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Abstract
An interdisciplinary team of students has designed an electromechanical lab setup that is suitable
for a variety of exercises based around controlling a two-car, three-floor elevator system. While
straddling the electrical and mechanical curriculum, electromechanical systems are ubiquitous in
industries from canning facilities to nuclear power plants and are something that graduates of
either discipline are likely to encounter in the workplace. As such, it is important that students
get hands on exposure to the programming and control of electromechanical systems that are
using industrially relevant equipment and techniques. Many such training systems exist, but tend
to be at price points that can make them prohibitive to many programs. To maximize general
availability, the design goals of this system were to have it built around commercially available
parts, be accessible by a remote student with live video feeds, and have an overall materials
budget of $12,000 for the complete setup. Another key criteria for the design was that the overall
control of the setup be selectable between two different control modalities; in this case, a
National Instruments embedded controller and an Allen-Bradley PLC.
Introduction
Research is being conducted to develop a Mission Critical Operations curriculum. The goal of
the curriculum is to provide industry with a workforce that has the electrical, mechanical, and
information technology skills necessary to support critical operations in the healthcare, data
center, automated manufacturing, and energy sectors. [1] One goal of the work is the
development of remote automation exercises that would enable geographically distributed
students access to valuable electromechanical and programming lab experiences. [2,3] Another
goal is to introduce them to remote troubleshooting, where their initial corrective or investigative
actions would be taken from a remote control station instead of in proximity to the actual setup.
[4,5]
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The electromechanical systems chosen for these exercises needed to support the goal of students
developing an understanding of electromechanical fundamentals, the associated hardware, and
the various control approaches used in automation. The criteria derived for the systems
included: mobility from classroom to classroom, easily resettable without manual intervention,
and control with industry-standard hardware. An extensive search was conducted for a
commercially available apparatus that could satisfy these requirements. Most apparatus were
based on industrial processes like conveyor systems or fluid handling; one example is shown in
Figure 1. The surveyed systems were all limited by the need to use the manufacturer’s specific
control devices and software and were not resettable without human interaction. In addition to
these limitations, the cost of many of these commercially available systems would be prohibitive
for many smaller institutions, limiting the dissemination of the electromechanical setups and the

associated training exercises. Given these limitations and concerns, the design team undertook
the design and construction of their own system.

Figure 1. Armfield PCT40 [6]
The design criteria for the custom system being developed included all of the previously
mentioned requirements and included some additional requirements specific to a custom design.
It was decided that the design needed to focus on modularity and simplicity of assembly, with
the goal that implementers could replicate the setups given the assembly documents, common
hand tools, and 2-3 individuals with technical backgrounds. Components were to be selected
from well-established vendors that allowed for replication of the system by any organization
without concern for sourcing a specialized part from a specific vendor. In a similar vein, care
was to be taken to minimize the amount of custom machining on the project so that the majority
of the assembly could be completed with hand tools and ability to cut structural elements to
length.
Design Process
The multidisciplinary design team consisted of Electrical and Mechanical Engineering
Technology undergraduates working with elecromechanical graduate students under the
direction of two faculty members.
The design began with the concept of a three story elevator with dual shafts for the cars to
traverse. The concepts were initially developed on paper with hand sketches, then realized as 3D
models using Google SketchUp. Renderings and animations were developed to give a sense of
the visual characteristics of the design. These aesthetics were particularly important given that
end users would eventually be interacting with this apparatus remotely, meaning that at a
minimum, visual indicators needed to be clear on a remote camera feed.
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Once the overall layout was updated, reviewed and approved by the entire design team, the
design was modelled in SolidWorks to develop detailed design of components. Solidworks
allowed for the easy import and manipulation of CAD files of various components as well as a
more extensive toolkit for working with assemblies. These higher fidelity models were used to
assess different components for the design, prior to fabrication. In particular, the placement of

actuators and sensors were modeled and animated to check for issues related to clearances, range
of motion, and visibility.
Structure Design
T-slot style aluminum extrusions were selected for the structural elements given the ready
availability and the ease of assembly and mounting. The flexibility of the system also precludes
the need for welding the structure and allowed for flexibility during the early prototyping stage.
Most of the structure was selected as raw material, but some parts were ordered taking advantage
of the vendor’s machining services; this aided in producing a true kit of parts that was ready to
assemble into a system. Both the SketchUp and Solidworks 3D models were created using
vendor supplied CAD models to assemble and modify the design. A sampling of the 3D models
can be seen in Figure 2 and Figure 3.

Figure 2. Elevator front view

Figure 3. Elevator rear view

Structural components for the elevator portion had to provide the requisite mounting positions
and strength for the various actuators and sensors used in the elevator control, while still
providing maximum visibility for students envisioned to be performing lab exercises remotely,
with their only ‘views’ of the system coming via high definition web cameras.
Elevator Car Design
With the structural elements of the design being based around the use of T-slot extruded
aluminum components, several design possibilities emerged for the linear motion of the elevator
car. The first of these designs was the use of a set of rollers that fit into the center track of the
aluminum channel as shown in Figure 4.
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Figure 4. Roller Concept

Figure 5. Linear Bearing Concept

In addition to the roller concept, the use of a linear bearing was examined as shown in Figure 5.
The bearing surface is made from ultra-high-molecular-weight polyethylene (UHMW-PE) which
is housed in an aluminum mounting block. The bearing, as with the rollers, would ride in the
channel presented by the aluminum extrusion.
The decision on which concept to select was driven by manipulating a vendor-supplied sample of
each. After observing implementations of both concepts, the roller concept was abandoned due
to loose tolerances. The linear bearing was observed to have close tolerances combined with
smooth operation. This led to an initial design of an elevator car with a linear bearing on either
side, the innermost of which would share a common dual channel section of aluminum extrusion
as seen in Figure 6. This design was reviewed and the decision was made to eliminate the
outermost bearing out of concern of binding.

Figure 6. Dual Bearing Design

Figure 7. Actuators
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Sliding Door Design
Due to the constraints of not exceeding width of the cart upon which the elevator was to be
installed, the elevator was restricted to a maximum width of 36”. This restriction limited the
amount of space on either side of the elevator that could be allocated to supporting movement of
door elevator car doors. A consequence of this restriction was that the device that moved the
doors had to be compact. Several design options were considered that balanced size constraints
and speed of operation. The first option considered was to use a miniature linear actuator, as seen
in Figure 7 using two potential mounting options. A concern associated with these actuators was
that the rate of travel was to slow at 32mm/sec. This would have resulted in a time of 3.125
seconds to cover the 100mm stroke.
An alternative to using the miniature linear actuator was to use a rack and pinion system as
shown in Figure 8. This option was calculated to be capable of closing the doors in under 2
seconds; however, increased complexity was a concern. Ultimately, these devices were
abandoned in favor of a pneumatics system that offered quicker open/close times.

Figure 8. Vex Rack and Pinion

Figure 9. Idler Pulley

Elevator Car Design
Elevator car design was initially envisioned as a cube constructed from polycarbonate, but
concerns about ease of construction and durability, led the decision to construct the car frame
from sections of T-slot extrusion, with foam-board panels as the walls, floor and ceiling. As the
elevator was intended to be used with a camera, it was essential that the different components of
the elevator be easily distinguishable and visible. Originally, the paneling surrounding the
elevator doors was to be opaque with translucent doors. A review of the design led to this being
changed to opaque elevator doors, translucent paneling around the doors, and different colored
elevator paneling to distinguish the left car (yellow) from the right car (red).
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After investigating a number of concepts, it was decided that a looped drive belt was the most
appropriate method to move the elevator cars. Using SketchUp animations, target travel times for
the elevator were evaluated. By using the known pulley diameter, the length of travel of the car,
and target travel time, an appropriate motor RPM could be calculated. Using the material
densities of the elevator components as supplied by the manufacturer, the mass of car was then
calculated. By using the mass of the elevator and the diameter of the drive pulley, the operating

torque required of the motor was found. An appropriate set of drive pulleys, idler pulleys, shafts,
and pillow block bearings and motors were then selected. A solution to mount the idler pulley
was devised as shown in Figure 9.
Feedback Design
Since the elevator system includes many dynamic components, it is essential to monitor the
position of these moving parts. This feedback provides the requisite inputs needed to devise a
control scheme and to provide safeguards to ensure that system operates within safe parameters.
Sensors were implemented to determine the presence of the elevator car at each floor and at the
limits of travel. Additional sensors were used to detect the open or closed state of the elevator
doors, which was necessary to ensure that they were closed prior to the elevator starting to move
between floors.
Completed Design
The resulting electromechanical design is a three-floor, two-car small-scale elevator with fully
automated control. It features user feedback and supervisory control to prevent damage to the
unit. The elevator system includes the structural components, motors, sensors, pneumatics, and
control signals.

Figure 10. Elevator full front view
Figure 10 displays the full front view of the final design. The yellow and red panels represent the
button panels that would be on the interior of the red and yellow car, respectively. The buttons
on the black face represent the buttons that would be present on the wall exterior to the elevator
on each floor. The blue panels are the sliding doors for each of the elevator positions.
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Elevator Drive
The elevator cars are raised and lower using a belt drive powered by a 12 volt electric motor with
encoder direction and position monitoring. The motor outputs are routed through motor
controllers with a built in breaking function to hold the carts in position when needed. The carts
are attached to a vertical extruded aluminum rail using low friction linear bearings. The selfaligning pulley assemblies at either end of the elevator drive ensure there are no lateral forces
applied to the motors (Figures 11 and 12). All parts with the exception of the bearing mounts are
stock items; the bearing mounts were ordered with modifications by the supplier. The system is
virtually maintenance free; it can easily be adjusted for tension and quiet operation.

Figure 11. Elevator upper drive

Figure 12. Elevator lower drive

Pneumatics
Actuation of the elevator doors employs pneumatic actuators with speed control and location
feedback. The pneumatics are controlled by 4-way 5-port solenoid valves as depicted in Figure
13. The system air supply consists of a dedicated, low-noise, one-gallon air compressor that is
mounted on a lower shelf of the mobile cart, supplying 60psi to the valves.

A

B
Figure 13. Door pneumatics solenoid valves

Figure 14. Pneumatic actuators
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Actuator position feedback is achieved by the used of reed sensors mounted on the pneumatic
actuators. In Figure 14, the LEDs associated with the position sensors on the pneumatic cylinders
are designated ‘A’; these position sensors are also wired as discrete inputs made available to the
controller. This allows the student user to ensure the selected floor doors are closed before they
allow the elevator to move to its next location. The speed at which the doors open and close can

be varied during assembly by the use of flow control valves that were installed on both the input
and the output of the actuators. These can be seen in Figure 14 designated ‘B’. All components
of the pneumatic system are standard products with no modifications.
Figure 15 shows the floor location sensors used to signal the control measures when the cart is at
the desired floor. They are optical gate switches through which a metal tab on the elevator car
passes. Figure 16 shows the limit switches that are installed at the top and bottom of the main
rail on each side of the elevator support shaft. These limit switches are fed to the supervisory
control so it can automatically stop the motor drive in the event a user tries to move a car beyond
safe limits.

Figure 15. Floor location sensor

Figure 16. Limit switches

Educational outcomes and continuing work
The educational outcomes for the project can be divided into two categories: benefits to the
targeted student population and benefits to the students involved in the design/build/test process.
With an overall materials and components cost under $12,000, the elevator setup should be
accessible to a wide variety of community colleges and universities. The focus on remote
delivery of the lab experience through web cameras and remote access will also help to broaden
the reach of the project.
The students involved in the creation of the elevator system have gained an understanding of
technical topics such as design, motors, pneumatics, and sensors as well as essential soft skills
like project management, budgeting, and dealing with vendors. Students from electrical
backgrounds have gained CAD and fabrication skills, while students from mechanical
backgrounds have gained experience in wiring and sensors.
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On-site testing of the elevator setup has been completed, with plans for remote testing to occur in
the near future. Currently students are compiling an assembly manual, user’s manual, and initial
exercises for use with the setup. Once complete, these documents will be published under a
Creative Commons License.
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