Robotics 3

21-02310-19 V.1

Table of Contents
Chapter 6: The ArmBot
6.1

Robotic Arms

2

6.2

The ArmBot

6

6.3

ArmBot Control

34

6.4

End of Chapter Challenges

39

Chapter 7: Omni Directional Robots
7.1

Introduction to Omni Wheels

45

7.2

Using Omni wheels in Robotic models

47

7.3

Omni Robots

49

7.4

End of Chapter Challenges

65

Credits

67

Chapter 6
The ArmBot

Learning Objectives
• Explore the different components and movements of a
robotic arm.
• Apply engineering principles in building a robotic arm.
• Control and program the robotic arm.

6.1
Learning Point

Robotic Arms

1

Introduce the ArmBot
and discuss its uses and
applications.

Prior to the industrial revolution, most products were manufactured
by hands using simple tools. With the start of the industrial revolution,
machines began to perform work and factories and assembly lines
were built, which resulted in the proliferation of manufacturing and
invention.
In a typical assembly line (Figure 1), humans and machines are
placed in sequence to perform repetitive motions, moving the work
from one worker/machine to another until the product such as a car,
airplane, etc. is finished. The efficiency and productivity gains from
the assembly line were many, including; workers do not have to lift
heavy objects, the cost of production is reduced, mass production is
enabled and industrial development accelerated.

Reference

For more details, watch
Video 1 “Factory Works”
available in the robotics
lab

Figure 1: Automobile assembly line where workers and machines are
sequentially organized

The comedian Charlie Chaplin well depicted a comic video
displaying how human beings used to work in factories. The video
shows how workers performed repeated tasks and relied upon each
other in an assembly line.
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During the 20th century, scientists and engineers around the world
invented programmable devices that laid the foundations for the
robotics industry. The blueprint in Figure 2 shows a robotic arm
with similar functions to a human arm; it consists of joints and links,
allowing both rotational and translational motions. These joints
enclose powerful motors that enable the end of the robot arm, called
end effector, to perform intelligent tasks.

Reference

For more details, watch
Video 2 “Current uses of
robotic arms” available
in the robotics lab.

Figure 2: B
 lueprint of a robotic arm

The use of robotic arms was extended to factories and assembly
lines, working alongside humans to improve speed and process
quality of the manufactured products. The next video shows how
robots in assembly lines can perform accurate and efficient tasks.
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A robotic arm operates in a similar way to a human arm, as displayed in Figure 3.

Figure 3: Similarities between a robotic arm and human arm

The joints in a robotic arm are named according to the movement they perform. Any given
joint can rotate in 3 directions. Imagine wearing a Virtual Reality (VR) gear. Your neck will be
able to rotate along three directions following three different axes, with one angle of rotation
around each.

Figure 4: Angles used on a VR gear
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Hence, the whole robot arm motion can be broken down into a set of roll, pitch, and
yaw. Figure 5 displays how to visualize a robotic and a human arm based on each joint’s
movement.

Shoulder pitch
Shoulder roll
Shoulder yaw

Elbow pitch

Wrist yaw

Wrist pitch

Figure 5: Joints and movement types of both a robotic and a human arm

Checkpoint
Describe a robotic arm in a few words.
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6.2
Learning Point
Determine the
functionality of the
ArmBot main parts.

The ArmBot

2

The Armbot that you will build consists of four main parts:
•
•
•
•

t he base, which allows the robot to turn around itself (yaw
motion);
the shoulder, which allows the robot to move the claw/gripper
forward and backward (roll motion);
the elbow, which allows the claw/gripper to move upward and
downward; and
the claw/gripper, the end-effector, which collects and releases
the targeted objects.

Figure 6: A
 rmbot main movements (Photo Credit: © VEX robotics/ Carnegie Mellon University)
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Figure 7 displays the main components of the Armbot, each of which
will be built and studied using fundamental engineering principles. A
is the mounting base that includes the yaw drive mechanism, B is the
balancing structure that consists of the control unit and the battery, C
is the arm mechanism that includes several four-bar linkages, and D is
the end effector gripper.

A

B

C

D

Figure 7: A
 rmBot main components (Photo Credit: © VEX robotics/ Carnegie Mellon
University)

Checkpoint
Specify the function of each component of the ArmBot.
The ArmBot shoulder is made up of three main components: the
mounting base, the yaw drive, and the balancing structure (Table 1).
While the mounting base holds the whole ArmBot in its place, the
yaw drive component and the balancing structure play a critical role
in the accurate and safe operation of the ArmBot.

7

Learning Point

3

Identify the main parts
of the ArmBot shoulder
and compare it to reallife scenarios.

Robotics 3

Component

Illustration

Steps covering the construction

Mounting base

Step 1 to Step 17 in file titled
yaw mechanism

Yaw Drive

Step 18 to Step 36 in file titled
yaw mechanism

Balancing structure

Step 37 to Step 64 in file titled
yaw mechanism

Table 1: A
 rmBot shoulder components, illustrations, and corresponding building steps (Photo Credit: © VEX robotics/ Carnegie
Mellon University)

The yaw drive’s main objective is to rotate the shoulder, and therefore the whole arm, around
the z-axis, the yaw axis. This component exists in many aspects of our daily life, such as in
wind turbines (Figure 8). The yaw drive in a wind turbine keeps the rotor blades facing the
wind as the wind direction changes. As a result, the turbine blades are in direct heading with
the wind flow direction, maximizing, as a result, the generation of electricity.
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Figure 8: Yaw drive mechanism in the wind turbine

The yaw drive in the robot arm needs a balancing structure, similar
to the nacelle in the wind turbine. This structure is the part that will
be rotating using the yaw drive. The main purpose of this structure is
to keep the robot from falling or tipping off when it lifts an object. In
the ArmBot model, the balancing structure consists of the control unit
and the battery.

Learning Point

4

Build the mounting
base and the yaw drive
of the ArmBot.

The first phase in constructing the ArmBot is the buildup of the
shoulder that consists of the mounting base, yaw drive, and balancing
structure. Table 1 lists the various components and their respective
construction steps.
Checkpoint
Build the mounting base and the yaw drive in parallel (Stop at step
30).

9
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Learning Point

5

Understand the
operation of the yaw
drive mechanism.

While building the yaw drive, stop at step 30 of the construction
manual and examine closely the gear system. The gears fit perfectly
together to transfer the power from the input gear to the output gear
in the system. Figure 9 highlights the set of gears that are used in the
yaw drive, with the yellow gear indicating the input gear, which will be
connected to the motor, and the green gear representing the output
gear that will be connected to the mounting base. The gear system is
usually named gear “train” as these gears are connected successively
together providing a smooth transmission of rotation and power from
one gear to the next without any slippage.

B
D
A
C

Figure 9: G
 ear train used in the yaw drive system

One of the main reasons for using gear trains is the ability to adjust
the output power and the rotational speed. The mathematics behind
gear trains is simple and based on gear ratio, as per following the
equations below.

Number of teeth of output gear
Number of teeth of input gear
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=

power of output gear
power of input gear

The previous equation can be manipulated to provide a relation between the angles of
rotation of the output and input gears:

Number of teeth of output gear
Number of teeth of input gear

number of degrees input

=

number of degrees output

Take an example of the gear train in Figure 9.
The yellow gear A, being the input gear, has 12 teeth, while the orange gear B and the
blue gear C are idle gears with 36 and 12 teeth, respectively. The output green gear D has
60 teeth. What is the resulting power at gear D and how many rotations will the output
gear make when the input gear rotates one full rotation of 360 degrees?
Power output calculation:
Starting with the input gear and the first idle gear:

Number of teeth of output gear

=

Number of teeth of input gear

Power of output gear
Power of input gear

36
P
3
= B =
12
PA
1
3 PB
=
1 PA
This results in PB = 3 x PA. Thus, as we move from gear A to gear B, power increases by a
factor of three.
Both gears B and C are connected to the same rotation axis and therefore have the same
power, PC = PB.
Gears C and D are linked together. I n this situation, gear C is the input gear, and gear D is
the output gear.
60
P
5
= D =
12
PC
1
5 PD
=
1 PC
This results in: PD = 5 x PC
The output power at gear D can be rewritten to obtain:
PD = 5 PB = 5 PC = 5 (3 x PA) = 15 PA

11
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The gear train configuration is therefore made to increase the power by a factor of fifteen.
Rotation output calculation:
Using a similar approach to the output power calculation, we will calculate the number of
rotations the output gear will make when the input gear A rotates one full rotation of 360
degrees.
At gear B, we have:

Number of teeth of input gear
Number of teeth of output gear

=

Number of degrees out
Number of degrees in

12
D
D
= B= B
36
DA 360
12
D
= B
36 360
Gear B will then rotate by 120 degrees (a third of a full rotation) when the input gear A makes
one complete rotation of 360 degrees.
Gears B and C are connected to the same rotation axis and will, therefore, undergo the same
number of rotation: DC = DB.
The rotational motion is transferred from the input gear C to the output gear D, which is
calculated as:
12
DD DD
DD
=
=
=
60
DC DB
120
12
DD
=
60 120
Gear D will, therefore, rotate by 24 degrees. As a result, when the input gear A makes one full
rotation of 360 degrees, the output gear D will rotate by only 24 degrees, which is a reduction
by a factor of 15.
Checkpoint
1- Based on the same color-coding used in Figure 9, find in each gear configuration shown
in Table 2:
a- the power factor of the output gear with respect to the input gear;
b- t he number of rotations and related degrees achieved by the output gear when the
input makes one full rotation;
c- the direction of rotation for each output gear in case the input gear is rotating
clockwise.
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Solving two from the configurations below is enough.
Configuration
Side view of gear train
#

Top view of gear train

# of teeth for the gears
used from left to right

1

12,36,60

2

12,36,12,36

3

60,12,36,12

4

60,12,36,36

Table 2: C
 onfiguration of gear trains for the checkpoint

2- Build the gear train in Figure 10 using the “Gear train construction manual”.

Figure 10: Configuration of the gear train simulator
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Change the gears configuration and write down your notes on the changes occurring to
the output movement (direction, number of rotations, power ratio).
3-	Connect the output gear to a non-movable part. Hold the red part steady and rotate the
input gear, what is the net resulting movement?

Figure 11: Creating a non-moveable part (in red)

Continue building the yaw drive, from step 30 to 37. Once the construction is done, proceed
with the assembly, as shown in Figure 12. Shown as well are the support pins that are inserted
below the base to prevent it from failing.

Figure 12: Assembling the ArmBot’s shoulder (Photo Credit: © VEX robotics/ Carnegie
Mellon University)
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The key components in the balancing structure are the control unit
and the battery. Together they will counterbalance the weight of the
components making up the shoulder, elbow, and claw. To check for
the mechanical stability of this structure, beams will be extended out
of the structure, as shown in Figure 13.

Learning Point

6

Build and test the
balancing structure.

Figure 13: C
 ounterbalance testing procedures (Photo Credit: © VEX robotics/ Carnegie
Mellon University)

Keep extending this structure with beams until the body starts
tilting with a light push at the end of the extension. This test allows
visualizing the maximum length that this structure can handle before
tilting.
Checkpoint
Build the balance structure and perform the balancing test.

15
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Learning Point

7

Construct the search
and find code.

To ensure functional operation of the ArmBot, each of its modular
components will be set up and tested separately (Figure 7). I n this
part, we will test and program the shoulder yaw rotation mechanism
to detect any objects in its vicinity. The motor and ultrasound sensor
used in the installation are specific for this learning point only. The
outcome code of this activity needs to be saved separately for future
uses.
Start by installing the motor and the ultrasound sensor as shown in
Figure 14.

Figure 14: Adding the ultrasound sensor and motor to the yaw drive system (Photo Credit: ©
VEX robotics/ Carnegie Mellon University)
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Once installed, connect the motor to port 10 and the ultrasound sensor to port 7 by following
the steps below:
1- Set the model to “ArmBot with full sensors”:

Figure 15: Choosing the Armbot configuration (Photo Credit: © VEX robotics/ Carnegie Mellon University)

2- Cancel all motors except for the rotation motor (yaw motor)

Figure 16: Canceling all motors except the yaw motor (Photo Credit: © VEX robotics/ Carnegie Mellon University)
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3- Cancel all sensors except for the ultrasound sensor (at port 7)

Figure 17: Canceling all sensors except for the distance sensor (Photo Credit: © VEX robotics/ Carnegie Mellon
University)

I n the code in Figure 18, the ArmBot might not stop exactly facing the object. Therefore,
a slight additional turn might be needed for the ArmBot to face the object. Using the
“waitUntil” command.

Figure 18: Basic code of search and find procedure (Photo Credit: © VEX robotics/ Carnegie Mellon University)

Checkpoint
1- Build the “search and find” code using the “repeatUntil” command block.
2- How many rotations does motor 10 need to make for the robot shoulder to rotate 360
degrees clockwise?
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18

A four-bar linkage is a simple mechanism that consists of four-bars,
or links, connected through four joints. This mechanism is common in
robotics and other fields as it provides a robust and accurate way of
transferring movement. The general four-bar linkage configuration is
shown in Figure 19.

Learning Point

8

Define a four-bar
linkage and identify its
uses in real-life.

Figure 19: Basic four-bar linkage built using VEX IQ beams

Four-bar linkages are heavily used in daily life. They can be seen in
self-closing doors mechanisms, windshield wiper in cars, bicycle
suspension, and even in rocking chairs. The self-closing door
mechanism, shown in Figure 20, consists of a four-bar linkage
supported by an internal spring, which automatically closes the door
once it is opened. I dentifying the links and their lengths is key to
conceptualize the operation of the whole system.
The joints and links are indicated in Figure 20. Note that in most fourbar linkage systems there is a “hidden” link. This link, normally a fixed
one, is most of the times a wall, floor, or any surface that connects two
joints. I n Figure 20, the fixed or “hidden” link is the wall. The wall is a
link that connects the hinge of the door to the end of joint-1, which is
connected to link B.

19
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Part A

Part B

Link B

Joint-2

Joint-1

Link A

Link C

Joint-3

Link D

BACK CHECK

DOOR CLOSER
J

L

L

J

L

J
L

J

Figure 20: D
 oor closing mechanism

While driving a bicycle, the biker, along with the bike, form a four-bar linkage system. I n
Figure 21, the fixed link connects the driver’s hips to the pinion gear of the bike.

Figure 21: B
 iker forming a four-bar linkage with the bike’s pedal
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I n general, links are classified according to the number of nodes/joints available in them and
are used for transmitting force or motion (Figure 22). I n the ArmBot construction, binary links
will be mostly used.

• Binary Link: Two Nodes:

• Ternary Link: Three Nodes:

Figure 22: Types of links and joints

Joints vary in types according to the degree of movement (rotational, extension, etc.) they
perform. Human bones are connected through joints that either move along one axis like the
knee, which is comparable to the movement of a hinge, or along three axes like a shoulder,
which is comparable to the movement of the ball and socket joint.

21

Robotics 3

I n Figure 23, the various rotational movements of human joints are shown. I t is worth
mentioning that the pivot, hinge, and saddle joints will be the major joints to be used in the
ArmBot.

(a) Pivot joint
(between C1 and
C2 vertebrae)

(b) Hinge joint
(elbow)

(c) Saddle joint
(between trapezium
carpal bone and 1st
metacarpal bone)

Figure 23: Joint types in the human body

The links that altogether form the four-bar linkage system are given standard names. By
referring to Figure 24, the links are:
1- I nput link (blue link)

a.	Link can be moved by hand and/or connected to a motor to initiate the
movement.

2- Output link (red link):

a.	The link that is studied for its movement/motion with respect to the input link.

3- I ntermediate link (yellow link):

a.	Also known as a coupling link as it brings together the input and the output
links.

4- Ground link (grey link):

a. I t is a fixed link that forms the base of the four-bar linkage mechanism.
b. I n most cases, this link is a wall, ground, or support.
c. I t is also known as the “hidden” link in specific configurations.

Robotics 3
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Figure 24: S
 tandard four-bar linkage structure

The joints that connect the four-bar linkage in Figure 24 are all pivot joints and allow
movement along only one axis.
Checkpoint
I dentify the links in each of the figures below:
A crude oil pumpjack is a piece of heavy equipment used to extract oil from a well. The
pump, which is connected to a motor, converts the rotary motion of the motor to a periodic
vertical motion. Based on pictures in Figure 25, try to locate and identify the links and the
joints. Refer to the animation in
“http://dynref.engr.illinois.edu/aml.html#aml-sr ” and compare your results.

Figure 25: C
 rude oil well Pump jack
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Locking Pliers are essential tools to loosen tight connection points,
hold objects in place by adding grip, extract broken nuts and bolts,
etc. The variable locking mechanism makes it handy for use in auto
shops, carpentry, and metal works.

Figure 26: L
 ocking pliers

Learning Point

9

Learn the science
behind four-bar linkage
mechanisms

As the four-bar linkage mechanism is highly variant in size, classifying
the outcomes of the resulting mechanisms is not a simple task. Franz
Grashof, a German engineer, successfully established a theorem
that classifies the mechanisms according to the length of links. The
following observations were noted:
a-	I n specific mechanisms, the input links make a periodic full
revolution, which makes it useful for using a motor to automate
the mechanism.

b-	I n other cases, the dimensions of the links do not allow for a full
revolution. This is useful when precise periodic movements are
needed.
Grashof’s Theorem:

The motion characteristics of the four-bar linkage depend on the ratio
of the link length dimensions. Let ‘S’ be the shortest link length, and
‘L’ the longest, ‘P’ and ‘Q’ are the lengths of the remaining two links,
where L > P ≥ Q > S. Grashof stated that there exists at least one link
which can fully revolve with respect to the other three links if:
L + S ≤ P + Q (Fig. 27)
Else, none of the four links can make a full revolution if:
L + S > P + Q (Fig. 28)
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Figure 27: Four-bar linkage with Grashof criteria

Reference

For more details, watch
Video 3 “differentFour-Bar-mechanisms”
available in the robotics
lab.

Figure 28: F
 our-bar linkage having non-Grashof criteria

For certain length dimensions of the links, we can transform a full
revolution input into linear motion. Once a link is put inside a guided
area, the only movement that will be performed is sliding forward and
backward. This mechanism proved to be useful in many sectors, such
as cars, automotive, and aerospace.

Figure 29: Sliding mechanism
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This mechanism has two “hidden” links: the first one being the fixed link which is the ground
connecting A0 to B, and the other one the slider itself.
Checkpoint
1-	Build a four-bar linkage that satisfies Grashof’s criteria and compares the output
movement while changing the distribution of the links. There is no right or wrong in the
configurations as each configuration gives you a movement that might be suitable or
not to your application.

2-	Build a slider mechanism using basic beams and parts from the kit. Figure 30 provides a
possible configuration of the slider system outputting a translational motion.

Figure 30: S
 lider mechanism (Photo Credit: © VEX robotics/ Carnegie Mellon
University)
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The shoulder structure built previously in Learning Point 7 will
serve as the mechanical platform over which the remaining parts
of the ArmBot are installed. These parts are made of three main
mechanisms:
1- The arm: connecting the shoulder to the elbow;

Learning Point

10

Build the ArmBot.

2- The elbow: connecting the arm to the forearm; and

3- The forearm: connecting the elbow to the end effector.
The general structure is shown in Figure 31.

Figure 31: General structure of the arm assembly (Photo Credit: © VEX robotics/
Carnegie Mellon University)
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There are major points of care that needs to be taken while building
the ArmBot:
•
•
•
•
•
•
•
•

 he gear assembly at the base controls the shoulder of the
T
ArmBot.
Gear alignment is crucial while building the arm, the elbow
and the forearm.
Alignment and symmetry of the beams are essential while
building the arm, the elbow, and the forearm.
Use the exact number and size of spacers to keep the gears fit
and to avoid any slippage during rotation.
Do not attempt to rotate the mechanism with your hands as
you might risk breaking the fitting between the gears.
The motor controlling the elbow’s roll movement is connected
to Port 1 with a wire of length 400 mm.
The motor controlling the shoulder’s roll movement is
connected to Port 4 with a wire of length of 400 mm.
The motor controlling the shoulder’s yaw movement is
connected to port 10 with a wire of length of 400 mm.

Checkpoint
Build the arm, elbow, and forearm of the ArmBot.
Learning Point

11

Identify the four-bar
linkage types in the arm
and forearm.

The arm and the forearm are formed of four-bar linkage mechanisms,
which can operate independently from each other. Figures 32 and 33
display the links that form the four-bar linkages in both mechanisms.
The links involved in building the arm and the forearm should not
necessarily be based only on binary links. The link that connects the
fixed grey link to the output red link is the yellow tertiary intermediate
link. Similarly, the output red link is a tertiary link.

Figure 32: Four-bar linkage mechanism used in the robot arm and forearm (Photo Credit: ©
VEX robotics/ Carnegie Mellon University)
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The four-bar linkage mechanism used in the forearm is simpler in design, taking the shape of
a parallelogram linkage when combined with the gripper (Figure 33).

Figure 33: Four-bar linkage in the forearm structure (Photo Credit: © VEX robotics/ Carnegie Mellon University)

Place the arm and the forearm perpendicular to each other and test the following codes to
quantify the possible mechanisms, by moving the motors for a full rotation (360o).
To test/inspect the roll direction of the elbow (clockwise or counter-clockwise), type the
following command line:

How does the end-effector/gripper move during the elbow roll movement?
To test/inspect the roll direction of the shoulder (clockwise or counter-clockwise), type the
following command line:

How does the end-effector/gripper move during the shoulder roll movement?
Has the forearm movement been affected by the motion of the shoulder?
To test/inspect the yaw direction of the shoulder (clockwise or counter-clockwise, type the
following command line:

29
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Does the end-effector show any sign of movement while the shoulder
yaw motion is active?
By how many degrees did the robot body rotate along the yaw
direction?
Checkpoints
1- 	Measure the lengths of the links used in building the arm and
the forearm and confirm whether the 4four-bar linkage confirms
Grashof’s criteria. (Refer to Learning Point 10 for more details).
2- 	Program the Armbot to operate the elbow and shoulder
roll motors in parallel and analyze the effect created on the
robot’s arm and forearm’s movement to activate each motor
individually.
Learning Point

12

Calculate the power
factor of gear trains in
the arm and forearm
mechanisms.

During the construction of the arm, there are two gear trains involved
in the buildup: one at the elbow (Figure 34) and one at the shoulder
(Figure 35).
The elbow gear train governing the roll motion of the forearm is
shown in Figure 34.

Figure 34: Gear train used in the operation of the elbow (Photo Credit: © VEX robotics/
Carnegie Mellon University)
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Checkpoint
Using the concepts learned in Learning Point 5 and the power ratios presented earlier,
does the power increase or decrease while being transmitted from the elbow motor to the
forearm? How many degrees does the forearm make when the elbow motor performs one
full rotation?
The shoulder gear train governing the roll motion of the arm is based on interconnected
gears (Figure 35). There are in total, six gears. Gear A is connected to the input axle. Gears
B, C, D are connected to the intermediate axle. Gears E and F are installed so that the arm
movement is controlled with precision and accuracy; they are connected to the output axle.

Output Axle

I ntermediate Axle

I nput Axle

I nput axle

Output axle
I ntermediate axle

Figure 35: G
 ear train used in the operation of the shoulder (Photo Credit: © VEX robotics/ Carnegie Mellon
University)
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Checkpoint
Using the concepts learned in Learning Point 5 and the below
power ratios presented earlier, what is the output power supplied
to the arm in terms of the input power provided by the motor?
How many degrees does the arm turn when the shoulder roll motor
performs a full rotation?
Learning Point

13

Identify and build the
end-effector.

The end-effector is a device attached at the end of a robotic arm.
End-effectors vary in design and depend on the applications of the
robot. What makes an end-effector useful is its modularity wherein
one case the robot could be welding using a welding end-effector,
and in other cases the robot could be lifting and dropping objects
using a gripper end-effector. Figure 36 displays the welding endeffector, which is then replaced with the gripping end-effector.

Figure 36: Modular end-effectors on the same robot

The end-effector that you will build is a gripper that is made of a gear
train and a four-bar linkage system (Figure 37). The construction can
be run in parallel where students of one group can assemble the
robotics parts from step 92 to 106 while the remaining students of
this same group assemble the robotics parts from step 107 to 116.
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Figure 37: The ArmBot gripper (Photo Credit: © VEX
robotics/ Carnegie Mellon University)

Note that the tip of the color sensor is considered the reference point of the gripper endeffector. Hence, with the start of any mission, the gripper must be fully open to allow the color
sensor to monitor the surrounding environment.
Checkpoints
1-	What are the coding instructions needed to open and close the gripper in the following
cases?
a- no object to catch
b- catching a VEX standard cube

2-	Change the position of the gripping mechanism to have it pointing horizontally and
program the robot to lift a plastic or a paper cup without breaking it.

Figure 38: G
 ripper connected horizontally (Photo
Credit: © VEX robotics/ Carnegie Mellon
University)

Note: At the beginning of any mission, have the robot arm and forearm at 90 degrees with
respect to each other.
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6.3
Learning Point

ArmBot Control

14

Learn how to control
the robot arm.

The operation of the ArmBot relies intensively on the motor encoders
and gyro sensor. I n addition, for a smooth and controlled operation
of the robot arm with respect to its environment, we will make use of
the feedback display feature that shows all the necessary information
about the sensors and motors such as the angle of rotation, distance
values, and motor position. Note that encoders count the number
of rotations of the motors and this will be used to inhibit the motors
from rotating excessively and turning the ArmBot body outside their
structural boundaries. The gyro sensor will be used to detect the yaw
angle of the robot shoulder.
Consider constraining motor 10 so that the yaw movement is less
than 30 rotations. The motor encoder will be used to control and
monitor the number of rotations. The code below will keep the robot
rotating by looking for objects that are within 120 mm from the
robot location. Once the robot detects a given object, it will stop;
otherwise, the ArmBot will keep on rotating until the number of
degrees recorded by the motor encoder is reached.

Figure 39: U
 sing the encoder command to stop the ArmBot operation (Photo Credit: © VEX
robotics/ Carnegie Mellon University)
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In addition, we can make use of the gyro sensor to accurately control the yaw rotation of the
ArmBot base.

Figure 40: Mounting the gyro sensor next to a TouchLED sensor (Photo Credit:
© VEX robotics/ Carnegie Mellon University)

The port assignment in the Motors and Sensors Setup is then edited to reflect the installation.
I n this particular case, the gyro sensor is connected to port 7 (Figure 41).

Figure 41: Port assignment of gyro sensor in the ArmBot (Photo Credit: © VEX robotics/ Carnegie
Mellon University)
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The following code will allow the yaw drive to stop based on the rotation of the body.

Figure 42: C
 onstraining the shoulder yaw drive to one rotation (Photo Credit: © VEX robotics/ Carnegie
Mellon University)

To display data on the robot’s control unit LCD, we will use the display blocks to show the
readings of interest. There are separate blocks for different readings as shown in Figure 43.

Figure 43: D
 isplay blocks (Photo Credit: ©
VEX robotics/ Carnegie Mellon
University)

To display the number of degrees obtained from the Gyro sensor along with the number of
degrees achieved by motor 6 (shoulder roll motor), the code in Figure 44 can be used. I n this
case, the gyro sensor is mounted on the output link of the shoulder four-bar linkage.

Figure 44: C
 ode used to display the motor and sensor values (Photo Credit: © VEX robotics/
Carnegie Mellon University)
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The display will print out the following information:

Figure 45: Displayed information (Photo Credit: © VEX robotics/ Carnegie
Mellon University)

I n case the robot is controlled through the remote control unit, it can be manipulated by
means of separate buttons, as shown in Figure 46.

Figure 46: Controlling the ArmBot using the remote-control unit
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General guidelines of motors movement
•
•
•
•
•
•

 5 rotations of Motor 10 @50% Power turns the robot body
1
360 Degrees (CCW)
1 Rotation of Motor 10 @ 50% Power turns the robot body 20
to 30 Degrees (CCW)
1 Rotation of Motor 6 @ 20% Power turns the arm by 10 to 15
degrees (CW): body moves forward
1 Rotation of Motor 1 @ 20% Power turns the forearm by 10-20
degrees (CW): body moves down
1 Rotation of Motor 4 @ 30% Power closes the gripper fully.
0.8 Rotation of Motor 4 @30 % Power closes the gripper
efficiently to catch a VEX IQ block.

Checkpoints
Reference

For more details, watch
Video 4 “ArmBot-demo”
available in the robotics
lab.
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1-	Use the controller to move three cubes from one position to
another.
2-	Let the ArmBot perform the same mission autonomously. Refer
to the code in Figure 39.
Note: Use sensing blocks and operator assistance concept, as
seen in the previous module.
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6.4

End of Chapter Challenges

1-	Search and Sort.

The ArmBot will search for cubes in the surrounding area that extends to a radius of 150
mm. Once a cube is found, the robot will collect and inspect its color. I f the collected cube
is RED, it is sorted to the left; otherwise, the cube is sorted to the right.
The LEDs installed are used to identify the following process:

a)
b)
c)
d)

Both LEDs are yellow when the ArmBot is scanning for cubes.
Both LEDs are RED when the ArmBot detects a cube.
Left LED turns RED and right LED turns off if the cube is colored red.
Left LED turns off and right LED turns GREEN if the cube is colored green.

Note: The robot arm and forearm should be at 90 degrees to each other at the beginning
of the challenge.

Figure 47: T
 op view of search and sort exercise (Photo Credit: © VEX robotics/ Carnegie Mellon University)
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Figure 48: S
 ide view of search and sort exercise (Photo Credit: © VEX robotics/ Carnegie Mellon University)

2- Precision path control

Create a program that will direct the end-effector of the robot arm to move in a
straight line, as shown in Figure 49.

Figure 49: S
 traight line path (Photo Credit: © VEX robotics/ Carnegie Mellon University)

Note: The robot arm and forearm should be at 90 degrees to each other at the
beginning of the challenge.
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3- Precision position control

The robot is put in a coordinate system where the initial position of the robot end-effector
in the coordinate system is X=22 cm, Y=0, Z=22 cm. Use precise motor encoder rotations
and rotation angles to reach 3 targets sequentially in the x-y plane and in the y-z plane.
Note: The robot arm and forearm should be at 90 degrees to each other at the beginning
of the challenge.
Top View (gyro sensor can be used for accurate angle).

Top View
Figure 50: ArmBot in X-Y plane (Photo Credit: © VEX robotics/
Carnegie Mellon University)

Y

Side view: Left

Figure 51: ArmBot in Y-Z plane (Photo Credit: © VEX robotics/ Carnegie Mellon
University)
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Modularity and Disassembly
Modularity is a term used in describing structures that can be broken down into smaller parts
called modules and which can be independently built. The best way to visualize modularity
and its benefits is the Formula 1® Pit stop procedures. The technical team has 7 to 10 seconds
to replace any damaged module in the car, fill it with fuel, and replace the four tires, among
others. To accomplish this, the technical team is provided with replacement parts that are
directly fit into the racing car’s body and are easily removed and replaced. This fast operation
is due to the modular design of the vehicle, which allows it to be easily assembled and
disassembled in seconds.

Figure 52: T
 echnical team of formula 1® at pit stop

The same approach shall be applied to the construction of robotic systems. I t should be
made up of well-determined modules that will allow the team to move and replace any
defect within a matter of seconds. Modular disassembly allows competing teams to move
faster and save time when it comes to replacing or changing a specific part of a robot when
switching from a mission to another.

Robotics 3

42

As shown in Figure 53, the ArmBot robot can be disassembled into four modules, where each
can be dismantled by a team member separately. I t is crucial to inspect every module for its
role in the overall complex robotic system while being assembled and disassembled as they
can be used in other robotics systems.

Base

Shoulder

Arm

Gripper

Figure 53: M
 ain parts of the ArmBot after systematic disassembly (Photo Credit: © VEX
robotics/ Carnegie Mellon University)

Checkpoint
Disassemble the ArmBot into modules and summarize their corresponding roles with
respect to the overall robotic system.
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Chapter 7
Omni Directional
Robots

Learning Objectives
• Explore Omni wheels and their real-life applications.
• Build Omni wheeled robots.
• Program Omni-directional robot to move in all directions on a
surface.
• Understand how crown gears work.

7.1

Introduction to Omni Wheels

Wheels are typically rounded in shape and consist of a circular block
of hard material such as aluminum, steel, hard plastic, etc. They are
often bored at their centers with a circular hole through which is
confined a fixed axle that allows for rotational motion. As a result,
wheels move along one specific direction, e.g., forward or backward,
upon rotation.

Learning Point

1

Discover Omni wheels
and their real-life usage.

Omni wheels, however, have additional rollers around the
circumference, which allow the Omni wheels to be driven with low
resistance in any directions (Figure 1). The forward/backward motion
is still being driven by the power applied to the Omni wheel axle,
whereas the lateral motion results from the rotation around the
rollers. Robots equipped with Omni wheels are known as Holonomic
or Omnidirectional Robots.

A

B

Figure 1: (a) Regular wheels move along only one direction upon rotation. (b) Omni wheels
can move in any direction in a 2D plane as well as rotate at the same time. (Photo
Credit: © VEX robotics/ Carnegie Mellon University).

Omni wheels have been used in many fields, including industrial,
military, medical, construction, etc. Automated Guided Vehicles (AGVs),
equipped with Omni wheels, can efficiently perform critical tasks such
as transporting heavy loads in congested environments and narrow
spaces and moving instantaneously in any 2D directions (Figure 2).

Figure 2: Multiple movements of an industrial Omni-directional Robot
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Another interesting real-life application of Omni wheels is the
holonomic wheelchair. This wheelchair can improve the driving
accuracy and human comfort by reducing the steps needed to
perform turns.

Reference

For more details, watch
Video 1
“Omnidirectional Wheel
Allows Cars to Glide
Sideways” available in
the robotics lab.
For more details, watch “
Video 2 “Omnidirection-in-industry”
available in the robotics
lab.

Figure 3: O
 mni-directional wheelchair

I t is also worth mentioning that scientists are currently developing
cars that are equipped with real-size Omni wheels which allow the
vehicles to move sideways along the ground. This type of cars is often
referred to as an “All-way drive”.

For more details,
watch Video 3 “Omnidirection-in-industryPrecision” available in
the robotics lab.

Figure 4: O
 mni wheels installed on a car

Checkpoint
Name one advantage of using Omni wheels in industry and daily
life?
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7.2

Using Omni wheels in Robotic
models

Two wheels configurations will be explored using the robotics kit,
each of which performs differently under operation. I n configuration
A of Figure 5, the angle between wheels A, B, and C axis of rotation is
90 degrees, whereas, in configuration B, the angle between wheels A,
B, and C axis of rotation is 120 degrees.
Configuration A

Learning Point

2

Explain the importance
of Omni wheels in
robotic movements.

Configuration B
Omni-wheel-A

Omni-wheel-C
120o
Omni-wheel-B

Omni-wheel-A

Omni-wheel-B

Omni-wheel-C

Figure 5: Omni-directional drive robot

Both configurations are built to explore the various construction
mechanisms, programming methodologies, and autonomous/manual
controlling methodologies.
Figures 6 and 7 show the typical pathways of both a differential
wheeled robot and Omni-directional robot in reaching the same
target position.
Target-position

Power 50%

Power 30%

Figure 6: D
 ifferential drive robot reaching a target position
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Figure 7: O
 mni-directional robot reaching a target position

While the motors’ power in a differential drive robot is carefully controlled to attain the target
position in a tilted heading (Figure 6), Omni-directional wheels allow reaching the target in a
straight heading (Figure 7).
The path plan shown in Figure 7 is broken down into two steps:
1- Motor C operates at 20% power, which drags the whole robot body to the right until
the robot is precisely facing the target position. During this step, both motors A and
B that are attached to Omni wheels A and B, respectively, are at 0% power. I n this
configuration, the Omni wheels glide the robot sideways.

2- Both motors A and B operate at 20% power while motor C is at 0% power (at rest). I n
this configuration, the robot moves forward until it reaches the target position. I n this
step, motor C attached to Omni wheel C, allows the robot to move freely forward.
Checkpoint
Predict the trajectory of the robot shown in Figure 7 by operating all three motors 20%
power.
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7.3

Omni Robots

I n previous robotics models (ClawBot and ArmBot), different
combinations of spur gears were used to generate the optimum
output power, gears’ speed, and angle and direction of rotation. In
this exercise, you will explore how to use crown gears to change the
axis of rotation. For this purpose, you will use a combination of spur
and crown gears.
The model in Figure 8 shows a crown and spur gear assembled with
their rotational axes mounted at 90 degrees to each other.

Learning Point

3

Use a crown gear in a
simple assembly and
explore the scope of
movements it provides.

Reference

For a step by step
guidance, follow the
instructions in the
construction manual
“1-building-manualcrown-Gear”.

Figure 8: C
 rown gear model (Photo Credit: © VEX
robotics/ Carnegie Mellon University)

Checkpoints
1-	I n this activity, assemble the gear combinations shown in Figure
9 and fill in Table 1. Explore the resulting output motion and
calculate the gear ratio (Table 1).
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Figure 9: C
 rown gear combinations

Crown gear
(output)

Spur gear (input)

36-tooth

12-tooth

36-tooth

36-tooth

36-tooth

60-tooth

Gear ratio

Power or speed
increases?

Table 1: Gear combinations scenarios.

2-	What is the direction of rotation of each gear with respect to the other? Explain.

Output shaft 1

Output shaft 2

I nput shaft
Figure 10: D
 ouble gear configuration

3-	What would the direction of rotation of the output shafts be if one of the sides is
equipped with an additional idling gear? (Refer to Figure 11)
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Output shaft 1

Output shaft 1
Output shaft 2

I dling gear
I nput shaft
I dling shaft

I nput shaft

Figure 11: D
 ouble gear combinations with idling gear

Configuration A

Learning Point

I n this robotic assembly, we will modify the Omni-directional robot
of configuration “A” with the double gear combination to reduce the
number of motors needed from three to two motors (Figure 12).

4

Assemble and
experiment with the
Omni wheels robots.

Omni-wheel-C

Omni-wheel-A

Omni-wheel-B

Figure 12: Omni-directional wheels gears connection configuration

The two motors used in this Omni-directional robot are configured as
below:
•
•

 otor 1, connected to Omni wheel C, allows the robot to move
M
in a linear motion.
Motor 2, connected to Omni wheels A and B and using a
combination of crown and spur gears, allows the robot to
move in a curvilinear motion (Figure 13).
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I dle crown gear
I nput crown Gear
Output spur Gear 1

Output spur Gear 2

Figure 13: C
 rown gear transmission mechanism in SABIS® OmniBot

I n this configuration, the crown gear’s rotation is transmitted to the spur gears that are
positioned on opposite sides around the circumference of the crown gear. To maintain
stability, an idle crown gear is mounted facing the input crown gear and is in direct contact
with the spur gears (Figure 13).
When the crown gear rotates clockwise, the right-side wheel (connected to the green spur
gear) will move forward, whereas the wheel connected to the purple spur gear will move
backward (Figure 14). As a result, the OmniBot will rotate around Omni wheel C.

Omni-wheel-C

Omni-wheel-B

Omni-wheel-A

Figure 14: Resulting motion of the OmniBot when motor 2 (connected to Omni wheels A and
B) is activated.

Checkpoint
Build the SABIS® OmniBot. Follow the instructions in the construction manual “2-buildingmanual-configuration-A”.
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Figure 15: SABIS® OmniBot

For programming the OmniBot to run efficiently, it is essential to configure the motors and
sensors according to the port connections made during construction (Figures 16 and 17).
Note that this robot is not a conventional one, and close attention to port arrangement detail
is required.

Figure 16: M
 otor ports arrangement in SABIS® OmniBot
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Figure 17: Sensors

port arrangement in SABIS® OmniBot
Note that sensors are not connected to the control unit.

Checkpoints
1-	When using a remote control unit to effectively operate the OmniBot, it is advisable
to change the power scale in the command line “setJoystickscale”, as this will give the
driver more maneuverability.

Which code from the ones provided below helps the driver travel through the diagonal
of the arena seamlessly?
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2- Using the OmniBot, create a program that will allow to:

1. Run 3 Seconds autonomously to reach sector A.
2.	Run for 20 Seconds using the remote control unit to push cube blocks from sector A
to sector B.
Finish Here
B
A

Start Here
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Configuration B
The robot in this configuration is a triple-sided robot wherein three motors are installed at
120 degrees to each other. I n this configuration, the robot can freely move in all directions
(holonomic). Figure 18 shows the mobility differences between a differential drive robot and
an Omni-directional robot.

120o

Figure 18: D
 ifferential vs Holonomic drive robot

Checkpoint
Build the three-wheeler, “Tri-wheeler”, robot shown in Figure 19 by following the
instructions in the construction manual “3-building-manual-configuration-B”.

Figure 19: Tri-wheeler

The tri-wheeler maneuverability can be controlled through two joystick channels and one
button-combination. Every motor is controlled separately, and the resulting motions are
shown in Figure 20.
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Figure 20: Resulting tri-wheeler robot movement according to motor combinations

The motors settings in ROBOTC are shown in Figure 21. I t is critical to amend the ports
assignments according to the wiring that took place in the construction phase. I f this step is
skipped, the robot will be unresponsive, and the control unit might display errors inhibiting
the programmer from testing the codes. Make sure to assign the item “No Motor” to any port
that is not connected to a motor and “No Sensor” to any sensor that is not connected to a
sensor (Figure 22).
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Figure 21: M
 otors ports assignment for the tri-wheeler robot (Photo Credit: ©VEX robotics/ Carnegie Mellon
University)

Figure 22: S
 ensors ports assignment for the tri-wheeler robot (Photo Credit: ©VEX robotics/
Carnegie Mellon University)
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Omni-wheel-Up-buttons

Omni-wheel-A-channel

Omni-wheel-D-channel

Figure 23: Remote

control scheme (Photo Credit: ©VEX robotics/
Carnegie Mellon University)

Checkpoints
The codes below cover all possible power combinations applied to the motors operating the
three-wheeler robot.
What is the resulting motion/trajectory drawn by the robot for each of the code? Answer the
question by testing the motor codes and then draw the trajectory inside the book.
Note: You may want to label the initial positioning of the robot for reference.
Case 1:
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Draw the resulting trajectory:

Case 2:

Draw the resulting trajectory:

Case 3:
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Draw the resulting trajectory:

Case 4:

Draw the resulting trajectory:

Case 5:
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Draw the resulting trajectory:

Case 6:

Draw the resulting trajectory:

Case 7:
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Draw the resulting trajectory:

Case 8:

Draw the resulting trajectory:

Highlight the codes that result in similar outcomes and save the ones that produce the
robot movement shown in Figure 24.

Note: Label the motors on the tri-wheeler, e.g., motor 1, 3, and 6, to effectively associate the
resulting trajectories.
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(a) North

(b) South

(d) South East

(e) Clockwise

Figure 24: S
 tandard movement directions
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(c) North West

(f) Counter clockwise

7.4

End of Chapter Challenges

Challenges using the remote controller
1-	All the teams will place their tri-wheelers robots in random positions along the start line
on the arena and will race to reach the finish line. All the robots need to reach the same
final position. Only one team can win; this is an exit switch competition.
General code for usage in remote control operation (Obligatory algorithm for the exit
switch challenge)

2-	At the beginning of this challenge, each team’s robot will be positioned in the middle of
the map. Each team is then required to move the robot along one chosen path identified
by its unique color (Figure 25). The instructor will mark the pathways on the map. The
team that drives their robot to best move along the path will win.

Figure 25: Trajectory drawn by the tri-wheeler upon moving
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Autonomous Challenges
1-	By equipping the tri-wheeler with an ultrasound sensor, solve a maze in the least amount
of time.
2-	Surround the tri-wheeler with two red cubes, one green cube, and two blue cubes. Place
the cubes at random positions. Program the tri-wheeler to spin at optimized power
around its center while scanning with the color sensor for the colors of the cubes. Once
the robot detects a cube, the LED emitter shall display the recognize color. Use holonomic
movement for accurate detection.
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