

 

 
a) b) c) 

Figure 25. Kinematic sub-chains [39]: a) 4R; b) RPRP; c) “Diamond kinematotropic chain”. 

In the 4R sub-chain, the opposite pairs of joints can be considered as one joint. 

RPRP sub-chain acts like revolute joint or prismatic joint, depending on the 
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position. “Diamond kinematotropic chain” can provide rotational DOF or 

rotational and translational DOF. Based on these sub-chains, three manipulators 

were simulated. The manipulators had the sub-chains attached to the fixed 

platform from one side and to the RRPR leg to the other side. All manipulators 

had three legs with the triangular moving platform. Depending on the sub-

chains’ states, the manipulators were providing 3T motion, 2T1R motion, 2R1T 

motion and 3R motion types. 

In [57] a planar reconfigurable mechanism is considered. The mechanism (see 

Figure 26a) consists of six bars and a diamond kinematic sub-chain.  

 

 
a) b) c) 

Figure 26. The mechanism with a diamond kinematic sub-chain (a), the manipulator based 
on it (b) and a spherical mechanism with a diamond kinematic sub-chain (c) [57]. 

It provides two different configurations: with 1DOF and with 2DOF. The 

advantage of this kind of parallel mechanism is that it allows to place all the 

actuators at the base platform, which leads to inertia reduction and the absence 

of floating weights. The example of the manipulator based on the proposed 

concept was presented in Figure 26b. Other mechanism proposed in this research 

is a modification of the previous one, where all the axis of the R-joints intersect 
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in one point, forming a spherical diamond sub-chain (Figure 26c). 

A mechanism with a variable amount of DOF is presented in paper [58]. It 

consists of eight links, connected by the revolute joints (see Figure 27). Because 

of the joint axis arrangement, the mechanism can have 4 modes: 2 with 2 DOF 

and 2 with 3 DOF. The transition from one mode to another takes place through 

the singularity position. 

Figure 27. 8R mechanism with variable degrees of freedom [58]. 

Another novel joint type, called D-CORE [59] is based on two rolling cams, 

connected with one another with elastic bands. The bands embrace the cam 

surfaces, and can go from one cam to another, when they are being rolled (see 

Figure 28).  
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Figure 28. D-CORE joint [59]. 

The continuation of this work is presented in [60], where a structure similar to 

D-CORE, used in Jacob’s ladder toy, was studied. In addition, a D-CORE 

origami-inspired design is presented in this study. Based on that design, the 

translation platform was created for testing the concept. As a particular drawback 

of this platform, it can be mentioned that the circumference of the joint limits the 

translation motion. Moreover, the platform is not restrained from the vertical 

movement, because of the elasticity of the bands. 

A novel joint, called Koenigs joint vas introduced by Lee and Hervé [61]. In this 

work the set of equivalent RC//RC linkages was considered and based on that 

the prototype of a joint was introduced (see Figure 29). The Koenigs joint can 

transmit rotation through variable angles, like Cardan joint or constant-velocity 

joint. However, Koenigs joint can provide larger angle (up to 90 degrees) 

between the shafts, in comparison to the other joint types.  
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a) b) 

Figure 29. Koenigs joint [61]: a) simulation; b) prototype of the joint. 

1.1.8. Classification of the reconfiguration approaches and their 

practical application 

Looking at the listed sources, some classification regarding the possible fields of 

application of these reconfigurable mechanisms can be introduced. 

Considering manipulators and platforms, the most widespread robot application 

is production line [4], [5], [14–16], [18–24], [27], [32], [44], [46–48], [51], [57]. 

Some features of the reconfigurable manipulators were implemented in mobile 

robots [6], [16]. Among the other possible applications can be found: after 

trauma patient rehabilitation mechanism [54], [55], extra-high-voltage (EHV) 

power line repair robot [9], spherical mechanisms for serial robot wrists or 

humanoid robot waist joints [26], [27], [43], the mechanism for precise telescope 

mirror control [28], the adjustable leg for the walking robot [29], the mechanisms 

than allow to change the compression ratio of the internal combustion engine 

[30], the wing structure with adjustable aerodynamics [40], the platform for 

transportation purposes [60], and the joint for the translation of the rotation 

motion [61]. 
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The significant part of the researchers, which were investigating robots similar 

to Stewart-Gough platform, used UPS manipulator type [5], [16], [19], [35], [47] 

or its variation, like PUPS/PSPU [18], [20], [25].  

Novel joints as a design feature were introduced in [45–48], [53], [54], [56], [58–

60]. 

1.2. Haptic devices 

Haptic devices are mechanisms created for operating the virtual or real objects 

and that provide tactile feedback of a different kind. The devices have found 

different applications, including different kinds of surgery [62], [63], mechanism 

teleoperation [63–65] and operating virtual objects [67] [68].  

The devices can have different type of feedback that indicates the interaction 

with the object, which is being manipulated. Among the most widely used 

feedbacks are force [67–70], torque [62] and vibration [71–73]. The haptic 

devices can be specialized [63], [71] or can have a general purpose application 

[68], [69].  

In [70] the haptic devices design guidelines which were formed: 

• Force feedback accuracy within the range 0.001 -10 N. 

• The device should be at least 3 times stronger than the maximum possible 

force applied to it. 

• There should not be any structural elements within the workspace, which 

can interfere with the operation. 

• The inertia forces should be small and uniform within the workspace. 
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• The clearances and friction forces should be made as small as possible. 

• The frequency response should be equal or exceed 300 Hz, according to 

the human perception abilities. 

These guidelines are oriented on making haptic devices more “realistic” for the 

human operator and on increasing their work efficiency.  

1.2.1. Haptic devices based on parallel mechanisms 

A design of a 7 DOF haptic device was presented in [70]. In this work, the author 

reviews the existing designs of haptic devices, analyzing their advantages and 

disadvantages. As a result, a complex hybrid serial-parallel haptic device was 

proposed (see Figure 30). The mechanism contains five closed loops and utilizes 

revolute and universal joints. The actuators and the sensors of the device are 

fixed in its base in order to decrease the inertia. The mechanism is actuated with 

the cables.  

 

Figure 30. A 7 DOF haptic device [70]. 
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A haptic device, called µHaptic (see Figure 31) for microsurgery was designed 

and built by Salisbury Robotics [71]. The device has 6 DOF and provides the 

force feedback of maximum 5 N in every direction. The main goal of the 

researchers was to decrease the inertia of the mechanism. For this purpose the 

low inertia motors were utilized. In addition, the links of the haptic device are 

cable driven, which allowed removing heavy actuators from the moving parts of 

the mechanism. The haptic device has a spherical workspace of 75 mm in 

diameter. 

 

Figure 31. µHaptic device for microsurgery [71]. 

The design of the 6 DOF 6-PSU parallel mechanism based haptic device was 

proposed in research [62] (see Figure 32). The objective of the researchers was 

to make a mechanism with the high stiffness that provides force and torque 

feedback and would be “transparent” in its operation. Transparency in this case 

means that the operator should feel the feedback of the system as close to the 
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real world work as possible. The device was built using a variant of the kinematic 

structure proposed in [75] with active prismatic joints, actuated by the DC 

motors through the cables. The control system computes the necessary torque of 

the DC motors in order to provide the force feedback of the system. The system 

worked with the frequency of 1kHz. The experimental results revealed that the 

system needs inertia compensation. 

 

Figure 32. A 6 DOF parallel mechanism based haptic device [62]. 

A 6 DOF haptic device, based on the orthoglide and a hybrid agile eye was 

proposed in [76]. This design has three linear actuators and two revolute 

actuators, which are fixed to the base in order to decrease the inertia forces. The 

torque from the revolute actuators is transmitted through the shafts, which come 

to the agile eye part of the mechanism (see Figure 33). This part has a third 

revolute actuator, responsible for rolling. The goal of the research was to design 

the haptic device with the increased stiffness and low inertia in order to make 

the operation closer to the real world work. 
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Figure 33. A 6 DOF haptic device, based on the Orthoglide and a hybrid agile eye [76]. 

Novint Technologies Inc. manufactures 3 DOF haptic device, called Falcon (see 

Figure 34) [77], which is often used as a game controller. The device has an 

architecture of a delta robot and has three revolute actuators in order to provide 

force feedback with operating frequency of 1000 Hz. The workspace of the 

device is 10 cm x 10 cm x 10 cm, where the translational motion can be executed. 

The main application of the device is virtual object manipulation and gaming, 

but it also can be used in medicine, for example as a cheap surgery simulator 

[78]. 
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Figure 34. Novint Falcon [77]. 

1.2.2. Other types of haptic devices 

Haptic master device (see Figure 35), based on a spherical joint was presented 

in the paper [63]. The device has three rotational degrees of freedom and one 

translational. The central part of the spherical joint is filled with the 

electrorheological fluid, which provides the force feedback from the slave 

device. The slave device is a mechanism, which is being controlled by a haptic 

device. In this case, the system was designed to control a surgical robot. 

 

Figure 35. Haptic master device and the control plan [63]. 
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A haptic device utilizing magnetorheological brake was presented in paper [79]. 

This device constitutes a passive joystick, which is used to control the virtual 

electrohydraulic drive. The joystick (see Figure 36) is equipped with the force 

sensor, the potentiometer as a position sensor and the magnetorheological brake, 

which creates the resistance to the force applied by the operator.  

 

Figure 36. Joystick with magnetorheological brake [79]. 

A tension-based haptic device, called SPIDAR-G (see Figure 37), was presented 

in [80]. The device has simple structure and fast feedback due to low inertia. It 

provides 7 DOF (6 DOF + grabbing) and is easily scalable. The disadvantage of 

the structure is the necessity in the big cubic shaped base frame (see Figure 37), 

to which the main elements of the system are mounted. Because of this feature, 

the device is harder to transport than the devices with serial architecture. It is 

more suitable for stationary applications than for mobile ones.  
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Figure 37. SPIDAR-G: a tension-based haptic device [80]. 

Other types of haptic devices follow a serial chain. The 3D SYSTEMS Company 

manufactures three types of serial haptic devices: Phantom Touch [68], Phantom 

X and Phantom Premium [69] (see Figure 38). These devices have similar 

URRU serial architecture, which provides 6 DOF and force feedback from 3.3 

to 37.5 N, depending on the model. Although the devices are general purpose, 

the Touch device family specializes more in the virtual object operation and the 

Phantom Premium is positioned as a device for teleoperation and simulations.  

 

a) b) 

Figure 38. Commercially available haptic devices: a) Phantom Touch [68]; b) Phantom 
Premium [69]. 
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A wearable haptic device with vibration and skin deformation feedback was 

presented in [72]. The haptic device is located on the operator’s finger. The 

device contains a voice coil motor to maintain the contact with the finger, and 

two motors, which pull the belt that deforms the skin (see Figure 39). The 

revolute motor shafts are connected to the potentiometers, in order to receive the 

position feedback. The device can represent vertical displacement, surface 

collision and vibration. The disadvantage of this system is the size and weight of 

the device, which could create discomfort for the operator after long use and 

produces considerable inertia forces that make control process more complex. 

 

Figure 39. Skin deformation principle of a wearable haptic device [72]. 

A family of wearable haptic devices with vibration feedback is manufactured by 

CyberGlove Systems. The company produces gloves for working with three-

dimensional virtual objects. The models CyberTouch [73] and CyberTouch II 

[74] are equipped with 18 positioning sensors [81] and lightweight vibrotactile 

stimulators in the ends of the fingers of the glove. The company also 

manufactures models CyberGrasp [82] and CyberForce [83], which provide 

force feedback and can be used in telerobotic applications and exoskeletons.  
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1.2. Parallel manipulator market analysis 

To be able to identify the most used joint types, the parallel manipulators, which 

are available in the market, should be considered. The report on global parallel 

robot market made by Technavio market research company [84], states that the 

key manufacturers in the field of parallel manipulators are: ABB, Codian 

Robotics, FANUC, and OMRON. Also, other prominent vendors as Kawasaki 

Heavy Industries, Penta Robotics, Mitsubishi Electric, were mentioned. Aside 

from the companies listed in Technavio report, there are other vendors, which 

sell parallel manipulators, such as Symetrie, Gridbots, Yaskawa, GSK, 

PICVISA, Panasonic, Bosch, BFR Systems, Sipro Engineering, 

Schobertechnologies, MGS, TOSY Robotics, Igus, SSI SCHÄFER, Hugo Beck, 

Schmid, and Grandi. 

The information listed on the websites and in the brochures and catalogs of these 

companies was used to identify the most used joints in commercially available 

parallel manipulators. According to the available information, the most used 

types of the joints are ball joints, universal joints, revolute joints parallelogram 

joints and prismatic joints. The majority of the manipulators are implementing 

Delta robot design. Delta robots are being manufactured by ABB, Codian 

Robotics, FANUC, OMRON, Kawasaki Heavy Industries, Penta Robotics, 

Mitsubishi Electric, Gridbots, Yaskawa, GSK, PICVISA, Panasonic, Bosch, 

BFR Systems, Sipro Engineering, Schobertechnologies, MGS, TOSY Robotics, 

Igus, SSI SCHÄFER, Hugo Beck, Schmid, and Grandi. The examples of the 

delta robots can be seen in Figure 40. 
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 a) b) c)  

Figure 40. Delta robots: a) ABB IRB 360 [85]; b) FANUC M-1 series [86]; OMRON 
Quattro [87]. 

The second most widespread robot type is a Stewart-Gough platform. However, 

the number of companies proposing this kind of manipulators is much smaller: 

FANUC, Symetrie and Gridbots (see Figure 41). 

 

a) b) c) 

Figure 41. Stewart-Gough platforms: a) FANUC F-200iB robot [88]; b) Symetrie BREVA 
[89]; c) Gridbots Hexamove [90]. 

There were found only two commercially available models of SCARA-type 

parallel manipulators (see Figure 42), one of them has cylindrical joint in its 



70 

 

design. 

 

a) b) 

Figure 42. SCARA-type parallel manipulators: a) Mitsubishi Electric High precision 
SCARA parallel robot [91]; Gridbots RAPI-MOV [92]. 

In a Delta robot manipulator type, most of the joints are typically spherical as 

there are four of these joints per one robot limb. In the Stewart-Gough platform, 

depending on the limb structure can be one spherical joint per one robot limb. 

All the spherical and universal joints that can be seen in the commercially 

available designs are passive. In general, the designs of the reviewed 

manipulators are quite conservative without any reconfiguration possibilities. It 

can be explained from one side with the unwillingness of the big robot 

manufacturers to take financial risks of releasing a completely new robot type, 

which might not recoup the development costs. From the other side it can be 

explained with the lack of the design solutions, which would provide the 

advantages that will overcome the mentioned risks. The second assumption 

pushes the researchers and designers towards the development of more perfect 

and more reliable reconfiguration strategies and manipulator designs.  
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1.3. Active spherical joints and mechanisms 

In this section, the designs related to spherical mechanisms, ball joints and 

spherical-like joints that have been investigated and/or patented in the last years 

will be presented. 

Spherical robotic wrist (see Figure 43) is proposed in the patent [93]. This joint’s 

design is similar to the design of the master haptic device with electrorheological 

fluid force feedback, which was proposed in [63]. As it can be seen from Figure 

43, the joint has two actuators, which provide two rotational DOF-s.  

 

Figure 43. Spherical robotic wrist [93]. 

An almost spherical parallel mechanism, called ACTIVE ANKLE (see Figure 

44) is presented in the paper [94]. The mechanism has three motors, each of 

which is connected to the end-effector with the 4S 4-bar linkage. It was designed 

for ankle joints in endoskeletons or other applications where big workspace is 

not required.  
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Figure 44. The prototype of the ACTIVE ANKLE [94]. 

A spherical parallel mini platform (see Figure 45) was described in [95]. The 

purpose of the platform is orienting the small and lightweight (30-100 g) parts 

in space. The platform corresponds to a spherical 5-bar mechanism and provides 

2 DOF motion. 

 

Figure 45. Spherical parallel mini platform [95]. 
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Another possible application of the spherical mechanism is a tool head for 

complicated surface machining, as the one presented in [96]. The asymmetrical 

spherical parallel mechanism (see Figure 46), proposed in the paper, consists of 

two RRR legs, which orient the outer ring of the end-effector platform, and the 

actuated central shaft, which rotates the inner ring of the platform with the help 

of cardan joint. The inner and outer rings of the platform are connected with the 

ball bearing. 

 

Figure 46. The asymmetrical spherical parallel mechanism [96]. 

A spherical joint for a prosthetic ankle (see Figure 47) was presented in [97]. The 

actuation principle was inspired by the ball-mouse coordinate reading 

mechanism. Two shafts with special pinions, rotate the sphere which has round 

openings for the connection with the pinions' teeth. When one pinion is locked 

in certain position, where its tooth is placed inside the sphere’s opening, it forms 

the axis of rotation, around which the other pinion can rotate the sphere. This 

feature limits the amount of possible positions provided by the joint, as it is 

impossible to make infinite number of openings in the sphere.  
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Figure 47. A spherical joint for the prosthetic ankle [97]. 

A similar actuation principle can be found in the patent [98], describing spherical 

gear. This 2DOF joint has a spherical surface covered with pyramidal shape teeth 

(see Figure 48). The joint can be actuated with two pinions, each of which 

controls 1 DOF of the joint. A cardan joint is placed in the center of rotation of 

the joint, allowing the spherical surface to move. It can be noted that the spherical 

gear is hard to manufacture. In addition, the strength the cardan joint and the 

teeth of the spherical gear limit the load capacity of the joint.  

 

Figure 48. Spherical gear [98]. 
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Geared approach of actuation for spherical-like joints can be also seen in the 

patent [99], which describes a robotic shoulder joint (see Figure 49). This joint 

utilizes three actuators, which control 2 DOF-s of the joint. The actuators are 

able to incline during the actuation process, in order to keep their pinions in 

contact with the geared sphere. It can be assumed that movable actuators will 

create significant inertia forces in this joint. The design, proposed in the patent 

does not present any support for the sphere other than the base plate, which limits 

the load capacity. In addition, no approach for compensation of the clearance in 

the gear was proposed.  

 

Figure 49. Spherical robotic shoulder joint [99]. 

 A spherical active joint for the humanoid robots is proposed in [100]. In this 

joint, the motor shafts are attached directly to the central ball (see Figure 50), 

which is surrounded with three curved sliders, on which the motors are mounted. 

Thus, the actuators are in motion during the actuation process. 
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Figure 50. A spherical active joint for the humanoid robots [100]. 

A spherical stepper motor-like active joint (see Figure 51) was described in 

[101]. The spherical part of the joint incorporates strong magnets, which interact 

with the electrical magnets of the stator part of the joint. Magnetic suspension is 

used in the joint to eliminate friction and wear. The joint is equipped with 4 

clamping devices, whose original purpose is to prevent the sphere from 

contacting with the stator. 

 

a) b) 

Figure 51. A spherical stepper motor-like joint: a) joint appearance; b) stator-rotor structure 
[101]. 
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An active ball joint called ABENICS was proposed in [102]. The prototype of 

the joint is presented in Figure 52. In comparison to the similar designs ([98] and 

[99]) this joint has 3 DOF with the actuators fixed on the joint’s frame. The 

actuator arrangement allows reducing of the inertia forces; however, four 

actuators are necessary due to the joint kinematics. In addition, the ABENIX 

joint cannot provide big load capacity because of the small contact area between 

the central sphere and the base of the joint.  

 

Figure 52. A prototype of ABENICS [102]. 
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2. Comparative study of different joint design 

proposals 

2.1. Introduction 

In the previous sections, various reconfiguration methods were analyzed. The 

methods that implement special joints seem to lack the reliable solution for the 

reconfigurable spherical joint. The market analysis has also demonstrated the 

absence of reconfigurable joints in the commercially available robots, although 

the conventional spherical joint is one of the most used. This fact proves that the 

reconfigurable spherical joint design that would be suitable for the real world 

applications does not exist yet.  

The goal of this chapter is to present the joint designs that extend the capacity of 

the conventional spherical joints. The characteristics and features of the designs 

will be presented and compared. Among the compared parameters are 

complexity, load capacity, dimensions, inertia, accuracy, functionality and 

reachable workspace area. To estimate the complexity several parameters can be 

considered: number of parts, manufacturing complexity, or assembly 

complexity. Load capacity can be divided into passive and active. Passive load 

capacity can be estimated for the joints, which are not actuated or the parts of 

active joints, which do not take part in joint actuation. Active load capacity can 

be estimated for the actuated joints. It will depend on the parameters of the parts, 

which participate in the actuation process. Both types of load capacity are 

defined by the geometry of the joint components. The most important are the 

shape of the parts and their contact surface areas. These parameters will 

influence the load distribution in the joint. If the joint design is similar to the ball 
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joint, the percent of the central sphere area that is in contact with the base can be 

compared with the conventional ball joint, where it can be up to 75%. The overall 

dimensions of the joint are measured by the base, as it is normally the biggest 

part in the design. The dimensions of the biggest moving part in the joint can 

roughly assess inertia parameters. The accuracy of the joint is influenced by the 

clearances and backlashes between the parts and the possibility of their 

compensation. Functionality refers to the ability of performing certain 

operations. The bigger the amount of functions and modes the joint can 

implement, the wider is its possible application field, thus, enhancing the 

functionality indicator. As the presented joint designs are spherical or universal, 

the shape of their workspaces is spherical, the reachable workspace being a 

certain part of the whole sphere. Only practical workspace will be considered in 

this section. It will be calculated as the percentage of the complete sphere, which 

is taken as an ideal workspace.  

The comparison and assessment of the proposed designs will be presented in 

section 2.3.  

2.2. Proposed designs of reconfigurable joints 

2.2.1. Design 1: Lockable passive joints 

At first, the idea of a passive lockable joint was born (see Figure 53). This design 

was partially inspired by the constant-velocity joints, which are widely used in 

front driven automobiles. Unlike the constant-velocity joint, in the proposed 

design the balls serve to lock the DOFs of the central sphere. As it can be seen 

in Figure 53, the joints have similar design, except the shape of the locking 
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elements of the central sphere. One of the spheres has cavities 1, and another one 

has grooves 2. The difference between these locking elements is how many DOF 

can be locked with one ball. The locking takes place when one ball 3 is pushed 

through the cylindrical opening of the base part 4 towards the central sphere. It 

can be done using the linear actuator or manually, for instance with the screw. 

To be able to lock the joint, it is necessary for the locking element of the central 

sphere to be positioned next to the outlet of the opening, through which the ball 

is moving. When the first ball is pressed to the locking element of the sphere, in 

case of the sphere with cavities, 2 DOFs of the joint become locked.  

 

a) b) 

Figure 53. Lockable passive joints: central sphere with cavities (a) and with grooves (b). 
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The joint can provide rotation around the axis that goes through the center of the 

central sphere and the center of the ball. The second ball, pressed through any 

other opening of the base part (except the opposite one to the first) will lock this 

joint completely. In case of the sphere with the grooves, the first ball locks only 

one DOF, which is the rotation of the central sphere around the axis of the output 

rod of the joint. The second ball locks one more DOF, making possible only the 

one rotation. The joint now can rotate around the axis, which goes through the 

center of the sphere and is perpendicular to the plane in which the groove lays. 

The third ball locks the joint completely. 

As for achieving a successful locking, it is necessary for the locking element and 

the ball’s opening outlet to coincide. It is clear that the joint has only several 

discrete positions in which it can be locked. This disadvantage cannot be 

eliminated in this design, because increasing the amount of the locking elements 

will decrease the contact surface between central sphere and the base part. In 

addition, the material characteristics of the parts will limit the minimum size of 

the locking elements and the balls. The maximum angle of the rod deflection for 

the both joints is ±45°, which constitutes 14.64% of the sphere. Although, this 

design was not adapted for conventional manufacturing, it is easy to build, as its 

elements do not have many distinctions from the parts of the conventional ball 

joint. The clearance compensation can also be implemented in these designs by 

incorporating the adjustable top ring with the pads under it. This top ring on one 

hand will hold the central sphere in its place, and on the other hand, it will allow 

clearance adjustment by regulating the thickness of the pad under the top ring. 

As the overall dimensions of the joints are small, the inertia forces affecting them 

will be insignificant. The load capacity of these joints is smaller, compared to 

the convention ball joints. For the design with the groves, the central ball has 
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44.02% of the area in contact with the base. For the design with cavities, it is 

67.4%. The complexity of the control will depend on the mechanism where the 

joints will be applied, as they are passive and the output rod position is 

dependent. The joints are suitable for the applications in reconfigurable parallel 

mechanisms similar to the ones presented in [46-50].  

2.2.2. Design 2: Active spherical joint with prismatic and revolute 

actuation 

Locking the spherical joint at any desirable position, is possible if an active joint 

is used. In this case, the joint can be locked by blocking its actuators when 

selective actuation method is applied. 

This idea led to the development of the first active spherical joint design concept, 

which can be seen in Figure 54. In this design, two rotational DOFs of the joint 

are actuated with the prismatic active joints. The third actuator is revolute; it 

rotates the constant velocity joint (in green and purple in the Figure 54) around 

the vertical axis. This constant velocity joint transmits the rotation to the joint’s 

rod, making it rotating around its longitudinal axis. The linear actuators transmit 

the motion through two spherical joints. The lower joint (in yellow) also allows 

the rod (in purple) to move along its axis inside the sphere, which forms 

additional cylindrical joint. This movement is necessary for the compensation of 

the variating distance between the centers of the yellow and purple spheres, 

during the actuation of prismatic joints. The blue part of the joint is also 

necessary to allow the rod’s movement. When the rod is close to vertical 

position, its end goes out of the yellow spherical joint.  
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Figure 54. Active spherical joint with prismatic and revolute actuators. 

This joint design allows locking at any position, limited only by the actuator 

resolution. The kinematics of this joint is simple. The location of the yellow ball 

joint center with respect to the purple ball joint center of the joint can be directly 

translated into the deflection angles of the output rod. In addition, the revolute 

actuator provides direct rotation of the rod around its longitudinal axis. The 

maximum deflection angle of the rod is ±49° in any direction. This provides the 

workspace, constituting 17.2% of the sphere. The dimensions of the top spherical 

joint limit the passive load capacity of this joint design. The central sphere of 

that joint has small contact area (from 29.12% to 34.11% of the sphere, 

depending on the rod orientation). Active load capacity, on the contrary, will be 
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satisfactory due to big cross section of the main parts that transmit forces and 

torques. The joint is easy to manufacture and assembly, it consists of the parts 

that can be found in commonly used mechanisms. The clearance compensation 

is also possible to implement in this design. However, there are several 

disadvantages, which can limit its application. It would be really complex to 

make this joint small enough to be able to apply it in most of the manipulators, 

which have conventional spherical joints. In addition, as a consequence of its big 

dimensions, the inertia forces in the joint will be high. The joint contains large 

number of parts, which raises its price. In addition, the rotation of the rod around 

its longitudinal axis is not necessary for most of the applications, which causes 

overcomplicating of the design.  

2.2.3. Design 3: Active 2R spherical mechanism-based joint 1st concept 

Taking into account the disadvantages of the previous design, it was decided to 

reject this type of design, and something similar to the first proposed design was 

rethought, but with several improvements. Then, the new joint concept, 

presented in Figure 55, was born. In this joint, the central sphere with the grooves 

from a passive lockable joint (2 in Figure 53) was taken as a base. In this concept, 

the balls 6, which are placed in the grooves of the central sphere 1, serve to 

transmit rotation from the input cranks 2-5. Each pair of cranks (red and blue) 

controls one DOF of the joint. This joint has only two DOFs, as the rotation 

around the rod’s longitudinal axis is impossible. The cranks in their pairs are 

redundant, but are useful for a better distribution of the load. In addition, red pair 

of cranks serves as a support for the central sphere.  
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Figure 55. Active 2R spherical mechanism-based joint 1st concept. 

As it can be seen in the Figure 55, the joint’s design is much simpler than the 

previous one. The number of components of this joint is smaller. It makes the 

manufacturing and assembly simpler and cheaper. The general dimensions of 

this design are much smaller, which makes its possible application wider. The 

size of the joint also provides small inertia forces in it. The workspace of the 

joint constitutes 28.9% of the sphere. It is more than in the previous designs 

because this design provides bigger inclination angles of the output rod. 

Depending on the position, the maximum inclination angles can constitute from ±58° to ±75°. Nonetheless, the joint’s central sphere has insufficient support, 

being carried only by the red cranks. The balls, which connect the input cranks 

with central sphere, have very small contact area with their grooves. It leads to 

increase of the stress, which acts in that area and can cause plastic deformation 

of the material if the load on the joint will be too high. It also limits passive and 

active load capacity of the joint. In this joint design, the clearance compensation 

is possible by creating the pretension in the sliding surfaces by the means of 

proper actuation. However, this feature will require four actuators to implement 
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it. In addition, the clearance compensation will work only for the actuated joint, 

as there is no mechanism of providing it in a passive mode.  

Simultaneous actuation of both DOF-s allows using the proposed joint in 

selective actuation reconfiguration method. The red actuators can relocate the 

axis of one of the revolute pairs of the joint and lock it in a proper position. 

Similar principles can be seen in rT-joint [46] and rR joint [48], but the rotation 

planes in these joints are different, which makes it impossible to apply the 

proposed joint in the same way as rT or rR joint. 

2.2.4. Design 4: Active 2R spherical mechanism-based joint 2nd concept 

Considering advantages and disadvantages of the previous design concepts, the 

new joint design was proposed (see Figure 56). This design is based on the 

previous joint. The main drawbacks of the previous concept were eliminated by 

modification of all the main parts of the joint. In order to provide a sufficient 

support for the central sphere, the base part was extended and provided with a 

concave spherical surface. The grooves of the central sphere became rectangular 

in cross section. The connection balls were eliminated from the design. Instead 

of them, the red cranks were given big contact surfaces, which stay connected 

with the proper groove of the central sphere. In case of the blue cranks, the balls 

were replaced with an intermediate connection links, which also have much 

bigger contact area in comparison to the balls. These improvements ensured the 

reliability of the design along with the increased load capacity.  

As it can be seen from the Figure 55, the joint consists of a base with a top ring, 

which contain the cranks 2 and 3, and provide support to the central sphere 1. 

The joint provides two rotational DOFs, which can be controlled with the proper 
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pair of cranks. The cranks form two rotary pairs with the grooves of the central 

sphere. The red cranks 2 are connected directly to the sphere 1, and the blue 

cranks 3 are coupled with it through the intermediate links 4. Despite the 

possibility of complete control of the mechanism with only one of each pair of 

cranks, the duplicating cranks were left to improve the stress distribution in the 

joint. Moreover, the redundancy of the blue cranks helps keeping the joint under 

control, when the singularity position takes place (see Section 3.1.2.1). The 

actuation of the red cranks is completely symmetrical and the difference is only 

the direction, nevertheless, the blue crank control is more complex as the relation 

between their displacement is not linear. This relation will be described in detail 

in Section 3.1.1.3. 

 

a) b) 

Figure 56. Active 2R spherical mechanism-based joint 2nd concept: joint (a) and its 
kinematic scheme (b). 

Considering the proposed joint from the kinematical point of view, it can be seen 
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that it corresponds to a spherical five-link mechanism [95,103]. Its kinematic 

representation can be seen in Figure 56b. 

The proposed joint provides concurrent actuation of two DOFs, with the ability 

of locking in the desirable position. Similar to the design 3, this makes possible 

relocation of the axis of one of the rotary pairs, which form the joint. It allows 

application of this joint in reconfigurable solutions. The maximum angle of the 

output rod deflection is ±55° in any direction that provides the workspace 

constituting 21.32% of the sphere. The joint has small amount of parts, which 

simplifies manufacturing and assembly. The central ball stays in contact with the 

base and the top ring with the area constituting 18.66% of the sphere. Though it 

is four times less than a conventional ball joint, it is an improvement compared 

to the previous design. The joint is compact and simple from the manufacturing 

point of view. The assembly of the joint is also easy. These qualities make it 

potentially cheap in production. Small dimensions of the main moving parts also 

decrease the inertia forces in the joint. As in the previous design, the clearance 

compensation with the pretension is possible. However, in this design, the 

clearance compensation for the passive applications also can be partially 

implemented. The position of the top ring can be adjusted by using pads in order 

to compensate the wear between the spherical surfaces of the joint. Nevertheless, 

the clearances between the grooves of the central ball and the cranks cannot be 

easily compensated in the passive mode.  

The main disadvantages of this design are the load capacity, being much smaller 

than the conventional ball joint of the same size, and the necessity of three 

actuators to control 2 DOF, or four actuators in order to implement clearance 

compensation in active mode. 
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2.2.5. Design 5: Crankless design 1st concept 

The main goals for the next design was reducing the number of actuators, 

increasing the workspace and the contact area between the central ball and the 

base. In addition, the elimination of the sliding contacts as much as possible 

could reduce the friction forces in the joint. 

The design, which satisfies these requirements, is presented in Figure 57. In this 

joint, the sliding pairs of the input cranks were replaced with the bearings. It 

should decrease the clearances in the joint and make the repair process simple. 

In this design both red and blue inputs are made as a single part, because the 

actuation for both sides of the joint is symmetrical. This feature simplifies the 

control and eliminates the singularity position from the joint’s workspace. The 

only place where the sliding contact is preserved is between the base of the joint 

and the central sphere. It is necessary in order to keep high load capacity of the 

joint.  

 

a) b) 

Figure 57. Crankless design 1st concept: a) general view; b) cross-section. 

The main part of the joint is an integral central sphere which is placed on a base 
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1 with a concave spherical surface. The central sphere consists of a blue input 2, 

in which two radial bearings 3 are installed. Two spherical segments 4 are 

inserted in the inner races of the bearings. These segments are also connected to 

the shaft 5, which links the sphere with the red input 6. The output rod 7 is made 

one with the ring-like part and is placed on the same surface as the bearings. 

During the actuation, the axis of blue and red input change their relative position, 

which creates the necessity in making blue actuator floating around the base. For 

that purpose, additional ring 8 was designed to be a frame for the blue actuator. 

The maximum output rod deflection is ±73° in one plane and ±45° in the other. 

One of the maximum deflection angles is smaller than the other one because it 

is impossible to make the slot in part 4 bigger. The workspace of this joint design 

has irregular shape and constitutes 27.9% of the sphere. The contact surface area 

of the central ball assembly and the base constitutes 44% of the sphere, which 

provides good passive load capacity. Active load capacity is also good due to the 

big cross section of the main load transmitting parts. The joint does not need the 

measures related to the clearance compensation because of the use of bearings 

that can be replaced after significant wear will occur. 

Unfortunately, this design also has several disadvantages. The floating actuator 

will create inertia forces which will affect the mechanism. In addition, the joint 

is really complex to manufacture and assemble with satisfactory enough 

tolerances as there are many parts with spherical surfaces which should coincide.  

2.2.6.  Design 6: Crankless design 2nd concept 

The next joint design (see Figure 58) was created in attempt to eliminate the 

moving actuator and the inertia problems related to it.  
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Figure 58. Crankless design 2nd concept. 

In this design, the parts equivalent to the additional ring 8 of the previous design, 

were located inside the central ball. Consequently, the necessity in the moving 

actuator is eliminated, as all the rotations take place inside the ball, thus 

decreasing the inertia forces. The maximum output rod deflection is ±78° in one 

plane and ±45° in the other. As in the previous joint design, one of the deflection 

angles is smaller than the other one due to the physical limitations. This 

limitation makes the workspace shape irregular, constituting 30.11% of the 

sphere. The passive load capacity of this joint is good as the contact area between 

the central sphere and the base constitutes 45.84% of the sphere. Good active 

load capacity is ensured thanks to the big cross section of the load transmitting 

parts. 

The main disadvantage of this design is its complexity, which makes its 

manufacturing and assembly very hard. The central ball consists of three parts, 
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whose centers should coincide with minimum tolerance in order to provide the 

correct joint operation. Although the main purpose of this joint design was the 

elimination of the clearances and sliding contacts, in real prototype it will be 

impossible to implement. The real bearing always has a clearance between the 

balls and the rings. This clearance is necessary to compensate the thermal 

expansion. In addition, when the bearing reaches its working temperature, there 

is still a small clearance, which is necessary to prevent jamming. These 

clearances allow the shafts to move in radial and axial direction, which is normal 

for most of the applications. However, in this joint design it will lead to 

misplacing the centers of the spherical surfaces of the central ball. When it takes 

place, the contact spot area between the bottom part of the central sphere and the 

base becomes much smaller. Most of the load is taken by the blue part, 

meanwhile in the top part of the central sphere, the cyan parts come in contact 

with the blue part, due to the distortion. This undesirable contact induces friction 

forces in the mechanism. The distortion could be decreased by installation of the 

second bearing, thus giving the second support for the cyan parts, but there is no 

space to put it in this joint design. It is possible to enlarge the central sphere in 

order to put another bearing to each side, but it will increase the dimensions of 

the joint, which are already the biggest, from all the proposed designs based on 

a single spherical joint. Considering all the mentioned drawbacks, other designs 

were proposed.  

2.2.7. Design 7: Differential gear-based design 1st concept 

In order to get away from the disadvantages of the previous designs, the design 

concept was changed. The next design (see Figure 59) was inspired by the 

differential gear. The output rod 1 is attached to the bevel gear 2 and can rotate 



93 

 

around the axle of the cross 3. The rotation of the output rod is controlled with 

the red and blue shafts (elements 4 and 5 respectively) attached to the proper 

bevel gears. All the main parts are attached to the frame 6. 

The output rod can be deflected to ±35° in one plane and to ±180° in the other. 

This range is caused by the limitations associated to the frame of the joint. The 

volume of the workspace, colored in gray, is depicted in Figure 59.  

 

Figure 59. Differential gear-based design 1st concept. 

The proposed joint design has several advantages. It is easy to manufacture and 

control. The moving parts of the joint are comparatively small, which provides 

low inertia. The theoretical workspace is big, constituting 58% of the sphere. 

However, in real applications it will be impossible to use this workspace 

completely because of the physical limitations of the frame. In this design, the 

frame comes from two sides of the gear mechanism of the joint. If it does not 
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have a “window” in the bottom part, it cuts the lower part of the workspace. The 

size of the workspace depends on the size of the “window” in the frame, thus, it 

depends on the size of the frame. The application of such joint in a mechanism 

may require increasing the size of the “window” in the joint’s frame, affecting 

its overall dimensions. In addition, the gears of the joint will have backlash or 

this backlash can appear as a result of the wear process. This will affect the 

precision of the joint. In this design, it is impossible to create a mechanism for 

the backlash compensation. The load capacity of this joint is defined by the load 

capacity of the bearings, as there is no other surface, which transfers load. The 

other potential limitation of the load capacity is the strength of the bevel gear 

teeth, which will be ones of the most loaded points in the joint. 

2.2.8.  Design 8: Differential gear-based design 2nd concept 

In order to improve the performance of the joint, the new design was proposed 

(see Figure 60). This design contains the main idea of the previous one, but the 

actuators here are located from one side, which allowed removing the bulky 

frame and increasing the workspace. To do that, the cross 1 and the red input 

shaft 2 were made hollow, so blue input shaft could be placed inside them.  

The maximum angle of the output rod deflection in one plane is ±121° and in 

the other plane is ±180°. The joint provides a quite wide workspace, which 

constitutes 75.86% of the sphere.  

The same as the previous design, this joint is easy to manufacture and control. 

The parts of the joint have low inertia. The dimensions of the joint were 

decreased due to the location of the actuators. As the actuators of this joint are 

placed on the same side, the joint can be applied in various mechanisms where 
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this arrangement is profitable, such as shoulder joint of the humanoid robots, or 

wrist joint of serial manipulators. However, this joint inherits from the previous 

design the disadvantage related to the gear backlash, which affects the precision. 

The load capacity of this joint also will be limited by the bearings and the 

strength of the parts material.  

 

Figure 60. Differential gear-based design 2nd concept. 

2.2.9. Design 9: Differential gear-based design 3rd concept  

The main disadvantage of the two previous joint designs is a lack of precision 

due to the gear backlash. As it was impossible to eliminate this problem in those 

designs, a new joint design was proposed (see Figure 61). This joint is a hybrid 

between the two previous designs and a ball joint. As in the previous designs, 

the gears are used to transmit the torque from the actuators to the output rod. The 

difference is that this joint has three actuators, two of which control the position 

of the output rod and the third one creates the pretension in the gears in order to 

compensate the backlash. Though the amount of the actuators increased, the 
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control of the joint did not become more complex as the compensating actuator 

executes the same commands as the one, which controls the position of the rod. 

The hybrid structure of the joint provides bigger passive load capacity and good 

load distribution, as the contact area between the parts, constituting the central 

sphere and the base part is large.  

 

Figure 61. Differential gear-based design 3rd concept. 

The joint consists of a base 1, which is in contact with the parts 2 and 3 that form 

the central sphere. Parts 2 and 3 are connected with an axle, passing through the 

bearing in the center of the part 2. This connection allows part 3 rotate around 

part 2. One of the actuators is connected to the part 2 through a pulley 4. This 

actuator directly controls the deflection of the output rod. Two other actuators 

are connected to the blue shafts 5 and 6. These actuators control the position of 

the output rod through the bevel gears. The actuators can work in two modes: 

high load and high precision. In high load mode, both actuators transmit the 
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torque through the gears without backlash compensation. In high precision 

mode, only one actuator transmits the torque, meanwhile the other one creates 

the pretension in the gears. Depending on the direction of load vector, the 

actuators switch their functions. In both modes, the actuators connected to the 

blue shafts, use the same control commands, with only difference in direction. 

The output rod can be deflected by the red actuator in range of ±90°. The blue 

actuators can deflect the rod in range of ±55°. It gives the workspace 

constituting 40.96% of the sphere.  

Except mentioned backlash compensation, this joint design has several other 

advantages. It has small dimensions and as a result, small inertia. The passive 

load capacity is big due to large contact surface area, constituting 34%-36.25%. 

The main disadvantage of the joint is manufacturing complexity, as the central 

sphere consists of two parts that should require precise manufacturing and 

assembly for operating properly. The other disadvantage is active load capacity, 

limited by the strength of the gear material, as the gear teeth are the most loaded 

parts of the design. 

2.2.10. Conventional universal joint 

 In order to provide fair comparison of the proposed designs, a conventional 

universal joint design should be considered. This type of joint was chosen for 

the comparison because, form the kinematic point of view, it is the most similar 

type of joint to the proposed designs. Universal joint can be used in 

reconfigurable mechanisms with locking devices installed as can be seen in [32], 

[36], [37]. An example of the cardan joint can be seen in Figure 62.  
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Figure 62. Universal joint, proposed by RS Components [104]. 

According to the specifications [104] the maximum working angle of this joint 

is 45°. In reality the joint can be bent up to ±90°, however in these extreme 

positions the range of motion is very limited. Considering the recommended 

working range and the extremes, the workspace constitutes 20.7% of the sphere. 

The joint has small dimensions, which provide low inertia forces in the joint. 

The manufacturing and assembly of the joint is simple and cheap. The accuracy 

of the joint is good due to the use of needle bearings that can be replaced in case 

of significant wear. The load capacity is also limited by the bearings.  

The main disadvantage of joint is that despite of potentially reconfigurable, 

significant changes in its design should be made in order to implement it, such 

as installation of locking mechanisms, axis shifting mechanisms or actuators.  

2.3. Assessment and comparison of the proposed 

designs 

The different joint designs that have been proposed in previous section, provide 

2 or 3 DOF motion and can be applied in several applications, such as 

reconfigurable manipulators or haptic devices. In order to choose the best 
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designs they should be compared by their most important characteristics. As it 

was stated before, those characteristics are functionality, workspace, accuracy, 

manufacturing and assembly complexity, load capacity, control complexity, 

dimensions and inertia. The comparison of the proposed joint designs is 

presented in Table 1.  

Table 1. Joint design comparison 
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Design 4 7 4 10 4 5 5 8 7 50 

Design 5 5 5 8 6 2 8 4 2 40 

Design 6 7 6 7 7 1 9 5 5 47 

Design 7 6 9 5 1 8 4 2 3 38 

Design 8 9 10 10 2 7 3 3 4 48 

Design 9 8 8 6 10 6 7 6 6 57 

Conventional 
U-joint 

3 3 4 8 10 2 10 10 50 
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Each characteristic has been evaluated with 10 grade scale, where 1 is the worst 

result and 10 is the best. Where it was possible, the joints were ranked from the 

worst to the best with no repeating grades (workspace, accuracy, manufacturing 

complexity, load capacity, dimensions, and inertia). The other parameters could 

have the same results for several joints. If the joints share the same grade, then 

the next joint has a grade that is bigger or smaller by one. In this case, the lowest 

grade may not be one. 

The functionality parameter is rated considering the number of DOF, possibility 

of reconfiguration, actuator arrangement and type of the joint (active or passive).  

The workspace grade is directly proportional to the workspace size. However, 

the size cannot be the only criteria of workspace estimation because sometimes 

the workspace can be wide, but having a very irregular shape, which complicates 

the motion control along this workspace. Thus, in order to provide more 

information about the workspace, the workspace homogeneity parameter was 

introduced. This parameter represents how regular the shape of the workspace 

is. To clarify the grading, the workspaces of the joints (see Figure 63) should be 

considered. 

The workspaces 1 (designs 1, 2 and 4) and 4 (design 8) are completely 

homogenous. They have the shape of a spherical dome without any cuts. These 

workspaces have the highest grade (10). The workspaces 2 (design 3) 3 (designs 

5 and 6) and 6 (design 9) have relatively small cuts. These designs were assigned 

with the grades 9-6, respectively. The workspaces 5 (design 7) and 7 

(conventional universal joint) have big cuts. These designs were assigned with 

the grades 5 and 4, respectively. 
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Figure 63. Workspace shapes. 

The grade for the accuracy depends on the possibility of clearance compensation 

implementation, and design features that affect accuracy, for instance parts 

affected by bending and wear.  

Manufacturing and assembly complexity, load capacity, dimensions and inertia 

are quantitative parameters and are ranked from the worst joint to the best one 

within the 10-grade scale. Inertia is rated so that the high grade is assigned to the 

joint designs with small inertia. 

It can be seen from the Table 1 that the best results are obtained for the lockable 

passive joints. It makes sense because of their simple design, which is very 

similar to the conventional spherical joint design. These joints inherit all the 

advantages of the conventional joints, which compensate lack of functionality 

and workspace. The control complexity of this joint depends more on the control 
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complexity of the mechanism, where they are applied, and it can be quite 

complex. According to the rating, the second best joint design is the differential 

gear-based joint design 3rd concept. This joint has most of the parameters slightly 

higher than average, top grade for accuracy and third workspace size. The bi-

actuated design 2nd concept and the conventional universal joint share the third 

place. Most of the parameters of the bi-actuated design 2nd concept are average, 

but it has small dimensions and low inertia. In addition, it has good accuracy and 

workspace homogeneity. Conventional universal joint has the highest possible 

grade for manufacturing complexity, dimensions and inertia, but the lowest for 

functionality and workspace homogeneity. The rest of the criteria are also quite 

low. Most of the other joint designs have their grades in range from 40 to 48. 

The worst result is presented by the active spherical joint with Cartesian and 

revolute actuation and the differential gear-based joint design 1st concept (38 

points). The first of them has the best functionality, and medium load capacity, 

but big dimensions, complex design and small workspace make this joint 

uncompetitive. The second joint has good workspace and manufacturing 

complexity and medium functionality and workspace homogeneity. The rest of 

the parameters have low grades. 

Therefore, resulting from the established comparison, the best four designs are: 

1. Lockable passive joints 

2. Differential gear-based design 3rd concept 

3. Active 2R spherical mechanism-based joint 2nd concept and conventional 

universal joint 

However, the parameters in the current comparison are quite general and cannot 

fully represent the qualities of the joints. The functionality parameter does not 
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fully represent the reconfigurability potential of the joints. It is hard to create a 

simple objective criterion, which can numerically describe all potential 

applications of the reconfigurable joint.  

In order to provide better view over this aspect, the possibility of implementation 

of different reconfigurable strategies should be considered (see Table 2). 

Table 2. Possibility of joint application in different reconfiguration methods. 
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Differential gear-based design 3rd 
concept 

+ + - - + + 

Active 2R spherical mechanism-
based joint 2nd concept 

+ + - - + + 

Conventional universal joint + - - - - - 

As it can be seen, most of the joints can be used in the same reconfiguration 

methods with few exceptions. Lockable passive joints cannot be used in 

additional actuation method, as they cannot be actuated. In addition, lockable 

passive joints cannot provide infinite amount of axis positions, when changing 

axis orientation method of the reconfiguration is used. The other proposed 

designs provide infinite amount of axis positions, which widens the application 

field of these joints. 
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It should be noted that the universal joint, which is present in this comparison, 

is only potentially reconfigurable. It needs significant alterations in its design to 

obtain reconfigurability. In addition, possibly, after these changes it will have 

different characteristics than the ones that were considered here. The easiest way 

to modify the universal joint is the installation of the locking mechanisms, such 

as in [32] or [36]. In this case, the universal joint can be also used in blocking 

joints reconfiguration approach.  

Consequently, taking into consideration all the characteristics, differential gear- 

based design 3rd concept and active 2R spherical mechanism-based joint 2nd 

concept are the most promising joints, which can be applied in most of the 

reconfiguration strategies. As it can be seen in Table 1, the joints characteristics 

differ, providing advantages in various areas. The differential gear-based design 

3rd concept joint design has bigger workspace, clearance compensation in active 

and passive modes and load capacity. The active 2R spherical mechanism-based 

joint 2nd concept joint design is smaller and simpler; it has a more uniform 

workspace and smaller inertia forces inside.  

In order to define the best design, the characteristics of the proposed joint designs 

were studied in detail. The kinematics of the joints is presented in sections 3.1.1 

and 3.2.1. The quasi-static analysis, which studies the force transmission in the 

joints, is considered in sections 3.1.3 and 3.2.3. The indication of the most 

stressed points in the designs was done with the finite element analysis in 

sections 3.1.4 and 3.2.4. In order to test the performance of the proposed designs, 

the prototypes were manufactured (see sections 0 and 4.2) and tested (see section 

5). The prototypes were applied as haptic devices, which controlled five bar 

flexible mechanism, designed by COMPMECH research group. This application 
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was chosen, 2R joints are used often in haptic devices as it was demonstrated in 

section 1.2. The proposed joints implement the reconfiguration method 

consisting in relocation of the axis of one of the revolute joint. Being used in a 

haptic device, this feature provides additional precision, when the controlled 

mechanism should follow straight line, without any undesirable deviations. 

Considering a number of researches dedicated to haptic devices, the 

experimental plan was proposed in Section 5. The experimental setups for both 

joints are considered in Sections 0 and 4.2. The detailed discussion on the 

experimental results is presented in section 5.3. Finally, the conclusions about 

the joints’ performance were made in Section 5.4.  
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3. Kinematic and quasi-static analysis of joints 

under study 

The joint designs, Active 2R spherical mechanism-based joint and Differential 

gear-based design, proposed in Chapter 2 and selected in Section 2.3, should be 

considered in detail in order to identify their strong and weak points. In order to 

do that, in subsequent Sections the position analysis, the velocity equations, the 

workspace characterization, quasi-static and finite element analysis will be 

presented. The position analysis consists of direct and inverse position problem 

solving, relating input and output variables. As active 2R spherical mechanism-

based joint has two blue input cranks which require different input commands, 

the relationship between these cranks will be considered. Next, the velocity 

equations will be obtained and the joint workspace will be characterized with 

performance indices. In the quasi-static analysis, the force transmission from the 

actuators to the end of the joint’s rod will be presented. Finally, in finite element 

analysis section, the verification of the structural properties of the joints will be 

executed.  

3.1. Active 2R spherical mechanism-based joint  

3.1.1. Position analysis of the joint 

3.1.1.1. Direct position problem 

First, the direct position problem of the active 2R spherical mechanism-based 

joint will be performed. For that, the position parameters of the joint that can be 
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seen in Figure 64, and which corresponds to a schematic representation of Figure 

56a, should be considered. Here, vector �, which represents the rod of the joint, 

is placed in the intersection line of the planes: red and blue. These planes pass 

through the centers of the grooves of the central sphere and are perpendicular to 

each other as are the grooves. The planes are controlled with the cranks of 

corresponding color, where, � and � are input variables of red 2 and blue 3 

cranks, respectively. The red plane is rotated around the (-axis directly by its 

crank. The normal vector of the plane, �), which determines its orientation in 

space, can be written as: 

�) = * 0−+,���-.� / (1) 

 

 

Figure 64. Position parameters of the joint [105] in isometric view. 

 



108 

 

 

Figure 65. Position parameters of the joint [105], projection in the YZ. 

However, the blue crank does not rotate the blue plane directly. It is connected 

with the crank through the intermediate link (4 in Figure 56a), which is 

represented as point 0 in Figures 64 and 65. In real model, point 0 is located 

where the axis of rotation of the intermediate link crosses the contour of the 

central sphere. In this design it is approximately in the middle of the link, but in 

the schematic representation the link itself can be reduced to this point. The 

position vector of the point 0 is defined mainly by the parameters of the blue 

crank (its length � and input value �) and the radius 1 of the central sphere, 

which together define the parameter � = √13 − �3. Considering that, the 

position vector 4 can be put as, 
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4 = * ��-.��−�+,��/ (2) 

The normal vector of the blue plane, which characterizes its location, �5, can be 

obtained as, 

�5 = �) × 4 = *�+,��+,�� − ��-.���-.��-.��+,���-.� / (3) 

Now, the vector �, which represents the rod of the joint can be calculated as, 

� = �) × �5 (4) 

This results in, 

� = 7 −��-.��-.�8�+,��+,�� − ��-.�9+,��8�+,��+,�� − ��-.�9: (5) 

To simplify the solution of the inverse position problem (see Section 3.1.1.2), 

vector � can be transformed by dividing it by the ; component, resulting in: 

� = < −��-.�+,��8�+,��+,�� − ��-.�9=>.�1 ? (6) 

In order to solve the direct position problem, the relation of the input variables 

to the output variables should be found. This step is necessary to ensure that 

every solution, which is valid for the input variables of the mechanism, is 
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detected.  

 

Figure 66. Representing the location of the joint's rod. 

To find the orientation of the rod given by the output variables, two coordinate 

frames should be considered – fixed frame XYZ and moving frame UVW. At 

first, when the output variables �, � are zero and the rod is vertical, the frames 

coincide. Then the rotation around the X-axis (output variable �) takes place 

(see Figure 66). After that, the rotation around the V-axis can be done (output 

variable �). It should be noted, that due to the design features, this is the only 

possible order of rotations, which is possible in this mechanism. If the other order 

is used, it leads to the displacement of the axis of rotation of the red cranks, 

which becomes not perpendicular to the axis of the blue cranks. And due to the 
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physical restrictions, it is not possible in this design.  

The described rotation order can be put in the matrix form by means of rotation 

matrices: 

AB,C ⋅ AE,F = G +,�� 0 �-.��-.��-.� +,�� −+,���-.�−+,���-.� �-.� +,��+,�� H (7) 

Now, the orientation of the rod can be found by multiplying the rotation matrix 

by the vector of the rod in its vertical position: 

IAB,CJIAE,FJ *001/ = *
�-.�−+,���-.�+,��+,�� / (8) 

Finally, utilizing the equations (5) and (8), the system of equations that relate 

inputs � and � to outputs � and � can be acquired. It should be mentioned that 

the coordinates of �, given by equation (5) have been divided by its modulus to 

obtain a unit vector. 

�K = �-.� = −��-.�8�3�-.�3 + 8�+,��+,�� − ��-.�939M.N (9) 

�O = −+,���-.� = �-.�8�+,��+,�� − ��-.�98�3�-.�3 + 8�+,��+,�� − ��-.�939M.N (10) 

�P = +,��+,�� = +,��8�+,��+,�� − ��-.�98�3�-.�3 + 8�+,��+,�� − ��-.�939M.N (11) 

Equations (9) to (11) provide the coordinates of vector �.  
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From equation (9), the value of � as a function of the inputs is obtained as: 

� = �-.Q� R −��-.�8�3�-.�3 + 8�+,��+,�� − ��-.�939M.NS (12) 

Dividing equation (10) by equation (11) we obtain: 

−=>.� = =>.� (13) 

From equations (12) and (13) it is clear that, several solutions will exist for the 

same values of input variables. For the range � ∈ U−V, VW and �	 ∈ 	 U−V, VW, the 

following set of solutions of the direct position problem is obtained: 

XY
Z 8�, �98�, V − �98V + �, �98V + �, V − �9[\

]
 

3.1.1.2. Inverse position problem 

From the equations (9-11), components of vector � = 8� ^ 19_ were 

obtained. Considering equation (6), the input � can be found as: 

� = =>.Q�^ (14) 

However, calculating the input � is not straightforward, as it depends on the 

value of input �. In order to obtain it, the following equation should be solved: 

8��+,�3�9+,�� + ��-.� = ���-.� cos � (15) 

To simplify the solution, dividing Eq. (15) by r and reorganizing the (16) 
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equation, it results in: 

. cos � + sin� = e 

where, 

. = � cos3 � (17) 

e = ��� cos � sin � (18) 

Next, a supplementary variable f is introduced: 

f = tan�2 (19) 

Utilizing the trigonometric relationships: 

sin � = 2 tan �2Rtan�2S3 + 1 (20) 

cos � = 1 − Rtan�2S
3

Rtan �2S3 + 1 

 

(21) 

 

and substituting into equation (16) we obtain:  

−8. −e9f3 + 2f + . −e = 0 (22) 

By solving this equation and substituting f given by equation (19) we obtain the 

roots: 
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� = 2tanQ� i81 ± 81 − e3 + .39M.N9. + e j (23) 

Finally, substituting the values of . and e, given by equations (17) and (18), the 

input angle � yields: 

� = 2tanQ�
k
llmn1 ± i1 − o

��� cos � sin �p3 + 8� cos3 �93jM.Nq
� cos3 � + ��� cos � sin � r

sst (24) 

Typically, there are two solutions for each given value of � and �. The blue crank 

can take two physical positions, as it is presented in Figure 67. In this Figure, the 

cranks in positions, corresponding to alternative solutions are semi-transparent. 

 

Figure 67. Possible solutions for � and � inputs. 

The red crank solutions are 8�, � ± V9. In order to find � solutions, we need 
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to consider a circumference, formed by rotation of point 0 around axis u (blue 

crank axis of rotation) and the blue plane. Normally, the blue plane intersects 

this circumference in two points, which gives two possible positions of point 0 

(see Figure 67). When the blue plane is tangent to the circumference, the solution 

will be unique. Knowing the positions of point 0, � can be found in a way, 

presented in Figure 64.  

The second solution, shown in Figure 67 are impossible for the real joint due to 

the design features. The top ring limits the range of rotation of both cranks to ±90°. Thus, only one solution for each crank is available. 

3.1.1.3. Relationship between the blue input cranks  

When input angle � ≠ 0, the blue cranks cannot be actuated symmetrically. In 

this case, they have a nonlinear relationship between input angles � and �w. In 

order to explain it, the Figures 64 and 66 should be considered.  

First, the equation of the blue plane (see Figure 64) should be obtained. It can be 

done by using the normal vector �5, that defines this plane (equation (3)) and 

the point x, which is located in the center of the sphere. As the blue plane passes 

through the be origin, point x belongs to the blue plane.  

8� cos � cos � − � sin �9y + � sin � sin � z + � cos � sin � ; + { = 0 (25) 

0y + 0z + 0; + { = 0 (26) 

From equation (26) it is clear that { = 0. By dividing the equation (25) by the 

coefficient of y component we obtain:  
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y + ��-.�=>.��+,�� − �=>.� z + ��-.��+,�� − �=>.� ; = 0 (27) 

Now, the point 0 should be considered. It belongs to both, the blue plane and the 

blue crank. As the crank rotates around its axis (being axis Y), point 0 forms a 

circumference around it. The radius of this circumference is the radius	� of the 

blue crank.  

|y3 + ;3 = �3z = −�  (28) 

The intersection of the blue plane and the circumference of the point 0, in most 

cases provides two solutions (see Section 3.1.1.2). However, it can provide one 

solution, when the blue plane is tangent to the circumference. 

Combining the equations (27) and (28) we obtain the equation of the intersection, 

81 + }39;3 − 82}ℎ9; + 8ℎ3 − �39 = 0 (29) 

where, 

} = ��-.��+,�� − �=>.�ℎ = ���-.�=>.��+,�� − �=>.� (30) 

According to the discriminant formula, the roots of the equation (29) are: 

; = 2}ℎ ± �4}3ℎ3 − 481 + }398ℎ3 − �39281 + }39  (31) 
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Considering the projection of the radius � to the Z-axis, it is clear that, 

; = � cos �w (32) 

Solving the equation (32), input �w can be found as: 

�w = cosQ� o;�p (33) 

As it was said, typically two solutions are obtained for �w, however, due to the 

physical limitations of the joint design, the cranks’ rotation angles are limited to ±90°. This means that the solution, presented in Figure 67b, cannot be 

implemented in this design.  

In Figure 68 the dependency graphs of �w from � for several values of the input � are presented.  

 

Figure 68. Dependency graphs of �w from � for several values of the input � (� =12.68	mm; � = 27.19	mm). 
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As it can be seen, there are two linear relationship in this graph. The first one, 

when input � = 0 and the second one, when � = 25°, which is the singular 

position for this joint design (see Section 3.1.2.1). The existence of this 

singularity and the necessity in better load distribution are the reasons why both 

of the blue cranks were kept in the design of the proposed joint, despite the 

control complexity. 

3.1.2. Velocity equations and workspace characterization  

3.1.2.1. Kinematic Jacobians and singularities 

Obtaining the Jacobian matrices is an essential step when performing the 

kinematic analysis of the mechanism. They will enable assessing the workspace 

provided by the mechanism. In addition, Jacobians are necessary to identify 

direct and inverse singular positions, which should be known in order to 

implement successful control.  

From equations (12) and (13), it is possible to formulate the position problem as: 

| ��: � + � = 0�3: 8�3�-.�3 + 8�+,��+,�� − ��-.�939M.N	�-.� + ��-.� = 0 (34) 

After differentiating the system of equations (34) with respect to time and 

rearranging it into matrix form, direct (left one) and inverse (right one) Jacobians 

can be obtained: 

�1 00 8�3�-.�3 + 8�+,��+,�� − ��-.�939M.N cos �� |���� � = G
−1 0−��3�� −��3�� H |���� � (35) 
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where, 

��3�� = sin �8� cos � + � cos� sin �98� sin � − � cos� cos �9��38sin �93 + 8� sin � − � cos � cos �9�M.N  (36) 

 

��3�� = � cos � + sin ��2�3 cos � sin � + 2� cos � sin � 8� sin � − � cos� cos �9�2��38sin �93 + 8� sin � − � cos � cos �9�M.N  (37) 

Considering equation (35), it is clear that the singularities caused by the direct 

Jacobian of the joint take place when, 

|����| = 0 → 8�3�-.�3 + 8�+,��+,�� − ��-.�939M.N cos � = 0 (38) 

The inverse problem singularities will occur when: 

|����| = 0 → ��3�� = 0 (39) 

In Figures 69 and 70, the plots of the values of direct and inverse Jacobians are 

presented. The singularity positions are highlighted with red straight lines and 

curves. For every calculation, from now on, the parameters of � =12.68	mm	and	� = 27.19	mm will be used as they are the ones implemented in 

the proposed joint design. 
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Figure 69. Representation of the direct Jacobian in the workspace 

 

 

Figure 70. Representation of the inverse Jacobian in the workspace. 

Considering Figures 69 and 70, it can be verified that the inverse Jacobian plot 

presents the singular positions only in the workspace limits. On the other hand, 
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it can be seen that the singularities on the direct Jacobian plot are located inside 

the workspace. Setting the mechanism's motion near these singular positions is 

undesirable because of a possibility of a control loss or breakage of the 

mechanism. From (38), the direct singularities will take place when: 

cos � = 0 → � = ±V2 (40) 

or,  

	�3�-.�3 + 8�+,��+,�� − ��-.�93 = 0 (41) 

It can be seen that there are several possible solutions for the equation (41): 

�-.� = 0 → � = 0 ± V (42) 

�+,��+,�� − ��-.� = 0 → 	� = 0 → =>.� = ��  (43) 

�+,��+,�� − ��-.� = 0 → 	� = ±V → =>.� = −��  (44) 

In the proposed joint design, it is impossible to reach the singular positions, 

which are characterized by the equation (40). Physically these positions mean 

that the axis of the rod of the joint will coincide with the axis of the red crank. 

The physical meaning of the singularity condition, which satisfies equations (42) 

and (43) is presented in Figure 71. Here, one of the � inputs is in the zero 

position, meanwhile the axis of rotation of its intermediate link coincides with 

the axis of one of the rotary pairs of the joint. In this joint design it occurs when 

red input � equals 25°.  
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Figure 71. Singular position corresponding to equations (42) and (43). 

Also, it can be seen from the Figure 71, that the second blue crank is not in a 

singular position and continues keeping the joint under control. However, there 

is a theoretical possibility of reaching the singular position simultaneously for 

the both blue cranks (see Figure 72). It can occur, when one of the blue cranks 

is already in the singular position and the other one rotates to � = ±V. In this 

case, axes of both of the connection links become collinear with the rotary pair 

axis. In addition, in the end of the second crank rotation, the rod’s axis will 

coincide with the red crank’s axis, as it was mentioned before and presented in 

Figure 72. 

 

Figure 72. Singular position corresponding to equations (40) and (42-44) (the rod of the joint 
coincides with the red crank, opposite to the observer). 
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As a result, this singular position satisfies the equations (40) and (42-44). Both 

of the possible singularities can be well seen in the plot (see Figure 73), 

representing the possible coordinates that the extreme of the vector � (see 

equations 9-11) can take. For the real joint, this plot would represent the possible 

coordinates of the end of the rod. In this plot, there are four gaps with missing 

values, corresponding to the singular positions. 

 

Figure 73. Possible coordinates of the extreme of vector � (point P). 

In reality, the singular position where both blue cranks axes are collinear cannot 

be reached due to the features of the joint design. The top ring limits the rotation 

of the cranks to ± �3 and the rod orientation to ±55° from vertical to any 

direction. Thus, the joint’s controllability is ensured in all the practical 

workspace. 
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3.1.2.2. Performance indices 

Performance indices represent the motion transmission quality of the mechanism 

and can serve as optimization criteria of the mechanism’s design. The ones of 

the most widely used indices are Kinematic Conditioning Index (KCI) and 

Global Conditioning Index (GCI).  

3.1.2.2.1. Kinematic Conditioning Index  

This index is sometimes referred as the Dexterity Index [106]. Dexterity is the 

ability of a mechanism to provide precise orientation of its end-effector. In this 

case, the end of the rod of the joint can be considered as an end-effector. 

Dexterity Index is directly related to the Jacobians of the mechanism. First step 

is finding a full Jacobian matrix: 

� = ����Q� ���� (45) 

Second, the condition number should be found as, 

�8�9 = ‖�Q�‖‖�‖ (46) 

The condition number itself also can serve for the dexterity assessment, but its 

value is in range from 0 to ∞. It is a disadvantage, for example for graphical 

representation. In order to make the evaluation more efficient and visually 

understandable, KCI was created [107]. It can be calculated as follows, 

��� = 	 1�8�9 (47) 

The range of KCI is from 0 to 1, where 0 indicates a singular position and 1 
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indicates a special point, where the studied mechanism has the highest dexterity. 

Utilizing the above-stated equations, the values of the KCI for the joint 

workspace were calculated with the discretization of one degree. The resulting 

plot is presented in Figure 74. 

 

Figure 74. Values of KCI along the workspace. 

The singularity positions appearing in the workspace are depicted in red in 

Figure 74. The curved lines represent the boundaries of the workspace, and the 

straight lines indicate the singularities, which lay within the workspace. It can 

be noted that the arrangement of the singular positions is the same as in Figures 

69 and 70. Also, there are 14 points, where the joint demonstrates maximum 

possible dexterity. However, most of these points lay beyond the practical 

workspace of the joint. Considering the proposed design (see Figure 56a), the 

practical workspace of the joint is constrained by the top ring, which limits the 

angle of the rod deflection to 55 degrees in all directions. In other words, the 

output variables change in range ∈ U−55°, 55°W � ∈ U−55°, 55°W. In this range, 
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there is one point of maximum dexterity (� = 0°, � = 0°), it is located in the 

center of the workspace (see Figure 75), the second point is located near the 

boundary (� = 50°, � = 0°). The dexterity decreases from these two points to 

the workspace boundaries, where the average value of KCI is 0.33.  

 

Figure 75. Values of KCI along the practical workspace. 
 

3.1.2.2.2. Global Conditioning Index  

GCI was proposed by Gosselin and Ángeles [108] as a measure of the dexterity 

through the whole workspace of the mechanism. In comparison to KCI, this 

index does not depend on the links orientation, being the average value of 

dexterity of the mechanism. It can be calculated as follows, 

��� = 1.� 1��8�9
�
���  (48) 
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where n is the number of workspace points, for which condition number was 

calculated.  

As KCI, GCI ranges between 0 and 1, being the worst and the best values, 

respectively. The calculations have indicated that for the theoretical workspace, 

the value of GCI for the proposed joint is 0.291. For the real workspace of the 

joint, the value is higher and equals 0.35. This value can be improved by further 

limiting of the workspace. When the output variables are in range of U−30°, 30°W, 
GCI becomes 0.5. This can be explained by approaching the special point of 

maximum dexterity on the KCI plot (see Figure 74). 

3.1.3. The quasi-static analysis 

Quasi-static analysis is necessary to reveal the ways of the force transmission in 

the joint for the purpose of implementation of control. The force transmission 

from the actuators to the end-point of the rod will be considered in this section.  

The proposed design of the joint has two pairs of the actuated cranks. However, 

in this section, for the calculation simplicity it will be assumed that only one 

crank of each color is actuated. The actuation scheme is presented in Figure 76. 

A certain torque is applied to each of the cranks by their actuators (�� and �� in 

Figure 76). These torques induce two components of the output force �� ¡ and ��¢£  (from the red and blue cranks, respectively). These components are applied 

to the end-point ¤, which is located on longitudinal axis of the output rod at a 

radius �¥ from the center of the sphere. The axis of the joint’s rod belongs to the 

plane �, which corresponds to the red plane in Figure 64. As it was mentioned 

before, this plane is rotated directly by the red crank, thus the output force 
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component �� ¡ is perpendicular to the plane �. Also, plane � is perpendicular 

to the axis of one of the rotary pairs, which is collinear with the axis � in Figure 

76.The other component of the output force, ��¢£ , acts within the plane � and 

is perpendicular to �� ¡. This is caused by the arrangement of the grooves of the 

joint.  

 

Figure 76. The input torques and the output components of the resulting force. 

The output force component, induced by the red actuator is calculated as follows, 

�� ¡ = ��¦¥ (49) 
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where, 

¦¥ = �¥+,�� (50) 

Calculation of the	��¢£  is different from �� ¡ for all the cases, when the rod of 

the joint is not in a vertical position. In order to obtain this component, the forces 

which act on the planes §, �′ (see Figure 78) and � and their projections should 

be considered. 

As it mentioned in Section 3.1.1.3, point 0 forms a circumference while rotating 

around the axis of the blue crank. This circumference lays in the plane § (dash-

dot line in Figure 77), which is parallel to plane ZX. The force �� is induced by 

the blue input torque �� and is applied to point 0, which is located on a distance � from the axis of the crank.  

 

Figure 77. Plane B: force �� and its projections. 
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The force ��, induced by the blue actuator is:  

�� = ���  (51) 

As the force �� is perpendicular to the crank, it should be decomposed in order 

to be projected to the plane �, where the output blue force component 	��¢£  acts. 

The components of the force �� can be obtained as follows, 

��¨ = ���-. oV2 − ��p (52) 

��© = ��cos	oV2 − ��p (53) 

As explained before, the output blue force component 	��¢£  acts within the plane �, however, point 0 does not belong to this plane. In order to continue the 

calculation, the intermediate plane �′, which passes through the point 0 and is 

parallel to plane � should be introduced (see Figure 78). Because the planes �′ 
and � are parallel, all the force vectors projected from one plane to another will 

be equivalent. It allows us working with the plane �′ instead of the plane �. It 

can be noted that in a real joint, the forces, which act within the plane �′ will 

create the bending moments because of the distance between the two planes. 

These bending moments create the reaction and friction forces, which are 

neglected in this calculation for simplifying it.  
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Figure 78. Planes and forces in the joint; cross-section in the YZ plane. 

Now, the components of the force �� should be considered. The ��¨ component 

coincides with the intersection line of the planes § and �′, thus it has the same 

value on both of the planes. This component cannot be seen in Figure 78, as it is 

perpendicular to the YZ plane and has to be seen as a dot, coinciding with the 

point 0. The other component, ��©, should be decomposed and projected on the 

plane �′ in a way, which is presented in Figure 78. The projection ��©ªw depends 

on the input angle �, it exists when � ≠ 0°. The component ��©« is not 

participating in the force transmission, as it is directed perpendicular to the plane �′, so it produces the friction force between the elements of the joint. The 

components can be obtained as: 

��©ªw = ��©+,�� (54) 
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��©« = ��©�-.� (55) 

Now, the projection of �� to plane �′ can be calculated as, 

��ªw = ¬��©ªw3 + ��3̈  (56) 

 

Figure 79. Plane �′: forces and their components. 

As it is well known, a force, which induces a torque, should be perpendicular to 

the lever. Typically, ��ªw is not perpendicular to the longitudinal axis of the rod 

(it occurs only when � = 0°). Therefore, it is necessary to decompose the force ��ªw as it is presented in Figure 79. The component ��­ creates the torque around 

the rotary pair axis and is directly connected to the output force ��¢£ . The other 

component (��ªw«) is directed to the axis of the rotary pair, which induces the 
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friction force (together with ��©«). The components can be found as, 

��ªw« = ��ªw�-.® (57) 

��­ = ��ªw+,�® (58) 

where, 

® = 90 − 8¯ + �9 (59) 

and, 

¯ = >�++,� R��©ªw��ªw S (60) 

The output blue force component can be found as,  

��¢£  = ��­ 1¢ °�¥  (61) 

where 1¢ ° is the leverage between point 0 and the axis of the rotary pair (see 

Figure 79). In order to locate the vector 4 (see equation (2)) in the UVW 

coordinate frame, the rotation matrix AB,C can be used: 

AB,C ⋅ 4 = * � sin �� cos� + � cos � sin�� sin� − � cos� cos�/ (62) 

Now 1¢ ° can be found as, 

1¢ ° = �8�3 +�39 = �8� sin �93 + 8� sin� − � cos� cos �93 (63) 
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Finally, the resulting output force �±� ² can be obtained as, 

�±� ² = �±� ¡ + �±�¢£  (64) 

The modulus of the force �±� ² can be calculated as, 

�� ² = ¬�� ¡3 + ��¢£ 3  (65) 

As it was noted during the calculation, the force ��ªw« and the force ��©� generate 

a normal force ��, which is the part of the friction force equation: 

�±� = −��±�ªw« + �±�©«� (66) 

�±³ = �±�´µ, (67) 

where ´µ is a friction coefficient. 

As ��©« component is always perpendicular to plane �′, where ��ªw« acts, the 

scalar value of the friction force �³ can be found as, 

�³ = −���ªw«3 + ��©«3 �M.N´µ (68) 

The described method was applied to obtain the output force �� ² plot (see Figure 

80), the plots of the forces �� ¡ and ��¢£  (see Figure 81), which compose it and 

the friction force �³ (see Figure 83). The forces were calculated for the next set 

of input parameters, presented in Table 3. 
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Table 3. Input parameters for the force transmission calculation. 

Parameter Value 

Actuation torques (Nm) 3 

Distance �¥ (mm) 100 

Crank radius � (mm) 12.68 

Length � (mm) 27.19 

Diameter of the central sphere (mm)  60 

 

 

Figure 80. The output force �� ² as a function of the output variables � and �. 
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In Figure 80 and Figure 81a, the output variable � ∈ U−80°, 80°W. The range was 

decreased for the better graphic representation, because when � values are close 

to the borders of the range U−90°, 90°W, the red output force component �� ¡ 

increases up to infinity due to a decreasing value of ¦¶ (see equation (49)). The 

blue component of the output force, on the other hand, does not have any value 

in the singular positions, because the crank that stays in singular position cannot 

be actuated. In those parts of the plot, mainly �� ¡ forms �� ². 

 

a) b) 

Figure 81. The output force components: a) �� ¡; b)	��¢£ . 

Considering the plot presented in Figure 80, the areas where both of the output 

components of the resulting force have similar values can be identified. This 

happens when � ∈ U−150°, −40°W or � ∈ U40°, 150°W, and � ∈ U−30°, 30°W. 
These areas provide the best force transmission quality. They also correspond to 

the areas of high dexterity on the KCI graph (see Figure 74). Unfortunately, most 

of these areas lay beyond the practical workspace of the proposed joint design. 

The output force values in the real workspace are presented in Figure 82. 
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Figure 82. The output force �� ² in the practical workspace of the joint.  

Considering that the prototype of the joint was made of Acrylonitrile Butadiene 

Styrene (ABS), the friction coefficient ´µ = 0.3 was used as an average value 

for ABS-to-ABS friction in order to obtain the friction plot, presented in Figure 

83.  

 

Figure 83. The resulting friction force in the mechanism along the workspace 
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It can be seen that the friction force equals zero when the joint’s rod moves from 

the vertical position in the intervals � ∈ U−180°, 180°W, � = 0° and � ∈U−90°, 90°W, � = 0°.  
In the first interval, � = 0 and �w =0, which makes the force ��© zero, according 

to the equation (53). In this case, the ��©« component of the friction force 

following the equation (55) is zero. In addition, in this range vectors ��­ and ��¨ 

coincide, making angle ® = 0, which according to the equation (57) make the 

second component of the friction force, ��ªw«, equal zero. In the second interval 

the plane � (see Figure 76) coincides with the plane ZX, the axis of the rotary 

pair, which is controlled by the blue actuator and the axis of the blue cranks also 

coincide. The force �� can be directly projected to the plane �′ and will have the 

same value as the force ��­. Thus, the rotation is being directly transmitted and 

the components ��ªw« and ��©« equal zero. In other positions, when the plane � 

is inclined, these components are non-zero and tend to raise with the increase of |�| within the range � ∈ U−90°, 90°W. 
The friction forces in the joint can be decreased by selection of proper materials 

of the joint parts. The friction coefficient ´µ = 0.3 is a high value, because the 

ABS-ABS is not a good friction pair and normally it is not being used in 

industrial applications. For example, if the base part would be made of Teflon or 

had a Teflon coating, and central sphere of the joint would be made of steel, the 

coefficient ´µ would be equal 0.04, which will produce almost ten times smaller 

friction force than for ABS-ABS pair.  
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3.1.4. Finite element analysis 

In order to study the load distribution qualities of the proposed joint design, the 

finite element analysis was carried out in Ansys Workbench 18.0. During the 

calculation of the resulting force in the quasi-static static section, the highest 

force values in the mechanism were identified in the point 0 (force ��). It derives 

from the small radius of the blue crank �. This fact along with the relatively small 

cross-section and surface area of the intermediate link, allows assuming that the 

most stressed part of the joint is the blue crank assembly. 

For the analysis, the joint was located on the following position: � = ±25° and � = 0°. This position corresponds to the singular conditions, described by 

equations (42) and (43). In this position, only one of the blue cranks can 

participate in the joint actuation, thus being the most loaded.  

In order to avoid the rigid body motion problem in Ansys Workbench, the CAD 

model of the joint was reduced to only crucial elements: the blue crank, the 

intermediate link and the central sphere. In order to fix the blue crank in space, 

its design was slightly modified by carving a pair of small cones on the ends of 

the longitudinal axis. It provided two necessary points for the displacement tool 

of Ansys Workbench. Similar operation was done for the central sphere, where 

the cones were added at the ends of the axis of a rotary pair, which coincides 

with the axis � in Figure 76. These actions ensured that the parts will remain in 

their places, but will freely rotate around their axes. Also, a frictionless support 

was added to the bottom surface of the sphere in order to release the stress from 

the points, fixed by the displacement tool and make simulation closer to real 

conditions. The connections between the elements were set as frictionless 
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contacts. The mesh was specified as uniform. It consisted of the tetrahedral shape 

elements with the quadratic displacement behavior (SOLID187) of 2 mm size.  

The joint will be applied in haptic device, which will be considered in details in 

Section 0. According to this application, the joint will create the output force in 

the end of its rod, which will resist the force, applied by the human operator. In 

the current simulation it was decided to apply the force that operator creates to 

the end of the joint’s rod and block the input shaft. The value of the force, applied 

to the rod of 0.1m, was chosen 34.426 N. For the given input conditions, this 

corresponds to the input torque of 1.89 Nm, which is the maximum holding 

torque of a stepper motor, used in the experimental setup. Preliminary tests with 

these parameters revealed that the most stressed part of the joint in this design is 

its rod. However, the rod can be quite easily modified in comparison to the inner 

parts of the joint. To omit the influence of the rod on the blue crank examination, 

the load settings were changed. The torque of 3.426 Nm was applied to the 

groove on the central sphere to emulate the proper force applied by the human 

operator. In this particular case, the quasi-static calculation is simplified. ��­ will 

be produced by the equivalent input torque �� and it will be equal to the force ��: 

��­ = ���¢ ° = �� (69) 

According to equation (51), the output blue torque �� can be found as, 

�� = �� ��¢ ° (70) 

To find the output torque in Ansys, the moment probe tool was used. It was 
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applied to the fixed support on the end face of the blue crank. The value of the 

output torque, provided by the simulation is �� = 1.893	Nm. This coincides with 

the input stepper motor torque with a small error of 0.106%. Therefore, the finite 

element model is verified. In Figure 84, the maximum principal stress is 

presented. 

 

a) b) 

Figure 84. The maximum principal stress in the joint (for the motor torque of 1.89 Nm): a) 
cross section; b) general view. 

From Figure 84 it can be seen that the most stressed areas are located at the blue 

crank’s shaft, at the intermediate link and at the part of the central sphere, which 

is connected to the intermediate link. The stress in the blue crank’s shaft can be 

explained with high torsion load and small cross section of the element. The 

intermediate link has two contact areas, which are relatively stressed – with the 

blue crank and with the central sphere. The shaft of the link has relatively small 

cross section and surface area, which makes stresses there higher than in the 
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contact with the sphere, where the contact area is bigger. As it can be seen, the 

maximum stress in the simulation was 26.465 MPa. It is lower than 40 MPa 

which is specified for the ABS material, used to manufacture the prototype of 

the joint.  

However, during the experimental tests (as it will be explained in Section 

4.1.1.2), the design of the experimental setup was altered and the input motor 

torque increased up to 5.09 Nm. The simulation was rerun with the new value of 

the torque, applied to the central sphere grove, which equals 9.226 Nm. This 

torque is equivalent to the force of 92.26 N, which is the theoretical maximum 

that the setup can provide with Sanyo Denki 103h8222 stepper motors. The 

results of the simulation are presented in Figure 85.  

 

a) b) 

Figure 85. The maximum principal stress in the joint (for the motor torque of 5.09 Nm): a) 
cross section; b) general view. 



143 

 

 As it can be seen, the stress distribution repeats the previous simulation. The 

maximum stress is located in the intermediate link and equals 72.064 MPa. This 

value is much higher than in the previous simulation. It explains the failure of 

the intermediate link made of ABS. In the final variant of the experimental setup, 

the intermediate links were reprinted with Onyx – material, provided by 

Markforged Company. This material withstands the load of 71 MPa, which is 

lower than in the simulation, but the specified motor torque is a static holding 

torque, which is higher than a torque in motion that is mainly used in the haptic 

device force feedback system. That can explain the proper work of the 

mechanism during the test period. 

Considering the results of both simulations, the necessity in the design 

improvement is well seen. The stress distribution can be improved by increasing 

the dimensions of the intermediate link and the blue crank. However, it should 

be done rationally as it can involve increasing the dimensions of the other parts 

and as a result, enlarging the joint itself.  

3.2. Differential gear-based design  

Following a similar procedure to the one associated to the joint active 2R 

spherical mechanism-based joint, now the kinematic analysis and quasi-static 

analysis of the joint differential gear-based design will be carried out. 
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3.2.1. Kinematic analysis of the joint 

3.2.1.1. Direct position problem 

The proposed joint has simple kinematics, which allows using rotation matrices 

in order to solve direct position problem. The design of the joint allows using 

only roll-pitch rotation, because the axis of rotation of the red part (see Figure 

86) coincides with X axis.  

  

a) b) 

Figure 86. Representation of the joint's rod location: a) in a CAD model; b) schematically, 
with the intermediate moving frame �′�′�′. 

The rotation matrix is obtained as, 

A),C ⋅ A5,F = G cos � 0 sin �sin � sin � cos� − cos � sin �− cos � sin � sin � cos � cos � H (71) 

The orientation of the joint’s rod can be obtained by multiplying equation (71) 
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by the vector, representing initial vertical position of the rod: 

IA),CJIA5,FJ *001/ = *
sin �− cos � sin �cos � sin � / (72) 

It should be noted that in Eqs. (71) and (72), β is not the input angle of the 

actuators’ shafts rotation. This angle is the angle of rotation of the rod around the 

V’ axis of the moving frame. Due to the presence of the reduction gear in the 

joint design, angle β can be calculated as, 

� = R·�·3S ����¸ + �� (73) 

where βinp is the angle of rotation of the actuators’ shafts, and Z1 and Z2 are the 

number of teeth in the pinion and in the gear, respectively. Because of the coaxial 

shafts, compensation of the input angle �, during the actuation of ���¸ is 

necessary.  

In order to obtain all the possible solutions, which are provided by the input 

variables, the input variables should be related to output variables. 

The rod’s orientation specified by the output variables can also be calculated by 

using the rotation matrix. As in the previous case, the first rotation occurs around 

the (-axis (output angle �, see Figure 86), then around �’-axis (output angle �). 

The complete rotation matrix is, 

AB,C ⋅ AE,F = G cos � 0 sin �sin� sin � cos� −cos � sin�−cos� sin � sin� cos� cos � H (74) 
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By multiplying the complete rotation matrix by the vector of the rod in its initial 

position, the position of the rod can be computed as follows, 

IAB,CJIAE,FJ *001/ = *
sin �− cos � sin�cos� sin � / (75) 

The relation between inputs (�, �) and outputs (�, �) can be obtained using Eqs. 

(72) and (75):  

.¨ = sin � = sin� (76) 

.º = −cos � sin� = −cos � sin � (77) 

.© = cos� sin � = cos � sin � (78) 

From these equations it can be seen that: 

� = 	� (79) 

� = � (80) 

3.2.1.2. Inverse position problem 

In order to simplify the solution of the inverse position problem, the equation 

(72) should be modified by dividing components of the vector � by the term cos � sin �: 

� = * sin �− cos � sin �cos� sin � / = <
1cos �− cot � tan �1 ? (81) 
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Now, vector we can consider vector � as � = »� ^ 1¼_. The inputs �, � can 

be obtained as, 

� = cosQ� R1�S (82) 

� = cotQ� o ^tan�p (83) 

From where the value of angle βinput can be calculated according to the equation 

(73). 

3.2.2. Velocity equations and the workspace characterization 

3.2.2.1. Kinematic Jacobians and singularities 

In order to assess the workspace of the joint, the Jacobians should be obtained 

and investigated for the singularity conditions. Deriving the Eqs. (79) and (80) 

with respect to time, the velocity equations can be written as, 

�� = ��  (84) 

�� = ��  (85) 

Being put into the matrix form, 

½1 00 1¾ |���� � = ½1 00 1¾ |����� (86) 

From the equation (86) it is obvious that the Jacobian matrices are both the 

identity matrix, and thus, the determinant will be always one. Hence, in 
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theoretical workspace neither direct nor inverse singularity can exist. Therefore, 

the joint can move freely along the whole workspace, and this workspace will 

be only limited in practice by the physical constraints imposed by the geometric 

features of the joint's design. 

3.2.2.2. Performance indices: Kinematic Conditioning Index and 

Global Conditioning Index 

As it was done for the first joint design, the workspace of the joint was assessed 

making use of KCI. Due to the simplicity of the direct and inverse Jacobians of 

the joint, KCI equals 1 along the whole workspace, demonstrating maximum 

possible mobility.  

As GCI is an average value of KCI along the workspace, it also equals 1.  

3.2.3. The quasi-static analysis 

The proposed joint has simple kinematics, which provides linear relations 

between input torques and output forces. The output force, induced by the red 

actuator can be obtained as,  

�� = ���� (87) 

where �� is the distance between the point ¤ (see Figure 87), and the axis of 

rotation of red input. �� can be found as, 

�� = {¥ cos � (88) 
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being, {¥  the distance between the point ¤ and the center of the sphere.  

The output force, produced by the blue actuator, can be found as, 

�� = R·3·�S ��{¥ (89) 

The gears, used in the joint design provide force amplification, proportional to 

the gear ratio, which can be profitable for highly loaded applications.  

 
Figure 87. Force transmission in the joint. 

As the two output forces are perpendicular to each other, the scalar value of the 

resulting force yields: 

� = ¬��3 + ��3 (90) 

In order to identify the most loaded area in this joint, let us consider the bevel 

gears. It can be seen from Figure 87 that in order to place the bevel gear inside 

the central sphere, the gear should have relatively small module (0.5-1). It causes 
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the gear teeth being small and having little cross-section area, which makes it 

one on of the most loaded parts in the joint. From the equation (89) it can be seen 

that one of the force components depends mostly on the gear ratio. In theory, 

depending on the chosen gear ratio, the most loaded gear can be different, but in 

this design, the gears that are placed on the blue input shafts will always be 

smaller than the gear of the central sphere. It is clear that the smaller is the radius 

of the gear, the bigger is the force that it transmits through its teeth with the same 

value of torque. Thus, in this joint, the most loaded area is the teeth of the blue 

input shaft gears. 

It can be seen from the calculation that there are no force components generated 

by the actuators that affect the friction force in this joint, thus it will depend only 

on the vector of load force �±¿. The friction force can be found using equation 

(67), where the normal force �±� = −�±¿. 

3.2.4. Finite element analysis 

Similar to the active 2R spherical mechanism-based joint, Ansys Workbench 

18.0 was used to study the load distribution qualities. As it was indicated in the 

previous Section, in the current design, the most loaded parts of the joint are the 

bevel gears, as their teeth are subjected to the high motor torque and have very 

compact dimensions. In addition, the teeth interact with each other along the 

contact line, which provides very little contact area and as a result, high pressure.  

In order to simplify and speed up the simulation, only a gear and a pinion was 

tested. The CAD model was generated in SolidWorks 18 from the standard ISO 

library. The gear parameters were the set the same as the ones used for the haptic 
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device experimental setup, presented in Section 4.1.2.3 (module 1.5, Z1 = 15, Z2 

= 30). Next, CAD model was imported to Ansys Workbench 18.0. The material 

of both gears is S45C steel, its’ main parameters are presented in Table 4. 

Table 4. Main parameters of the S45C steel 

Mechanical Properties Parameter value 

Density 7870 kg/m3 

Tensile Strength, Ultimate 565 MPa 

Tensile Strength, Yield 310 MPa 

Modulus of Elasticity 200 GPa 

Bulk Modulus 140 GPa 

Poisson’s Ratio 0.290 

Shear Modulus 80 GPa 

In the experimental prototype, which will be detailed in Section 4.1.2.3, the gear 

(Z2 = 30) is glued to the central sphere of the joint by the bottom surface and the 

hub. These surfaces were specified as fixed supports. The pinion (Z1 = 15) is 

fixed on the input shaft, which is specified as frictionless support in the 

simulation. The input torque of 5.09 Nm was applied to the same surface. The 

contact between the gears was specified as “no separation”, as it is the most 

appropriate type of contact for the sliding surfaces. The mesh was generated with 

the default parameters. In the solution part, the maximum principal stress and 

the moment probe were selected as the examination characteristics. The moment 

probe is necessary to verify the simulation, as the output torque in the gear can 

be easily calculated as: 
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�À£­ = ·3·� ∙ ��� = 10.18	8Âe9 (91) 

The simulation provided the torque value equal 10.506 Nm, which is close to the 

expected value, thus the simulation should be considered as valid.  

The stress distribution in the gears is presented in Figure 88. 

 
Figure 88. Maximum principal stress in the bevel gears or the joint. 

According to the simulation, the maximum stress value equals 94.735 MPa. It is 

located in the base of the pinion’s tooth. The maximum stress obtained by the 

simulation is significantly smaller than the maximum limit specified for S45C 

steel. The gears have satisfactory safety margin for the current conditions and 

will safely work in the haptic device prototype.  

If the joint will be applied in other applications, which are subjected to a higher 

load, the material of the gears can be replaced or the gear module can be changed 

in order to improve the performance. However, increasing the gear module 

affects the dimensions of the elements of the joint and can lead to an increase of 

the joint dimensions and inertial forces.   
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4. Experimental setup design 

In previous chapters, the most promising joint designs were chosen and their 

theoretical characteristics were considered. In order to evaluate their practical 

performance features and compare them with the theoretical ones a series of 

experiments should be carried out. This Chapter provides the information on the 

design of the experimental setups for the joint comparison. It includes the 

development of mechanical design, electronic hardware and software that will 

be used in Chapter 5 to obtain experimental data.  

4.1. Experimental setup of the active 2R spherical 

mechanism-based joint 

4.1.1. Mechanical design development 

4.1.1.1. Functionality testing 

In order to examine the physical characteristics of the joint, the first prototype 

was manufactured by 3D printing with fused deposition modeling technology 

(FDM) (see Figure 89a). The prototype was printed with Stratasys Dimension 

1200 SST machine, produced by Stratasys. This printer uses ABS plastic with 

good mechanical properties. However, the precise part manufacturing is 

impossible with FDM technology and requires manual finishing. The clearances, 

which appeared during the finishing process, limited the joint application 

primarily to demonstrative purposes and concept testing.  
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a) b) 

Figure 89. Active 2R spherical mechanism-based joint prototype. 

First, the joint performance was tested. In order to do that, a simple experimental 

setup, presented in Figure 89b, was assembled. Three Nema 23 stepper motors 

were used as actuators, two of which were actuating the blue cranks. In order to 

simplify the setup, only one motor was used for the red input actuation (the 

central motor). However, the actuation of both blue cranks is necessary in order 

to keep the mechanism under control in case it goes through the singularity 

position, described in Section 3.1.2.1. 

4.1.1.2. Haptic device application 

In order to adapt the prototype, presented in Figure 89a for haptic device 

application, several design modifications had to be made. The functionality 

testing indicated that the plastic shafts of the cranks were significantly deformed 

in the places where they were connected to the motors. When the joint will be 
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used with the force feedback, it will be exposed to high torque and proper 

connection of the actuators to the joint inputs will be very important. For this 

reason, the design of the cranks was modified, so they had 3D printed plastic 

body with the metal shaft connected to it (see Figure 90).   

 

Figure 90. Modified cranks. 

The modified shafts provided reliable connection and torque transmission from 

the actuators to the cranks. Three cranks were replaced (two blue cranks and one 

red crank) in order to build the haptic device experimental setup, which is 

schematically represented in Figure 91a. The joint 1 was placed in the center of 

the setup, its input shafts were connected to the absolute encoder sensors 

(working as potentiometers) 2 through rigid bushings. These encoders were 

providing the data about the input shafts angle of rotation. Special bushings 3, 

which were fixed on the encoder shafts, served the purpose of step-to-torque 

transformation and torque transmission from the stepper motors of the blue 4 

and red 5 inputs through the belt drives 6. Clamp 7 is used to lock one DOF of 

the joint, implementing the reconfigurability in this haptic device.  
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a) b) 

Figure 91. Experimental setup: a) general scheme; b) practical implementation. 

In order to provide the force feedback for the haptic device, the special bushings 

(4 in Figure 91a) that transform the steps of the stepper motor into torque were 

designed. Their design is presented in Figure 92. The bushing consists of outer 

1 and inner 2 drums. The pulley 3, which receives the input torque from the 

stepper, is fixed to the outer drum. The drum also has a slot, in which a partition 

4 is installed and fixed with the screw. This partition separates and supports the 

springs 5 that are pressing the inner drum with their other ends.  

 
Figure 92. Steps to torque transforming bushing. 



157 

 

The bushing is connected to the motor (through the belt drive) from one side and 

to the input shaft of the joint with the other side. When the motor is rotating and 

the handle of the joint is fixed (the operator holds it still), the drums of the 

bushing start rotating with respect to each other. It leads to compression of one 

of the springs, which is placed between the drums. The spring creates the force 

that is being transmitted through the mechanism to the handle, where it is 

measured by the sensors and perceived by the operator.  

To measure the force, generated by the force feedback system, it was decided to 

use ELAF-T1M-250N sensors. The range of these sensors is 0-250 N, the 

sensors come with built in amplifier modules, that provide output voltage 0-5V. 

This output range is convenient for connecting it directly to analog input pins of 

the Arduino board. However, the sensors can be subjected only to axial load, as 

the other kind of loading can lead to failure. This feature was taken into account 

when the design of the handle was created (see Figure 92). 

   
a) b) 

Figure 93. Handle design: a) manufactured prototype; b) blueprints. 
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The handle consists of two equal blocks that contain the sensors. Each block 

consists of two parts that are connected to the sensor 1: L-shaped 2 and П-shaped 

3. The groove 4 that is made in the П-shaped part allows it to act as a revolute 

joint and at the same provides the rigidity of the structure without any clearances 

that can cause sensor failure. The blocks are arranged in a way that the sensors 

axes are perpendicular to each other.  

In the initial configuration of the setup, Nema 23 motors with the maximum 

holding torque of 1.89 Nm were used. Considering the belt drive ratio of 1:3, the 

output force in the haptic device handle of 10 cm long is 56.7 N. However, the 

dynamic torque is typically smaller than the holding torque and depends on the 

settings of the motor driver. When the preliminary software was developed and 

force feedback tests started, it appeared that stepper motors loose steps, when 

the force is high. Decreasing the maximum force did not give satisfactory results. 

The small force is uninformative and sometimes can be confused with the 

friction force caused by manufacturing imperfections. In order to solve this 

problem, the Nema 23 stepper motors were replaced with Nema 32 Sanyo Denki 

103h8222 stepper motors; with the maximum holding torque equal 5.09 Nm 

(measured for 6A current).  

The problem of losing steps was solved, but the increased torque caused several 

mechanical problems and failures in the mechanism, which will be explained 

subsequently.  

The first problem was related to the belt drive. Initially, the drive contained 

pulleys and belts with the T2.5 profile. It appeared that with the new torque, the 

belts were jumping over the teeth of the pulleys due to the flexibility of the setup 

or the lack of tension. It was decided to replace the belt drive with the one that 
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would have bigger belt profile. Considering the diameters of the shafts and the 

size of the original pulleys, 5M profile was chosen. The ratio of the belt 

transmission has changed from 1:3 to 1:2; corresponding changes were made in 

the software part. The new belt drive ensured stable torque transmission even 

with the low belt tension.  

The second problem was destruction of one of the intermediate links caused by 

the shear force. It was cut in two pieces, one of which remained in the crank and 

the other one stayed in the central sphere groove (see Figure 94a). In Section 

3.1.4 it was indicated, that for the initial variant of the setup, the intermediate 

links made of ABS have a safety margin, but in the new conditions the load is 

significantly increased and the failure is logical. 

 
 a) b)  

Figure 94. Mechanical failure of the parts: a) connecting link failure; b) red input crank 
failure. 

To solve this problem, the replacement parts were manufactured with 
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Markforged Mark Two 3D printer using Onyx material, which provides better 

mechanical properties than ABS. In addition, Markforged 3D printer provides 

thinner layers of material then the Stratasys printer that was used for the joint 

manufacturing. This feature decreases the anisotropy of the mechanical 

properties of the printed part. 

Next, the red input crank failed in the place where the metal shaft was connected 

to the plastic crank body (see Figure 94b). In order to solve this problem, an 

aluminum replacement part was manufactured (see Figure 95). 

 

Figure 95. Red crank replacement. 

The design of the metal crank is the same as the plastic one, with the only 

difference that it is fixed to the shaft without gluing. This design, however, had 

to be modified as when it was installed, the sharp edges of the crank started 

cutting central sphere, which was made of much softer ABS plastic. The small 

chamfers, which were made initially, were not sufficient and had to be improved. 

After several iterations, the chamfers were replaced by filets with the radius of 

1.5-2 mm, which were made manually with files and sand paper. 

After the red crank replacement was installed, the tests and development of the 

software part was continued. After several trial runs with the force feedback 

turned on, one of the revolute joints, which the mechanism contained, started to 



161 

 

jam when handle was moved in horizontal direction towards positive side. When 

the joint was disassembled, it was found that the groove of the central sphere, 

which forms a sliding contact with red crank, was deformed (see Figure 96). 

 

Figure 96. Central sphere deformations. 

The deformations were caused by indentation of the aluminum red crank into the 

central sphere material, when the force feedback is on. As it can be seen, the 

biggest deformations are located near the place, where the groves cross. When 

the red crank pass that place, the contact area between the groove and the crank 

decreases, and the pressure rises. The aluminum crank is harder than ABS body 

of the central sphere, thus it deforms the surface of the groove and makes a step, 

which prevents the crank from sliding further and causes jamming. The solution 

of this problem was changing the material of the central sphere to Onyx, which 

has better mechanical properties.  

After the central sphere replacement, the haptic device performance was 

satisfactory during the whole test period. The last thing added to the design was 

a clamp that locks the vertical direction of the handle motion. This clamp was 
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necessary to test the reconfigurability of the joint in the haptic device application. 

It provides the ability of precise pure horizontal motion. The mechanism of the 

clamp is presented in Figure 97. 

 

Figure 97. The clamping mechanism. 

The clamp consists of three flat aluminum beams 1 (in the Figure 97 the top 

beam is removed) attached from one side to the L-shaped base 2 with the axle 3 

and on the other side to the eccentric 4, connected to the handle 5. In the center 

of the beams, there is an opening for the bushing 6. This bushing connects the 

output shaft of the joint with the revolute encoder. The clamp is manually driven. 

In order to lock the vertical DOF, the handle 5 should be moved either to the left 

or to the right. The motion of the handle causes the eccentric 4 to turn and push 

the central aluminum beam towards the bushing 6. The friction between the 

bushing and the aluminum beams prevents the output shaft of the joint from 

rotation, thus locking the vertical DOF.  

The completely finished experimental setup is presented in Figure 98. 
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Figure 98. The compete experimental setup. 

4.1.2. Software and electronic hardware development 

The control of the setup was implemented with Robot Operating System (ROS) 

Melodic Morenia, running on Xubuntu 18.04 LTS. ROS is a modular system, 

which allows building custom structures from programs, called “nodes”, which 

communicate with each other using special protocols called “topics”. In these 

topics, the programs exchange messages, which carry certain information, 

necessary for the system to work properly.  

The hardware part of the control system contained a Raspberry Pi 3B, with 

Xubuntu and ROS installed, and two Arduino Due boards. One of the boards was 
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used as a low-level controller for the stepper motors, the other one processed 

data from Gefran PS-20 absolute rotary encoders and the ELAF-T1M-250N 

force sensors. Three Geckodrive G201X stepper motor drivers drove the Nema 

32 stepper motors. The drivers were powered with a 24 V 10 A power supply.  

4.1.2.1. Functionality testing 

To test the joint functionality, the software that was developed in the 

COMPMECH research group for the prototype testing was used. This software 

consists of two ROS nodes, one of which runs on Raspberry Pi, and the other 

one – on Arduino. The Raspberry Pi part has graphic user interface (GUI) (see 

Figure 99) and is able to execute trajectories consisting of the discrete points by 

reading them from *.xls file. This feature makes this ROS node reusable, as the 

main relationships are always contained *.xls file, which should be prepared for 

each particular prototype. This ROS node only sends the messages to Arduino 

and receives the reply about the task execution. The Arduino part receives the 

commands from the Raspberry Pi node, which contain the information about the 

steps and direction of rotation of the stepper motors. Then it executes the 

command (runs the steppers) and sends a message when the motors finish 

rotating. After that, if *.xls file contains another point of the trajectory, the next 

message to Arduino is sent and the cycle runs one more time. In addition, the 

commanding node is able to send messages manually through the graphic 

interface.  
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Figure 99. Graphic user interface of the commanding ROS node. 

All the components of commanding ROS node were written in Python language. 

Glade software was used to create GUI. 

4.1.2.2. Haptic device application 

The haptic device application required more complex software structure, thus, 

special set of ROS nodes was developed. The structure of the created system is 

presented in Figure 100. 
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Figure 100. System structure: nodes and their connections. 

The system consists of six nodes, which communicate with each other using 

several topics. The main node is responsible for the 2-RFR mechanism control 

and the haptic device operation. There is a set of nodes that serve auxiliary 

purposes, as transforming data (data converter node), preparation of the haptic 

device for the test (handle preparation node), and returning the end-effector of 

the controlled mechanism to the initial position (2-RFR mechanism preparation 

node). Two nodes work on Arduino: one is responsible for the sensor readings 

(Arduino: sensors) and another one for the motor control (Arduino: motors). Two 

separate Arduino Due boards are used to improve the speed of the system as the 

initial tests with one and subsequently two Arduino Mega boards provided 

unsatisfactory results. The analog-to-digital conversion process, which is used 

to obtain the sensor readings, is slow and limits the maximum speed of the 

stepper motors.  



167 

 

4.2. Experimental setup of the differential gear-based 

design  

4.2.1. Mechanical design development 

4.2.1.1. Functionality testing 

In order to test the joint’s performance, several prototypes were built. The first 

prototype (see Figure 101), which served mainly for demonstration purposes was 

manufactured using 3D printing with FDM technology. The main parts, such as 

the base, the sphere and the red input part, were printed with Stratasys Dimension 

1200 SST. The gears of module 1 were printed with Markforged Mark Two 3D 

printer as it is more precise and provides better surface finish. For the blue input 

metal shafts were used. The pinions were fixed on the shafts with the glue and a 

metal pin. 

 

Figure 101. Demonstrative prototype. 

This prototype was not intended to be applied in any mechanism, due to the 

mechanical properties of the printed parts. The anisotropy of the parts, in 
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particular the pinions can cause cracks and breakages under load or even during 

the assembly. However, this initial prototype served as a demonstrative one, and 

gave us ideas on how to achieve a functional prototype. Its experimental setup is 

presented in Figure 102. 

 

Figure 102. Experimental setup for the functionality testing. 

Due to the lack of precision caused by the manufacturing approach and the 

manual finishing of the parts, the investigation of precision properties of the joint 

with this prototype is problematic. In this setup, the base part was fixed to the 

aluminum table and the inputs were actuated with three Nema 23 stepper motors. 

The blue inputs were connected directly to the stepper motor through the flexible 

bushing, and the red input was connected to its motor with the belt.  

The electrical and software part used in the setup was the same as described in 

Sections 4.1.2 and 4.1.2.1.  
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4.1.2.3. Haptic device application 

The prototype, which was made for the functionality testing, was not suitable for 

the haptic device application due to the problems cause by plastic gears. 

Considering the results of the finite element analysis, presented in Section 3.2.4, 

the gears of joint should be manufactured from metal. In order to speed up the 

design process, it was decided to use commercially available gears. In the new 

design, the bevel gears of the module 1.5 with Z1 = 15 and Z2 = 30, proposed by 

RS Components were applied. The elements of the joint were redesigned 

according to the dimensions of the new gears. The new design of the joint is 

presented in Figure 103. 

 

Figure 103. The joint design for the haptic device application. 

The diameter of the central sphere 1 was increased to fit the gears with bigger 

module. The red part now consists of a 3D printed central part 2 and the hollow 
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shafts 3 machined from aluminum. During the assembly, the red part was broken 

near the bearing location (see Figure 104). The bearings were replaced with a 

slider bushing and the aluminum cap was machined to replace the broken 

fragment. The cap was fixed with epoxy and two M6 screws.  

 

Figure 104. The part of the central sphere: broken (on top); fixed (at the bottom). 

The next step was to assembly the haptic device experimental setup. The final 

setup is presented in Figure 105.  

The setup is placed on a base of two wooden panels. In this joint, the output 

shafts are located higher than in the previous setup, so the joint had to be placed 

deeper in order to use the parts from the previous configuration. The motors of 

the haptic device were placed on the left side of the setup and the absolute 

encoders – on the right side. Both encoders were belt driven. One of the spring 

bushings had to be adapted to a 17 mm diameter output hollow shaft. The locking 

mechanism was placed in the same hollow shaft, where the actuator is attached. 
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The base of the setup was clamped to the table in order to prevent it from moving 

during the tests. 

 

Figure 105. The haptic device experimental setup. 

4.1.3. Software and electronic hardware development 

For the functionality test of the haptic device in the second configuration, the 

same software was used. The only difference was the MS Excel file, where the 

trajectory was taken from. The ROS packages (see Figure 100) for the haptic 

device were modified according to the new configuration. The changes, which 

were made, were related to the joint kinematics. The main working principles 

remained the same.  
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5. Experiment and discussion 

This Chapter provides methodology for the experimental comparison of the 

proposed joints, the experimental results, their interpretation and discussion. 

The experimental part is divided into the functionality testing and the haptic 

device testing. The main goal of the functionality tests is the proof of concept. 

In these tests, the possibility of joint manufacturing, assembly and control is 

verified. In addition, the practical clearance compensation ability was tested. 

Another goal is to test the design solutions and develop better joint designs for 

the haptic device application tests. 

Haptic device testing is intended to investigate the performance of the joints in 

a real application. These tests should provide objective and subjective data that 

will be able to identify the best joint design and the most appropriate control 

mode for it. 

5.1. Methodology of the experiment 

5.1.1. Functionality testing 

Functionality testing consist of the trajectory test and the clearance 

compensation test. 

In the trajectory test, a simple trajectory is defined for the two joint prototypes 

(see Table 5). It starts and ends in the vertical position, so it would be easy to 

make several runs in a row.  
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Table 5. Trajectory of the joint’s rod. 

Position number 1 2 3 4 5 6 

Value of � (°) 0 0 -45 45 0 0 

Value of � (°) 0 -45 -45 45 45 0 

This test is intended to verify the functionality and controllability of the joint 

prototype in active mode. The measurements were obtained with the Rotating 

Sphere Inclinometer application, which was installed on the Xiaomi Redmi 3 

Pro mobile phone. This application utilizes the accelerometer of the phone to 

provide the information about its orientation in space. When the joint rod was in 

the desired position, the phone was attached to it to measure the inclination. The 

results will be presented in Sections 5.3.1.1 and 5.3.1.2. 

The other part of the test was to check the clearance compensation ability. In 

active 2R spherical mechanism-based joint, the most complex task is to 

compensate angle �, due to the kinematics of blue actuators. The experimental 

setup described in Section 4.1.1.1 allows testing of angle �. In order to do that, 

the joint needs to be stopped in a certain position. The clearance is compensated 

by sending a command to the actuator, which is the closest to its singular position 

(see Section 3.1.2.1). This causes the small motion of the crank that should be 

enough to compensate the clearance of the mechanism. Even if the compensating 

actuator is in a singular position, this small motion should be able to compensate 

the clearance.  

The clearance compensation in the differential gear-based design 3rd concept 

joint prototype was implemented by means of pretension in the gears. This joint 

can provide dynamic clearance compensation. In order to do that, before the 
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operation, the stepper motors of the setup were given the commands to turn to a 

small angle in order to eliminate the clearance between the bevel gears and create 

the pretension conditioned by the elastic deformation of the joint elements. After 

this procedure, the joint should keep the pretension in any position of the joint 

rod. 

5.1.2. Haptic device testing 

As it was presented in Section 1.2.2, 2R joints have been applied in serial haptic 

devices, such as those in [68]. In this case, the joints are used as part of a passive 

system, in which the user moves the end-effector of the serial structure [68], [69], 

or the end of the rod of the single joint [63]. The proposed joint designs can be 

applied as a haptic device, similar to the designs presented in previous references 

[63], [69], but with the additional advantage of reconfigurability by locking one 

of the joint’s DOFs. This feature can provide precise motion of the remaining 

DOF, which in a real application can be represented as following the straight line 

without trajectory deviations.  

In this dissertation, the haptic device based on the reconfigurable joint was 

developed. The device uses the joint as a “joystick” with the force feedback 

system. This device was used to move planar flexible 2-RFR manipulator, 

designed by our COMPMECH research group (http://www.ehu.eus/compmech). 

The base of the manipulator (see Figure 106) is a square frame made of 

aluminum profile with the side of 2 m. A white acrylic sheet with the coordinate 

mesh covers the backside of the frame. One of the actuators is located on it. The 

front side consists of two transparent acrylic covers that can be opened for 

maintenance purposes and the middle acrylic segment, to which another actuator 
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is attached. The manipulator has two flexible nylon rods connected to the 

actuators on one side and to the end-effector on the other side. Each flexible 

nylon bar is equivalent to two bar limbs of the common five-bar mechanism. 

This ultraflexible manipulator is intended to be safer for applications that involve 

human-robot interaction.   

 

Figure 106. The planar ultraflexible 2-RFR manipulator (COMPMECH Group). 

The main target is to evaluate the feasibility of using the proposed joints as a 

haptic device equipped with force feedback, which helps to indicate some 

particularly undesirable positions of the ultraflexible manipulator [109]. In this 

system, the actuators were attached to the red and blue cranks together with the 

revolute encoders in order to provide feedback in the form of counteracting 

forces. This feedback is necessary to control this kind of manipulator; apart from 
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conventional singularities, this mechanism has special positions that are caused 

by the flexibility of its bars. The bars accumulate mechanical energy while 

bending and, at some moment, this energy can be released in an uncontrollable 

way. The exact moment of the accumulated energy release cannot be visually 

predicted and needs to be previously indicated. When the mechanism approaches 

one of these positions, the forces created by the actuators (that resist the attempts 

of the operator to move the rod of the joint further) get higher. 

Two mechanism control scenarios were considered: direct position control, and 

velocity control. In the direct position control scenario, the position of the rod of 

the joint directly corresponds to the position of the end-effector of the 

manipulator. This control scenario is intuitive for the operator, however, the 

resolution in this mode would be highly influenced by the operator’s skills and 

abilities. The second scenario is to control the velocity of the end-effector in a 

certain range. In this case, the operator controls the velocity components (X, Y) 

by the inclination of the rod in a proper direction. This scenario provides an 

improved accuracy because it does not require high precision and sensitivity 

from the operator.  

5.1.2.1. Experimental tasks planning 

The ability to control a haptic device is subjective and depends on the variety of 

skills and personal qualities of the operator. In order to minimize the influence 

of each particular person, normally haptic device evaluation involves 

participation of a large number of people. In different research, the number of 

subjects varies from 10 [110] to more than 50 [111]. The participants are asked 

to perform objective and subjective tests [112]. The objective tests typically are 
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related to the parameters which are convenient for the numerical assessment. 

The example of such tasks can be repeating the trajectory and following some 

“leader”. In these tasks, the evaluation criteria can be the accuracy of 

displacement (deviation from the desired parameters), velocity and time. The 

subjective tests involve using questionnaires in order to register the personal 

experience of testing the device for each of the participant. In research dedicated 

to haptic devices such well-known tools as National Aeronautics and Space 

Administration Task Load Index Assessment (NASA TLX) [113] and After-

Scenario Questionnaire – International Business Machines (ASQ IBM) [114] are 

used. In these tools, the test subjects are asked to fill a form, which contains 

several questions. To do this, the person should mark the appropriate part of the 

scale (from positive to negative), which represents the question. The result of 

these tests is quantitative and it is easy to analyze with any mathematical 

approach. For both objective and subjective results, different ways of statistical 

analysis were proposed. The most used methods are Analysis of Variance 

(ANOVA) [115]–[123], Mann–Whitney U [116], [124]–[127] and Friedman 

[128], [129]. 

Based on this information, the arrangement of the experiment can be made. The 

test group should involve from 15 to 20 subjects, who will be asked to control 

2-RFR ultraflexible mechanism using two modes: position control and velocity 

control. The testers should be asked to fill NASA TLX questionnaire, as it is 

more informative than the ASQ. ASQ contains only three general questions, 

while NASA TLX contains six more specific questions that can indicate the 

hardest part of the task. 

For each of the modes the following tasks should be executed: 
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Task 1: Finding the workspace borders and singular positions with the force 

feedback turned off. 

Task 2: Finding the workspace borders and singular positions with the force 

feedback turned on. 

Task 3: Execution of the defined trajectory. 

Task 4: Following the leading object within a defined distance. 

In order to perform the four main tasks, the experimental setup was equipped 

with a projector, which projected an image on the mechanism. The scheme of 

the setup and its practical implementation are presented in Figure 107. The tester 

1 is holding the handle of the haptic device 2 and is looking at the ultraflexible 

2-RFR mechanism 3, where the projector 4 projects the image, corresponding to 

the current task (the projector was not used in a trial run shown in Figure 107b). 

  

a) b) 

Figure 107. The experimental arrangement: a) a scheme of the setup (top view); b) practical 
implementation. 
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The first and the second tests are intended to evaluate the efficiency of the force 

feedback system, in order to understand how much help it can provide to the 

human operator. In this task, the tester is asked to reach the workspace limits, at 

first using visual feedback and intuition, then using force feedback system. In 

order to decrease the amount of time needed for these tests (as the workspace in 

theory has infinite amount of positions), several directions of motion are 

proposed to the operator (see Figure 108). The tester has to choose one of the 

blue lines and one of the red lines and move the end-effector along them until it 

reaches the border of the workspace (the end-effector will stop). After reaching 

the border, the operator should move the end-effector in an opposite way, 

following the same line. When the border will be reached, the line should be 

changed, or, if both lines were passed, the test is finished. The tester is asked to 

report how successful he/she was in predicting the border of the workspace. The 

grade should be put in the “Performance” part of the NASA TLX form. 

The other purpose of these tasks is getting used to the haptic device controls 

before more complex tasks 3 and 4, which require precise or/and fast actions of 

the operator.  

 
Figure 108. The image projected on the mechanism during the first test. 
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During the third task, the main target is to evaluate the accuracy of the system. 

The tester was asked to follow the trajectory, which was projected on the 

backside frame of the mechanism (see Figure 109). 

Figure 109. The trajectory (in orange), corresponding to the task three. 

In Figure 109 the trajectory is represented in orange; the workspace (in green) is 

not shown during the test, so the parts of the trajectory, which were close to the 

border (indicated with red ovals), were indicated only with the force feedback. 

The trajectory starts from the initial position (0, 90) cm and finishes at (0, 60) 

cm. The tester is asked to follow the trajectory as precise as possible, the time is 

not measured. The task was filmed in order to grade it later. If the end-effector 

of the 2-RFR ultraflexible mechanism was moving more than 6 cm away from 

the trajectory line, it was considered as a trajectory deviation. In addition, if the 

tester was going through the “shortcuts” near the angles of the trajectory, it also 
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was counted as a deviation. During the grading, the amount of trajectory 

deviations was counted and put in a data table, which later was used in statistical 

analysis. 

In the fourth task, the operator was asked to follow a leading object within a 

certain distance. This test is intended to estimate the ability to respond to variable 

environment. The precision is the main criterion of the assessment. The leading 

object in this task was a red dot, surrounded by the red circle, which was moving 

along the trajectory, presented in Figure 110 in orange.  

 

Figure 110. The trajectory of the leading object (in orange), corresponding to the task four. 

The trajectory in this task is the same as in the task three, but mirrored around 

the Y-axis. The trajectory was altered, so the testers will not be able to memorize 

it. When the test is running, the operator cannot see neither the trajectory, nor the 
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workspace. The goal of the task is to keep the center of the end-effector within 

the red circle of the leading object. The radius of the circle is 10 cm. The leading 

object can move with different velocity (1-4 cm/s), which is always smaller than 

the maximum velocity on the particular part of the trajectory (in the velocity 

control mode). For instance, the leading object cannot move along the diagonal 

parts of the trajectory faster than 2 cm/s, because due to the joint workspace 

restrictions, the maximum speed of the end-effector in these parts can be only 3 

cm/s. The starting and ending points of the trajectory are the same – (0, 90) cm. 

The direction of motion is indicated in Figure 110 with cyan arrows. 

As in the task three, this task was filmed for further grading. Here the number of 

times, when the end-effector left the red circle was counted. The results were put 

in data table for further study.  

In a perfect case, there should not be any deviations in the Tasks 3 and 4. The 

more the deviation number is, the worse the corresponding task is executed. In 

order to standardize the results, it was decided, that as in the NASA TLX form, 

the maximum score of the Tasks 3 and 4 would be equal 20, which is considered 

as a complete failure. This score was also put in the cases when the number of 

deviations exceeds 20.  

The tasks 3 and 4 provide the most complete information on the performance of 

haptic device designs as they are testing the setup with exercises that correspond 

to practical tasks. They are executed with the force feedback and present its 

performance in complex environmental conditions. Thus, these tasks are the 

most representative and they will be used for joint performance comparison. 

Aside of these tasks, the possibility of locking one DOF of the joint and using it 
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for the precise straight motion was tested. However, this test does not require a 

test group, as it gives a definite result (positive or negative), thus it was not 

included in the list of tasks and was carried out separately.  

5.1.2.2. Statistical tools 

The haptic device testing produces significant amount of data. For instance, 

NASA TLX form contains six different parameters, thus assuming that we have 

17 testers doing 4 tasks in two control modes, the full set of data for one joint 

test will be: 6 × 17 × 4 × 2 = 816. This would be the full number of different 

values that have to be processed. In order to process this data set and obtain a 

definite result, statistical analysis was used. The statistical analysis should be 

used because we cannot rely only on sample mean to assess the test results. The 

data sample in our case is the outcome (the set of values of a selected parameter) 

of the particular task of the whole group of testers. The mean value does not 

provide enough information about the sample. One of the samples (especially in 

case of the small sample sizes) can have bigger mean than the other one because 

of a couple of accidental outlying values. The statistical tools can verify if there 

is a real significant difference between the sample means, or it is just an error 

caused by chance.  

First, it is necessary to identify if the studied samples are normally distributed or 

not. Depending on the result, parametric or non-parametric statistical tools 

should be applied. There are two main ways to identify if the data sample is 

normally distributed: graphical and numerical. The simplest way to check the 

data is to build an actual distribution graph, and then visually compare it with a 

normal distribution curve. However, on a small sample sometimes it can be hard 
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to identify if the actual distribution curve is similar to a normal one. In this case, 

a numerical approach can be used. One of the most widely used is Kolmogorov–

Smirnov test (KS-test) [130]. However, some sources [131], [132] recommend 

using the Shapiro-Wilk test as the one providing the biggest statistical power. In 

this dissertation, the Shapiro-Wilk test was used. In this test, the null hypothesis 

is that the data sample is normally distributed. The test is defined as, 

� = �∑ >�y8�9���� �3∑ 8y� − y̅9���� 3 (92) 

where: y8�9 is the --th smallest value of the sample (not to confuse with y�, the --
th value of the sample); >� is a coefficient, normally taken from the statistical 

tables; y̅ is the sample mean.  

If the obtained value � is bigger than the critical value for this sample size, the 

null hypothesis is rejected and the sample is considered not being normally 

distributed. 

The calculations related to Shapiro-Wilk test were done in Microsoft Excel and 

later verified using the www.statskingdom.com website, Shapiro-Wilk test 

section [133]. 

After the normality check, the proper statistical tools can be identified (see Table 

6).  
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Table 6. Analog of Parametric and Nonparametric Tests [134]. 

Number of samples Parametric tests Non-parametric tests 

One sample One sample T-test Sign test 

Wilcoxon’s signed rank test 

Two-sample 

Paired T-test Sign test 

Wilcoxon’s signed rank test 

Unpaired T-Test Mann-Whitney test 

Kolmogorov–Smirnov test 

K-sample 

Analysis of variance Kruskal-Wallis tests 

Jonckheer test 

Two way analysis of variance Friedman test 

According to the tasks and goals presented in Chapter 5, we need to compare the 

data produced by tasks one and two, in order to assess the performance of the 

force feedback system of the haptic device. This implies comparison of two data 

samples provided by the same testers. In this case, according to the table 6, 

depending on the sample distribution, paired T-test or Wilcoxon’s signed rank 

test should be used. The same type of tests should be used for identifying the 

best control mode, as there are two samples (we are considering tasks with 

different control modes in pairs), and the data samples are connected with each 

other by the testers. For the identification of the best joint design, the results of 

tasks shall also be analyzed in pairs, but there will be no connection between the 

samples, as different people passed the tests. In this case, unpaired T-test and 

Mann-Whitney test should be used. 
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5.1.2.2.1. Paired T-test 

In case the data sample is normally distributed, a paired (dependent) or unpaired 

(independent) T-test is used. Both types of the T-test compare the mean values 

of two data samples in order to define if there is a significant difference between 

them. The null hypothesis in the T-test is that there is no difference between the 

samples. It can be rejected if the result, provided by the T-test is less than a value, 

obtained for a certain probability number �. The conventional value of � is 0.05 

[135] is considered to be small enough to define statistical significance.  

In order to obtain the result of a paired T-test, several calculations should be 

carried out. First, the difference of each paired data (y� and z�) should be found: 

�� = y� − z� (93) 

Next step is calculating the mean of the difference, �̅ and the standard deviation 

of the differences, Å¡: 

Å¡ = Æ∑Ç�� − �̅Ç3.  (94) 

where, . is the sample size.  

After that, the standard error can be obtained as follows: 

Å¤��̅� = Å¡√. (95) 

Finally, the � value can be calculated as, 
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� = �̅Å¤��̅� (96) 

Knowing the degree of freedom of the sample (. − 1) and the probability value � = 0.05, it is possible to find the critical value using statistic tables. If this value 

is bigger than �, the null hypothesis can be rejected. 

5.1.2.2.2. The unpaired T-test 

The unpaired T-test can compare samples that have different sizes. For both 

samples the means (y̅�, y̅3) and the standard deviations should be calculated: 

Å� = Æ∑|y�� − y̅�|3.�  (97) 

Å3 = Æ∑|y3� − y̅3|3.3  
(98) 

Next, pooled standard deviation should be calculated as, 

Å¸ = Æ8.� − 19��3 + 8.3 − 19�33.� + .3 − 2  (99) 

The standard error can be calculated as follows, 

Å¤8y̅� − y̅39 = Å¸Æ 1.� + 1.3 (100) 
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Finally, it is possible to calculate T-statistics: 

� = y̅� − y̅3Å¤8y̅� − y̅39 (101) 

As in the paired T-test, the obtained � value should be compared with the critical 

value from the statistic tables. If � is less than the critical value, the null 

hypothesis is rejected and there is a significant difference between the samples. 

In order to calculate the T-test, Microsoft Excel was used. It has a built in 

function T.TEST(array1,array2,tails,type), which can calculate both paired and 

unpaired T-test. The function provides the result as a probability, which can be 

directly compared with � = 0.05. If the result is smaller than �, the null 

hypothesis is rejected. In order to verify the result of the calculation, the T-tests 

were also calculated online, using the Statistics Kingdom website in the paired 

and unpaired T-test sections [136], [137]. 

5.1.2.2.3. Wilcoxon’s signed rank test 

Wilcoxon’s signed rank test is a non-parametric alternative to the paired T-test. 

Similar to the T-test, it compares the means of the samples with the null 

hypothesis that there is no significant difference between the means. In order to 

obtain the result, several calculations should be carried out. First, the difference �� and the difference sign ��� should be obtained as, 

�� = |y3� − y��| (102) 

��� = �}.8y3� − y��9 (103) 

where, y�� and y3� are the paired sample data, and �}. is the sign function, which 
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returns 1 or -1. If the difference equals zero, the data pair should be excluded 

from the calculation. After that, the data pairs should be arranged in ascending 

order to assign rank 1� to each pair. The rank “1” is assigned to the pair with the 

smallest difference ��. The next ranks are assigned in ascending order with the 

step of one. If several data pairs have the same values of ��, they share the 

average rank. Then, the �È and �Q parameters should be calculated as, 

�È = É��� ∙ 1�¡ÊM É (104) 

�Q = É��� ∙ 1�¡ËM É (105) 

Knowing the size of the sample ., and the desired probability �, it is possible to 

find a critical value for the current test. After that, the smallest � value should 

be compared with the critical value. If the obtained � value is smaller than the 

critical value, the null hypothesis can be rejected. 

The calculations of the Wilcoxon’s signed rank test were made in Microsoft 

Excel, as it is provides convenient data arrangement and has built in ranking 

function (RANK.AVG (number, ref, [order])). The results of the calculations 

were verified with the Statistics Kingdom website in the Wilcoxon’s signed rank 

test section [138]. 

5.1.2.2.4. The Mann-Whitney U-test 

The Mann-Whitney U-test is a non-parametric analog to the unpaired T-test. Its 

null hypothesis is that the two data samples were taken from the same 
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population. To carry out the test, a sequence of manipulations with the data 

should be done.  

First, the data of both data samples should be put together and arranged in 

ascending order. While doing this, it is important to mark the data, so it will be 

possible to know to which sample it belongs. Next, as in Wilcoxon’s signed rank 

test, the data should be ranked. After that the � values can be calculated for both 

samples as follows, 

�� = 1� − .�8.� + 192  (106) 

�3 = 13 − .38.3 + 192  
(107) 

Knowing the size of two samples (.�, .3) and the probability �, a critical value 

can be found in the statistical tables. It should be compared with the smallest of 

the � values, and if the � value is smaller than the critical value, the null 

hypothesis can be rejected.  

The same as in Wilcoxon’s signed rank test, Microsoft Excel was used to carry 

out the calculations. The verification of the results was made using the Statistics 

Kingdom website, in the Mann-Whitney U-test section [139]. 

5.2. Experimental progress 

Due to the COVID-19 restrictions, the amount of participants in the haptic device 

testing was limited. In active 2R spherical mechanism-based joint tests the tester 

group consisted of 17 participants and in differential gear-based design test the 
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amount of testers was 19. It also should be noted that nine people have 

participated in both tests. Most of the testers were students and professors from 

the Mechanical Engineering Department of the University of Basque Country 

UPV/EHU.  

The single test normally took 45 ± 10 minutes, including the instructions. 

Before the beginning of the test, the people were asked to sign up in the list of 

participants, and after the test, they had to give the feedback about the control 

mode that they preferred. After the differential gear-based design testing, the 

haptic device operators were also asked to give a personal feedback about the 

joints, selecting the one they preferred in the case they have been involved in 

both experiments. 

The tasks 3 and 4 of each control mode were filmed. The testers did not appear 

in the video in order to keep anonymity. In order to differentiate the videos later, 

the notes with the number of the task, the name of the control mode and the 

number of the participant were placed on 2-RFR ultraflexible mechanism. 

After each test, the handle of the haptic device and the surfaces, which were in 

contact with the testers hands were treated with 70% alcohol spray in order to 

prevent spreading of COVID-19. The testers also were provided with the 

disinfecting gel for the hand treatment.  

During the tests, there were no major failures in the haptic device or the 2-RFR 

ultra flexible mechanism. The most common problem was detachment of a 

flexible bar from the end-effector of the mechanism, which occurred in some 

cases during the operation in the position control mode. There are two reasons 

for that. First, the bars did not have rigid fixation in the end-effector; they were 
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fixed mainly with high friction. The second reason is the high speed of the end-

effector in the position mode and the inertia of the end-effector. As a result, in 

some cases the inertia forces overcame the friction forces in the bar fixation and 

it led to the bar detachment. Another problem was going beyond the workspace 

in the task 1 of the position mode in both joints. It is also caused by inertia of the 

end-effector, when it moves down rapidly. In these cases, the force feedback is 

disabled and it cannot help decelerating the handle near the workspace border. 

Thus, the end-effector goes in the lower part (negative Y) of the 2-RFR ultra 

flexible mechanism. 

After finishing both joint tests, the experimental program was considered to be 

successfully completed. Subsequently, the results from this testing will be 

exposed and discussed. 

5.3. Experimental results and discussion 

5.3.1. Functionality testing results 

5.3.1.1. Active 2R spherical mechanism-based joint 

At first, the joint prototype was subjected to the repeatability test, described in 

Section 5.1.1. The average deviation from the trajectory, presented in Table 5 

was ±3°. However, the measurements with the phone gyroscope are not very 

precise and depend on how the phone is attached to the rod, when each 

measurement is made. In addition, minor deviations can be considered 

satisfactory for the prototype, which was manufactured with 3D printing. Taking 

into account the error, caused by measurement method, it can be said that the 
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controllability of the joint within its practical workspace was confirmed. The 

duplication of the blue cranks ensures the workability in the singular positions, 

described by the equations (43) and (44). However, the clearances, caused by 

manual part finishing, influence the repeatability of the joint rod positions. 

In order to compensate the clearances, this joint should have four actuators and 

dynamic clearance control. In this setup, only three motors were used along with 

the simple test software, which made continuous clearance compensation 

impossible. However, discrete clearance compensation is available with blue 

cranks in manual control mode. In order to do that, the joint needs to be stopped 

in a certain position. As it was described in Section 3.1.2.1, there is one singular 

position for each of the blue actuators. When the joint is actuated, one actuator 

always stays in control and the other one follows it, as it is approaching to the 

singular position. The clearance is compensated by sending a command to the 

actuator, which is following the main one. This causes the small motion of the 

crank that is enough to compensate the clearance of the mechanism. Several tests 

have indicated that this method is valid for the different positions, including the 

singular ones. However, the control command, which was sent to the 

compensating actuator was different in every position and had to be adjusted 

manually. The difference in the compensation command could be caused by the 

manufacturing method, as manual finishing cannot provide uniform surface 

shape, and the clearances in the different parts of the mechanism become 

unpredictable. In addition, the clearance in the red crank remained 

uncompensated, because only one motor was used to actuate the red crank. 

As a conclusion, it can be said that the tests of the prototype have completely 

proved the functionality of the joint in functionality testing. Nevertheless, it 
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should be noticed that, if a higher load is applied, then the design should be 

optimized. During the test, it was found that the plastic input shafts have been 

deformed in the place of connection with the flexible metal bushings. The results 

of the finite element analysis calculation, presented in Section 3.1.4, did not 

present significant deformation of the input shaft. However, the real attachment 

of the shaft is different from the idealized version that was specified in the 

simulation. Considering the small load on the joint during the functionality tests, 

the shafts should be redesigned using stronger material, as the loads in the haptic 

device application will be much bigger. 

5.3.1.2. Differential gear-based design  

At first, the prototype of the proposed joint was subjected to a clearance 

compensation procedure, described in Section 5.1.1. It was done in order to carry 

out the repeatability test with the compensated gear clearance for more precise 

results. Following the proposed trajectory, the joint rod average deviation was ±2°. These results do not differ much from the ones obtained by the previous 

joint. The possible cause is the measurement error, as the phone was not fixed 

on the rod, but was attached there only to make a measurement. In addition, the 

clearance was still present in some positions due to manufacturing defects of 3D 

printed bevel gears. The gear module appeared to be too small to provide 

satisfactory gear quality. It was decided that for the haptic device prototype, the 

gear should be replaced with the metal one in order to provide uniform contact 

between the pinions and ensure the joint reliability. In addition, according to the 

results of the finite element analysis, presented in Section 3.2.4, maximum stress 

in the gear is 94.735 MPa, which exceeds the maximum stress, specified for 

Onyx material (71 MPa). Thus, the gear had to be replaced in order to work 
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properly in the haptic device testing. 

The functionality testing have verified the concept of differential gear-based 

design joint controllability and clearance compensation ability. However, the 

design should be adapted for using metal gears for uniform clearance 

compensation and withstanding higher loads.  

5.3.2. Haptic device test results 

After the tests, the NASA TLX forms were processed and data was transferred 

into Microsoft Excel tables to be able to carry out proper data analysis. In 

Appendix A of this Thesis, the data from NASA TLX forms are presented. In 

Appendix B, task 3 and 4 score is presented. The tester comments are placed in 

Appendix C, and in Appendix D, the distribution graphs are introduced. 

5.3.2.1. Reconfigurability test results 

Aside of the tester tasks, the reconfiguration ability was tested on both joints in 

both control modes. The red actuator was disabled and the red input shaft was 

locked with the special clamp (see Section 4.1.1.2). This feature provided the 

ability of a precise motion along the horizontal axis. The test started in a normal 

position (end effector at (0, 90) cm). Then, the end-effector of the controlled 

mechanism was moved lower to a random position, where the clamp was locked. 

In this position, the end-effector was moved in a horizontal direction at first 

towards one border of the workspace, then to other. Such functionality was tested 

both with and without the force feedback. In all cases, the clamp provided 

successful fixation of the shaft, making the handle move straight with no 
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disturbances. The precision of the motion was confirmed by both visual 

observation and logs of the topic provided by data converter node of ROS (see 

Figure 100). In that topic, the coordinates of the end-effector are published and 

it is possible to see, if Y component is constant. The performance of the 

reconfigurability function was tested both in velocity and position control mode. 

The results did not indicate any significant difference aside the distinctions in 

the working modes themselves that will be described in subsequent sections. 

5.3.2.2. Normality check results 

Based on the results, presented in Appendix A, the distribution graphs were 

created for visual sample normality check. Some of the graphs present clearly 

normal distribution; an example is presented in Figure 111. 

 

Figure 111. Distribution of the deviation numbers (in blue), velocity control mode, task 4, 
Differential gear-based design joint; normal distribution curve (in green). 

Other sample distributions are obviously, not normal, see example in Figure 112. 
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Figure 112. Distribution of the deviation numbers (in blue), velocity control mode, task 3, 
Differential gear-based design joint; normal distribution curve (in red). 

However, there are also samples, which graphs cannot be clearly identified. An 

example is presented in Figure 113. 

 

Figure 113. Score distribution (in blue), position control mode, task 1, Differential gear-
based design joint; normal distribution curve (in yellow). 
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In order to identify the distribution type of every sample, Shapiro-Wilk normality 

test was used. The results of the test are presented in Tables 7 and 8. 

Table 7. Active 2R spherical mechanism-based joint sample distributions 

 Velocity control mode Position control mode 

Task 1 2 3 4 1 2 3 4 

Distribution 
type 

Normal Normal 
Not 

normal 
Normal Normal 

Not 
normal 

Not 
normal 

Not 
normal 

Table 8. Differential gear-based design joint sample distributions 

 Velocity control mode Position control mode 

Task 1 2 3 4 1 2 3 4 

Distribution 
type 

Normal 
Not 

normal 
Not 

normal 
Normal Normal Normal Normal 

Not 
normal 

These results correlate with the graphs, whose distribution was obvious and 

provide definite distribution types for the other samples. Now it is possible to 

choose the statistical analysis tools for experimental data processing. The tests 

that were used to evaluate the force feedback system are presented in Table 9. 

The tests for joint modes comparison are presented in Table 10. The tests for 

joint assessment are presented in Table 11. 
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Table 9. Statistic tests for the force feedback system evaluation. 

Joint 
Active 2R spherical mechanism-based 

joint  
Differential gear-based design 

Mode Velocity control Position control Velocity control Position control 

Task 1 2 1 2 1 2 1 2 

Test Paired T-test 
Wilcoxon’s signed 

rank test 
Wilcoxon’s signed 

rank test 
Paired T-test 

Table 10. Tests for control modes assessment. 

Joint 
Active 2R spherical mechanism-based 

joint  
Differential gear-based design  

Task 2 3 4 2 3 4 

Test Wilcoxon’s signed rank test Wilcoxon’s signed rank test 

Table 11. Tests to compare the performance of the joints. 

Mode Velocity control Position control 

Task 2 3 4 2 3 4 

Test Mann-Whitney U-test Unpaired T-test Mann-Whitney U-test 
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5.3.2.3. Statistical test results 

The results of the statistical tests are presented in Tables 12-14. 

Table 12. Results of the force feedback system comparison tests. 

Joint 
Active 2R spherical mechanism-based 

joint 
Differential gear-based design  

Mode Velocity control Position control Velocity control Position control 

Task 1 2 1 2 1 2 1 2 

Result 
No significant 

difference 
No significant 

difference 
No significant 

difference 
No significant 

difference 

Table 13. Results of the control modes comparison tests. 

Joint 
Active 2R spherical mechanism-based 

joint  
Differential gear-based design  

Task 2 3 4 2 3 4 

Result 
Significant 
difference 

Significant 
difference 

Significant 
difference 

Significant 
difference 

Significant 
difference 

Significant 
difference 

Table 14. Results of the joint performance comparison tests. 

Mode Velocity control Position control 

Task 3 4 3 4 

Result 
No significant 

difference 
No significant 

difference 
Significant 
difference 

Significant 
difference 
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5.3.3. Discussion on haptic device test results 

5.3.3.1. Force feedback system evaluation 

From Table 12 it can be seen that there is no significant difference between task 

1 and 2 in both velocity and position control mode for both joints. This fact 

indicates that the joints have common problems, related to force feedback 

system. There are several possible reasons that could cause such result.  

One of the main reasons is that some testers did not understand correctly how 

they should grade the task. It can be seen from a written feedback that some 

testers claim that force feedback helps, and execution of the task 2 is easier than 

the task 1, but it contradicts to the grades that they have left. For instance, Tester 

13 (Active 2R spherical mechanism-based joint) after accomplishing task 1 

wrote: “It is complex to predict the end of the border”. His/her score in this task 

was 15. After the second task, the comment was the following: “I feel more 

comfortable in the second task because I know better how does it work and the 

force feedback helps too”. Nonetheless, his/her score for this task was 17, which 

is worse. It could happen because of the logical error. In NASA TLX form, the 

score increases from left to right and is duplicated buy the notes low, medium 

and high. However, the Performance scale starts with success and ends with a 

complete failure, which can confuse people, who identify big score with a good 

result. However, in this case, the bigger the score is, the worse is the quality of 

the system. Thus, people could put the mark in the wrong side of the scale. 

Though it is possible to omit the data, which are produced by people who clearly 

had a misunderstanding, we cannot be completely sure that other people 

understood the grading correctly, because they have not left any additional 



202 

 

feedback, or they have not written anything, regarding this issue. Thus, it was 

decided to leave the data complete. 

The second reason is the high value of the force feedback. The level of the 

physical demand and effort can indicate that it is hard to perform the task 2, when 

the force feedback is on. An example, presenting the score comparison for the 

tasks 1 and 2 of active 2R spherical mechanism-based joint is presented in Figure 

114. 

 

a) b) 

Figure 114. Active 2R spherical mechanism-based joint testing scores: a) physical demand; 
b) effort. Task 1 in blue, task 2 in red. The data is arranged in ascending order. 

In this Figure, the data are arranged in ascending order, so it can be clearly seen 

that the scores of the task 2 are higher than the task 1. In appendix A, it can be 

seen that the score means of all parameters, which can be related to physical 

efforts (and even the frustration field) are significantly higher for task 2 in both 

control modes. Nevertheless, it should be noted that these data were not 

processed by statistical analysis and are used only for illustrative purpose.  

The value of the feedback was made high in order to make it distinctive from the 
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friction forces, which act in the mechanism of the joint. However, for the 

majority of the testers the value of the force feedback was uncomfortable and 

affected the execution of the tasks. This also can be seen from the feedbacks, 

written by several testers. For instance: “The force is very high to control it”, 

“The force is too strong” (Tester 6); “When you are reaching the limits, the 

feedback is a bit rough.” (Tester 14). 

Active 2R spherical mechanism-based joint has one more possible cause why 

the force feedback system performance is not satisfactory. This joint has complex 

kinematics. The necessity in switching the actuators when passing zero affects 

the precision and the general performance of the mechanism. The clearances that 

cannot be compensated in the passive joint mode and the force oscillations, 

caused by the actuator switching make mechanism control very complex. 

Considering the obtained data, it can be said that that the force feedback system 

works successfully and helps indicating the workspace borders. Its performance 

can be improved by manufacturing the prototypes with conventional 

technologies to decrease the internal friction forces that condition the high values 

of the force generated by the system. In addition, in further studies, more 

attention should be paid to initial instructions given to the testers in order to 

avoid confusions and misunderstandings.  

5.3.3.2. Control modes comparison and evaluation 

As it can be seen from Table 13, there is a significant difference between the 

velocity and the position control modes in all the tasks for both joints. It means 

that now we can operate with the mean values directly in order to define the best 

control mode. The score means are presented in Table 15. 
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Table 15. Score means (control mode evaluation). 

Joint Active 2R spherical 
mechanism-based joint 

Differential gear-based design 

Task 
Control mode 

2 3 4 2 3 4 

Velocity (means) 9.53 1.82 5.53 6.16 1.42 4.32 

Position (means) 13.65 20 20 11.37 10.16 14.84 

It can be seen, that the velocity control mode provides better results in all the 

tasks. The main reason is that in velocity mode, the mechanism is less sensitive 

to the handle position and it is easier to achieve precise motion of the 

mechanism’s end-effector. In the position control mode, on the contrary, the 

mechanism becomes sensitive to any small handle motion. The person, who 

operates the mechanism, sometimes cannot sense the change in the handle 

position that causes the end-effector motion. In addition, the clearances of the 

joint, caused by the manufacturing method, make the control in the position 

mode harder. In the haptic device application, the clearances cannot be 

compensated, as the joint is used in a passive way. The active 2R spherical 

mechanism-based joint is more influenced by the clearances, because it has more 

parts that have sliding contacts and its kinematics is more complex. The 

differential gear-based design joint prototype is less affected by it, because the 

only clearance that affects the haptic device precision is in the gear, that controls 

angle �. However, angle � is free from clearances due to the features of the setup 

design.  

After the tests, the operators were asked to share their experience and tell which 

control mode they prefer. The results of this survey are presented in Table 16. 
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Table 16. The best control mode by testers’ opinion. 

Active 2R spherical mechanism-based joint  Differential gear-based design 

Tester № The best control mode Tester № The best control mode 

1 - 1 Velocity mode 

2 Velocity mode 2 Velocity mode 

3 Velocity mode 3 Velocity mode 

4 Velocity mode 4 Velocity mode 

5 Velocity mode 5 Velocity mode 

6 Velocity mode 6 Velocity mode 

7 Position mode 7 Velocity mode 

8 Velocity mode 8 Velocity mode 

9 Velocity mode 9 Velocity mode 

10 Velocity mode 10 Velocity mode 

11 Velocity mode 11 Velocity mode 

12 Velocity mode 12 Velocity mode 

13 Position mode 13 Position mode 

14 Position mode 14 Velocity mode 

15 Velocity mode 15 Velocity mode 

16 Velocity mode 16 Velocity mode 

17 Velocity mode 17 Velocity mode 

  18 Velocity mode 

  19 Velocity mode 

These results confirm the ones obtained with the statistical analysis. In addition, 

it can be seen in Appendix C, that most of the comments related to the control 

mode state that the position mode is much harder. Only few people state that it 

is better because it is “more intuitive”. 

Basing on the statistical analysis results and feedback from the testers it can be 
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said with confidence that velocity control mode is the most suitable for current 

haptic device as, on the one hand, it has been demonstrated that its performance 

is better, and, on the other hand, most of the testers conclude that is use is much 

easier.  

5.3.3.3. Joint designs evaluation 

As in the control mode comparison, we can now operate directly with the sample 

means. The means are presented in Table 17. 

Table 17. Score means in position control mode (joint performance evaluation). 

Joint Task 3 Task 4 

Active 2R spherical mechanism-based joint (mean) 20 20 

Differential gear-based design (mean) 10.16 14.84 

In Table 17, it can be seen that the tasks 3 and 4 of the position control mode 

have a very big difference in means. The differential gear-based design provides 

much better performance in this control mode. As it was mentioned before, 

active 2R spherical mechanism-based joint has more complex kinematics, which 

requires more complex control system. As it was described in Section 4.1.2.2, 

the controlling software needs to switch between the �-encoders, depending on 

the value of angle �. The problem is that the value of �, calculated based on � is 

always different than �, calculated based on �w. It was caused by the clearances 

between the cranks and other joint components. The difference during the 

experiments reached 3° − 5°. Taking into account that in the position control 

mode, the handle of the joint is very sensitive to any small motion, this “virtual” 

motion caused big leaps of the end-effector of the 2-RFR mechanism. Another 
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problem related to the kinematics of this joint was a tendency to jam in certain 

positions. When angle � was around ±25° − ±35° and angle � or �w reached ±90°, the friction between the connection links and the central sphere of the 

joint becomes too high and makes impossible for the red actuator to create the 

proper force feedback. It also creates a problem for the tester to move the handle 

in the vertical direction. It is especially important for the task 4 of the position 

control mode, where the speed of reaction is required. The kinematics of the 

differential gear-based design is significantly simpler and it provides better 

control on the 2-RFR mechanism in the position control mode. 

Aside of the statistical analysis, the testers that participated in the both 

experiments were asked to choose the best joint. The differential gear-based 

design was chosen in 100% of cases. This fact supports the results of the 

statistical analysis.  

Considering all presented information, it can be said that in the velocity control 

mode, both joints present similar performance, but in the position control mode 

the differential gear-based design demonstrates significantly improved results. 

This makes this joint’s application more versatile and characterizes it like more 

reliable.  

5.4. Summary 

The functionality testing demonstrated that both joint concepts are functional 

and can be used in practical applications with minor design modifications. The 

possibility of clearance compensation was confirmed for both joint designs. 

The reconfiguration ability of the joints was tested successfully. Both joint 
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prototypes could provide steady and precise motion of the end-effector along the 

horizontal axis. This feature was tested both with and without the force feedback.  

Two groups of participants have tested the haptic device designs in two control 

modes. The tasks 1 and 2 have revealed that the force feedback system was 

successful and functional. However, it is possible to improve its qualities by 

manufacturing joint prototypes with conventional machining from proper 

materials. This will decrease internal friction together with the necessity of 

intensive force feedback. However, in further work it is necessary to improve 

induction training part of the test in order to avoid grading mistakes. 

The statistical analysis along with the participants’ feedback have revealed that 

the velocity control mode is easier to use in both joints. It is less sensitive to 

accidental motion and provides more precise and efficient control of the end-

effector.  

The comparison of the two joints has identified that the differential gear-based 

design provides better performance in the haptic device application. It was found 

that it ensures better mechanism control precision in the position control mode 

due to the simple kinematics. The tester feedbacks confirm the statistical analysis 

data. In 100% of cases, the participants who have tested both joint designs have 

chosen the differential gear-based design as the best tested joint. 

Considering the experimental results and their analysis, it can be said that 

experimental part of this Thesis was completed successfully. All the goals, which 

were presented in the Section 5.1, were reached.  
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6. Summary and future research 

6.1. Conclusions 

In this dissertation the development and testing of two reconfigurable 2 DOF 

spherical-like joints has been accomplished. The proposed joints provide 

significant advantages over conventional spherical or universal joints by being 

applicable in various reconfiguration methods.  

Chapter 1 has provided an in-depth study of the reconfiguration methods used in 

parallel robots. The use of reconfigurable joints has proven to be a smart solution 

to increase the capacity of the conventional parallel manipulators. In order to 

identify the most commonly used joint types, the commercially available parallel 

manipulators and haptic devices were considered. It was found that most of the 

considered mechanisms utilize spherical, universal, prismatic and revolute 

joints. Therefore, implementing a spherical or a universal joint as reconfigurable 

joints could provide the biggest profit, as they are used in the majority of 

manipulators and haptic devices. The patents and research related to the active 

spherical joints and mechanisms were studied. It was found that none of the 

existing solutions satisfies the desired criteria, these being: durable, low inertia 

forces, accuracy, simple to manufacture and assembly, high load capacity, small 

dimensions and big workspace. Hence, the necessity in a better design of a 

reconfigurable joint was indicated. 

In Chapter 2, nine original designs of spherical reconfigurable joints and 

mechanisms were proposed. The advantages and disadvantages of the proposed 

joint designs were considered in detail. In addition, the conventional universal 
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joint was analyzed in order to compare it with the proposed designs. The 

comparison was made according to eight criteria: functionality, workspace size, 

workspace homogeneity, accuracy, manufacturing and assembly complexity, 

load capacity, dimensions, and inertia. The results indicated several prominent 

joint designs, from which two joints were selected for further study: active 2R 

spherical mechanism-based joint 2nd concept and differential gear-based design 

3rd concept. These joint designs have shown to provide significant advantages in 

terms of their characteristics and applicability in different reconfiguration 

strategies, described in Chapter 1. Both joint designs are able to provide 

reconfigurability by relocation of one of the axes of the revolute joints that 

compose the proposed joints and locking it in the desired position. 

In Chapter 3, the proposed two designs were subjected to thorough analysis in 

order to identify their strong and week points. The position analysis, the velocity 

equations, the workspace characterization, quasi-static and finite element 

analysis were presented.  

The study of active 2R spherical mechanism-based joint indicated that it has 

quite simple equations of the direct and inverse position problems. The analysis 

of the Jacobian matrices derived from the velocity problem, established 

singularity positions in the workspace limits for the inverse Jacobian and two 

singularity types within the workspace limits for the direct Jacobian. However, 

the inverse singularities and one type of the direct singularity appear outside of 

the practical workspace of the joint. The remaining singularity type generates 

singular positions that cannot be reached at the same time by both blue cranks. 

Consequently, the joint remains controllable in every position within the 

practical workspace. In addition, within the practical workspace there exist some 
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special points where Kinematic Conditioning Index equals 1. The Global 

Conditioning index of the joint’s practical workspace equals 0.35, thus, showing 

an adequate performance in this operational workspace. Regarding the quasi-

static analysis, the results indicate that the joint experiences high load, when one 

of the blue cranks stays in a singular position and the remaining crank carries the 

entire load. This position was used in the finite element analysis to determine the 

mechanical properties of the joint parts. It was found that the most loaded part 

of the joint is the connection link. The stress values in the link can exceed the 

maximum load of the material that was selected for the prototype; however, as it 

was explained in Chapter 5, the real stress values in the prototype are smaller 

than the calculated ones. The structural properties of the joint can be improved 

by replacing current material (ABS and Onyx) by aluminum or steel. 

In relation to the differential gear-based joint, it has been shown that it presents 

very simple and straightforward kinematics, which facilitates the control system 

to activate the joint. Its position and velocity equations are easy to solve, the 

analysis of the Jacobians did not indicate any singular positions. The Kinematic 

Conditioning Index and Global Conditioning index equal one in the whole 

workspace of the joint, thus having the optimum performance. The quasi-static 

analysis did not reveal any components that could cause additional friction in the 

mechanism of the joint. The force transmission in the joint is also very simple 

and mainly depends on the gear ratio of the bevel gears used in the joint. It was 

indicated that in the gears of the joint, the teeth are subjected to significant load, 

which is applied to a very small area. Hence, it can be stated with high 

probability that the gear teeth are the most loaded parts of the joint. The finite 

element analysis presented stress levels that are much smaller than the maximum 

for the S45C steel, which is the material of the gears.  
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From the control point of view, it has been proved that the differential gear-based 

design joint has advantages over the active 2R spherical mechanism-based joint, 

as it is simpler and it does not present any kind of singularity. Nevertheless, to 

prove the functioning in real practice it was necessary to manufacture and test 

the prototypes of both joints in order to define the best design. 

In Chapter 4, the experimental setup design has been presented. Most of the parts 

were made using 3D printing with fused deposition modelling technology. The 

remaining parts were built by using conventional manufacturing methods. 

Specific software was developed in Python programming language to control the 

prototype. 

In Chapter 5, the process of testing the joint prototypes has been described. The 

prototypes were subjected to two testing types: the functionality testing and the 

haptic device application testing. Special experimental setups were built for each 

type of testing, due to the difference in test conditions and joint designs. 

The functionality testing served to prove the concepts of the joints. The first part 

of the test consisted of execution of a simple trajectory that contained six points. 

The trajectory was run several times in order to define the deviation from the 

specified parameters. In the second part of the test, the clearance compensation 

ability of the joints was tested. Both joints have presented satisfactory results in 

executing the trajectory, thus proving their controllability. The ability of 

clearance compensation was also confirmed for both joints.  

The haptic device application testing was intended to investigate the joints’ 

qualities as a haptic device. Each joint was used as a joystick with a force 

feedback system that controlled a 2-RFR planar ultraflexible mechanism. The 
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test included two control modes: velocity and position. Depending on the mode, 

the operator could control the velocity or the position of the end-effector of the 

manipulator. The operator had to execute four tasks in each of the control modes. 

The tasks included finding the workspace borders without the force feedback, 

finding the workspace borders with the force feedback, following the proposed 

trajectory, and following the leading object. A group of operators executed these 

tasks. After the tests, the operators were asked to fill NASA TLX form in order 

to assess the task execution. The participants also had a possibility to leave a 

written feedback to provide some more information about their experience. At 

first, the data was compared with the normal distribution using graphical 

approach and Shapiro-Wilk numerical test. According to the result, parametric 

or non-parametric statistical tools were used for the data analysis. To compare 

data with normal distribution paired and unpaired T-test was used; for the data 

that does not satisfy the normal distribution, or the mixed data, Wilcoxon’s 

signed rank test and The Mann-Whitney U-test were used.  

The results of the tests were divided into subjective (tasks 1 and 2) and objective 

parts (tasks 3 and 4). The subjective results are based on the testers’ personal 

opinion, meanwhile the objective part results are based on numerical values, 

obtained by calculating the deviations in tasks 3 and 4. In order to calculate the 

deviations, the experimental process was filmed.  

The data of the subjective part did not indicate statistically significant difference 

between the tasks with the force feedback system on or off in both control modes. 

It can be concluded that this is mainly related to some mistakes in the operators’ 

assessment (some of the testers confused the low grade with the high) and 

prototype imperfections (internal friction). The analysis of the control mode 
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demonstrates that the velocity control mode provides better precision then the 

position mode. Some of the testers, however, refer to the position control mode 

as “more intuitive”. It can be concluded that the poor results of the position mode 

can be caused by the sensitivity problem (relation between the inclination of the 

handle and the displacement of the end-effector).  

Regarding the joints’ performance, the data of the tasks 3 and 4 in position mode 

presented statistically significant difference in their values. The differential gear-

based design joint produced better results due to the simplicity of control and 

less influence of the joint prototype imperfections. All the testers that 

participated in testing of both joints have clearly stated that they prefer the 

differential gear-based design joint.   

Aside the four tasks related to the performance as a haptic device, the 

reconfigurability of the joints was also tested. By locking one DOF with the 

special clamp, the joints can provide precise motion of the 2-RFR mechanism in 

the horizontal direction. This functionality was tested in both control modes with 

the force feedback system turned on. The clamp implemented reliable fixation 

of the red cranks of the joints in all cases. No deviations from a straight motion 

were detected during the test. Thus, the reconfiguration ability was proven in the 

proposed application.  

In summary, the following main targets have been achieved with this Thesis. 

Two designs of the reconfigurable active spherical-like 2-DOF joints were 

proposed and thoroughly investigated. The proposed joints have simple 

kinematics, small dimensions, high load capacity, simple design, low inertia, and 

wide workspace. The prototype testing has proved the concept of both joints, 

including the reconfigurability, in the haptic device application. The results 
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indicate superior performance of the differential gear-based design joint. 

6.2. Main contributions of the Thesis 

The main contributions of this Thesis are: 

• Two novel reconfigurable 2R joints that can be used in parallel 

manipulators and haptic devices were developed 

• The extensive theoretical characterization of the proposed joints was 

provided. 

• Based on the novel joints, two reconfigurable haptic device designs were 

developed.  

• The reconfigurability of these haptic device designs, consisting in the 

ability of a precise straight horizontal motion of the controlled 

mechanism’s end-effector, was confirmed experimentally. 

6.2. Future research 

In order to improve the results of the experimental testing, the next measures 

could be implemented in the future work: 

• Manufacture the joint prototypes from metal in order to reduce clearance 

and improve the durability. 

• Redesign the force feedback system using DC motors to raise the 

frequency of the system and the time of response. 

• Redesign the control system accordingly to the new hardware design. 

• Raise the number of operators in the test to 30-40 without using the same 

people in testing of both joints in order to avoid bias results. 
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• Pay special attention to clarification of the assessment of test by the 

operators in order to avoid assessment mistakes. 

• Introduce automatic mechanical locking system to implement the 

reconfigurability. 

• Choose the architecture of the commercially available parallel 

manipulator to transform it into a reconfigurable one using the proposed joints. 

Carry out modelling of a novel reconfigurable manipulator and compare its 

characteristics with the base model.  

• Manufacture a prototype of a reconfigurable parallel manipulator with 

the proposed joints to test its real qualities. 

• Study the performance of the proposed haptic devices during human-

robot cooperation.  
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7. Main Outcomes of this Thesis 
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Appendix A 

Results of the haptic device experiment 

Active 2R spherical mechanism-based joint 

Table 18. Velocity mode Task 1 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 7 3 7 16 11 4 

2 6 5 7 7 7 6 

3 10 12 7 7 8 7 

4 5 5 14 10 4 2 

5 16 9 12 17 14 4 

6 8 5 7 9 9 4 

7 12 17 15 13 12 17 

8 16 3 5 15 15 10 

9 15 4 10 3 6 1 

10 1 5 4 6 2 1 

11 4 6 4 10 14 10 

12 15 6 9 13 13 14 

13 11 3 6 15 13 15 

14 10 10 6 4 12 5 

15 3 2 12 18 2 2 

16 12 5 1 11 8 1 

17 16 10 15 2 10 5 

Mean 9.82 6.47 8.29 10.35 9.41 6.35 
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Table 19. Velocity mode Task 2 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 6 14 6 11 13 11 

2 7 10 10 8 9 9 

3 12 14 12 11 14 12 

4 5 17 10 13 16 10 

5 8 16 9 15 13 9 

6 8 17 12 12 9 13 

7 10 12 9 6 12 9 

8 13 13 6 14 14 10 

9 6 12 3 2 2 4 

10 4 11 5 8 10 4 

11 10 20 8 14 18 12 

12 13 8 8 5 14 9 

13 15 14 13 17 16 12 

14 14 14 13 10 14 5 

15 2 20 11 11 18 11 

16 10 15 1 3 6 6 

17 18 18 18 2 17 10 

Mean 9.47 14.41 9.06 9.53 12.65 9.18 
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Table 20. Velocity mode Task 3 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 15 10 15 7 14 13 

2 9 11 10 9 10 7 

3 12 15 13 11 16 11 

4 15 20 15 15 19 15 

5 8 15 8 14 8 13 

6 12 16 11 12 16 14 

7 16 18 10 10 15 9 

8 14 14 8 5 15 8 

9 12 15 5 8 13 3 

10 6 11 11 6 9 3 

11 15 20 10 8 20 11 

12 14 8 8 5 13 8 

13 18 16 15 14 17 16 

14 17 17 18 14 17 10 

15 2 18 3 4 18 9 

16 10 19 3 6 19 7 

17 18 17 15 4 15 15 

Mean 12.53 15.29 10.47 8.94 14.94 10.12 
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Table 21. Velocity mode Task 4 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 16 7 13 10 14 7 

2 9 12 10 8 9 7 

3 8 13 11 3 13 7 

4 17 17 14 10 16 18 

5 13 15 8 8 13 9 

6 13 17 10 2 18 11 

7 18 18 14 12 15 17 

8 15 14 14 7 15 10 

9 15 17 9 10 11 10 

10 6 11 9 9 8 3 

11 14 20 10 6 18 6 

12 14 10 12 8 13 12 

13 16 14 11 11 14 10 

14 19 19 17 19 17 17 

15 11 19 10 6 18 6 

16 18 18 9 11 17 10 

17 18 18 13 6 17 14 

Mean 14.12 15.24 11.41 8.59 14.47 10.24 
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Table 22. Position mode Task 1 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 13 11 14 12 15 7 

2 12 7 12 15 10 10 

3 8 15 10 19 16 17 

4 10 10 14 10 7 12 

5 8 12 8 15 13 8 

6 11 9 11 18 16 17 

7 14 9 10 10 11 8 

8 15 7 9 14 15 13 

9 16 5 9 3 10 12 

10 10 6 8 10 9 6 

11 15 1 11 18 17 16 

12 16 16 13 19 17 17 

13 11 10 16 20 16 20 

14 16 10 15 18 17 18 

15 11 3 10 20 11 20 

16 14 6 1 8 12 7 

17 10 19 19 0 10 4 

Mean 12.35 9.18 11.18 13.47 13.06 12.47 
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Table 23. Position mode Task 2 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 13 17 11 1 16 20 

2 10 10 12 14 12 13 

3 8 14 11 12 15 14 

4 4 4 9 10 6 10 

5 8 17 9 18 9 9 

6 11 14 12 17 14 16 

7 10 14 10 16 13 18 

8 15 10 6 14 15 14 

9 13 19 10 16 13 14 

10 8 8 9 11 8 6 

11 18 18 16 20 18 19 

12 17 14 17 20 16 18 

13 16 16 11 18 18 20 

14 18 18 18 20 18 19 

15 11 19 10 19 19 19 

16 11 15 1 4 14 8 

17 17 17 19 2 17 12 

Mean 12.24 14.35 11.24 13.65 14.18 14.65 
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Table 24. Position mode Task 3 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 13 20 15 2 20 20 

2 10 10 12 15 12 10 

3 12 16 12 14 18 19 

4 20 18 20 18 18 20 

5 8 16 8 17 13 8 

6 12 16 12 19 18 17 

7 14 13 17 18 12 18 

8 16 10 10 15 17 15 

9 15 16 8 13 15 11 

10 8 10 10 11 11 7 

11 19 20 9 19 19 18 

12 16 13 13 14 16 15 

13 17 11 15 11 15 11 

14 20 20 20 20 19 19 

15 10 19 10 11 19 19 

16 18 18 1 16 18 16 

17 17 20 18 4 19 19 

Mean 14.41 15.65 12.35 13.94 16.41 15.41 
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Table 25. Position mode Task 4 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 13 20 11 5 20 18 

2 11 14 10 10 11 10 

3 11 14 12 7 13 8 

4 17 20 18 17 18 20 

5 11 20 13 20 15 12 

6 14 16 12 5 19 13 

7 16 16 17 16 15 13 

8 14 12 13 9 16 10 

9 8 11 9 5 8 9 

10 8 10 9 10 10 7 

11 19 20 11 18 19 14 

12 13 12 15 10 17 15 

13 20 15 15 4 17 18 

14 18 19 17 14 18 17 

15 10 19 10 11 18 18 

16 17 17 11 14 17 12 

17 18 16 15 2 18 14 

Mean 14.00 15.94 12.82 10.41 15.82 13.41 
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Differential gear-based design  

Table 26. Velocity mode Task 1 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 6 4 5 6 8 1 

2 3 2 4 5 3 1 

3 5 1 1 9 4 1 

4 4 3 3 6 3 2 

5 12 2 3 2 3 7 

6 5 3 8 17 10 13 

7 15 7 10 1 11 6 

8 10 5 10 10 13 8 

9 10 11 13 7 14 13 

10 12 6 6 4 8 4 

11 12 8 7 4 7 6 

12 8 2 10 10 5 2 

13 7 7 3 4 2 9 

14 1 1 1 3 4 4 

15 3 2 4 5 6 3 

16 4 8 2 7 11 2 

17 14 12 11 8 13 14 

18 9 5 10 7 13 3 

19 15 13 9 10 8 6 

Mean 8.16 5.37 6.32 6.58 7.68 5.53 
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Table 27. Velocity mode Task 2 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 5 4 4 2 6 2 

2 3 5 4 7 2 3 

3 2 12 1 5 6 2 

4 2 18 10 3 10 10 

5 9 11 8 19 11 3 

6 7 16 15 12 14 5 

7 13 15 15 1 14 13 

8 6 13 4 2 5 5 

9 12 14 13 10 13 9 

10 14 16 10 8 14 8 

11 12 8 8 5 9 8 

12 2 4 5 4 6 2 

13 5 9 3 1 6 2 

14 1 11 6 3 10 6 

15 3 6 3 4 5 5 

16 3 15 3 12 10 15 

17 16 16 14 5 17 19 

18 9 9 7 6 10 4 

19 8 16 12 8 9 14 

Mean 6.95 11.47 7.63 6.16 9.32 7.11 
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Table 28. Velocity mode Task 3 results. 

Tester № Mental 
demand, 1 

Physical 
demand, 1 

Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 11 8 8 6 11 6 

2 4 4 6 5 5 3 

3 8 16 1 5 11 7 

4 11 18 11 10 18 9 

5 9 11 11 1 11 1 

6 14 18 17 14 20 15 

7 17 18 12 9 18 18 

8 13 13 7 6 10 9 

9 12 13 12 13 15 11 

10 16 16 13 3 16 5 

11 9 12 11 5 12 7 

12 12 14 14 10 13 12 

13 12 13 9 6 12 10 

14 11 10 6 5 11 5 

15 5 7 5 9 7 8 

16 10 14 4 12 17 13 

17 17 16 14 12 20 18 

18 14 11 13 8 15 4 

19 12 14 12 9 12 14 

Mean 11.42 12,95 9.79 7.79 13.37 9.21 
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Table 29. Velocity mode Task 4 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 11 11 8 6 15 8 

2 5 6 5 8 8 5 

3 6 19 3 7 15 7 

4 18 18 11 11 18 15 

5 5 9 8 1 11 1 

6 17 20 10 6 20 13 

7 15 17 15 8 19 13 

8 14 14 9 9 11 12 

9 14 13 13 13 13 9 

10 16 16 13 9 16 5 

11 9 12 8 7 12 8 

12 8 12 12 10 13 7 

13 12 14 6 6 13 8 

14 4 14 7 8 14 10 

15 5 5 5 5 6 5 

16 15 16 15 15 16 8 

17 19 16 17 18 19 18 

18 15 13 17 7 14 13 

19 5 14 10 9 13 10 

Mean 11.21 13.63 10.11 8.58 14.00 9.21 
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Table 30. Position mode Task 1 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 5 8 6 11 10 8 

2 5 3 4 10 9 4 

3 4 4 3 9 8 5 

4 2 2 5 14 7 10 

5 11 2 11 18 12 7 

6 20 10 3 17 17 19 

7 14 4 14 3 13 11 

8 14 8 7 6 11 12 

9 12 14 15 8 13 13 

10 16 16 16 14 16 11 

11 14 12 16 6 13 11 

12 2 3 3 3 3 3 

13 15 3 6 16 16 16 

14 2 2 2 12 3 8 

15 6 6 5 7 7 7 

16 13 11 8 16 15 17 

17 9 3 6 11 5 12 

18 12 6 6 15 11 7 

19 5 8 9 5 9 9 

Mean 9.53 6.58 7.63 10.58 10.42 10.00 
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Table 31. Position mode Task 2 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 6 15 7 17 14 14 

2 4 8 8 11 8 5 

3 4 13 1 4 11 5 

4 3 19 11 18 18 18 

5 15 13 6 18 15 13 

6 19 18 4 8 20 20 

7 16 14 14 8 17 16 

8 12 12 9 11 12 12 

9 13 12 7 16 16 14 

10 18 16 16 11 16 11 

11 14 12 14 8 13 12 

12 6 9 6 5 10 8 

13 14 17 10 17 17 17 

14 4 8 4 11 5 4 

15 7 8 7 9 8 9 

16 9 14 6 8 14 14 

17 12 14 9 6 14 16 

18 15 8 9 17 18 15 

19 13 11 17 13 15 15 

Mean 10.74 12.68 8.68 11.37 13.74 12.53 
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Table 32. Position mode Task 3 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 11 18 10 18 12 15 

2 5 8 8 10 8 5 

3 3 11 2 5 11 3 

4 10 20 15 20 20 19 

5 12 11 12 2 13 7 

6 18 20 13 19 20 20 

7 17 16 17 12 17 15 

8 16 14 8 14 15 11 

9 12 14 13 15 16 17 

10 19 19 16 18 17 16 

11 12 11 13 12 13 10 

12 12 10 10 14 10 15 

13 17 18 10 14 17 18 

14 4 5 4 14 19 4 

15 8 8 9 10 9 9 

16 9 13 5 16 16 15 

17 14 7 16 13 15 8 

18 15 5 14 16 18 17 

19 13 13 13 14 14 13 

Mean 11.95 12.68 10.95 13.47 14.74 12.47 
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Table 33. Position mode Task 4 results. 

Tester № 
Mental 

demand, 1 
Physical 

demand, 1 
Temporal 
demand, 1 

Performance, 
1 

Effort, 
1 

Frustration, 
1 

1 12 13 7 14 14 11 

2 5 8 6 9 8 5 

3 2 11 1 7 10 4 

4 18 20 15 14 19 15 

5 13 16 14 1 16 10 

6 14 19 11 7 18 16 

7 17 17 14 5 17 13 

8 9 11 8 5 9 6 

9 10 14 8 17 18 16 

10 17 16 16 15 18 15 

11 12 10 11 13 12 13 

12 5 5 5 2 5 1 

13 14 13 9 11 13 12 

14 13 15 5 15 17 4 

15 8 9 9 11 9 10 

16 5 5 7 5 4 4 

17 14 17 14 15 18 17 

18 16 7 15 6 16 5 

19 8 13 12 13 11 13 

Mean 12.16 12.58 9.84 9.74 13.26 10.00 
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Appendix B 

Task 3 and 4 score 

Active 2R spherical mechanism-based joint  

Table 34. Task 3 and 4 score, Active 2R spherical mechanism-based joint joint. 

  Velocity mode Position mode 

Tester № Task 3 Task 4 Task 3  Task 4 

1 1 6 20 20 

2 0 2 20 20 

3 3 2 20 20 

4 6 7 20 20 

5 0 6 20 20 

6 2 2 20 20 

7 6 7 20 20 

8 1 10 20 20 

9 1 6 20 20 

10 0 5 20 20 

11 0 3 20 20 

12 0 2 20 20 

13 3 7 20 20 

14 1 6 20 20 

15 3 9 20 20 

16 1 5 20 20 

17 3 9 20 20 

Mean 1.82 5.53 20.00 20.00 
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Differential gear-based design  

Table 35. Task 3 and 4 score, differential gear-based design joint. 

  Velocity Position 

Tester № Task 3 Task 4 Task 3  Task 4 

1 0 7 14 15 

2 0 2 5 9 

3 0 5 4 9 

4 1 5 10 11 

5 1 0 12 8 

6 5 4 8 9 

7 2 6 11 20 

8 2 7 10 14 

9 2 4 11 20 

10 0 3 8 14 

11 0 2 9 12 

12 4 8 13 12 

13 0 6 14 20 

14 1 1 7 14 

15 3 5 10 20 

16 2 3 18 20 

17 0 4 12 20 

18 2 7 10 20 

19 2 3 7 15 

Mean 1.42 4.32 10.16 14.84 
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  Appendix C 

Tester comments 

In this Section, the comments that the testers were leaving after the task 

execution are presented. 

Active 2R spherical mechanism-based joint  

Velocity control mode 

Table 36. Tester comments Task 1 
Tester № Comment 

7 It is hard to get the bottom in the beginning 

8 Difficult to maneuver 

11 It was easier to guess the horizontal boundary. Could not guess the vertical boundary. 

12 It is more difficult than it seems. 

13 It is complex to predict the end of the border 

14 Easy to handle without force feedback 

 
Table 37. Tester comments Task 2 

Tester № Comment 

2 
The force helps to know where the limits are, but also difficult to reach them. The control 
is not as precise because you have to do some force every time when leaving the 
boundaries, it still makes counter force. 

4 Fighting with the handle sometimes 

6 The force is very high to control it. 

7 The force is not with me today! 

12 It is much easier than the one without feedback. The feedback helps a lot when you feel it.  

13 
I feel more comfortable in the second task because I know better how does it work and the 
force feedback helps too 

14 
The lowest part of the feedback isn't clear enough. In the higher part it's easy to reach those 
points. 

16 It is easier if your feedback has a support 
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Table 38. Tester comments Task 3 
Tester № Comment 

1 It is quite difficult to move in X and Y at the same time 

2 
Quite "easy". The diagonal lines are more difficult to accomplish than horizontal/vertical 
ones. Also the control near the boundaries is more difficult than in the "center" of the 
image 

4 Some points are easy to follow. Other ones, very difficult 

6 It is very difficult when the variation of trajectory is pronounced 

7 Physically demanding, but I liked it 

12 It's the easiest of the first 3 tasks 

13 
It has been most difficult until this moment because in the border there is some force 
reaction. 

14 When you are reaching the limits, the feedback is a bit rough. 

15 Force is so strong 

 
Table 39. Tester comments Task 4 

Tester № Comment 

1 This is the most enjoying task 

2 
Not knowing the trajectory of the point difficulty reaching the position in time. Again, near 
the boundaries is harder. 

4 At first, not very good at following the dot. Then, afterwards, it got better 

7 Had to do it right 

12 The most difficult moment is when the red dot changes the direction near the border 

13 It is the easiest task of the four of velocity test. 

14 The handling may have less sensitivity than I expected sometimes. 

Position control mode 

Table 40. Tester comments Task 1 
Tester № Comment 

1 Why is so different to the velocity mode?! It is quite difficult! 

2 
It is less effort needed to move, but very imprecise. Harder (almost impossible) to move 
the straight lines. Also noticed some kind of lag. Sometimes the command position and 
the reached position did not match. 

4 Some strange motion in some parts of the workspace. Surely, near singularities. 

6 It is more difficult than velocity control 

12 It is much more difficult than the velocity one 

13 It is much more difficult than the velocity mode to control precisely 
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Table 41. Tester comments Task 2 
Tester № Comment 

1 It is impossible to follow red lines! 

2 
It is more difficult. Specially, the top horizontal line. The control is not precise. It seems to 
jump. Not only in zones close to boundaries.  

5 The force is too strong 

6 It is hard to control the position 

12 When it starts moving up and down it's so difficult to predict where it is going to go 

 
Table 42. Tester comments Task 3 

Tester № Comment 

1 Position mode with force feedback is bad! I cannot control the end-effector. 

2 
It is hard to reach the position. Ever the counterforce does not help to achieve the position! 
Quite difficult. Again, in some position the mechanism "jumps", so you cannot control it. 

4 Near the borders, not possible to follow 

5 As the force is too high, it increases the difficulty  

6 The force is too strong 

7 Couldn't do it! 

12 It is easier than number 2 

13 I perform this task better than I thought. It is still more difficult then the velocity mode. 

 
Table 43. Tester comments Task 4 

Tester № Comment 

2 
It is difficult to follow the trajectory. Especially in the limits (zones where the mechanism 
makes the counter force are hard) There are "jumps" difficult to predict. In the central zone 
is easier and smoother. 

3 I've expected it harder than the task 3. But, I think I did better and controls were not so bad 

4 Again, very complex near the borders or singularities 

5 It is too difficult, because of the force you need apply to do it 

9 For this task, I think, it is better the position mode when you are far from the WS boundaries. 

11 
In my opinion, Velocity control mode is the most intuitive control mode. Force feedback is 
useful in Velocity mode, but becomes a drawback in Position mode.  

12 It is easier when the dot moves around the center position 

13 
The best perform that I've made in the position mode. I like position mode better more than 
velocity mode because it is complicated to control, but finally I have could handle it well. 

14 
I feel like the position test is more demanding and challenging. Therefore once you 
understand how it works it's more "fun" 

15 I need two hands to use it with feedback. 

16 Maybe too much force feedback 

 



260 

 

Differential gear-based design  

Velocity control mode 

Table 44. Tester comments Task 1  
Tester № Comment 

4 It is harder than before 

7 I find it noisy! (in both modes) 

10 The control of the joystick is better than the first version. It's easier to complete the task 

11 Easier than with the joint 1 

13 It was easier for me to follow the vertical line than the horizontal one 

15 
I think it is easier than the previous mechanism. Maybe failed to reach bottom because the 
"bars" knuckled 

16 
I give a medium mark to the "Physical demand" because the ball of the joystick is not very 
ergonomic 

19 I think the ball should be a little bit bigger 

 
 
Table 45. Tester comments Task 2 

Tester № Comment 

1 This force feedback is more gentle. My elbows suffer much less. 

7 Noisy! Action could be smoother! 

10 
It is a little bit difficult because the force feedback, but its still easier to perform than the 
first version of the joint. 

11 Force feedback makes it easier to use. 

15 
The problem is that when reaching the boundaries the counterforce pushes you even if you 
try to correct the position going back to a "safe" zone. Of course it is easier to predict the 
limits 

16 My level of frustration regards to the vibrations during the work 

 
Table 46. Tester comments Task 3 

Tester № Comment 

1 With this joint, the force feedback allows to complete the trajectory much better. 

10 This task requires more concentration but with the correct speed, you can do it very well. 

13 
It was difficult to stop the end-effector exactly in the moment I wanted. By the time it had 
stopped, I had already missed the point where I had to turn. 

15 
Again, I think the hand control is easier than the previous one. But, going fast I got lost in 
some points, maybe Velocity control is not suitable when changing direction. As in the 
previous one, diagonals were more challenging. 
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Table 47. Tester comments Task 4 
Tester № Comment 

1 
It is quite difficult to follow the point near to the workspace border. But it is still being 
much easier than with the other joint. 

10 It is easier to perform than the first joint. 

11 It is difficult to follow the red dot in the boundaries 

13 
There was one moment when I could not stop the end-effector on time and it went far away 
from the red dot. 

15 Better than the previous task, and much better than the previous control. 

18 

Sometimes it is strange because the feedback force is suddenly very strong and when it 
has change, the position the joystick is again very soft. That gives you the impression that 
you have broken something. Somehow this does not feel like it is perfectly normal 
working. 

Position control mode 

Table 48. Tester comments Task 1 
Tester № Comment 

1 
Although position mode is more difficult than velocity mode, I have to say that this 
position mode is much softer and easier than the one of the other joint. 

7 The action of the handle is smoother, but the response is two sensitive!! 

10 
It is difficult to control but is better than the first version of the mechanism. The joystick 
is very sensitive. 

11 It is difficult to do it fast, but if you do it slowly it makes the task much easier 

15 
More difficult. There some points I could not reach and I really thought the mechanism 
could do so. 

 
Table 49. Tester comments Task 2 

Tester № Comment 

1 Force feedback in position mode seems to be more sensible than in velocity mode 

4 Too much force 

5 This task is harder to predict 

7 Smother action on the handle than in velocity mode, but the response is too sensitive. 

11 
In the Velocity mode the feedback makes easier to control the move, but in the position 
one that feedback makes it more difficult. 

13 It was difficult to keep the end-effector fifed in one place 

15 
I think that, even if this one is easy, I am failing in comparison with the other handle system 
(which was more difficult and harder) 
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Table 50. Tester comments Task 3 

Tester № Comment 

1 Position mode is the worst one! Reaction forces near the WS border are too high. 

2 This joint is easier to control in the position mode. 

7 I like the smoother action, not so much the sensitive response!! 

10 It is very frustrating to control in this task 

11 
The "Joint 2" is better than the Joint 1, but the difference between the two joints can feel 
better in the position mode than in the velocity mode. 

13 I felt the joystick was pushing me so much that I had to grab the table! 

15 
Some lines were quite easy to accomplish, where as others were almost impossible. Near 
the boundaries I was not able to follow the line. Diagonals were this time easy to make. 

 
Table 51. Tester comments Task 4 

Tester № Comment 

1 
It could be said that position mode allows to follow the point in a better way than velocity 
mode, when the point is far from WS border. However, near to the WS border it is much 
more difficult. 

2 Again it is easier to control the position with the second joint 

10 It is easier than the first version, however it is still difficult to manage it. 

11 
I still prefer the Velocity mode, but with this joint the gap between velocity and the position 
mode is closer, makes the position mode much easier. 

13 It was really easier to follow the dot far away from the WS boundaries 

15 
I really think I have failed. This joint has some good things in comparison with the other 
one, but still, the counter force makes things hard. It is not easy to control near boundaries.  

18 
It is difficult to compensate the feedback force to do a uniform movement. In the central 
area of the joystick workspace is much easier to control the end-effector. 
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Appendix D 

Distribution graphs 

Active 2R spherical mechanism-based joint  

Tasks 1 and 2 

 

Figure 115. Score distribution, velocity control mode, Task 1. 

 

Figure 116. Score distribution, velocity control mode, Task 2.  
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Figure 117. Score distribution, position control mode, Task 1. 

 

 

Figure 118. Score distribution, position control mode, Task 2. 
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Tasks 3 and 4 

 
Figure 119. Deviation number distribution, velocity control mode, Task 3. 

 
 
 
 

 
Figure 120. Deviation number distribution, velocity control mode, Task 4. 
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Figure 121. Deviation number distribution, position control mode, Task 3. 

 
 
 

 
 

Figure 122. Deviation number distribution, position control mode, Task 4. 
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Differential gear-based design 

Tasks 1 and 2 

 

Figure 123. Score distribution, velocity control mode, Task 1. 

 

 

Figure 124. Score distribution, velocity control mode, Task 2.  
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Figure 125. Score distribution, position control mode, Task 1. 

 

 

Figure 126. Score distribution, position control mode, Task 2. 
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Tasks 3 and 4 

 

Figure 127. Deviation number distribution, velocity control mode, Task 3. 

 

 

 

Figure 128. Deviation number distribution, velocity control mode, Task 4. 
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Figure 129. Deviation number distribution, position control mode, Task 3. 

 

 

 
Figure 130. Deviation number distribution, position control mode, Task 4. 
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