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Team Mellon Automated Door Solutions
Dan Sheahan, ME, Justin Waller, EE, Mitch Dawson, EE, and Tom Nilsson, ME
Abstract—This project’s goal is to design and implement a prototype automated door opener for the Applewood Retirement Community, with the expressed goal of further replication. This device will implement an RF transmitter receiver, Raspberry Pi, and a custom made mechanical assembly in order to be secure, user friendly, and scalable.
I. INTRODUCTION

Mobility impairments pose a special difficulty, since they affect every aspect of an elderly person’s life. Simple tasks, such as standing while manipulating an object with their hands. Often, people with mobility impairments will choose to use a wheel chair or a walker to assist them. These solutions however, do not account for some of the more complex daily tasks that an adult must complete, especially when combined with the dexterity issues prevalent in elder adults.

Applewood Retirement Community is a senior living facility located in Amherst, MA. It is comprised of 103 apartments within a larger facility for adults looking for independent living. Independent living means that the residents at Applewood must be able to maintain their homes and daily activities largely independently. The services Applewood provides for residents include security, housekeeping, meals, and maintenance. While the residents of Applewood must be largely independent, many still suffer from the mobility and dexterity impairments previously mentioned.


One particularly challenging task for Applewood residents with mobility issues is opening and unlocking doors. Particularly for residents in walkers, dealing with unlocking the door while maintaining control of their assistive device. Opening the door while fighting against the passive closing system required of all internal doors in common spaces can also prove a huge discomfort on a common activity, not speaking of the damage incurred to the doors and facilities. The goal of this project is to design an automated door opening system for Applewood to apply to their apartment doors that provide security and ease of access for the residents, and are scalable, moveable, and aesthetically pleasing.
II. Design

A. Overview
The proposed solution to Applewood’s issue of resident mobility difficulty and door damage is a retrofit design that builds off of the current door closing technology already in place. Currently, Applewood has a simple passive door closing system that always acts against the user when they open the door. The design involves developing a solution that is controlled by a Raspberry Pi microcomputer that in turn receives signals, shown in the Receiver block of Figure 1, from an RF transmitter and receiver that the user operates, shown in the Wireless Fob section of Figure 1. A transmitter was chosen over a manual switch outside the door to maintain a higher level of security.

In order to automate the opening process, the system must have a mechanical component that turns the received signal into motion of the door. This is achieved through a motor spinning a shaft that runs through an electromagnetic clutch. The electromagnetic clutch allows for the motor to slip if the door hits an object minimizing the potential for injury. This was chosen over a purely mechanical clutch because it allows for disengaging of the motor, meaning that nurses and other staff will not have to push against the extra resistance. All of these components are classified in the Opener section of Figure 1. 


A combination of sensors ranging from slip sensors to infrared cameras are being utilized in order to increase the safety of the system for all users. 
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B. Block 1 – Key Fob
A major goal for the RF transmitter and receiver units that will be serving as the wireless controllers for this unit was that the units be secure while remaining scalable. With this goal in mind, the fob and receiver were largely designed using easily purchasable parts. The transmitter is comprised of the interior of an Adafruit 1095 Key For 4-Button RF remote control, which is based off the PTC2262 [2], with the case redesigned for ease of use for the residents of Applewood, and the receiver from the Adafruit 1098 Simple RF L4 Receiver, which is based off the PTC2272 [3].

This transmitter was chosen first for its simplicity; it is a four button control, meaning it would have ample functionality for any commands which would later be added. Currently, the planned implementation of the key fob will only feature two buttons, for opening and closing, but these extra option are convenient for later development and added functionality. This transmitter also works off two simple CR2016 coin cell batteries, meaning it will be easily powered with accessible changeability and a life span of approximately one year. Lastly, this system was selected because of it operates at 315MHz, which proved to be a common operating frequency across commercial units. The chip which is the driving unit of the device, the PTC2262, also transmits a serial address for the device. Meaning that door security will be as simple as having the microcomputer record the transmitted serial address for the device and generate a list of accepted transmitters. For the finalized key fob, the PCB and battery of the Adafruit transmitter will be removed from its original casing and placed into one designed specifically for ease of use for Applewood residents. 
The casing will allow the resident to attach the key fob to their walker while protecting the electronic components taken from the Adafruit RF transmitter. The interface buttons will be ergonomically designed to allow the residents of Applewood to easily activate the door opener. An interview with our primary Applewood resident has already been conducted which provided information regarding an idea of button tactility, size, and casing shape. 3D printing will be used to design the case. The design process will involve prototype testing with the Applewood Residents. The first prototype test will involve two different designs where a representation of Applewood residents will be asked to clip the fob onto the walker, press the button once the fob is attached to the walker, and then remove the fob from the walker. A video will be recorded to assess the time it takes each resident to complete the required tasks. A discussion with the residents will provide their personal insights on their likes and dislikes regarding the two key fobs. The designs will then be analyzed and an updated model will be tested two weeks later.  

The Adafruit receiver is based off of the PTC 2272 chip for the decoding and processing of the of the RF signal. It runs off 5V, and is able to output a single DC voltage which can be easily read in by the microcomputer. It has a tested range of approximately 10 yards, which is ideal for this application. The receiver is a latching type receiver, meaning that it holds the last command which it received until a new command is received. While this is not ideal for this application, it is fairly easy to implement a sampling procedure in the code so that this latching property is not an issue. While this device is currently in use in the system, it will have to undergo major modifications or restructuring before being used in the actual device. 

While the receiver was simple to implement and integrate into the existing circuitry, its major downfall is in security. Although the key fob is transmitting a serial address along with its command, the receiver ignores these address bits and simply directly processing the command section of the received signal; this means that any similar transmitter to the one currently in use will be able to open door of the resident’s apartment with this system in place. This poses a major threat to the scalability of this system, since having multiple units in the same area would allow other residents to open each other’s doors. The PTC 2272, which is the driving unit in the receiver purchased from Adafruit, will most likely have to be reconstituted into a method so that the address of the transmitter is processed along with the command bits.
C. Block 2: Microcomputer

The microcomputer is responsible for processing multiple inputs to determine the state of the system to then control the clutch, motor, and electric strike which implement opening, closing, locking and unlocking of the door. We decided that the best microcomputer to use for this system was the Raspberry Pi 2 which allowed for increased complexity of the inputs while still serving as a reliable system. The microcomputer determines the state of the system through the output of multiple sensors and processing internal variables. From the output of the sensors, the computer will be able to determine the angle at which the door is currently open, whether or not there is someone in the path of the door, and if someone is trying to enter the door via key fob.
By determining the angle of the door, the microcomputer will be able to process whether the door is opening, closing, closed or completely open. Knowing the angle of the door will also allow the microcomputer to know when the electromechanical clutch is engaged. This clutch serves as a final security measure for an individual in the path of the door, slipping to prevent the door from continuing to close with an object interfering with its normal operation.  This sensor also allows us to account for power failures within the system; if power is lost and the system has to reboot, it will still be able to determine the state of the device immediately.
Although the clutch will serve as injury prevention once the door comes into contact with a user, ideally any door movement will be terminated prior to contact with any interfering object. The microcomputer will be able determine whether there is an object in the path of the door through an object sensor's output, which will be located above the door. This will act as the first line of defense for people who get in the pathway of the door. When the microcomputer receives the signal from the sensor that there is a person in the way, the microcomputer will immediately power off the motor to prevent any physical contact.
The object sensor’s sole purpose is to prevent the door from coming into physical contact with anyone while opening and closing. We are going to implement beam sensors which will report objects in the path of the beam to the microcomputer prior to contact. It is most common in commercial products to use IR beam sensors for this task, which are popular in shopping malls and elevator doors. However, if an IR sensor were used, it would detect the door when it is opening. This poses potential difficulties in accounting for this type of interference. To continue with the beam sensor approach while also accounting for the movement of the door, we decided to use X band beam sensors. X band beam sensors operate at 10.525 GHz and have the unique ability to sense objects through doors and windows while still being able to detect a living person. These sensors also have fewer false positive readings than IR sensors and have a signal range from eight to 30 feet [4].
As added functionality to the door opening solution, we will add an enhanced security feature which will be completely controlled by the microcomputer. This security feature is a Raspberry Pi camera, which records all individuals entering and leaving the room through the door. When the door opens, the camera is activated and the data is saved to an external hard drive, which is only accessible to the owner through PSK encryption on the drive. Looking toward the future, if time permits, we will try to add remote surveillance via an Android application, utilizing the Raspberry Pi’s Wi-Fi capabilities. This would allow residents to remotely observe their apartments in real time.

The slip sensor is what we will use to determine the angle of the door at any given time for state analysis. As the angle of the door changes, the potentiometer resistance changes. With two resistors, a small capacitor, and the raspberry pi you can continually charge and discharge the capacitor and measure the rise and fall time to calculate the resistance of the potentiometer at any given time. The rise and fall time are dependent on the resistance in the RC filter configuration which allows us to measure this resistance through measuring the time with an exponential correlation between the time and resistance [5]. 
D. Block 3: Opener

Design of the door opener started with free body diagram analysis to calculate the required torque, spring constant, and damping coefficient, labeled T_motor, Kt, and Ct respectively. The torsion spring is needed in the system because of building fire code laws that require doors to hallways to always have a passive closing system, and the rotary damper is needed to control the speed at which the door closes. The motor only delivers a torque while the door is opening. The torsion spring is always engaged. The rotary damper only acts in the direction of closing. 
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 Fig. 2. shows a free body diagram of the door. The rotation of the motor will force a rotation of the mechanical arm linkage causing the opener to push itself against the door. The force against the door will cause a rotation about the door hinge. All parameters used to calculate T_motor, Kt, and Ct are shown in Table 1, and the results of the analysis is shown in Table 2.  

Table 1: Parameters used to solve the four-bar-linkage with their respective symbols and values

	Parameter
	Symbol
	Value

	Moment of Inertia 
about Door Hinge
	I​door
	175 lb-in

	Arm Length
	A
	12 inches

	Range of Rotation of 

the door
	ΔΘ
	150°

	Opening Time and 

Closing Time
	t
	5 seconds


Table 2: Calculated values from the four-bar-linkage. The values were used as a basis when selecting parts

	Calculated Values
	Symbol
	Value

	Motor Torque
	T_Motor
	42 lb-in

	Spring Coefficient
	Kt
	10 lb-in/rad

	Damping Coefficient
	Ct
	22 lb-in-s/rad


The opener and all components associated with the opener will be tested on a door attached to a mobile door frame. The frame will be built by the team and will be used for testing and demonstration purposes. 
An electric strike will be installed on the door frame to allow the door to temporarily lock once the door opener is powered on by the key fob. The electric strike is fail-safe, meaning that when powered, the electric strike will lock the door, but if the power is lost the strike will unlock.

E. Block 4: Mechanical Assembly


The assembly of the structure is comprised of 6 main components along with various nuts and bolts that together couple the motor, shown in teal in Figure 3, clutch, which is translucent, potentiometer, which is yellow, door closer, which is green and arm, which is red. These components are the motor to clutch adapter, secondary power transfer shaft, door closer mount, back mounting plate and casing. 
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The functionality of integrating the motor with the current passive door closing system is possible through the use of the electromagnetic clutch. The motor is geared using a screw gear which does not allow it to be back driven, or forcibly turned backwards. In order to separate this motor from the passive system that must be capable of rotating freely, a clutch is used. An electromagnetic clutch in specific is used due to its ability to be engaged and disengaged electrically. This allows for engagement when the motor is used to open the door and disengagement when the passive system closes the door.

The clutch adapter, as is pictured in dark blue in Figure 3, is required because the motor output shaft is a different diameter than the clutch. The adapter is mounted to the motor through set screws that clamp the motor pin in two locations. On the other end keys are used to couple the adapter to the first half of the clutch. 
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The motor power is then transferred to a second shaft, as shown in Figure 4, that couples the clutch to the closing system. This shaft is a continuous piece with two different diameters. The reason for diameter variance is due to the clutch requiring a diameter of 20mm while the potentiometer required 27mm. A unique feature of this shaft is that it will have a square hole milled into the end of it so that it can mount to the abnormal existing end. 
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Due to the retrofit design the existing closing system needs to be remounted so that the shafts line up. This is done by mounting the system to blocks, instead of directly to the door as done previously.

The back mounting plate is a simple plate of 1/8” steel that has L-shaped brackets sticking out, to which the motor and electromagnetic clutch mount. The brackets will first be screwed into place in order to ensure proper alignment, and then be welded for added strength. All electrical components will also be mounted to this plate with various brackets and fixtures. 


In order to provide an aesthetically pleasing solution, all components will be encased inside of an aluminum casing. The casing will be bent from thin sheet metal and mounted to back plate.

III. Project Management
Table 3: MDR Deliverables and Status
	Deliverable
	Status

	Fob to microcomputer communication
	Completed

	Sizing and Purchasing of Motor and Clutch
	Motor Purchased, Clutch only Sized

	Signal Processing and Motor/Clutch control
	Motor Successfully Controlled

	Analysis of Customer Needs
	Status


	Door Opening / Closing Time
	Complete

	Fob case requirements
	Complete

	Clearance around door
	Complete

	Power Requirements
	Complete

	What we can modify
	Complete


Our MDR deliverable, as shown in Table 2, was to have the motor and clutch used for the door opener be powered by a key fob that communicates with a Raspberry Pi. The fob successfully communicated with the Raspberry Pi to power on the motor. However, a clutch was not purchased for MDR due to a reevaluation of our design process. Having a full CAD model that can be machined and mounted was necessary before any more mechanical components can be purchased. 

Our other MDR goal was to return to Applewood to find out customer needs to help finalize our design. Which was accomplished as mentioned earlier.
The team has been successful in working together to accomplish our goals. The team is composed of 2 mechanical engineers, two electrical engineers, and a nursing student. Tom Nilsson is one of the mechanical engineers and is focusing assembling all the components to be successfully mounted onto the door. Dan Sheahan is the other mechanical engineer and worked to calculate the required motor torque, and is now focusing on key fob design. Mitch Dawson is one of the electrical engineers and is focusing on the Raspberry Pi communication and the integration of the object sensor. Justin Waller is the other electrical engineer, and is focusing on integrating the RF transmitter and receiver and the power system. Jessica Ferreira, the nursing student, is working to confirm that the system will fully meet all the resident’s specifications, and she will be involved in the key fob prototype focus groups. The mechanical engineers and electrical engineers have been able to articulate to each other about the subsystems requirements and how the electrical and mechanical designs will impact the requirements. A typical week consists of three meetings; the meetings are with our electrical advisor Professor Jackson, our mechanical advisor Professor Sup, and an internal meeting. Going forward into next semester, we have decided that it would be beneficial for us to meet with both Professor Jackson and Professor Sup at the same time instead of on separate occasions. The advisors would often address our concerns and progress in different ways that would result in individuals pivoting their focus in the middle of the week.
IV. Conclusion
For MDR we wanted to have four functional subsystems and a design plan completed for the remaining subsystems and system integration. The four subsystems we set out to complete were motor control, clutch control, key fob signal processing and system state control via the micro-computer. We were able to complete three of the four subsystems with the clutch control system being the incomplete system. We realized after PDR that our design needed more refining before we could purchase the specific clutch that we required. The clutch has been purchased and is currently being shipped and the control system for the clutch has been coded; we should have the completed clutch control system by late December. The design for the entire door solution has been finalized, as was our plan for MDR, and what remains to be completed for CDR is purchasing, construction, integration, and testing of the remaining four subsystems 
The remaining subsystems to be completed include the sensor, power, mounting, and locking system. The locking system is a plug and play type system that requires little to no work to integrate, which leaves us with three subsystems that require substantial work. Moving forward we have concluded that the best course of action to complete these tasks is to divide the subsystem such that three members take lead on the subsystems with substantial work while the fourth integrates the locking system, refines the key fob system for customer needs, and sets up the testing area for our finalized system. The gant chart shown in the appendix illustrates how we will separate the work load and the estimated time of completion for each deliverable.
As mentioned earlier, our project is multi-disciplined. We are not a conventional group as we did not initiate this project, but were given a problem from a client that we set out to solve. As with every client, there are client needs that go above the base system requirements, one such requirement is the system user interface. The customer we are providing our door solution to is a retirement home that works with elderly individuals who do not have the greatest coordination and strength. To resolve this we will set up multiple focus groups with our client to find any issues they may have with the key fob to maximize customer satisfaction with our product. Our completed key fob design is estimated to be completed by early March.
For testing and presentation purposes we aim to have a functional door frame by mid-January. When the test door is complete, we will be able to build, integrate and test the mounting system which will complete base functionality of the door opener. By this time the microcomputer processing will be complete with full sensor integration. The sensors serve three purposes, safety of the client from the door, security from intruders, and state analysis of the door. For CDR, we will be able to completely demonstrate the door opening solution with only the finalized power system and casings around the subsystems being incomplete. Power will be supplied to the system but final consolidation and integration of the power system into the retirement home may not be completed by CDR. For FPR, we plan to complete those two remaining tasks and develop documentation for reproducing the system we have built so that the system is easily reproducible.
Appendix
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Fig. 1. Block Diagram








Fig. 2. Free body diagram of the door. The opener transmits a force to the door causing a rotation about the hinge.





Fig. 3. Four-Bar-Linkage of the Opener System. A Four-Bar-Linkage is a common problem in mechanics with a defined procedure [6]








Fig. 4. Top Level Drawing of Mechanical Assembly








Fig. 5. Motor Coupling








Fig. 6. Drawing of Square Adapter Pins








Appendix Figure 1. Text Gant Chart








Appendix Figure 2. Visual Gant Chart
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