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Title: Maker: Twisted Sister Rover
Abstract:
The Twisted Sister is a four-wheel mobile robot that can twist its front wheels to navigate the
rough terrains. Each wheel is driven by a DC motor. The front wheels can be raised by a DC
gearmotor which is connected to a worm gear system. The rover chassis is made of sheet metal
cut from water jet. An Arduino robot controller is mounted on the Twisted Sister Rover. A
remote controller is equipped with two tiny joysticks. One joystick is used to control the
movement of the rover and the other joystick to used to either raise or lower the front wheels.
Wireless communication is through Xbee radio modules, one mounted on the rover and one
mounted on the remote controller. The project teaches the students on how to integrate
mechanical design, electronic design, and software design (programming) into producing new
products. It helps the students to realize the importance of hands-on multidisciplinary approach
to product design1-5.
1.Introduction
Modern product design practices require engineering designers to possess multidisciplinary
knowledge in many engineering fields, be able to use concurrent engineering approach, and be
able to work effectively in teams. As most products nowadays are mechatronics in nature that
requires the tight integration of mechanical design with electronics design, and software design
to make the product function as desired.
The objective of the rover design project in a machine design class was to give students an
opportunity to practice modern product design through hands-on multidisciplinary design
activities which required the students to work in teams and to use concurrent engineering
approach. The hands-on design activities also provided a platform for the students to learn from
their failures. “Failure is the mother of success”. Machine design is a capstone course in the
mechanical engineering technology department’ associate degree program. Students taking
machine design class were divided into teams with four to five students in each team. Team
leaders were selected by the faculty based on interviews and on students previous class
performances. Team leaders then went on to interview his/her fellow students for potential
members in his/her team. There were four teams in the machine design class. Once the team was
formed, it has thirteen weeks to finish the rover project.
Each team was asked to design a remote controlled rover that can maneuver and navigate in
rough terrains. The rover design must be based on the following specifications:
 Use four 12 V DC Motors to design drive train
 Design an appropriate chassis suspension system that allows the rover to climb 3-inch
high obstacles.
 Design a wireless communication module to control the robot remotely
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The design should include the following:
 Detailed models for each system and assembly for the design.
 A detailed design report
 A physical prototype based on design work.

Twisted Sister is one of the rovers designed by a group of five students. The Twisted Sister won
the first place in the end of the semester design competition. What follows document the design
process of the Twisted Sister rover team.
2. Mechanical Design
Once the design team was formed, the team’s attention turned to the design considerations.
Through initial brainstorming, the team settled on certain specific design characteristics. The first
was an articulating chassis, and the second was a vertical motor configuration.
2.1 Use of the Articulating Chassis Concept
The articulating chassis was a characteristic that emerged during team formation. The idea was
to create a chassis inspired by the custom machines competing in rock climbing competitions
across the United States. Using this chassis design, these vehicles are able to negotiate very
difficult terrain including enormous boulders and steep, sudden changes in elevation. The
decision to use this type of chassis created significant design challenges.
Many configurations were considered for the articulating chassis design. Ideas ranged from a
narrow system rotating around a small bearing to a scissor-like design. Naturally, the design
required establishing a source for the articulating movement. Having established that the
articulation would not be an active suspension component, and be used only to facilitate
climbing, it was necessary that the robot be able to maintain articulation during rolling
movements (roll on three wheels with the fourth raised). Ultimately, a drum design was selected
for the basis of chassis rotation. The forces experienced by a moving vehicle frame are normally
dissipated over the relatively long horizontal distance between the lateral boundaries of the
frame. That distance is greatly reduced for circular movement. For instance, if a small steel
bearing design was selected for the central spine the entire chassis rotation would have to be
focused around that very narrow diameter of the bearing. The unification of the chassis halves
and the application of mechanical force would be similar to the design in Figure 1. Something
we don’t expect to survive many “highway” miles. By using a drum or cylinder, the horizontal
distance across the body of the vehicle is greatly increased relative to a small steel-bearing
counterpart. The drum shape provides area to dissipate commonly occurring vehicle stresses.
Additionally, the drum was well suited to the use of a worm gear which provides the opportunity
for the robot to maintain its articulated position without electronic assistance.
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Figure 1. Articulating Chassis. (courtesy FourWheeler.com6)

2.2 Vertical Motor Configuration
In order to increase the clearance of our vehicle, a vertical motor configuration was selected. The
vertical motor configuration significantly increases the clearance of the vehicle since alignment
of the motor shaft and wheel axis is not required. While this requires additional components, the
configuration reduces the possibility for getting the vehicle hung up on its undercarriage.
However, the vertical configuration of the motor presents a different set of technical challenges.
The first step in selecting the drivetrain motors was to determine the operating velocity of the
robot and select motors capable of this performance. The wheel size was the only variable which
the team was unable to vary. From the circumference of the wheel, we determined an appropriate
number of RPMs for our motors. The deciding factor in motor selection was observation of a
direct drive configuration in action. This observation led to the conclusion that we could reduce
velocity to increase climbing force. The team opted for a 2:1 gear ratio as an enhancement to our
robots focus on climbing. While most configurations would employ a direct drive, the vertical
configuration required a perpendicular transfer of power. This was facilitated by use of a bevel
gear. To simplify the design process, the standard Tetrix motor mount was employed. The team
designed a wishbone around this motor mount and created driveline components as well as shock
absorption.
2.3 Design Evolution
Operating in tough terrain, the design must rely mostly on the suspension system. If the
suspension system is self-adjusting for such terrain the fixed system must provide some “give” to
reduce the compressive forces exerted by the resilient shock absorber springs. In preliminary
drafts the addition of a swiveling center joint (Figure 2) was considered to alleviate some of the
forces encountered by the suspension system This initial design draft focused on a robot that
could physically rotate its front half to adjust its tires/wheels to gain traction on either side
(surface traction or traction acquired on obstacle). With the internal rotating joint established, the
external components of the robot were configured or aligned on a chassis to ensure the robots
balance, provide space for the internal rotating drum and provide an efficient method of applying
driving power from the 12 V DC motors.

Figure 2, First Draft of the Twisted Sister
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The initial design for power transmission between the motor and the robot's wheels was to use
direct power transmission (Figure 3) however not much consideration was taken into this design

at that time as it presented a problem in applying direct power transmission due to the differences
in diameters in both the driving 12 V motor and the driven 4mm axle fixed to the given wheels.
If the direct power transmission design was considered, the motors would lie parallel to the
driven axle and could present problems when cornering over rough terrain as well as include
another subassembly independent of the shock absorbers/wheels.

Figure 3, Use of Swiveling Center Drum Concept
To accommodate for clearance problems, the design team decided to employ a set of bevel gears
to accommodate for the power transmission. The design of bevel gears allows the 12 V DC
motor to apply perpendicular rotating force on the driven gear by the driving gear. The use of
bevel gears ensures that the driving motor would and could apply enough power to drive the
wheels at an acceptable speed while reducing subassembly components.
The suspension system’s initial draft included a wishbone component that was to be bolted
through a pin mounted on the top of the chassis frame. The draft presented problems with the
inclusion of the relative motion of the wishbone assembly. When the wheel would pass over an
obstacle the wishbone would flex, the shocks would compress and the wishbone assembly would
rotate about the fixed pin on the chassis. This rotating motion could result in the shock absorbers
receiving scratches, damage or physical erosion due to its contact with the steel chassis and steel
wishbone.
To stabilize and prevent such problem from occurring in the design, it was decided to use Cchannel beams to stabilize and absorb residual stresses applied by both the shock absorbers and
wishbone components. The decision to use c channel beams directly affected the initial design as
the original chassis had to be adapted for both the size and fitting of such c channels. Three Cchannels were used in the suspension system to provide stability between the internal wishbone
component and the exterior.
The overall design process involved designing components and subassemblies first to ensure that
the subassemblies could be fitted to the chassis. The chassis design was considered initially as a
plain rectangle base but quickly adapted to the positioning and arrangement components. The
design team felt that since the chassis was the easiest to modify and would have to hold
everything together that it should be manufactured last to ensure the design had adequate space
to hold all components both physical and electronic.
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2.4 Chassis Design
The design of the chassis took many steps and revisions to complete. The adoption of a

triangular shaped chassis (See final assembly: Figure 8) aided in designing flange shielding for
the rotating center drum. The use of such flanges was met by some difficulties in interference
with other flanges. These flanges were corrected and provided spacing under for components to
be mounted. The shielding on the underside of the chassis provided a protected core for the drum
component as well assisted in guiding the robot over rough terrain. The shielding flanges would
guide the rear wheels over the rough terrain as well as reduce friction for easier correction over
such obstacles.
The evolution of the chassis took many transformations and eventually had to be manipulated
manually due to other considerations presented when installing the electrical components. The
few features that remained in the design of the chassis were the locations and placement of the
four DC motors, the location of the spines and the spacer holes for the shock absorbers.
2.5 Wishbone Design
The two main types of suspension systems found in cars are dependent and independent. These
suspension systems also apply to other vehicles such as semi-trucks. Each type of suspension
system utilizes springs and shock absorbers. If a vehicle only had springs it would boat and
wallow along with the road making the ride very uncomfortable. Springs come in three types.
They are coil springs, torsion bars, and leaf springs. Coil springs are what most people are
familiar with, and are actually coiled torsion bars. Leaf springs are what one would find on most
American cars up to about 1985 and almost all heavy duty vehicles. They look like layers of
metal connected to the axle. The layers are called leaves, hence leaf-spring. The torsion bar on its
own is a contraption which gives coiled-spring-like performance based on the twisting properties
of a steel bar. It's used in the suspension of VW Beetles and Karmann Ghias, air-cooled Porsches
(356 and 911 until 1989 when they went to springs), and the rear suspension of Peugeot 205s
amongst other cars7-10. Instead of having a coiled spring, the axle is attached to one end of a steel
shaft. The other end is slotted into a tube and held there by splines. As the suspension moves, it
twists the shaft along its length, which in turn resist. Now imagine that same shaft but instead of
being straight, it's coiled up. As one presses on the top of the coil, he is actually inducing a
twisting in the shaft, all the way down the coil.
Imagine the suspension just mimicking what it is encountering on the road rather than absorbing
it. This is where shock absorbers come in which are technically dampers. They absorb any larger
than average bumps in the road, so minimal motion is transmitted to the chassis. In addition,
shock absorbers keep the suspension at its maximum travel by pushing it towards the road, which
also helps keeps your tires on the road. Many modern cars have a coil-over-oil unit which
incorporates both a shock absorber and spring into one product.
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Dependent suspension systems get their name because each of the front or rear wheels is
dependent on the wheel opposite of it. This type of suspension system is only found on modern
trucks and off road vehicles but a number of years ago it was common on cars as well. The major
downside to a dependent suspension system is that the wheels are linked, if one wheel is set into
oscillation and the other is not, it sets up a gyroscopic torque around the steering axis. This force
will start to turn the axle left to right and due to the axles inertia, it will amplify the force of the
original oscillation. To put that simpler, if the tire on the right side hits a bump it will directly
affect the left side and can even cause a larger effect than the original bump. Another downfall of

a dependent suspension system is that it weighs more than an independent system. This is
because there are a number of parts that are needed on a dependent system that are not needed on
an independent system.
An independent suspension system gets its name because the wheels on either side of the car are
independent from one another. The only exception to this is an anti-roll bar that connects the two
wheels, to prevent the cars suspension from rolling as it corners. There are a number of
independent suspension types such as, coil spring type 1, coil spring type 2, multi-link, trailingarm, twin I-beam, and transverse leaf spring. The major difference between independent
suspension and dependent suspension is that when a car with independent suspension hits a
bump it only affects the wheel that hit the bump. This offers many advantages such as, better ride
comfort, better traction, more stability and an overall safer vehicle.
The shock absorbers used by the team were 65 mm in length. Each suspension unit incorporated
two shock absorbers for maximum absorption and rebounding. Two shock absorbers also made
each wishbone suspension unit level with the chassis. The wishbone suspension component was
designed to fit around the motor and the bevel gears. The clearance needed for the bevel gears
forced the design to become higher than originally expected. The wishbone now acted as a lift
kit. Lifting suspension is a popular modification used to try to increase ground clearance. A lift
kit doesn't really give you more ground clearance. What it does is increase the height between
the axle and the underside of the body. Whilst this does give more ground clearance for the
bodywork, the lowest point on the vehicle is still the axles - or on a 4-wheel-drive, the bottom of
the transfer case. For this reason, you'll often see trucks and SUVs with lift kits and larger wheels
and tires. The lift kit boosts the clearance under the bodywork whilst the larger wheels and tires
result in the axles being lifted higher off the ground. Figure 4 shows the wishbone suspension
system.

Figure 4 Wishbone Suspension System
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2.6 The Spine Design
The Spine of the Twisted Sister is the center piece of the robot. It is used to allow the bot to
maneuver over obstacles that are higher than the radius of the robots wheels. A regular robot or
car, has to rely on the forwarded forces to get it over a hump or object, and even then the object

needs to be lower than the radius of the wheel so that deformation does not occur. With the Spine
the Twisted Sister is more effective than the average terrain robot.
Not only does the Spine of the Twisted Sister allow for free independent motion between the
front half of the robot from the back, but it also can be controlled using a joystick on the remote.
This further adds to the perks of the Twisted Sister. When the robot is met with an obstacle its
front wheel can be lifted to the appropriate height and maneuver over the object.
The Spine is turned using a worm gear11 driven by a Robotzone Gearmotor with 60 rpm at 12 V
DC. A worm gear was used because it cannot be driven by the wheel gear. This attribute gives
the worm gear a locking effect that is necessary to the design of the Spine. If a spur gear was
used the motor will have to constantly be fighting the force of gravity pulling on the mass of the
wheel in the air, however the worm locks it in place.
The Spine system consists of three essential parts. Spine1 is attached to the front end of the
chassis and Spine2 is bolted on the back part of the chassis. Spine2 is then placed within the tube
of Spine1. The elbow of Spine2 is meant to keep it from sliding too far down the tube. The worm
wheel is then bolted to Spine2 for two purposes: first to keep it from sliding back out of place,
and secondly, so that Spine2 can be driven and rotated lifting the robot wheel in the air.
In building the Spine system a number of things had to be considered. Since the part had to be
3D printed, material and printing time had to be reduced. Material was saved by making Spine2
hollow. A hollow part also provided an opportunity to protect the wires from tangling. Wires
were directed through the Spine’s center of rotation to prevent them from entanglement. Figure 5
shows the Spline assembly.

Figure 5 Spline Assembly
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3. Electronic Design
There are two major electronic components. One is the Rover controller to be mounted on the
rover and the other is the hand-held remote control unit that is used to control the movement
of the rover.

Two Arduino microcontrollers12 were used. One is mounted on the rover and the other is
mounted on the hand-held remote controller. Four Tetrix 12-V DC motors13 were used to
create a four-wheel drive rover. The hand-held remote controller sends commands wirelessly
through Xbee Radio modules to the rover14.
Figure 6 is the schematic of the rover circuit design and Figure 7 shows the schematic of the
hand-held remote control unit. Two mini joysticks mounted on the hand-held remote
controllers control the movement of the rover as well as the swiveling of the two front wheels
Three Talon speed controllers15 were used to control the speed of the four Tetrix DC motors
and the swiveling of the two front wheels.

Figure 6 Twisted Sister Rover Control Unit
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Figure 7 Twisted Sister Rover Remote Control Unit
4. The Results and Team Self Reflections
Many factors attributed to the manipulation and revisions that occurred during the design and
manufacturing processes, for none of the members were familiar with machine design and
component assembly/construction before this project was presented. Once the design was
finalized the team began to assemble their individual assigned components. The difficulties soon
rose to the surface as considerations such as tolerances and structural integrity became present as
the necessary components available to the team were distributed on a first come-first served
basis. As a result many of the first prototypes of the main components were scrapped as they
could not encompass fitting the additional components presented.
As the wishbone/suspension system took shape it became immediately apparent that the original
design for the wishbone would have to be manipulated as the original shock absorbers were too
small to have efficient resilience when compared to the size of the given wheels. The original
shock design would buckle under the compression of the 3 inch diameter tire running over an
obstacle. As the new shock size had to be considered, there was a necessity to modify the
placement of the shocks and their alignment. With bigger shocks the robot had already exceed
the approximate height of standing 6 inches above the ground. This consideration is what led the
team to design the 3 piece C channel stabilizer, not only did this allow a more fixed suspension
but it also allowed the front wheels and back wheels to remain equal in both shape and size.
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With the design and manufacturing of the spine, the most important component of the design,
considerations like accurate hole placement as well as sizing became an issue as the projected
model in Autodesk Inventor proved to be fully functional, the 3D printed part left the printer
with an offset worm gear that did not make full contact with the perpendicular gear mechanism.
The worm gears pinned position had to be manipulated almost immediately to prevent the
reprinting or redesigning of the entire part.

The use of the 3D printer presented a unique problem as initially the printers printed 3D parts in
batches of 5 or more. Due to the number of pieces being printed at the same time the loss of time
became increasingly substantial as redesigning and reprinting would run double the time and also
would not start unless other parts were required to print or ready to print. With the team’s first
attempt to print the bevel gears, the first pair did not print due to the printer jet being low on
resin and plastic material, this resulted in a delay due to having to wait for the new filament
cartridge as well as wait for other processes/parts to finish on the machine(s). The time it took for
components such as the bevel gears and the spine totaled an 80+ hour span to complete the
manufacturing of these parts.
Another issue that had presented itself to the design was the motor selected to run the worm gear.
After initial testing the selected motor could not run the spine assembly due to its sheer size, and
presented the difficulty of selecting a different motor as well as designing a motor mount that
would hold this assembly completely fixed. The use of this new motor caused the need for
manually drilled holes to be made in the chassis and as a result the robot was deconstructed
many times when another component of unique shape presented itself.
Preliminary results show the robot to be a formidable climber. The worm gear functions quite
well and generates tremendous interest whenever it is in operation. Figure 8 is shows the final
product of the Twisted Sister Rover.
Detailed instructions on how to build the Twisted Sister Rover will be published on
www.mtccitytech.org in the future.

a) Front viewb) Underside view
Figure 8 Final Product
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5. Conclusion, Self Assessment, and Future Improvement
The challenge of creating a remote controlled robot in thirteen weeks was definitely an
experience that brought students together rather quickly, the group efforts encouraged the design
teams to both express their individual ideas as well as compromise design specifications to
accommodate for changes in design as well as fitting more components in the design. There was
some difficulty in securing many components in a small space (e.g. wishbone subassembly)
however with some critical thinking, some encouragement and teaching the team quickly

accommodated for spacing. Interactions with other design teams proved to be beneficial in
expressing ideas and thoughts on design as well as encourage the relative motion analysis for
both this team’s designs as well as others. The communication exchanges between members also
aided in facilitating the adjustments and revisions to designs. The team won the first place in the
end of semester competition because of a strong team leader and active participating members
that enabled the team to finish the project on time. Students should be exposed more on this kind
of hands-on design activities. Something people can only learn through physically “MAKING”
things
The Twisted Sister rover was tested through the use of an obstacle course constructed of angled,
flat, recessed and uneven terrain arranged with shop materials in a hallway. The task of the rover
was to pass through fifteen feet of uneven terrain in the shortest time possible.
The robot did work well in adjusting the front-end ride height to gain traction as well as generate
lift along its center of gravity. By doing so the robot was able to lift its front either side of its
front suspension assembly by a four-inch vertical. While doing so it was also able to raise it’s
free end (adjacent wheel) to align and gain traction for uniform forward propulsion.
In relation to the obstacle course set for this test the Twisted Sister rover would be considered a
formidable climber in the sense that the robot can reach a raised uneven surface, gain traction
and realign its center of gravity to climb over such obstacles. By doing so the rover in this
situation could climb or drive over non-uniform obstacles, uneven surfaces, and manipulate its
drive path and orientation to overcome almost any obstacle in its path given its design scale.
As mechanical engineering students, their knowledge on microcontrollers and electronics were
limited that hindered the students’ ability to integrate the electronic design fully into their work.
The faculty members are working on creating new courses in mechatronics/robotics that will
help future mechanical engineering students to easily interface the mechanical components or
systems with microcontrollers and common electronic components in their design projects.
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