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Executive Summary

Our project is a collaborative effort between MEAM Senior Design and the HMS School for Children with Cerebral Palsy.  70-80% of all recorded cases are classified as spastic cerebral palsy (Dormans, 1998).  This type is characterized by hypertonia, abnormal postures, and spasticity.  As a result of these complications, among others, many cerebral palsied children face day-to-day feeding challenges.  These children must be fed in a specific way and reminded to chew and to swallow. Unless a self-feeder is used, a specially trained aide must feed the child with cerebral palsy until he or she develops the required motor skills.  This process can be time-consuming, difficult, and demeaning to cerebral palsied children.   We will design and create a robotic feeding system for the students at the HMS School for Children with Cerebral Palsy. While some systems like this already exist, they are often expensive, easy to break, and have problems with food delivery. 

After going through a design brainstorming session, we made three separate design concept selection matrices, one for each aspect of the project: Activation/User Interface, Actuation and Delivery, and Food Pick Up/Handling.  These selection matrices allowed us to compare all of our ideas and select which device we should use in each category based on criteria that we felt important.  These matrices led us to decide to make a system with a user interface similar in concept to what is currently used at the HMS school.  This device would illuminate LED’s under each bowl position, one by one.  Then, when the desired food item is lit up, the student will press a button to activate food delivery.  An electromechanical linkage with a spoon-like end effector will deliver the food to the user.  The food will be placed in four different bowls that are all attached to a plate.  This plate will be able to rotate so that the desired bowl is always placed in the same location with respect to the linkage.  The system will pick up food from the bowl that the student specified. The food will then be delivered to a set location very close to the student’s mouth.   In order to preserve the safety of the system, the feeder should move slowly and deliberately toward the student’s mouth.

In order to complete our project we plan to split the system into three subsystems: food pickup, delivery actuator, and user interface.  The delivery actuator will be developed first as it will be the most critical part of the project.  This will also allow us to have a prototype of a functioning arm by December 3rd.  We then plan to attack both the food pickup and user interface subsystems concurrently.  Throughout each subsystem we will be completing multiple tests to assure that the subsystem works before integration.  There will also be sufficient testing with the device as a whole.  For this we will be testing the device by building a target board, which, for safety reasons, will take the place of a human subject for the first round of testing.  A trial will be considered “successful” if the device can pick up food and deliver it to the target area without dropping any food on the way. The target board would be made out of a material similar to foam core.  Ideally, throughout the design process we will bring prototypes to the HMS school to showcase to the food specialists. The food specialist’s feedback will determine our success from the point of view of the intended user. 

Some of the risks we may face with our project are the risk of the spoon impacting the student as well as the danger of using motors.  To avoid these risks we plan to do extensive testing during development and incorporate factors of safety.   To prevent the spoon from impacting the student we plan to set a limit of how close the end effector can get to the student.  If our preventative measures are not sufficient we will increase the factors of safety on the design as well as possibly add additional control measures. 
Objective and Requirements

The purpose of this project is to develop a robotic self - feeding system for children with Cerebral Palsy. The requirements and objectives we are setting are as follows in Table 1.
	Our project must…

· Feed the user 

· Deliver food to the patient’s mouth

· Preserve the user’s safety

· Preserve the user’s dignity

· Fit through doorways during transportation

· Activate at user’s signal

· Provide enough food for one meal
	Our project should…

· Have an emergency stop to preserve safety

· Function without constant outside assistance

· Offer a choice of food

· Fit in the trunk of a car

· Be discrete – quiet

· Be able to be transported by one person




Table 1 - Requirements
Background

Cerebral Palsy

As defined by the National Institute of Neurological Disorders and Stroke, cerebral palsy is “any one of a number of neurological disorders than appear in infancy or early childhood and permanently affect body movement and muscle coordination but don’t worsen over time.” This disorder, which affects approximately 2 in 1000 children, has undergone an evolution in definition over the past century. As early as 1862, a man named William John Little coined the term “spastic rigidity” to describe a set of 47 children he had observed. Spastic rigidity, he said, was a condition resulting from a brain injury at the time of birth. Little’s interpretation spurred the understanding of cerebral palsy as a birth-related brain injury through the early 1980s. More recently, however, medical experts have begun to accept the interpretation of cerebral palsy as a disorder that results from trauma before birth; in this view, complications at the time of birth are seen as indicators rather than causes of brain injury. The risk factors for a brain injury resulting in cerebral palsy range from maternal thyroid disorder to the treatment of a mother with estrogen (Dormans, 1998). 

Once a cerebral palsied child is born, his or her disorder can be seen as a “developmental disability.” This type of disability is non-progressive, but causes delays in both intellectual and motor development. As a result, affected children exhibit symptoms like hypertonia (increased muscle tone), spasticity (exaggerated knee-jerk reflex), and mental retardation. For better definition, experts have grouped cerebral palsied children into three types. First, 70-80% of all recorded cases are classified as spastic cerebral palsy (Dormans, 1998). This type is characterized by hypertonia, abnormal postures, and spasticity. Next, 10-15% of all cases have been termed dyskinetic cerebral palsy. Involuntary movements and rigid posturing define this type. Finally, 5% of all cases are ataxic cerebral palsy, distinguished by abnormalities in voluntary movements. On the broader cerebral palsy scale, patients are classified as quadriplegic (arms and legs of both sides of the body affected), diplegic (arms less affected than legs of both sides of the body), and hemiplegic (one side of the body affected). 

In addition to the characteristics described above, children with cerebral palsy may also suffer from vision loss (40% of all cases), hearing loss (3-10%), somatosensory deficits, cognitive impairments (75%), and seizure disorders (46%). These impairments make every day self-preservation activities extremely difficult. Specifically, oral-motor deficits in conjunction with respiratory and gastrointestinal issues cause nutritional issues in many cerebral palsied children. Half of all affected children develop a feeding problem that interferes with their nutrition, while 30% of diplegic or hemiplegic children are “undernourished” (Dormans, 1998). A life expectancy already lower than that of the typical population is further decreased by a lack of nutritional completeness and general negativity surrounding meals. By focusing on improving both the feeding process and environment for cerebral palsied students, a higher quality of life may be achieved.

Feeding cerebral palsied children can be broken into two main steps: communication and food consumption. In the first step, the child must alert his or her caregiver to hunger and signal a food preference. For many cerebral palsied children, this type of communication is difficult. Children can become frustrated when their desires are not met, associating negativity with mealtime and increasing the risk of malnourishment. Next, the child’s caregiver must deliver food to the child. For a cerebral palsied child, it is very important that his or her trunk and neck are well-stabilized. This decreases extension of neck muscles and helps maintain an open airway for food passage. For children who have trouble swallowing, experts recommend that the feeding utensil be used with “gentle pressure on the mid-tongue region” and food placed between the molars (Dormans, 1998). This reminds the child to chew and to keep his or her tongue inside the mouth. Additionally, thickening liquids can be added to foods to help control swallowing. 

Beyond the simple act of feeding, mealtimes for cerebral palsied students must occur in as positive an environment as possible. Social activity during this time is important, but it is important to allow the child enough peace to concentrate on moving, chewing, and swallowing. Experts generally agree that mealtimes should last somewhere between 30 and 45 minutes. As Dormans states, “it is difficult for anyone to remain interested in meals that last longer than 45 minutes.” If eating becomes too laborious, children will become disinterested and stop eating. 

Keeping the above-mentioned requirements in mind, assistive feeding devices can be designed to help increase the quality of life of cerebral palsied children. These devices have the potential to liberate children, allowing them a sense of control over their lives. In addition, these devices can lighten the burden on caregivers and family. 

Previous Work and Existing Feeding Devices

There are several feeding devices that have already been developed and marketed to help the physically impaired. MySpoon is one example of a Japanese meal assistance robot, developed by Secom.  The 5 degree-of-freedom manipulator arm is controlled by either a joystick or button, depending on the control mode.  The three different control modes can accommodate individuals of various motor abilities. In Manual Mode, a joystick is activated by chin or hand movements and controls all robot throughout the feeding process. This mode is meant for users who can control their chin or hand very well. In Semi-Automatic Mode, the user controls the robot by hand-operating a reinforced joystick. The reinforced nature of the joystick ensures that only deliberate movements, not shakes due to trembling, direct the movement of the robot.  The user only uses this joystick to pick what type of food they wish to eat; the process of bringing the food to the mouth is automatic. The location of mouth is preset before the user begins his or her meal.  Automatic Mode uses a single button press to initiate the feeding protocol. The robot automatically picks up a food item from one of the trays and delivers it to the mouth. When the spoon comes into contact with the mouth, the device backs away from the user.  Though Automatic Mode would enable MySpoon to feed users with significantly reduced motor control, it does not enable the user to pick the type of food they wish to eat.  In all modal instances, the user is required to move their heads forward toward the food in order to eat off the spoon (My Spoon, 2009). See Figure 1 in the Appendix.

The Handy 1 is an electric motorized device developed by Rehab Robotics that aids the user in performing everyday tasks such as shaving, teeth cleaning, and eating. The feeding system of the robot consists of an arm connected to a spoon end effector. A scanning system is set up in which the user can press a switch when the desired food choice lights up. When selected, the arm moves to the indicated section of the dish to pick up the food. The plastic rectangular food dish designed so that the food is lined up in seven columns separated by short walls. This reduces the chance that food will escape when scooped onto the spoon. Once the food is loaded onto the spoon, the arm proceeds to an area near the user’s mouth. Once the user eats the spoonful, he or she presses another button to repeat the process. A computer tracks the columns of food that have previously been selected. Once the same column is accessed four times, the scanner will bypass the column indicating that it is empty. The computer can also adjust the speed of the food delivery process. (Topping, 1999) See Figure 2 in the Appendix.

The Winsford Feeder is another electro-mechanical device used for feeding. The system is activated either by a switch that is pushed by the user’s chin or a button that is pressed on a remote. Pushing the chin switch to the left or pressing the left button causes a metal pusher to push food onto a spoon and raise it up in a circular motion towards the user’s mouth. Another push to the left brings the spoon back down to the plate. Pushing the chin switch to the right or pressing the right button causes the plate to rotate a few degrees. The entire meal is placed on one plate making accurate food choice more difficult. The height of the feeder can be adjusted by the turn of a knob. The Winsford feeder can be powered using a rechargeable 6V battery or by AC current. (Chael, 1999) The Beeson Feeder and the Electric Self-Feeder are other models on the market that operate using the same basic principles (Electric, 2007). See Figures 3 and 4 in the Appendix.

The Assistive Dinning Device places the foods into a compartmentalized bowl that rotates to allow for food choice. Typically one button rotates the bowl and another button initiates the food loading process, but it can also be programmed to only involve one button. When the food section button is pressed, a linkage arm with a spoon at the end goes through a circular scooping motion inside the bowl. The spoon glides seamlessly along the side of the bowl to increase the amount of food in each bite. The top of the bowl has a plastic rim on one side that the filled spoon presses up against to ensure that no extra food will fall off during delivery. The height of the arc of the rim can be changed to allow for smaller or larger bite sizes. Once the food is loaded, the arm raises up to become level with the preset location of the user’s mouth and then extends out a few inches towards the mouth. This device uses a battery that can serve three meals and three snacks before it needs to be recharged (Assistive ,2009) The Mealtime Partner also uses this approach to feeding assistance. (Mealtime,2009) See Figure 5 in the Appendix.

In a study comparing the Handy 1, Winsford, and Beeson feeders, the primary issues associated with these electro-mechanical feeding devices was that they had poor user interface, were too expensive, and were not easily portable. Many users did not like the Handy 1 because it was bulky and obscured their view of the people they were dining with. The Winsford and the Beeson feeders received more positive feedback for their appearance and fast set-up time. It was also noted that the Winsford feeder could accommodate a wider range of foods. It took an average of 4 minutes to set-up and 4 minutes to clean the devices. The meals themselves took about 30 minutes with an average of 1.8 interventions by an assistant. (Hermann ,1999)
In speaking with Dawn Rainey, the Assistive Technologist at the HMS School in Philadelphia, it has also been noted that these types of devices often bring the end effector towards the user’s mouth too quickly. There are also problems with food spilling during delivery and not getting the spoon close enough to the user’s mouth. 

In the 1980’s and 90’s there were a few non-powered options for feeding devices. One such device, the Magpie, was developed at the Nuffield Orthopedic Center in Oxford England (Kumar, 1997). This device uses ankle, knee and thigh movements to control a 4 degree-of-freedom arm. The position of the foot, or other useable limb, controls the position of the utensil. This device couples the user to the device as if the Magpie is an extension of the user’s body; a concept referred to as telethesis. There are no motors or forced actuators involved. The user has complete control over the position and speed of the arm, relying on their own vision to ensure that food gets to the mouth.  This is a very simple design and because it does not require motors, it would also be cheaper than many other feeders. However, the target users are those with only limited upper body movement but who can still control at least one of their legs. This may not be possible for most cerebral palsy cases. 

The Head Actuated Nutritional Device (HAND) is another device that uses telethesis.  This device originated from a University of Pennsylvania senior design project in 1997 (Krovi, 1997).  HAND is similar to the Magpie in that the user’s movement is coupled to the movement of the end effector of the manipulator arm. However, this device uses head movements to control the arm. A headband is placed on the user to acquire the user’s input. While this option is more practical for cerebral palsy cases, the headband would not be considered socially acceptable. See Figure 6 in the Appendix.

To fit the needs of each individual user, the developers of HAND also designed an UPGRADE system, which could coordinate design and prototyping to easily build customized devices. The system could take in kinematic, geometric, and physiological information about the user to build design specifications for the customized product.  Therapists and physicians could give input on the design, which was automatically generated using the UPGRADE software, before the device was built to ensure it met the needs of the user.  This promoted rework at an earlier stage in the design stage, making the product less expensive.  The purpose of this software was to benefit various custom devices, not just the HAND.  

Concept Selection

To decide on our design we split the project into three subdivisions.  These sections were activation / user interface, actuation/ delivery, and food pickup/ handling.  For each of these categories, we brainstormed as many ideas as possible.  We then created a concept selection matrix for each subdivision that allowed us to make a decision on which design to go with.  The ideas were ranked on a scale of one to seven (seven being the best).  These concept selection matrices can be seen in Tables 2 through 4.
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Table 2 – Activation/User Interface Concept Selection Matrix
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Table 3 - Actuation Delivery Concept Selection Matrix
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Table 4 - Food Pick Up/ Handling Concept Selection Matrix
In the case of the Actuation Delivery Concept Selection Matrix, where the difference in the winning option and the second place option was less than 3 points, we also took into account other factors.  Looking over the idea of a Ferris wheel as our actuation delivery mechanism we found that this was not a better option than an electromechanical linkage.  While the Ferris wheel is itself an electromechanical linkage, we felt that it was lacking in both novelty and creativity. This simple linkage design satisfies our principle function: our project must feed the user. However, the Ferris wheel seriously limits our ability to deliver food as close to the patient’s mouth as possible. This wheel is also very different from a human caretaker. In order to preserve the dignity of the patient, we seek to build a device that imitates the actions of the student’s caretaker. A more complicated electromechanical linkage allows us this flexibility. 
Design Concept
Overview


The user interface system will scan through food choices. The user will press a button when the desired food bowl is highlighted. This will trigger the wheel that holds the different bowls to rotate a number of degrees so that the correct food is placed in front of a robotic linkage arm. The spoon-like end effector is placed on the inner side of the bowl. The bowl makes one complete revolution to push the food onto the spoon. The arm then moves to the student’s mouth. Figure 1 below shows a preliminary sketch of this design. The details of this design are outlined below.
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Figure 1: Rough sketch of preliminary feeding device design
User Interface/Activation


We propose that our user interface will be similar to the interface currently used by the students at the HMS School for other activities such as speaking. The school uses a scanning device that shows a series of images on a screen as a light scans over each option. When the desired choice lights up, the student (Figure 1, A) presses a button (Figure 1, B) to indicate their selection. Using this method, the user interface could have pictures of the food choices appear on an LED display that lights up the options (Figure 1, C). Pressing the button would trigger the device to begin food delivery for the selected item. 

However, because socializing is an important part in feeding children with cerebral palsy, we want to keep the interface as interactive as possible. To this note, we may want to add a verbal interaction component. Also, instead of scanning the pictures of food on a screen we may want to have the bowls of food spin in a loop until the student presses the button when his or her desired food choice brought to the front. An alternative system may be used in which the different bowls light up or “jiggle” one at a time; the user chooses a food option by pressing the button when the desired bowl is active. The decisions on how the specifics of this scanning system will work have been deferred until meeting next week with Marianne Gellert-Jones, the Clinical Feeding Specialist at the HMS School. 


The button was chosen as the simplest activation device that most users with cerebral palsy can operate. However, if our button system is perfected we may also want to add a joist stick option. This device would eliminate the scanning feature of the user interface and allows the user to manually scroll over food options by operating the stick.  This is another way to increase user-interaction during mealtime.
Delivery/Actuation


The actuation system will be controlled by an electro-mechanical robotic linkage (Figure 1, D). This multi degree of freedom linkage system will consist of several links connected by revolute, prismatic joints, and/or slider joints. It will be powered by DC motors. The end effector will travel from the user’s mouth to one location on the rotating plate. The large plate, on which the smaller bowls are placed, will rotate around this position to simplify the motion of the linkage system (Figure 1, H). The ending position near the user’s mouth will be set before the meal begins. The height of the final position near the mouth can be adjusted by the turn of a knob on the device (Figure 1, G) or potentially changing the length of a link on the device.  One of the links can have multiple joint locations built in to facilitate this feature. An extra feature could be a dial or switch that adjusts the speed of delivery to accommodate varying comfort levels among students. We also may want to add an emergency stop button for safety concerns.

End Effector/Spoon


The end effector for the robotic arm will be a spoon (Figure 1, E). This spoon must glide seamlessly along the edge of the bowl, be large enough to gather the appropriate amount of food, and small enough to comfortably fit into the students mouth. This spoon will likely be manufactured with the use of 3D printing. It should be removable for cleaning. Exact requirements for the size, shape, and material of the spoon have been deferred until consultation with the food specialist.

Food Pick Up/Loading


During the food pick up the spoon end effector will be pressed against the side of the selected bowl (Figure 1, F). Once contact is made, the individual bowl will make one complete revolution to push the food onto the spoon. A lip may be added that extends over part of the inner side of the bowl so that the spoon can press against it to compact the food and ensure that no extra food will fall off the sides. 
Food Containers/Bowls


The key requirements of the bowls are that they must be curved to that the spoon can glide along the side without gaps. They have to be shallow enough so that the spoon can reach the bottom and wide enough so that the bowls collectively contain enough food for one meal. The lip feature that is mentioned above is an addition we are also considering. The bowls will likely be made using 3D printing. The bowls should be removable for cleaning. We intend to have about 4 separate bowls.
Power Source


The device will ideally be battery powered with a wall plug in option. (Figure 1, J).

Size/Portability


We predict that the device to be no wider than 1 or 2 feet (Figure 1, I). We hope to make the linkage system collapsible. The bowls and spoon can be removed for transport. We hope to make the user interface and button removable as well. The device should be light enough so that one person can carry it. 

Project Plan and Budget

Estimated Budget
	Item
	Estimated Cost ($)
	Description

	Motors
	500
	About $50-100 each. Will probably require about 8

	Raw material, final
	400
	To manufacture linkages, joints, wheel, base, etc. 3D printing material

	Raw material, prototype
	50
	Acrylic and other cheap materials

	User interface
	100
	LED display, button, 

	Power source
	75
	Battery, plug

	Microcontroller
	60
	

	Miscellaneous
	25
	Food, spoon, extra joist stick

	Buffer
	90
	

	TOTAL
	1300
	


Table 5 - Estimated Budget

Risks

The main risks and ways we plan to prevent and handle are summarized in Table 6.

	Risk
	Preventative Measures
	Recovery

	Using an interface that is unfamiliar to the students.
	Making the interface as close to what they have already as possible.  Get feedback from school faculty and nutritionist.
	Choose a simpler user interface option.

	Motors can be dangerous.
	Doing thorough testing and planning to assure that the motors will not be in dangerous locations.
	Adjust the design and cover the motors where necessary.

	Being able to pick up all the food from the bowl.
	Designing a spoon and a rotating system that should be able to scrape the sides of the bowl.
	Having an aide come and scrape the sides one time during each meal.

	Spoon impacting the student.
	Testing the device and having a set limit of how close the spoon may get to the student.
	Increase the factor of safety and make the distance the spoon may get to the student farther. 


Table 6 - Risks and Preventative Measures
Validation and Analyses

Possible Linkage Design
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We can imagine one design for our robotic self-feeder. This arm consists of three revolute joints, which would each be actuated by their own motors. Joint 1 is attached to the base of the device, joint 2 connects links 1 and 2, and joint 3 connects the end effector to link 2. Figure 2 illustrates this design. Because each joint is revolute, we must specify its orientation with respect to the previous link. This orientation is defined as the “local frame” of a joint (shown in red). When computing the position of the end effector, we use rotation matrices to define orientations with respect to the base frame (shown in blue). 


In robotics, Denavit-Hartenberg parameters are often used to describe a robot’s geometry.  These parameters include α (angle between z-axes of adjacent joints about link x-axis), a (distance between z-axes along link x-axis), d (distance between x-axes along link z-axis), and θ (angle between adjacent joints about link z-axis). The parameters for our potential system are listed in Table 7. From these parameters, we can define the transformation 0T3 that relates frame {3} (end effecter) to frame {0} (base): 0T3  =  0T1 · 1T2 · 2T3
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where ATB represents the transformation relating frame {A} to frame {B}. We will defer further calculation until we have specified additional constraints. We will know more about these constraints after a visit with the HMS School for Cerebral Palsy next week. 

Loading Calculations for Linkages

This is an evaluation of the worst case scenario for loading on a linkage in our robotic arm. This would involve a long, thin, heavy, cantilever linkage loaded vertically. This loading is represented by Figure 3 below. For simplicity, the linkage is assumed to be only subjected to transverse loading and pure bending. Axial and shear stresses are assumed negligible. The maximum deflection and maximum normal stress are the variables that are of most concern in the analysis of linkage loading. 
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Figure 3 - Simplified loading schematic for robotic arm linkage

Equations:

Maximum deflection= 
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Maximum normal stress= 
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= modulus of Elasticity for linkage material
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= point load due to weight of spoon and food
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= point load due to extra weight of motors and other linkages attached below that joint. 

Assume: 
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= maximum bending moment
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 = section modulus for a linkage with a given cross section

Assume rectangular cross section linkage with 1 inch width (b) and 1 inch height (h):
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Assume 
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	Material
	Modulus of Elasticity (103 ksi)
	Density (lb/in3)
	Ultimate strength in tension (ksi)
	Allowable Stress- given factor of safety of 3 (ksi)

	Aluminum
	10
	0.098
	16
	5.333

	Structural Steel
	29
	0.284
	58
	19.333

	Gray Cast Iron
	10
	0.260
	25
	8.333

	Acrylic
	0.4
	0.042
	9.4
	3.138


Table 8 - Properties of common prototyping materials
	Material
	Maximum Deflection (in)
	Maximum Normal Stress (ksi)

	Aluminum
	0.0158
	0.455

	Structural Steel
	0.0129
	1.096

	Gray Cast Iron
	0.0346
	1.055

	Acrylic
	0.1124
	0.260


Table 9 - Results of load calculations for a rectangular linkage
More accurate stress and deflection analysis will be performed once linkage lengths, shapes, connections, and materials are finalized. However it is clear that even in the extreme case of one long thin beam, the stresses and beam deflection are not a concern. The maximum normal stresses are well below that allowable stress with a factor of safety of 3. The maximum deflections are less than 1% of the total linkage length.

Once the linkage design is determined, values for force at the ends of each link can be calculated. This information, in addition to calculations about the speed each linkage must move, can be combined to compute the amount of torque that will be applied to each motor. This will be the key factor in determining which motors to use and if devices to increase torque are needed.
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