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Abstract: This paper presents the design and testing of two haptic devices, based on reconfigurable
2R joints: an active 2R spherical mechanism-based joint and a differential gear-based joint. Based
on our previous works, in which the design and kinematic analysis of both reconfigurable joints
were developed, the experimental setup and the various tasks intended to test the reconfigurability,
precision, force feedback system and general performance, are presented herein. Two control modes
for the haptic device operation are proposed and studied. The statistical analysis tools and their
selection principles are described. The mechanical design of two experimental setups and the main
elements are considered in detail. The Robot Operating System nodes and the topics that are used in
the software component of the experimental setup are presented and explained. The experimental
testing was carried out with a number of participants and the corresponding results were analyzed
with the selected statistical tools. A detailed interpretation and discussion on of the results is provided.

Keywords: haptic device; reconfigurable joint; statistical analysis; force feedback; control mode

1. Introduction

A haptic device is an instrument that is used to perform different kinds of manipula-
tions with objects, providing the operator with feedback, i.e., tactile feedback, vibrational
feedback, force feedback, etc. The application of haptic devices varies from handling
virtual three-dimensional (3D) bodies [1,2] to device remote control [3-5] and surgery [6,7].
Different types of feedback can be used to indicate the interaction with the controlled object.
Some devices provide vibrational feedback [8-10] and others can implement torque [6]
or force feedback [2,11-13]. The most widely used architectures of haptic devices are
serial [2,7] parallel [6,13,14] or cable drive-based architectures [15].

Regarding the most common type of joints that are implemented in commercial robots
and manipulators, universal and spherical joints are among the most widely used in parallel
manipulators. They are utilized in Delta robots and Stewart-Gough platforms and in haptic
devices that share a similar architecture [6,14]. Spherical joints and mechanisms have been
applied in commercially available serial haptic devices. The 3D SYSTEMS Company has
proposed three models of serial haptic devices [2,11]. Examples of applications of spherical
mechanisms in haptic devices can be found in [16,17]. A spherical joint was applied in a
haptic device with magnetorheological-based feedback in [7].

However, typically a haptic device design does not provide any reconfiguration
ability that can extend the device’s capacity. This functionality can be provided by using
reconfigurable or active spherical joints that could be adapted for reconfiguration. A
reconfigurable joint is a joint that can change its performance according to the necessary
task. It can lock a degree of freedom (DOF) [18], changing the direction of an axis of one of
the DOFs [19], or combining the functions of several different joint types [20]. The joints
can have different working principles. They can be based on a gear-like drive [21-24], have
a direct connection with the actuators [25], form a spherical 2DOF [26] or 3DOF mechanism,
or be electromagnetically driven [27].
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From the kinematical point of view, reconfiguration is easier to implement in serial
mechanisms, where a single joint of the haptic device provides 1-2 DOFs of the controlled
object. For instance, locking one DOF of the handle in a Delta robot-based haptic device
similar to that in [14] is not possible with a hardware solution; meanwhile, serial haptic
devices, proposed by 3D Systems [2,11] would be able to provide this functionality. Thus,
serial architecture has greater potential in relation to reconfigurable haptic devices.

The main target of this paper is the testing of two reconfigurable 2R joints in order to
obtain a haptic device that can be used to control an ultraflexible manipulator for human-—
robot collaboration. The proposed joints provide reconfiguration via the relocation of axis
one of the DOE In the haptic device, this feature ensures the implementation of the precise
straight motion of the controlled object. These haptic devices will be equipped with a force
feedback system. They will be tested by two groups of participants in order to define the
best joint design and the most appropriate working mode.

The paper is organized as follows. In Section 2, joint design and kinematics will be
considered. In Section 3, the experimental methodology will be explained in detail. In
Section 4, haptic device designs will be presented. In Section 5, the results of the statistical
analysis of the experimental data will be shown. Section 6 provides the interpretation
of the statistical analysis and the justification of the best joint design and working mode
selection. Finally, the conclusions of the study, along with directions for future work, will
be presented.

2. Reconfigurable Joint Designs

In this paper, two reconfigurable joint designs are considered: an active 2R spherical
mechanism-based joint (see Figure 1a) and a differential gear-based design (see Figure 1b).
The complete kinematic analysis, workspace characterization and finite element anal-
ysis (FEA) of the active 2R spherical mechanism-based joint can be found in previous
works [3,28]. The kinematic analysis and quasi-static analysis of the differential gear-based
joint can be found in a previous study [29]. Subsequently, we indicate the main features
and analyses of those previous works, in order to understand the functioning of the joints
and hence to be able to follow the current developments.
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Figure 1. The reconfigurable joint designs: (a) an active 2R spherical mechanism-based joint; (b) dif-
ferential gear-based joint.

In Figure 1a it can be seen that the active 2R spherical mechanism-based joint consists
of several main parts: the round base 1 with the top ring and the central sphere 2. The
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central sphere has two slots with rectangular profiles through which it is actuated with two
sets of cranks. The red cranks 3 control one DOF of the joint (angle ) directly. The other
DOF (angle A) is controlled with the blue crank 4 through the connection link 5.

The differential gear based joint (see Figure 1b) consists of the base 1, central sphere 2
and the red input part 3. The red input part is designed to be actuated with the belt drive
and controls the output angle ¢. The output angle A is controlled with two blue shafts 4
through the bevel gear 5. The blue shafts can be directly connected to the actuators.

In order to understand the operation of the active 2R spherical mechanism-based joint
better, information on its kinematics should be provided. The position problem can be
formulated as

flilIJ+OC:O
{ )

fo: (r sinp* + (rcosacosp — Isinw) ) sinA 4 rsinf =0
where « and f are input variables, ¢ and A are output variables, and r and / are geometrical

parameters of the joint. More information can be found in [28]. The active 2R spherical
mechanism-based joint Jacobian can be written as follows:
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From Equation (2), it can be found that for this joint design, two direct singular
positions exist within the practical workspace, satisfying the following equations:

sinf=0—=0xm (5)

rcosxcosf — Isine =0 — =0 — tana = % (6)

These singular positions exist for each of the blue actuators; however, they cannot be
reached simultaneously. For the current design parameters for one of the actuators the
singular position can be reached when the input angles satisfy the range « = 25°, p = %;
for the other actuator the range is « = —25°, § = £7. Thus, one of the actuators will
always keep the joint under control. A detailed study of this topic can be found in [28].

Regarding the differential gear-based joint, the velocity problem becomes very simple,

as follows: ' .
SR

The main advantage of this joint is that this joint is free from singular positions;
however, it also requires two blue actuators (4 in Figure 1b) in order to compensate for the
clearance in the bevel gears by creating pre-tension. Again, more information about this
design can be found in [29].

Regarding the operational workspaces of both joints, if a comparison is made with
respect to a whole sphere, the workspace of the active 2R spherical mechanism-based
joint constitutes 21.32% of the sphere. The differential gear-based joint requires a bigger
workspace, being 40.96% of the sphere.
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3. Methodology of the Experiment

The goal of this study was to test the feasibility of implementing the proposed recon-
figurable joints as a haptic device with force feedback. In the considered configuration,
the haptic device was used to control a special 2-RFR ultraflexible parallel manipulator,
developed in a CompMech research group (http:/ /www.ehu.eus/compmech, accessed on
26 December 2021), as shown in Figure 2b. The force feedback system in this haptic device
is useful in indicating the proximity to singular positions that appear in this manipulator
and to special areas of the workspace, where the mechanical energy is accumulated in the
flexible bars and can be released in an uncontrollable way. In this kind of ultraflexible
manipulator, when certain types of singular configurations are reached, an instability phe-
nomenon occurs [30]. For instance, it occurs when the end-effector of the mechanism makes
a rapid transition from one aspect of the workspace to the other. As the exact moment of
this “release” is hard to predict based only on visual feedback, the force feedback system
was introduced. This system generates force in order to resist the operator’s attempts to
approach the “unsafe” workspace area. The force increases as the end-effector gets closer
to the undesirable zone.

(a) (b)

Figure 2. The experimental setup: (a) schematic representation (view from the top): 1 operator, 2
haptic device, 3 parallel manipulator, 4 projector; (b) real implementation (projector is turned off).

The second objective of the current research was to identify the optimal working mode
for the proposed application of the haptic device. Two working modes were proposed for
the parallel manipulator control: velocity mode and position mode. In the velocity mode,
the controlled parameter is the velocity vector of the end-effector. In the position control
mode, the position of the haptic device handle is directly related to some position of the
end-effector within the workspace. It was expected that the velocity control mode could
provide better precision, as it is less dependent on the operator’s skill and haptic device
resolution; meanwhile, the position mode would be more intuitive and faster.

3.1. Experimental Tnsk Planning

Testing haptic devices involves a large number of operators as the performance of
the device depends on human skill. In different studies, the number of participants has
ranged from 10 [31] to more than 50 [32]. The tasks that are usually performed during
the tests can be divided into objective and subjective tasks. The objective tests results are
normally numerical and can be easily subjected to any kind of statistical analysis without
further preparation. The subjective test results are based on human opinion and in order
to put them into a form suitable for numerical assessment, special questionnaires are
used. The National Aeronautics and Space Administration Task Load Index Assessment
(NASA TLX) [33] and After-Scenario Questionnaire—International Business Machines
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(ASQ IBM) [34] are the questionnaires that are normally used in haptic device research. In
these questionnaires, the operator is asked to grade several aspects of the test. In NASA
TLX seven questions with a scale from 0 to 20 are used, and in ASQ IBM three questions
with a scale from 1 to 7 are used. The obtained grade can be used in statistical tests.
Among the most widespread tests in studies of haptic devices are the analysis of variance
(ANOVA) [35-37], the Mann-Whitney U test [38-41] and the Friedman test [42,43].
Considering the information provided, the requirements for the experiment were
established. The group of testers should consist of 15-25 participants. The 2-RFR mecha-
nism should be controlled in two modes: velocity and position. In order to obtain testers’
feedback, the NASA TLX questionnaire should be used, as it can provide more information.
In both working modes, a set of four tasks should be performed:

Defining the workspace boundaries/singular positions without force feedback.
Defining the workspace boundaries/singular positions with force feedback.
Execution of the proposed trajectory.

Following the leading object within a certain tolerance.

Ll

Of these tasks, the third and the fourth are the most important as they are intended to
evaluate the general performance of all the haptic device parts and systems.

In addition, the reconfigurability should be tested by blocking one of the DOFs of the
proposed joints. It was expected that this feature could provide precise straight motion
in a horizontal or vertical direction, depending on the experimental setup. As this test
produces a positive or negative result, it was decided that it would not be included in the
tasks performed by the group of testers.

As the tasks require the visualization of different images (trajectory line, moving object)
on the background of the controlled parallel mechanism, a digital projector was used. A
schematic representation of the experimental setup is presented in Figure 2a. The operator
1 holds the handle of the haptic device 2 and looks at the 2-RFR parallel manipulator 3,
where the image corresponding to the current task is projected with the projector 4. In the
Figure 2b the real experimental arrangement can be seen.

The main goal of tasks one and two was to estimate the performance of the force
feedback system. It was necessary to draw conclusions on how helpful this system is for the
operator. The second objective of these tasks was to introduce the testers to the haptic device
controls. In the first test, the operator was asked to find the workspace limits intuitively,
based only on visual feedback. In the second test the goal was the same; however, the force
feedback system was turned on. As the workspace of the mechanism had a high amount
of positions that were close to boundaries, several directions of end-effector motion were
proposed for the operator: two vertical and two horizontal lines. This measure was also
an attempt to save time. The operator was asked to choose. Starting with one of them,
the operator moved the end effector along it until the boundary was reached, causing the
end effector to stop. After that, the direction of motion should be changed to the opposite
one. Once the first line was completed, the operator moved to the second line. When
the test was completed, the operator was asked to fill out a NASA TLX form, where in
the “Performance” section he/she was prompted to assess how successful he/she was in
predicting the workspace border.

In task three, the accuracy of the control was assessed. The operator was asked to
complete a predefined trajectory (indicated in orange in Figure 3a).

The tester could see only the trajectory, but not the workspace (shown in green in
Figure 3a) or the parts of the trajectory that were close to the workspace border (shown in
red ovals in Figure 3a). The coordinates of the beginning and the end of the trajectory were
(0, 90) cm and (0, 60) cm, respectively. There was no time limit in this task; the operator
was to complete the trajectory as precisely as he/she was able to do. The task execution
was filmed for further evaluation. The grading process involved counting the number of
deviations from the proposed trajectory. It was decided that for the simplicity of counting,
a deviation was defined as a case when the trajectory line left the borders of the CD disk
that was attached to the end-effector of the 2-RFR mechanism (see Figure 2b). The radius of
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the standard CD disk is 6 cm; thus, this is the maximum distance between the trajectory
line and the end-effector, and this was not counted as a deviation.

| |
(@) (b)

Figure 3. The trajectories (in orange) used in task three (a) and used in task four (b).

In task four, the tester followed the moving object within a certain tolerance. The
main objective of this task was to evaluate the controllability of the haptic device in rapidly
changing conditions. The task was assessed based on the precision of its execution. The
moving object was a red dot with a red circle around it. The trajectory of the motion (shown
in orange) of this object is presented in Figure 3b, with the direction of motion indicated in
blue arrows. The first and last points of the trajectory coincided at (0, 90).

During the test, the operator could only see the moving object. In the beginning, the
end effector and the object stayed at the same point. When the test started, the operator
needed to keep the center of the end-effector within the red circle of the moving object,
which had a radius of 10 cm. The velocity of the object was in the range of 1-4 cm/s.

The execution of this task was also filmed for further evaluation. The number of cases
when the center of the end-effector went out of the circle was counted. In order to make the
results of all the tests uniform, tasks three and four were graded from 0 to 20. Here, 20 is
the maximum number of deviations, representing a complete failure, and 0 represents a
perfect result. If the amount of deviations exceeds 20, the maximum number is assigned.

3.2. Statistical Tools

In order to process the large amount of data that were obtained during the experiment,
statistical analysis tools were used. These tools can indicate if the difference between
compared sample means is statistically significant. In order to do this, the probability of
means being the same is calculated. If this probability is smaller than a certain number &,
the difference between the sample means is considered to be significant. In most cases a
value of « equal 0.05 [44] is acceptable.

In order to select proper statistical tools, the analyzed data distribution type should
be identified. If the data have a normal distribution, parametric methods should be used;
in the other case, or when the samples have a mixed data type—non-parametric methods
should be used. The normality check can be implemented in two ways—graphical and
numerical. The graphical method consists of a comparison of the sample distribution
graph with the normal distribution graph. It is simple and fast; however, in some cases
it cannot provide a definite result. The numerical methods are more reliable and provide
definite results. There are many variations of numerical normality checks. In this study, the
Shapiro-Wilk test was used as it provides higher statistical power [45,46] than the most



Appl. Sci. 2022,12, 339

7 of 18

commonly used Kolmogorov-Smirnov test (KS-test) [47]. The Shapiro-Wilk test can be
defined as

2
(2?:1 a;x (1'))
T (v - %)
where x ;) is the i-th smallest value of the sample (not to be confused with x;, the i-th value
of the sample); 4; is a coefficient, taken from the special tables related to this test; and x is
the sample mean.

In this test, the null hypothesis, or the first assumption, was that the studied sample
had a normal distribution. If the value of W that was obtained from the calculation exceeds
the critical value appropriate for the test, the null hypothesis has to be rejected and the data
distribution is not normal. The critical value is taken from special tables, depending on the
sample size and the value of «.

In this study, the tasks required the analysis of two samples at a time, which was
accomplished using paired and unpaired t-tests for data with a normal distribution and
Wilcoxon's signed rank test and tge Mann—-Whitney test for the mixed and non-normally
distributed data [48]. In the comparisons which involved samples with interconnected data
(such as tasks 1 and 2, the control mode comparisons), the paired ¢-test and Wilcoxon’s
signed rank test were used. In cases where data did not have any connection (joint perfor-
mance comparison), the unpaired t-test and the Mann-Whitney test were used.

®)

4. Experimental Setup Design
4.1. Mechanical Design

The haptic device was used to control the 2-RFR ultraflexible planar manipulator,
developed by our CompMech research group (see Figure 2b). The manipulator consisted
of two flexible nylon bars with active revolute joints on one side and a passive revolute
joint in the end-effector. Two Nema 32-sized stepper motors were used as the actuators.
The manipulator was placed between two acrylic sheets (transparent in the front and white
in the back) that were attached to a square frame with a 2 m side, made of an aluminum
profile. The rear acrylic sheet had a coordinate mesh of 10 cm in size for better visualization
of the end-effector position. This 2-RFR manipulator was kinematically equivalent to a
5-bar mechanism; however, it was more “human friendly” as it was safer due to the flexible
nature of its bars.

The joint prototypes were manufactured using fused deposition modeling 3D printing
technology. The material of the majority of the printed parts was acrylonitrile butadiene
styrene (ABS). The rest of the printed parts were manufactured with Onyx from the Mark-
forged company. Both reconfigurable joints are used in the proposed haptic device in
a joystick mode. A schematic representation of the 2R spherical mechanism-based joint
and its practical implementation is presented in Figure 4. The setup was built around
joint 1, which was connected to force feedback actuators 2 and 3 through the belt gears
4 and special torque-generating bushings 5. The absolute rotary encoders 6 determined
the current handle position. The clamp 7 was able to lock one DOF of the joint in order to
provide precise horizontal motion.

In the proposed setup, stepper motors were used as actuators of the force feedback
system. In order to transform steps into torque, special bushings (5 in Figure 4) were
designed (see Figure 5a). The bushing consisted of inner 1 and outer 2 drums. The inner
drum was connected to the input shaft of the joint. The outer drum was connected to the
pulley 3 and was able to turn around the inner drum within a certain range. There were
two springs 4 between the drums, of which one side was placed in the slots of the inner
drum and the other side was pressing on the metal partition 5 that was fixed on the outer
drum. When the drums rotated with respect to each other, the compression of the springs
created an output torque. This happened when the handle was fixed in a certain position
and the actuators of the force feedback system were turning.
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(a) (b)

Figure 4. Haptic device with the active 2R spherical mechanism-based joint: (a) schematic representa-
tion: 1 the joint; 2 and 3 stepper motors; 4 belt drive; 5 step-to-torque transforming bushing; 6 rotary
encoder; 7 clamping mechanism; (b) practical setup.

4

(b)

Figure 5. Haptic device elements: (a) step-to-torque-transforming bushing: 1 inner drum, 2 outer

drum, 3 pulley, 4 springs, 5 partition; (b) the clamping mechanism: 1 aluminum strips, 2 axle,
3 eccentric, 4 handle, 5 bushing of the joint.

The reconfiguration ability of the proposed haptic device was implemented by means
of a manual clamp (see Figure 5b). The clamp contains three aluminum strips 1 (in Figure 5b
one is removed for better visibility) of 4 mm in thickness, that can move around the axle
2, when the eccentric 3 is turned with the handle 4. In this moment, the upper strips are
pressing upon the bushing 5, which connects the rotary encoder to the joint shaft to the
lower strip, thus preventing it from rotation.

The handle of the haptic device and its scheme are presented in Figure 6.

The handle contained two tension-compression load cell sensors that were placed in
two equal modules made of aluminum profile. The sensor 1 was fixed between the static
part 2 of the module, and the moveable part 3. The moveable part can bend due to the
slot 4. This design is intended to prevent the sensor from taking on non-axial loads that can
damage it. Knowing the distances (see Figure 5b) from the center of the joint sphere (in
dashed line in Figure 5b) to the sensors and the center of the handle ball, it is possible to
calculate the forces acting on the handle.

The experimental setup built for the differential gear-based joint design (see Figure 7)
was similar to the previous one and had several common elements. The joint 1 was placed
in the center of the haptic device. Its force feedback system was driven with the actuators 2
and 3 through the belt drives 4 and torque-generating bushings 5. The encoders 6 in this
setup are placed on the opposite side to the actuators and are belt-driven. The clamp 7 is
situated on the left side, locking the vertical DOF of the joint.
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Figure 6. Haptic device handle: (a) practical implementation; (b) blueprints: 1 sensor, 2 static part of
the sensor frame, 3 movable part of the sensor frame, 4 slot.
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Figure 7. Haptic device with the differential gear-based joint: (a) schematic representation: 1 the joint,

2 and 3 actuators, 4 belt drives, 5 step-to-torque-transforming bushing, 6 rotary encoder, 7 clamping
mechanism; (b) real setup.

4.2. Software and Electronic Hardware Design

The haptic devices were operated by Raspberry Pi 3B, with Xubuntu 18.04 LTS. It
was handling low-level controllers, implemented with two Arduino Due boards (one for
the actuators and another for sensors). The actuator Arduino board was connected to 5
(4 in the differential gear based joint design) Geckodrive G201X stepper motor drivers
that controlled 3 (2) stepper motors of the haptic device and two stepper motors of the
2-RFR mechanism. The other Arduino board was obtaining information from Gefran PS-20
absolute rotary encoders and the ELAF-TIM-250N force sensors that were installed in the
handle.

The controlling software was written in the Python programming language. The Robot
Operating System (ROS) Melodic Morenia was used to organize and connect the parts of
the system. ROS has a modular structure with nodes as modules that communicate with
each other by sending messages through topics. In Figure 8, the structure of the control
system is presented. Here the nodes are depicted as rectangles and the topics as arrows.
Depending on the arrow direction, the communication is unidirectional or bidirectional.
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Arduino: sensors Arduino: motors
A A y

Data converter node

A 4 A 4

Main control node

, ' Iy

Handle preparation node 2-RFR mechanism

preparation node

Figure 8. Flowchart of the ROS node structure: nodes in rectangles; topics as arrows.

5. Experimental Progress and Results

The number of participants was 17 for the active 2R spherical mechanism-based joint
and 19 for the differential gear-based joint design. Nine participants were testing both
experimental setups.

The data from the processed NASA TLX forms are presented in Appendix A (see
Tables A1l and A2). The results of the normality check and the selection of the appropriate
statistical tools are presented in Appendix B (see Tables A3-A7). Two videos, demonstrating
the execution of the experimental tasks 3 and 4 in the velocity control mode are presented
in the Supplementary Materials.

After the execution of the four tasks, the functioning of the reconfiguration ability in
the haptic device was tested. In both experimental setups the clamp was locked manually
in a desired position. In that position, the horizontal motion was tested. The handle
was operated in such a way that the end-effector moved from the central part of the
workspace towards one of the borders. When the border was reached (and the mechanism
stopped), the handle was moved in the opposite direction until the other side of the border
was reached. All the motion was strictly horizontal, which was confirmed visually and
by the coordinate Y values in the ROS messages. The force feedback in the Y-axis was
also completely locked mechanically by the clamp and did not interfere with the motion.
The reconfigurability was tested in both working modes with similar results. Thus, the
reconfigurability of the proposed haptic device was successfully confirmed.

The results of the statistical tests are presented in Tables 1-3.

Table 1. Results of the statistical analysis of tasks one and two in two control modes.

Joint Active 2R Spherical Mechanism-Based Joint Differential Gear-Based Joint
Control Mode Velocity Position Velocity Position
Task 1 2 1 2 1 2 1 2
Significant difference No No No No

Table 2. Results of the statistical analysis of the two control modes in tasks 2-3.

Joint Active 2R Spherical Mechanism-Based Joint Differential Gear-Based Joint
Task 2 3 4 2 3 4
Significant difference Yes Yes Yes Yes Yes Yes
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Table 3. Results of the statistical analysis of the two joints performance in tasks 2-3.

Mode Velocity Control Position Control
Task 3 4 3 4
Significant difference No No Yes Yes

6. Discussion on Haptic Device Test Results
6.1. Force Feedback System Evaluation

It can be seen from Table 1 that the experimental results in tasks one and two showed
no statistically significant differences in both control modes. After thorough analysis of the
NASA TLX forms, it was concluded that the main possible reason for this was that some
of the testers misunderstood the grading principle. It was found by comparing the grade
in the “Performance” part of the form with the written feedback that some of the testers
left for the task. In several cases, the written feedback was positive; however the grade for
task 2 was lower than for task 1. As an example, tester number 13 in the active 2R spherical
mechanism-based joint test, task 1 left feedback saying: “It is complex to predict the end of
the border”. The feedback corresponding to the second task was: “I feel more comfortable
in the second task because I know better how it works and the force feedback helps too”.
The grades for tasks one and two were 15 and 17, respectively. However, in the NASA TLX
form, the worst result has the highest grade.

The other reason was that for some people the value of force produced by the device
was too high. This was indicated in the “Physical demand” and “Effort” parts of the NASA
TLX form. In addition, there was written feedback from testers that criticized the force
level, 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). The high
value of force was necessary in order to make the force feedback easily recognizable and
distinctive from the friction forces, induced in the mechanism of the joint. These friction
forces were conditioned on the one hand by the joint kinematics, and on the other hand by
the imperfections caused by the 3D printing manufacturing process of the joint prototypes.

6.2. Control Mode Comparison and Evaluation

The statistical analysis indicated (see Table 2) that there was a significant difference
in the performance of the haptic devices in velocity and position control modes. As the
difference was significant, it is possible to use the means of the data samples directly. It
can be seen from Tables Al and A2 of Appendix A that the means of the data samples
that corresponded to the velocity control mode were significantly smaller. Thus, the haptic
device demonstrated better performance in the velocity mode. The survey conducted
among the operators after the tests also indicated that the velocity control mode was
preferable in most of the cases. The position control mode was preferred by the participants
only in 17.6% cases for the active 2R spherical mechanism-based joint and in 5.3% cases for
the differential gear-based design joint. Most of the written commentaries considered the
velocity mode to be more convenient; however, some of the testers referred to the position
control mode as “more intuitive”.

There are two main reasons why velocity control mode provided better performance
than position control mode. The first is the resolution of the handle. As in the position
mode, the angle of the handle inclination directly defines the position of the end-effector,
even a small motion of the handle will affect the mechanism. From the hardware point of
view there is no restriction on the possible resolution of the haptic device; however, there
is such a limitation on the side of the operator. The human senses are not able to detect
the small changes in the handle angles that can be sensed by the haptic device. This was
especially important in the positions that are close to the workspace borders, as the force
feedback was affecting the operators’ control on the device handle. The resisting force
caused the small displacement of the handle and the mechanism reacted to it. Meanwhile
the operator tried to adjust the handle by moving it further, which in its turn caused a
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stronger force response from the haptic device and the cycle repeated itself. This resulted
in the oscillations of the end-effector and confusion of the operator. In addition, in the
position mode, the velocity is not limited and the operator can reach the border of the
workspace very quickly, experiencing a strong force response right away, without the phase
of a smooth increase.

In the velocity control mode, the maximum velocity of the end-effector was limited to
5 cm/s, which gave the operator (and the system) time to react. When the end-effector of
the mechanism approached the border, the transition of the force that resisted the operator
was smooth and predictable. This made operation in the velocity control mode clearer for
the majority of testers.

The second reason is the presence of clearances in the mechanism, due to the manu-
facturing technology that was used for the prototype. The position control mode is very
sensitive to these clearances; however, in the velocity control mode, the difference between
two velocities of the end-effector equals 10° of handle inclination, which is sufficient to
compensate for any possible clearance. This problem can be eliminated by changing the
joint manufacturing technology; however, it is caused by the first and the main problem of
the excessive sensitivity of the haptic device in the position control mode. The sensitivity
problem of the position mode, unfortunately, does not have a simple solution. In order to
make the small changes in the handle inclination angle more significant for the operator,
it is possible to increase the length of the handle. However, this will affect the overall di-
mensions of the haptic device and extend the range of the operator’s hand motion, making
control of the haptic device inconvenient.

Considering the results of the statistical analysis and the testers’ feedback, the velocity
control mode can be accepted as the most appropriate for the current haptic device design.
It has been proven that it provides the best performance in the most common types of tasks
for the haptic devices.

6.3. Joint Designs Assessment

According to the results of the statistical analysis, presented in Table 3, there is a
significant difference in sample means in tasks 3 and 4 in the position control mode. The
absence of differences in the results of these tasks in the velocity control mode indicates
that the velocity control mode provided similar performance in both haptic devices.

Analyzing the means of the samples in tasks 3 and 4 (see Tables Al and A2 of
Appendix A) it can be seen that the differential gear-based design joint provided smaller
mean values in both tasks, which corresponds to better performance.

The worse performance of the active 2R spherical mechanism-based joint can be
explained by its more complex kinematics. This joint has singular positions, one for each of
the blue actuators (4 in Figure 1a). This takes place when the red actuator (3 in Figure 1a) is
inclined £25° from the vertical position. In order to keep the joint in fcontrol, it is necessary
to switch between the encoders that are connected to the blue shafts and between the two
actuators of the force feedback system. However, due to the clearances in the joint, there
is a difference in these two encoder readings. That difference causes a variation in the
calculated angle that defines the horizontal displacement of the end-effector. The value of
this angle can change in range of 3°-5°, which results in a big leap of the end-effector in the
moment of switching between the encoders. As tasks 3 and 4 were focused on precision,
this feature affected the device’s performance significantly.

The second reason is the high friction forces in certain positions of the blue actuators,
which lead to jamming of the joint. This take place near the workspace border, when the
force feedback generates a resisting force. In these cases, the additional force of the feedback
increases friction and it becomes very hard for the operator to change the position of the
handle. In the velocity control mode, these extreme positions in the active 2R spherical
mechanism-based joint can be avoided by lowering the speed, but in the position control
mode it is impossible. This disadvantage affected the execution of task 4, as it required
precise and fast reactions from the operator.
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The problem of clearances in the joint can be solved by using more precise manufactur-
ing methods; however, the second problem is conditioned directly by the joint kinematics
and cannot be solved easily.

In addition to the statistical analysis, the survey of the testers showed that 100% of
the operators who participated in both haptic device tests chose the differential gear-based
joint design as the best one.

It can be concluded that due to its simpler kinematics, the differential gear-based joint
design demonstrated better performance than the active 2R spherical mechanism-based
joint in a haptic device application.

7. Conclusions

It was confirmed that the tested joints were able to provide the reconfiguration ability
for the haptic devices in which they were applied. The ability for precise horizontal motion
of the controlled mechanism end-effector was successfully confirmed in both control modes
with functioning force feedback.

The proposed haptic device designs were tested by two groups of operators. Four
different tasks were executed in velocity and position-control modes. The two first tasks in-
dicated a problem with the understanding of the grading principles among the participants
and imperfections in the force feedback system of the haptic device. There are two possible
solutions for this: performing more thorough explanations of the grading system to each
participant before the test, or developing a customized and more intuitive form of grading.

It was found that the velocity control mode provided better performance in both joints
and was preferred by the majority of the testers. This mode is less sensitive to the operators’
skills and provides better precision.

The performance analysis, together with the testers’ feedback, indicated that a differ-
ential gear-based joint design has substantial benefits in haptic device applications due to
its kinematic simplicity. All nine testers who participated in both haptic device tests chose
this joint design as the best one.

In conclusion, both joints can be used in haptic device systems in order to provide
reconfigurability; however, the differential gear-based joint design provides simpler control
and better performance.

As a possible direction of future work, several methods can be proposed for the
improvement of reconfigurable haptic devices. First, the prototypes of the joints can be
improved by using conventional manufacturing technologies, in order to be able to make
them from metal and decrease the clearances and friction forces that are generated inside
them. Second, the values of force created by the force feedback system should be adjusted
and pre-testing should be conducted in order to confirm the correctness of the force values.
Third, the actuators can be changed to DC motors in order to increase the frequency and
the speed of response of the haptic device. Fourth, the preparation phase of the experiment
should be improved through the introduction of a grading form which is easy to understand
and is informative enough to provide the necessary test data. In addition, the proposed
haptic devices will be used in a study of human-robot cooperation as controlling units. The
performance of this means of control will be evaluated.
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Appendix A
Appendix A.1. Experimental Results
Appendix A.1.1. Active 2R Spherical Mechanism-Based Joint

Table Al. Grades taken from NASA TLX forms for the active 2R spherical mechanism-based joint
tests.

Velocity Mode Position Mode
Tester Ne Task 1 Task 2 Task 3 Task 4 Task 1 Task 2 Task 3 Task 4
1 16 11 1 6 12 1 20 20
2 7 8 0 2 15 14 20 20
3 7 11 3 2 19 12 20 20
4 10 13 6 7 10 10 20 20
5 17 15 0 6 15 18 20 20
6 9 12 2 2 18 17 20 20
7 13 6 6 7 10 16 20 20
8 15 14 1 10 14 14 20 20
9 3 2 1 6 3 16 20 20
10 6 8 0 5 10 11 20 20
11 10 14 0 3 18 20 20 20
12 13 5 0 2 19 20 20 20
13 15 17 3 7 20 18 20 20
14 4 10 1 6 18 20 20 20
15 18 11 3 9 20 19 20 20
16 11 3 1 5 8 4 20 20
17 2 2 3 9 0 2 20 20
Mean 10.35 9.53 1.82 5.53 13.47 13.65 20.00 20.00
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Figure A1. An example of the experimental data: active 2R spherical mechanism-based joint, velocity
control mode, task 2. Experimental data shown in blue, mean values shown in orange.

Appendix A.1.2. Differential Gear-Based Design

Table A2. Grades taken from NASA TLX forms for the differential gear-based design joint tests.

Velocity Position
Tester Ne Task1 Task 2 Task 3 Task 4 Task 1 Task 2 Task 3 Task 4

1 6 2 0 7 11 17 14 15
2 5 7 0 2 10 11 5 9
3 9 5 0 5 9 4 4 9
4 6 3 1 5 14 18 10 11
5 2 19 1 0 18 18 12

6 17 12 5 4 17 8 8 9
7 1 1 2 6 3 8 11 20
8 10 2 2 7 6 11 10 14
9 7 10 2 4 16 11 20
10 8 0 3 14 11 8 14
11 4 5 0 2 6 8 9 12
12 10 4 4 8 3 5 13 12
13 4 1 0 6 16 17 14 20
14 3 3 1 1 12 11 7 14
15 5 4 3 5 7 9 10 20
16 7 12 2 3 16 8 18 20
17 8 5 0 4 11 6 12 20
18 7 6 2 7 15 17 10 20
19 10 2 3 5 13 7 15

Mean 6.58 6.16 1.42 432 10.58 11.37 10.16 14.84
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Figure A2. An example of the experimental data: differential gear-based design joint, velocity control
mode, task 2. Experimental data showbn in blue, mean values shown in orange.

Appendix B
Appendix B.1. Normality Test Results and Statistical Tool Selection
Appendix B.1.1. Normality Test Results

Table A3. 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 = Notnormal  Normal Normal Notnormal Notnormal Not normal

Table A4. 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 Notnormal Not normal Normal Normal Normal Normal Not normal

Appendix B.1.2. Statistical Tool Selection

Table A5. Statistic tests for the evaluation of force feedback systems.

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 A6. Tests for control mode assessments.

Joint Ml:ccttllex‘;\eiszrlrt-lsi'};:ee:lljczznt Differential Gear-Based Design
Task 2 3 4 2 3 4

Test Wilcoxon’s signed rank test Wilcoxon’s signed rank test
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Table A7. 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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