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Literature Review
The purpose of this project is to partly fulfill one of the 2015 RASC-AL themes by using a
combination of concepts utilized in kinematics and dynamics of machinery. The main
concept that needs to be utilized is linkages, but another concept heavily used in this project
is gears. Keeping this in mind, the different themes were considered for a project objective.
Out of the four themes, two were heavily based on architecture for living spaces, one for
increasing landing payloads, and one for exploring Mars’ moons. The theme that most
applied to the concepts utilized became apparent, exploring a moon of Mars. For the
project we decided to narrow the scope of this project significantly by concentrating only
on sample collecting once already landed on one of the moons.
The moon chosen to design for is Deimos. Deimos is the smaller of the two moons and
presents an interesting set of challenges because of its characteristics. Deimos does not
have an atmosphere, meaning no vacuums can be used to facilitate sample collections. It
!
also has an extremely small gravitational constant of 0.003 !! . This is 0.03% of the
gravitational constant on Earth. Deimos is an asteroid that got caught in Mars’ orbit, and
!
has a density of 1.471 !!! . The surface of Deimos is smooth compared to Phobos and has
!"

!

a small amount of dust. This may be because of the low escape velocity, 20 !! or 5.556 ! ,
so most of the particulates that may have been of the surface have since escaped its
gravitational pull.
The most notable example of a sample collection used on a body other than Earth is the
Mars Curiosity Rover. The Curiosity’s arm has all of the attachments located at the end of
it; these instruments are quite large compared to the arm dimensions. The arm has five
degrees of freedom and the end of the arm, with the instruments, can rotate. Some of the
instruments it has are a percussive drill, mechanisms that can scoop and sort samples, and a
brush (a wire brush that will rotate and clear dust from areas). The Curiosity utilizes Mars
gravity to sort the dust sample it collects, this method of collecting and depositing material
might present a problem on Deimos. To avoid this, the sample will need to be deposited
into the compartment on the body of the exploration vehicle.
The Curiosity was the first robot to drill into a surface other than the Earth’s. This
demonstrates the fact that there are many examples of what this design should be. Even
when the design of this mechanism is compared to the Curiosity, there are some very
important differences between Mars and Deimos that would render some of the Curiosity
designs useless on Deimos. This is a very important consideration that is in the forefront of
this design process.
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Project description and plan
Problem and motivation: The project requirement is to design a mechanism that has a useful
application in space exploration. After brainstorming various ideas, it is decided that this project
should focus on solving the problem of acquiring and transporting rock samples from Deimos, a
moon of Mars. Work done on this project could be of use to NASA in their development of the
Phobos and Deimos & Mars Environment (PADME) mission.
Design concept: A simple robot arm attaches to the rover and manipulates an end effector which
includes a percussion drill and a scoop for collecting remaining rocks. The arm has some
similarities to the “Curiosity” Mars rover’s arm; however, the end effector has been simplified as it
is assumed that sample testing is done in the main portion of the rover. The end effector is designed
to allow addition of more tools if the project requirements dictate so. The arm itself can move the
end effector in any direction required, while having a simple mechanical design that allows for
thorough testing and (theoretically) low maintenance.
Functions to be fulfilled: Primarily, this mechanism must dislodge and collect samples of rock from
the surface of Deimos, transporting these samples to the testing equipment located in the main body
of the rover. The most readily apparent, basic division of the project’s functions takes place in the
distinction between the sample collection function (end effector) and the transport function (arm).
Within the sample collection function is the sub function of taking a small rock sample out of
Deimos’ surface in some fashion. Several mechanisms are considered for this function, including a
clawed “rock digger” and an integrated drill/claw mechanism; however, separation of the functions
into different tools ultimately allows for maximum efficacy of each function, as well as the
possibility of adding more functions as needed.
Planned activities: A main portion of the project is division of work among team members in an
appropriate, even and efficient manner. This is the first planned activity, resulting in two smaller
sub-teams of three members each; one team focuses on the arm design, while the other focuses on
the end effector.
Next, each team generates ideas for their particular concept through brainstorming. A plethora of
ideas are developed, and each iteration of brainstorming takes the team closer to their final design.
When the overall design concept is finalized, team members select one or more sections of the
mechanism and use SolidWorks or Inventor to create solid models. Finally, all solid models are
assembled together and the team reviews the overall design.
Project schedule: After the project is initially assigned and teams are formed, steps in the project
take place in the sequence shown in Figure 1 (see below).
Assignments of each team member: Zach, Kyle, and Derek comprise the sub team in control of the
arm design, while Alfonso, Dara, and Elizabeth are responsible for the design of the end effector.
Zach and Alfonso coordinate the meetings for their sub team. In the arm design each member was
assigned to the following: Kyle designed the base assembly and the motor driven gear, Zach
designed the two arm links and worm gears that were attached, while Derek worked on the complex
programing for gripper and calculations of the worm gears. After the overall end effector design is
finalized, each team member creates part of the solid model and finalizes its design; Dara creates
the sample scoop, Elizabeth models the percussion drill, and Alfonso designs the interface between
the tools and the arm.
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Figure 1. Gantt chart shows project tasks and corresponding scheduling.

Design and Kinematic Optimization
Our design went through many iterations as we were trying to come up with the best way to
harvest rocks off of Deimos. Our first ideas were the standard ideas, such as drilling and
then scooping, or blasting with explosives and then scooping, but we pushed past these
ideas and into the realm of silly. We realized with the low amount of gravity on Deimos
that we would lose these particles if we gave them too much force, which would be a
problem because since the moon is thought to have hard rock on it, then it makes breaking
and containing the particles an issue. To counteract this problem one of our earlier designs
was to use a net of some sort to catch the debris is it is hammerer/drilled. The problem with
this was how to recapture the fallen debris once it falls down onto the surface. The other
issue we faced was how to deploy and retract such a device, we felt that we needed
something simpler, because odds are the harder and more complicated it is the worse it will
work. Most designs are brilliant in their simplicity.
So our next thought was to almost extract the rock as one solid piece. Our inspiration was
the machines that dig up trees and transport them to another area. So we thought if we
could cut down beneath the rock and then transport that into the machine for sampling. Our
problem with this was that we couldn’t think of a way that we could have our arms reach
down and cut through the rock in a reliable manner. However we liked our concept and
tried to think of how to still use it. We thought we could use hydraulic pressure provided by
the tips to our advantage, so if we put our part on an outlying rock and then fracture it the
fracture would propel the rock into our device and then we would close around it sealing it
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in, thus giving us our specimen where we want it and most importantly in a very simple
manner. This is what we decided to go with.
As the project went on we realized that we may want to extract rocks from deeper below
just the surface. To do this we included a two-in-one jackhammer and drill. This allows us
to get into the deeper rock first and then still use our original device to get the samples that
we need and transport them. So the question now becomes, how is our design optimal from
a kinematic perspective? It has been designed to accomplish our task in a simple and we
believe a successful manner, but are it optimal from a kinematic point of view, and what
did we do to make it so. Well first we used mainly worm drives to move the gears for our
arms. This serves two purposes, one we don’t care how fast the robot does its work, and we
just want it to do its work. Therefore the first benefit is the huge amount of torque with a
very low space and thus weight for launch. It is a rugged design as well, so it shouldn’t
shift during liftoff. The second advantage of the worm gears is that we don’t need to have
power supplied to the arms to hold them in position. This is because the worm drives can’t
be back driven, thus saving us a lot of energy, and the more energy we can save for the
rover the better because we don’t know the energy constraints to move the craft and run the
electronics. Our one gear that wasn’t a worm gear was the gearing for the base. This is
because the base will sit on steel ball bearing and since gravity is only 1/20 of what it is
here on Earth the amount of friction we would have to overcome to turn the arm would be
very miniscule. This allows us to have a higher gear ratio then on the arms, but still low
enough that we will move the arm without difficulty. The higher gearing will also cut down
on the needed rpms thus again lowering energy requirements. This arm can be back driven,
but it shouldn’t be a big concern because it has little tendency to back drive. We thought
these were the best choices for gear selection and we thought gear selection was much more
preferable then using 4-bar mechanisms because of the simplicity and reduction in moving
parts. Our design was also partly based on the prevalence and success of robot arms and we
figured it would work great for our application as well.
Now we did spend a lot of time developing our gear design, since this was one of the main
lessons in the class. For our base gear which was just the spur gear we made sure to design
the teeth to be involute. This should seem like the obvious choice because it is a proven
design. For our worm gear we did a lot of research, mostly from NASA. As you can see
below the gear has the center of the gear cut out. This is because we did a revolve cut of a
circle through the middle of the part, thus making the middle part of the tooth shorter and
the outside longer. This is to get more of the tooth in contact with the gear. We also have
the cuts in the gear at an angle that is equal to the angle of the worm. This means that the
parts will fit together seamlessly, and eliminating gaps and backlash. Now looking at the
worm itself we notice another interesting addition. The middle of the worm isn’t sticking
up as high as the ends are. This is because we don’t just want the middle section of the
worm in contact with the gear. We want some of the front and end in contact as much as
possible. We ultimately wanted three teeth of the gear to be in contact with the worm. We
accomplished this by making the sides higher. Obviously we couldn’t do this for more than
three teeth because it is geometrically impossible, but we could get three in contact without
too much trouble. This again gives us more surface in contact thus reducing stress on each
component and reducing wear while also doing a really good job of reducing backlash,
because the front worm part is in more contact with the back of the gear and the back worm
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is in more contact with the front side of the gear. This ensures a good tight fit without any
wobble or backlash.
So again in summary how did we optimize the product? We went through many design
iterations and continuously found ways to improve the design throughout the whole project.
We also optimized our selection of how to accomplish our task, by using the simpler and
more durable robot arm design over the four bar. We also used the correct gearing selection
to maximize torque where it is needed while also reducing the energy consumption as much
as possible. Finally we used innovative and proven designs mostly found in NASA to
optimize the gear design, by getting extremely high amounts of material in contact with
each other to reduce wear and increase arm accuracy.

Picture 1: The gear is on the left and the worm is on the right.

Dynamic Analysis:

The free body diagram of the parts considered has been attached at the end of the dynamic
!
analysis. Weight of the parts was neglected since the gravity at Deimos is only 0.003 !! .
Applying sum of the forces/torques for Part 2:
𝐹!"! + 𝐹!"! = 𝑚! 𝑎!!!
𝐹!"! + 𝐹!"! = 𝑚! 𝑎!!!
𝑇! + 𝑅!"! 𝐹!"! + 𝑅!"! 𝐹!"! + (𝑅!"! 𝐹!"! − 𝑅!"! 𝐹!"! ) = 𝐼!! 𝛼!
For Part 3:
−𝐹!"! + 𝐹!"! = 𝑚! 𝑎!!!
−𝐹!"! + 𝐹!"! = 𝑚! 𝑎!!!
𝑇! − 𝑅!"! 𝐹!"! + 𝑅!"! 𝐹!"! + (𝑅!"! 𝐹!"! − 𝑅!"! 𝐹!"! ) = 𝐼!! 𝛼!
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For Part 4
−𝐹!"! + 𝐹!"! = 𝑚! 𝑎!!!
−𝐹!"! + 𝐹!"! = 𝑚! 𝑎!!!
𝑇! + 𝑅!"! 𝐹!"! − 𝑅!"! 𝐹!"! = 𝐼!! 𝛼!
At the moment we take the force analysis, we assume our part 4 (drill and shovel
mechanism) to be in a vertical position. We also assume non-rotation of this part at this
point. The force exerted by the drill on the ground will be assumed to be equal to 700N, as
this seems like a reasonable value of the force exerted by a drill in this kind of
carbonaceous material. There will be no torques about our CG on this equation, since the
drill force´s line of action goes through the CG the same way the pin force does (CG is
assumed to be where the pin is connected).
Since our shovel and drill part (Part 4) is stationary at this point, we know that 𝑚! 𝑎!!! and
𝑚! 𝑎!!! will be 0. That way, we can solve for 𝐹!"! to be 0. We need some other data in
order to solve for the torques.
!"

Masses: We will assume our parts are made out of aluminum (𝜌 = 2700 !! ). We need to
find the volume of every part. The volume of the first arm (Part 2) is 0.0105 𝑚! ,  so the
mass is 28.35 kg. For the second arm (Part 3) is 0.00844 𝑚! , so the mass is 22.79 kg.
!

Moments of inertia: Taking the mass moment of inertia about the centroid (!" 𝑀(𝑎! + 𝑏 ! ),
we get 𝐼!! = 4.84  𝑘𝑔𝑚! and 𝐼!! = 3.13  𝑘𝑔𝑚! .

Position: We assume 𝜃!   to be equal to 30° and 𝜃!   to be equal to 280° . These seem to be
reasonable angles to would provide the drilling conditions.
Angular velocities: As stated in the kinematic analysis, part 2 will have an angular velocity
of 14.3 rpm (1.5

!"#
!

) and part 3 = 28.3 rpm (2.96

!"#
!

).

Angular acceleration: We will assume both parts 2 and 3 will have an angular acceleration
of 10

!"#
!!

.

Angular velocities: As stated in the kinematic analysis, part 2 will have an angular velocity
of 14.3 rpm (1.5

!"#
!

) and part 3 = 28.3 rpm (2.96

!"#
!

).

The R´s were found by geometry using the total length of the arms and its angular position.
Linear accelerations: They were computed by using the formula:
𝐴 = 𝑙𝛼𝑗𝑒 !!!   − 𝑙𝜔! 𝑒 !!!   , where l is the length of each arm, 𝛼  is the angular
acceleration, 𝜔 is the angular velocity and θ is the angular position.
Using the equation above:
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𝑚
𝑠!
𝑚
𝑎!!! = 10.78   !
𝑠
𝑚
𝑎!!! = 10.68   !
𝑠
𝑚
𝑎!!! = 13.3   !
𝑠

𝑎!!! = −9.93  

By plugging in all these values into our system of equations, we obtain:
𝑇! = −339.93  𝑁𝑚
𝑇! = −683.7  𝑁𝑚
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Figure 1: Free Body Diagram of our arms.
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Advantages and functionality of worm gears:
The main advantages of using worm gears are shown below:
•
•
•
•
•

The ratio of the gear set is equal to one over the number of teeth in the worm gear
Compared to other gear types, it requires much less space to achieve the same
velocity ratio
Can provide very high gear ratios. We will see later if that´s what we want or not
Can carry very high loads
Two types (single and double enveloping.) Suggested to use double enveloping
since it outputs the maximum torque due to a greater surface contact. The next
picture shows the difference between single/double enveloping

Figure 2: Shows the difference in single and double enveloping gears.
•
•

Impossible to Backdrive – Critical if we want the load being driven to hold in
place after power is shut off. This way, our system will gain stability (No need of a
brake)
Worm set can only be driven by the worm
The more teeth the gear has, the slower it will move relative to the worm.
𝜔!"#$   =

𝜔!"#$
𝑁!"#$

𝑚!"#$%& =

𝜔!"#$
𝜔!"#$  

By knowing some motor specs, we can figure out the number of teeth needed. If the
motor turns at 4000 rpm, and we use a 20 teeth gear, blades will turn at 200 rpm
•

20 degree pressure angle will give us a good power transmission without affecting
the weakness of the system
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•
•

Worms and worm gears provide the smoothest, quietest form of gearing.
Because the efficiency of a worm gear drive depends on the lead angle and number
of starts on the worm - and because increased efficiency is always a goal, the ratio
should be kept as low as possible. To run properly, worms and worm gears used
together must have the same diametric pitch and threads.

Although a high ratio will make us give up some velocity, it will be required due to the big
load our gear will have to turn.
Next step, determine the dimensions of the blades that will provide us the dimensions of the
gear and will help us identify the number of teeth.

Table 1: Table to help determine the number of necessary teeth.
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3D Printing:
The team decided to make use of our on-campus 3D Printer to display some of the features
of our design. We decided not to 3D print the entire body since we wanted to stay within
the scope of the project, and 3D printing all the parts would be a very time consuming
activity.
We decided to 3D print our drill mechanism. This choice was due to the fact that this is
perhaps the mechanism whose functionality is the hardest to infer from the simulation. That
way we fulfilled both our goals:
1) Make use of a new resource in order to explain mechanism´s functionality
2) Learn how to use a new tool that may be used again in the future
The drill mechanism consists of the following 3D printed parts:

Programs and Optimal Design Result:
Below is the coding for the kinematic analysis for the position and speed of the gripper.
The inputs required for this code is the length of the two arm bars and the angular velocity
of the two arm bars. This code looks at the two arms at the extreme positions. First, when
they are both perpendicular to the horizontal plane (assuming that it is possible) which is θ2
=90° and θ3=0° and the other extreme when the arm is fully extended at θ2 =0° and θ3=180°
Then the code prints a chart of the distance the gripper can reach from the base as θ2 goes
from 90° to 0° and another chart of the velocity of the gripper as it travels along this path.
This code is useful to better understand how fast the gripper can travel and at what gear
speeds are required to get achieve the desired linear speed. It is assumed that θ3 must travel
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twice as fast as θ2 because to move between the two extremes θ3 must travel twice as far as
θ2. In actual application this may not be the case, however, for our analysis it is a reference
point that will find us the max values.
To avoid unnecessary dynamic forces and accelerations that may hinder the performance of
the dirt gripper, this code was used to find the optimal gear motor speeds to keep the
gripper under 4m/s. As the velocity plot shows below, the gripper approaches about 3.6m/s
as it gets closer to the base. The velocity decreases as the arm extends. For these particular
plots the gear speeds for θ2 and θ3 are 14.3 rpms and 28.6 rpms respectively. The motor is
connected to a worm gear which drives the two arms. Each worm gear has a ratio of 1:60
which means that the two motors must spin at 858 rpms and 1716 rpms which is well
within the motor’s range of 4000 rpms.
Below, the position and velocity graphs are plotted vs. θ2
Position of Arm
3

Arm position (m)

2.5
2
1.5
1
0.5
0
90

80

70

60

50
40
Theta 2

30

20

10

0

30

20

10

0

Velocity of Arm
4
3.5
Arm Velocity (m/s)

3
2.5
2
1.5
1
0.5
0
90

80

70

60

50
40
Theta 2

0.5
0
90

80

70

60

50
40
Theta 2

	
  

30

20

10

0

30

20

10

0

Velocity of Arm
4
3.5
Arm Velocity (m/s)

3
2.5
2
1.5
1
0.5
0
90

80

70

60

50
40
Theta 2

The Matlab coded developed for the kinematic analysis is shown:
%% Position Analysis of Two linkage system
% Kinematics and Dynamics of Machinery 12/5/14
%% Variables (all inputs are in meters, radians and radians/s)
% a = Length of first bar
% b = Length of second bar
% c = Total distance from base to gripper
% t3 = angle between first and second link
% t2 = angle of first linkage and base
% c=a*cosd(t2)+b*sind(t3+t2-90);
% t2dot = derivative of t2 (rad/s)
% t3dot = derivative of t3 (rad/s)
% cdot = horizontal velocity of arm
% f = speed factor between t2 and t3
% i = increment used for plotting
%% Initial conditions and inputs
a= 1.430;
b=1.283;
f=2;
i=.1;
t2dot = 1.5;
t3dot = 3;
positiondata = 0;
velocitydata = 0;
%% Solving for c for all t2 from starting angle to 0 degrees
k=1;
t2=90;
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t3=90-t2;
while t2>=0;
c=a*cosd(t2)+b*sind(t3+t2-90);
cdot=-a*sind(t2)*t2dot+b*cosd(t3+t2-90)*(t2dot+t3dot);
positiondata(k,1)=t2;
positiondata(k,2)=c;
velocitydata(k,1)=t2;
velocitydata(k,2)=cdot;
t2=t2-i;
t3=t3+f*i;
k=k+1;
end
%% Plot
x= positiondata(:,1);
y = positiondata(:,2);
x2=velocitydata(:,1);
y2=velocitydata(:,2);
subplot(2,1,1);
plot(x,y);
xlabel('Theta 2');
ylabel('Arm position (m)');
title('Position of Arm');
set(gca,'XDir','reverse');
subplot(2,1,2);
plot(fliplr(x),y2);
xlabel('Theta 2')
ylabel('Arm Velocity (m/s)');
title('Velocity of Arm');
set(gca,'XDir','reverse')	
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