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Abstract

The scope of this lab is to introduce different skills to successfully control the OpenManipulator-X
robotic arm so that future complex task of sorting-colored balls from a chess board can be performed.
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Introduction

In this lab, we explore the fundamentals of robotic movement and data acquisition using an
OpenManipulator-X robotic arm, as seen in Figure 1. The OpenManipulator-X is a serial arm that
consists of four degrees of freedom (DoF). Serial manipulators are made up of links that are actuated by
servos to form a kinematic chain (Universal Robots, 2022). In this case, DYNAMIXEL motors are used
to drive each rotational joint, with an additional servo controlling the gripper.

The goals of this lab were to create Matlab scripts for actuating the arm to specified positions, collecting
joint data and timestamps, and analyzing the consistency and timing of these movements across repeated
trials. These objectives were accomplished through the utilization of Github, which allowed for seamless
collaboration and version control. We worked to set up a local machine to be able to communicate with
Git as well as configured paths in Matlab to enable the Dynamixel SDK.

'2:{?9

Figure 1: OpenManipulator-X robotic serial arm with 4 DoF. Five motors labelled at the base, shoulder,
elbow, wrist, and gripper.
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Methodology

1. Setup and Initial Positioning:
o A MATLAB script was written to interface with the robotic arm using provided
class definitions for both reading and writing joint positions.
o The arm was moved to a zero position to establish a known starting state.

set_joint vars()
Input:
self: Instance of the class Robot
jointVars: 1x4 array of target joint variables in degrees
varargin: Optional, desired travel time in milliseconds
Output:
1: ~isempty(varagin)
2: self.writeTime(travel Time)
3: self.writeJoints(jointVars)
Return empty

read joint vars()
Input:
self: Instance of the class Robot
GETPOS: Boolean, if true — returns position array in degrees
GETVEL: Boolean, if true — returns velocity array
Output:
pos_vel arr: 2x4 array, first row degrees, second row velocity. If bool=0, return as 0
1: pos_vel arr = zero(2, 4)
2:if GETPOS — pos_vel arr(1, :)
3: if GETVEL — pos_vel arr(2, :)
Return pos_vel arr

2. Use of Git hub
o Allowed for collaboration and version control.
o Assigned issues to each teammate.
o Once solved, we committed our new scripts and edits to git hub.
o Finally, we merged the completed branch to main.
3. Movement and Data Collection:
o The script was further developed to move the base joint of the robotic arm from
0° to 45° over a period of six seconds. We did this by creating a new script called
Labl.m
o Joint positions and timestamps were continuously recorded during the movement.
4. Repetition and Analysis:
o This movement was repeated three times to collect data for consistency analysis.
o The data were stored in a CSV file and plotted to visualize the joint movements
over time.
5. Timing Analysis:
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o Incremental timestamps were analyzed, and a histogram was created to visualize
the timing consistency between readings.
o A second histogram was also created without any outliers.
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Results

The data in Figures 1, 2, 3, and 4 was collected by performing three repetitions of moving the base from

0 to 45 degrees.

Figure 1 was created by plotting all joint positions during the first repetition. We see that the base moves
in a cubic equation from 0 to 45 degrees over 6 seconds while all other joints stay stationary at close to 0

degrees.

Figure 2 is a plot of the base position during all 3 repetitions of the motion.

Figure 3 shows a histogram of the Time difference between each reading of the joint positions from all 3

repetitions.

Figure 4 is the same as Figure 3 but with the outliers removed via calculating the interquartile range and

removing data outside of that range. Here the interquartile range is roughly between 15.950ms and

16.045ms
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Discussion

The results in Figure 1 are what we would expect because the robot is rotating about the base from 0 to 45
degrees and the travel time is set to 6 seconds. This matches the data showing a cubic motion of the base
from 0 to 45 degrees over a range of 0 to 6 seconds and cubic motion is a common acceleration strategy
for robotic arms.

The results in Figure 2 make sense because the plot of the base position in repetition 1 is identical to the
base in Figure 1. The other 2 repetitions are also almost identical, but the robot performs the motion with
minor variations because there is a limit to the level of precision that the code and the hardware can
accomplish.

The results in Figure 3 stay consistent with our findings in Figure 2; generally, the robot’s timing across
the 3 repetitions remains stable. Internally, the robot receives the same instruction set from the CPU,
however physical limitations prevent total accuracy, resulting in slight variations. The most common
difference in time is about 16ms, with a small deviation of +/- 0.2ms.

The graph in Figure 4 depicts a histogram with finer resolution than Figure 3. With the outliers removed,
it is expected to have a smaller range. Any data point beyond the interquartile range was excluded from
the graph, resulting in a more standard curve with a deviation of +/- 0.05 ms centered at 16 ms.

This data demonstrated the robot’s high precision capability and repeatability. The small outliers recorded
in Figure 2 were negligible. The deviation in time between position readings was largely within a range of
+/- .05ms centered at 16ms which is well within reasonable. This level of peformance demonstrates this
system's dependability for precise tasks.
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Conclusion

This lab serves as the first step in achieving manipulation with the OpenManipulatorX and introduction to
a wide range of skills sets(includes using GitHub, Linux, Matlab) to perform the ultimate task of being
able perform different variety of sorting methods with the arm.

References
1. Universal Robots. “Robotic Arm Design.” universal-robots, 2022, https://www.universal-

robots.com/in/blog/robotic-arm-design/.
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Abstract

In this lab we move on to the second phase of understanding the Openmanipulatorx Robotic arm in which
we calculate the forward kinematics of the robot.To start of



Introduction

Lab 2 built upon the functions developed in Lab 1 that communicated with the robot joints. We
calculated the forward kinematics (FK) of the arm to determine the position and orientation of the end
effector in physical space, which was visualized in MATLAB. This was accomplished by creating a
function that accepted joint angles as input and returned the end effector’s position and orientation.But
before we could implant it in MATLAB we had calculated the DH parameters of the
OpenManipulator-X.We successfully demonstrated this by qualitatively verifying our FK through the
implementation of the robot arm recording our joint variables. Simultaneously, we used a MATLAB stick
model of our robot to plot and visualize our simulated FK. Further, we utilized github more efficiently

through the use of issues and pull requests, allowing us to facilitate a smooth workflow.

Methodology

e Calculated the Forward Kinematics of the 4 - DOF OpenManipulator robot
o Created a drawing of the robot ( attached in the results) by assigning joint and joint
directions which helped in generation the reference frame
o The drawing helped to produced DH parameters table for our robot ( attached in results)
e Implemented the forward kinematics in Matlab
o Created a class called Lab2Step2 which handles different methods that have different
outputs.
o Created a method called dh2mat() in Lab2Step2 class
m Input - 1x4 array corresponding to DH parameters table
m  Output - Corresponding Transformation matrix.
o Created a method called dh2fk in Lab2Step2class

m Input - takes in full DH parameter table together with TO1



m  Output - composite transformation of the entire robot that is T,'

o Created a method called joints2fk
m Input - 1x4 array of joint variables
m  Output - (4x4)n array from dh2fk
e Home position repetition
o Commanded the robot to move from the home configuration to a arbitrary point
m robot.set_joint vars(targetJoints,travel TimeMS); used this line of code to do so
o Made the robot to go from an arbitrary point to home configuration
m robot.set joint vars([0,0,0,0],travel TimeMS); used this line of code to do so
o Repeated this 5 times
m  Used a for loop
o Recorded the transformation matrix each time it returns
m  Ended up with 5 4x4 matrix
e Created a live 3D stick model in matlab for the robots movement
o Created a Model class
o Used Lab2Step2 for faster transformation
o Calculate the position of the end effector
o Made a function plot_arm that takes jointVarDeg a 1x4 array of robots joint positions
m  Set the initial sizes and values of all the matrices
m Calculate the transformation matrix from the origin ([0 0 0 1]) to each reference
from and use that transformation matrix to calculate all of the values needed to
make the plot

m Plot the robot arm



e Live plot of the robot in Matlab
o Made a function fk_live plot() that
m Initialize the robot object from the previously defined class
m  Set how long to move to each pose in seconds
m setup the Robot
m Define 5 arbitrary sets of joint angles within the robot's safe range
m make figure
m  Loop through each set of joint angles
m Plot the arm using the current joint angles
m pause to give time to plot
e Analyzed the joint trajectory while keeping the base angle at 0 and used a MATLAB script that
sequentially moves the arm to three vertices of an arbitrary triangle
o Setup the robot with initialize robot position and Defines the travel time

o move to pose 1

o Move to pose 2
m  while moving record the tip position and all the angles
m  Start timer until it reached travel time that was set before
m take a reading every 10th of a second

o Do all the same step with pose 3

o Move back to pose 1

o Plot all the pos from the poses

o Save the poses to a csv file ( shown in the results)



Results

1. Forward kinematics of the 4 DOF arm
a. Frame of reference can be found in Figure 1
b. DH parameters based on the frames assigned in Figure 1 can be seen in Table 1.
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Figure 1: Frame assignments on the 4 DOF arm using the DH convention.

DH Parameters Table
Link 0 d a a
0 0 L, 0 0
1 07, L, 0 =
2
2 | 0,-tan’ (% 0 L, 0
3 16 +tan” (% 0 L 0
4 07, 0 L, 0

Table 1: DH parameters based on the frame assignments of Figure 1.



2. Forward kinematics in MATLAB.

a. Utilizing the joints2fk() function, it was possible to calculate the base to tip
transformation of our arm in home configuration, as illustrated in Table 2.

b. Similarly, the general intermediate homogeneous transforms can be generated by the
function dh2mat(), as shown in Table 3.

Home configuration
1 0 0 281.4
T, 0 0 1 0

0 -1 0 2243
0 0 0 1

Table 2: Base to tip homogeneous transformation of the robot arm calculated using the function

joints2fk().
Link 0 d a a
1 0 0 0
0 1 0 0
1 —
Ty 0 0 1 36.0760
0 0 0 1
cos(el) 0 - sin(el) 0
sin(0) 0 cos(0)) 0
2 _ 1 1
T,
0 -1 0 241
4
0 0 0 1
cos(e2 — 1.3854) - sin(e2 — 1.3854)| 0 130.2 * cos(62 -1
sin(6. — 1.3854) cos(6, — 1.3854) |0 130.2 * sin(0, — 1.
3 2 2 2
T, =
0 0 1 0
0 0 0 1




6927 . 6927 6927

COS(93 + %000 - sm(@3 + %000 0 124 * cos(e3 + <000l

. 6927 6927 0 ; 6927

T34 _ Sm(G3 + <000 cos(93 + <000) 124 * sm(e3 + <500
0 0 1 0
0 0 0 1

6927 . 6927 6927

cos(8, + =557 — sin(®, + <5500 0 667 * cos(8, + 55ql

. 6927 6927 0 ; 6927

T45 _ sm(64 + <000 cos(e4 + <000) 667 * sm(e4 + <000
0 0 1 0
0 0 0 1

Table 3: Intermediate homogeneous transforms generated by the function dh2mat().

3.  Home position
a. Figure 2 highlights a plot showing the 5 tip positions with respect to the base frame for
each arm on the same plot. The average tip position and the expected tip position were
extremely close, as demonstrated in the figure.
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Figure 2: A plot showing the 5 tip positions with respect to the base frame for each arm on the same plot.
The end effector target coordinates are [-45,30,60,-70]. The root mean square is (185.3023, 198.0891,
122.8092).



4. Visualize the arm by creating a 3D stick model in MATLAB.
a. In Figure 3, there is a plot with a three-dimensional representation of the robot’s pose
where each link is represented by a line and each joint and the end-effector are
represented by a dot. The origin is located at the base of the robot.

Z (mmy}

Figure 3: 3D stick model of the robot arm. Each link is represented by a line and each joint and the
end-effector are represented by a dot.

5. Live plot of the robot in MATLAB

3D Stick Model of Robot Arm

a. Table 4 and Figures 4 and 5 include the FK data involved with Step 5.

fkMatricies
D)=

0.633
0.1116
-0.766

-0.7544
=0.133
-0.6428

-0.1736
0.9848

183.8027
32.4094
101.0919
1




Angles (deg)

Base 10
Shoulder -20
Elbow 30
Wrist 40
0.2241 -0.8365 0.5 226.709
fkMatricies -0.1294 0.483 0.866 -130.8905
(:,5,2) = -0.9659 -0.2588 0 73.1038
0 0 0 1
Angles (deg)
Base -30
Shoulder 45
Elbow -60
Wrist 90
0.5 0.5 -0.7071 102.3815
fkMatricies 0.5 0.5 0.7071 102.3815
(:,5,3) = 0.7071 -0.7071 0 298.1338
0 0 0 1
Angles (deg)
Base 45
Shoulder -45
Elbow 45
Wrist -45




0.75 0.433 0.5 299.4418
fkMatricies 0.433 0.25 0.866 172.8828
(4= 0.5 -0.866 0 144.2412
0 0 0 1
Angles (deg)
Base 30
Shoulder 60
Elbow -30
Wrist -60
0.6645 -0.2418 0.7071 148.5909
fkMatricies -0.6645 0.2418 0.7071 -148.5909
(:,5,5) = -0.342 -0.9397 0 25.5513
0 0 0 1
Angles (deg)
Base -45
Shoulder 30
Elbow 60
Wrist -70

Table 4: FK homogeneous matrix transformations as a result of the target angles displayed.




3D Stick Model of Robot Arm

Z (mm)

Figure 4: Robot arm displayed by the 3D stick model in MATLAB. End-effector coordinates are

[-45,30,60,-70].

Figure 5: Picture of the robotic arm in the same position as Figure 4.

6. Analyzing joint trajectory.

a.

Figure 6 depicts a plot with three lines representing the joint angles (in degrees) vs time
(in seconds).

Figure 7 shows the end-effector positions in x and z (in mm) vs time (in seconds).
Figures 8 and 9 plot the trajectory of the arm in the X-Z plane and the X-Y plane
respectively.



Joint Angles (deg) vs Time (s)
== Joint1 == Joint2 Joint3 == Joint4
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Figure 6: Joint Angles (deg) vs Time (s) of the robot arm. The path the joints took could be described as
sequential moves to three vertices of an arbitrary triangle in the X-Y plane of the base frame FO0, starting

Figure 7:

and ending at the first point.

End Effector Position (mm) vs Time (s)
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End effector Position (mm) vs Time (s). This plot depicts the end-effector positions in x and z
(in mm) vs time (in seconds).



2D Trajectory in the X-Z Plane
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Figure 8: 2D path representing the trajectory in the X-Z plane followed by the arm as it traversed all 3
setpoints.

2-D Trajectory in the X-Y Plane
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Figure 9: 2D path representing the trajectory in the X-Y plane followed by the arm as it traversed all 3
setpoints.



Discussion

Forward kinematics of the 4 DOF arm provided the groundwork for the rest of the lab. Using the DH
parameter table, it was possible to develop homogeneous transformation matrices.

Considering the plot in Figure 2, it would be reasonable to conclude the arms are behaving accordingly.
This is because the expected and measured tip positions are very close to one another. However, the
measured tip position is just slightly lower than expected. One reason for this discrepancy could be that
gravity affects the arm, causing it to “droop” slightly in application. Because the motor’s resolution is not
infinite, there is some give in how much precision it can achieve. Initially, the results did not match
whatsoever; however, this was the result of an indexing error when referring to the matrices.

The model in Figure 3 proved extremely useful in debugging other components of this lab, such as Step 2
and Step 3. It also helped with conceptual imagery such as joint orientation in reference to the world
frame.

The interesting behavior in Step 5 is that there is some stutter in the simulation because there is a 10th of
a second pause for each plot which limits the frame rate. To improve this we could decrease the time of
the travel time for plotting or increase the sample rate. Additionally, physically blocking the arm’s path
will be depicted in MATLAB, emphasizing the power in this function. There were no obvious
discrepancies between Figure 4 and Figure 5.

The plot in Figure 8 does not exactly look like a proper triangle as one of the sides as seen in the plot is
bent inwards. This may be caused by the nature of rotation caused by the joints, which force the
end-effector to travel in an arc.
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Appendix A: Report Format Guidelines

General report format guidelines:

When you write a report, you will want to make it easy to read and understand. Here are some guidelines
to apply to any report you write [1]:

Use lists: Whenever you can, help your reader by using lists. Give your lists visual emphasis by
bullets.

Use headings and subheadings: Use headings and subheadings to guide your reader through the
organization of the report and list them in the table of contents. Each section should have a clear topic
statement to let the reader know what will be included in the section.

Use clear typefaces, such as Times New Roman or Arial: Avoid using more than one typeface in a
document. Bold section headings for emphasis.

Use white space to enhance your information: Dense blocks of text are difficult to read and will
make it more difficult for your readers to find the information they need. For further information on this
topic, see the OWL resource on document design, HATS [1].

Other guidelines for writing reports:

Past tense is used for explaining procedures, and present tense is used for generalizations and for stating
what the results show.

Write the body of your report first - before you write the abstract: Most report writers prefer to
save the mechanical elements, such as the title page and the table of contents, for the last step.



Maintain consistent structure: Once you determine the structure you will use, keep using it
consistently throughout the report. This will make it easier for your readers to understand your report.

Choose carefully the voice, mood, and tense: These depend on the rhetorical situation. Consider the
expectations of your readers and the needs of your readers. For lab reports and long formal reports, most
companies and most teachers prefer that you use the third person passive: "A test was run..." NOT "I ran
the test..."

Appendix B: Authorship

Section Author

Introduction Marc

Methodology Manas

Results Christopher, Manas, Marc
Discussion Marc, Manas

Conclusion Manas
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Introduction

Inverse kinematics (IK) and trajectory generation are pivotal in robotic arm manipulation,
enabling precise control over the arm's end-effector to perform complex tasks. In Lab 3, we delve into
these concepts, applying them to the 4-DOF OpenManipulator-X robot arm. Building upon the
foundational knowledge acquired in previous labs, where we controlled the robot arm using forward
kinematics via MATLAB, we now focus on the reverse process. By determining the joint angles necessary
to reach a given position and orientation in space, we harness IK to translate task-space coordinates into
joint-space commands. Furthermore, we explore trajectory generation methods, such as cubic and quintic
polynomials, to ensure smooth and continuous motion between waypoints. This lab's objective is to
synthesize these techniques to move the robot arm along a predefined path, maintaining a fixed
orientation of the end-effector. Through this hands-on experience, we aim to deepen our understanding of

the dynamic relationship between a robot's kinematic configurations and its operational capabilities.

Methodology

Step 1: Deriving the inverse kinematics

The first step was solving for 0, using the X (X,.) and Y (Y..) coordinates of the end effector with

respect to the global reference frame, and then rotating the arm into the X-Z plane so that the problem can



be treated as a 3 joint, 2D arm, instead of a 4 joint 3D arm:
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Figure 1: Page 1 of Christopher Hunt’s work for deriving the inverse kinematics (solving for 6, and X*

by rotating the arm to the X-Z plane)

Next, a diagram of the robot (in red) with all of the knowns in light blue (X*=X_..* solved for

above, Z.., & o) and the Unknowns that are being solved for in dark blue (0,, 65, 6,) was created:



