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Abstract 

       The objective of this senior design project is to improve rehabilitation via a wearable device that assists the fingers of the human hand to complete its range of motion and return impaired hands to their original strength. Currently, at the University of Rochester Medical Center there are no methods of manually opening fingers. The current solution involves electrical stimulation which activates the muscles in the hand to make the fingers open, but it cannot be used on patients with implanted electrical devices (pacemakers) or patients with a history of seizures. Throughout the semester, the team came up with several design concepts, some of which were selected for further development. CAD modeling of each part allowed for various mechanical analyses in Siemens NX. The parts were 3D printed and assembled into prototypes. After several iterations, the team tested multiple specifications at the on-campus fabrication lab at Rettner Hall. The final design was successful as it passed most of the specification tests outlined while also showing some margin for improvement.

Problem definition

	Patients with extensive damage to their hand or neurological problems that affect hand muscle control (such as patients who have experienced a stroke) need an assistive device that aids in opening their hand from a closed position and measures their range of motion by measuring the angles of their joints. Making a hand exoskeleton to improve the rehabilitation process will allow patients to open one finger, for pointing or touching, or multiple fingers to grasp something.

Requirements, specifications, deliverables

TABLE 1
DELIVERABLES

	Deliverables
	Description

	1
	Prototype of working device.

	2
	Technical report including test data.

	3
	Theory of operation manual.



TABLE 2
PROJECT REQUIREMENTS

	Requirements
	Description

	1
	The device must measure the range of motion of the fingers.

	2
	The device must fit an adult hand.

	3
	The device must aid an individual or multiple fingers in extension.

	4
	The device must exert an adjustable force to aid in extension.

	5
	The device must prevent the hyperextension of finger joints.

	6
	The device must be portable.

	7
	Stretch goal: The device must aid in the abduction of the fingers




TABLE 3
PROJECT SPECIFICATIONS

	Specs
	Value
	Units
	Description
	Method of Evaluation

	1
	1
	lbf
	The device must have an overall weight of one pound or less.
	Scale

	2
	180
	deg
	The device must have a maximum range of motion of 180 degrees per joint, where 180 degrees signifies the hand being completely open.
	Goniometer

	3
	2
	deg
	The device must have a joint angle measurement resolution of 2 degrees or better.
	Encoder or High-resolution protractor

	4
	6
	lbf
	The device must apply a maximum force of 6 pounds to the fingers to aid in finger flexion.
	Spring Scale

	5
	1
	hrs
	The device must have a battery life of 1 hour under continuous use.
	Digital timer

	6
	1
	large
	The device must fit a glove size large (male) under the guidelines of the universal glove sizing chart (https://www.palmflex.com/glove-sizing.html).
	Ruler/Caliper

	7
	30
	deg
	Stretch goal: The device must have a maximum angle of abduction of 30 degrees.
	Protractor

	8
	3
	lbf
	Stretch goal: The device must apply a maximum force of three pounds to aid in abduction of the fingers.
	Spring Scale



Concepts

The team created design concepts for each category of the device: hand frame, finger modules, and movement apparatus; because concepts from each category could be integrated into each other to make the ideal product. The top 3 concepts of each classification are described below.

Hand Frame:
Design 1 - Hand Frame with Wrist Mount
This design integrates a wrist mount to allow for the entire exoskeleton’s weight to be distributed over a larger surface area and so that it can secure the user without interfering with their hand’s function. The wrist mount is fastened to the user’s wrist using a Velcro strap that is fed through 2 holes on the wrist mount. The wrist mount is then connected to the hand frame via a joint that allows the user to move freely in the rotational y-direction. The hand frame itself has little features and acts as a base for the movement apparatus to be installed directly onto it. This “open” area on the hand frame allows for design iterations to match whatever qualifications are needed to install the movement apparatus.

Design 2 - Z Strap
The base can be adjusted to fit a range of hand sizes since it will be made of a soft flexible material similar to that of a glove liner. The lining extends around the palm in a “z” pattern to secure it to the hand. The wristband has Velcro to adjust the tightness and has slots to funnel the cables through, making it more compact. Benefits include that it is a lightweight, comfortable design that allows for multiple hand sizes.

Design 3 - Glove Base with Plastic Rings 
This design will be a glove (store bought) that has been attached to plastic or metal rings that encircle the fingers between the joints. These rings will pull back on the fingers to make them flex.

TABLE 4
HAND FRAME PUGH MATRIX

	
	Design 1 (baseline)
	Design 2
	Design 3
	Design 4

	Cost
	0
	-
	-
	-

	Weight
	0
	+
	+
	+

	Portability
	0
	+
	+
	-

	Ease of Manufacture
	0
	-
	-
	-

	Stability
	0
	-
	-
	-

	Ease of Use
	0
	-
	-
	-

	Comfort
	0
	+
	+
	+

	Novelty
	0
	0
	0
	0

	TOTAL
	0
	-1
	-1
	-2




Finger Module Design Concepts:

Design 1 - Jointed Hook with Eye Rings
This design features a hook-like apparatus that is fastened to the user’s finger(s) via 3 Velcro straps between each knuckle of the finger. Each segment of the finger module is separated at the knuckles of the finger by a joint that allows free movement in the rotational y-direction for the base point to be used in this iteration). Installed along the top of the module are 6 eye rings, with 2 located between each knuckle. The eye rings allow for a wire to be fed along the top of the module to allow for the movement apparatus to pull the finger to 180 degrees. The wire is fastened to the last eye ring at the tip of the finger to ensure that it is stuck in place when it is pulled. Another feature of this design is a light padding on the inside of the tip of the hook. This allows for the user to have some comfort as their finger is being pulled open. A possible iteration for this design includes the addition of enlarged joints at each knuckle with degree readings that allow for the specific range of motion to be read at a certain point in the finger flexion.
[image: ]
Figure 1: Jointed Hook with Eye Rings


Design 2 - Metal Locks with Detachable Goniometer
[image: Text, letter

Description automatically generated]
Figure 2: Metal Locks with Detachable Goniometer

This design will have a series of fisheye holes for a string/cable to run through to guide the string from the tips of the fingers back to the movement apparatus. The fingers will also have plastic loops around them for the string to pull back on and will use thin, lightweight metal rods along the sides of the fingers to prevent hyperextension. A goniometer will also be able to be snapped on and off the metal rod at the joints to measure range of motion. The rods will have a groove in the top and bottom of them for the goniometer to snap into.
 
Design 3 - Multi-Segment Mechanism
This concept is based on a multi-segment mechanism of hard ABS plastic blocks. They are connected via small rotational joints and will have cable tubes embedded in the center to guide the cables required to open the hand. The cables are fastened to the final block on the dorsal side of each fingertip. Cutouts in the segments provide space for the structure to curl. The mechanism is located along the top of each finger. The fingertips will be surrounded by rigid material to assist the fingers when pulled. The benefits of the design are that the sliders are easy to 3D print and the segments do not allow for any hyperextension.

TABLE 5
FINGER MODULE PUGH MATRIX

	
	Design 1 (baseline)
	Design 2
	Design 3
	Design 4
	Design 5

	Safety
	0
	+
	+
	+
	-

	Ease of Manufacture
	0
	0
	0
	-
	-

	Cost
	0
	0
	0
	-
	-

	Comfort
	0
	0
	0
	+
	0

	Ease of Use
	0
	0
	0
	0
	-

	Novelty
	0
	0
	0
	0
	0

	Measurement
	0
	-
	+
	+
	+

	Ability to Extend
	0
	0
	0
	0
	0

	Ability to Abduct
	0
	0
	0
	0
	0

	TOTAL
	0
	0
	+2
	+1
	-3




Movement Apparatus:
Design 1 - Manual Ratchet System:
This design will utilize a simple ratchet system. Each winger will be tied to a peg. The peg will be housed in a slot and will be able to slide backwards. An internal ratchet system will prevent the peg from sliding forward again, thereby applying force to the fingers. When the fingers eventually need to be released, the ratchet will have a release mechanism to release the peg and therefore the fingers. 
 
Design 2 - Rack and Pinion:
This design will utilize a rack and pinion. Each finger will be tied to a pinion. These pinions will be connected to a rack. The patient will simply have to slide the rack to the side and the pinions will rotate, applying force to the fingers. If individual fingers need to be flexed, the pinions will be able to slide away from the rack so that those fingers will not have their corresponding strings tightened, and therefore no force will be applied to those fingers.
 
Design 3 – Servomotors:
This design uses a (or several) servomotors to pull cables that will generate the extension and abduction of fingers. The servos will be comprised in a box at the base of the hand/wrist. Some of the cables will pull through each finger for extension, and others will pull on the first part of the finger modules at either side of the fingers to generate the abducting motion.

TABLE 6
MOVEMENT APPARATUS PUGH MATRIX

	
	Design 1
(Baseline)
	Design
2
	Design
3
	Design
4
	Design
5
	Design
6

	Safety
	0
	-
	+
	+
	+
	+

	Ease of Manufacture
	0
	+
	-
	+
	+
	-

	Cost
	0
	+
	0
	+
	+
	+

	Usage Life
	0
	+
	0
	+
	+
	0

	Ease of Use
	0
	-
	-
	-
	-
	+

	Novelty
	0
	0
	0
	0
	0
	0

	Ability to Extend
	0
	0
	0
	0
	0
	+

	Ability to Abduct
	0
	+
	-
	-
	+
	+

	Individual Fingers
	0
	+
	+
	+
	+
	+

	TOTAL
	0
	+3
	-1
	+3
	+5
	+6



As the team progressed thorough the semester, various modifications of the top concept were incorporated from hands on testing and preferences to ensure proper fit and functionality.
MECHANICAL ANALYSIS

Tolerance analysis/issue:

A fundamental issue to solve in mechanical engineering is ensuring that everything fits together appropriately in an assembly to allow for proper functioning. Tolerance analysis therefore becomes a helpful tool to achieve that.

The team focused on doing a simple tolerance calculation on the pin and hole connections, as they drive the proper functioning of the sliding joints of the finger modules, and the overall proper functioning of the design.

	The steel pins purchased from McMaster are 2.5 mm in diameter, and 14 mm long [1]. These have a tolerance of +0.002 mm to +0.008 mm, according to the manufacturer. The 3D printing of the photopolymer used has a tolerance of ±0.001 in, which would mean ±0.0254 mm, according to faculty consulted. The printing tolerance for the other 3D printed parts is ±0.004 in, since they were made with another less advanced, yet still precise printer. 

	An initial analysis was done on the pin hole connections in the finger modules, specifically in the “female” end of the modules, where the pin attached to the other module is meant to slide and rotate. Due to this, a close clearance fit was deemed appropriate. NX was used to determine the radius of the hole for a close fit, according to the ANSI metric standard for a 2.5M clearance hole (H12). Said diameter came out to be 2.7 mm. 

[image: ]
Figure 3: Hole size parameters for a M2.5H12 hole
A calculation of the Maximum Material Condition (MMC) of the connection was performed. The MMC of the pins come from their largest possible diameter, which is 2.5 mm plus the highest tolerance value of 0.008 mm. This means the MMC of the pins is 2.508 mm. For the hole, the MMC is the 2.7 mm basic size minus 0.0254 mm of the printer’s tolerance, times two since the tolerance value would account for only a radial tolerance instead of a diametral one. This comes out to be:

	
	(1)



The calculation of the tolerance zone at MMC is given by subtraction of the hole at MMC minus the shaft at MMC, so:

	
	(2)



This tolerance zone at MMC being greater than zero means that the connection is effectively a clearance fit, and that, in theory, no sort of interference should occur, as those 0.1412 allow the pins enough slack to slide and rotate freely.

However, some pins would still face friction. Due to the complex nature of both the 3D process and the complex geometry of the finger modules, the team was advised to use the ±0.004 in (±0.1016 mm) in radial tolerance. Performing the previous MMC fit calculations:

	
	(3)

	
	

	
	(4)



Because the tolerance zone is negative, there is interference between the parts when both are at MMC. This is in line with the issue of fitting and rotating some of the pins along the “female” end of the finger modules. To prevent this, it would be ideal to enlarge the holes to a M2.5H13 size (2.9 mm), or maybe slightly smaller, to prevent unnecessary extra slack in the joint in the case of Least Material Condition (LMC).

In the end, the team found a solution to this issue by simply sliding the pin across several times in the female slot of the finger modules to open the slot by wearing down the plastic. While this solution may not be ideal, it allowed the team to avoid reprinting all finger modules once again and gain valuable time to tackle other issues.

The same issue but tighter was faced in the connection between the hand frame, and the pins connecting the frame and other finger modules. The holes are dimensioned at 2.4892 mm ± 0.127 mm, so even at nominal size there is interference. The MMC interference came out to be -0.2728 mm, using the tolerance specified in the drawings as the radial tolerance.

Fatigue analysis/issue:

The only part to analyze in fatigue in the system are the 52100 Steel alloy pins in the connections, as it is the only ferrous material present. The pins connecting finger modules were chosen for fatigue analysis. The loading conditions and stresses the pins experienced were estimated from the FEA fundamental mechanical analysis performed, as they were assumed to be cantilever beams fixed in the “male” ends of the finger modules. Said cantilever analysis is described later in the report.

A Stress-Life method analysis was performed. While this may be the least accurate method to use (especially given that the loading frequency is low), it is very simple to perform and can provide a helpful estimate of how far the pins are from fatigue failure. The strength and durability of the pins compared to the rest of the assembly, plus the very low loads experienced by them make them very unlikely to fail by fatigue, so a low frequency fatigue analysis (like a Strain-Life analysis) is not critical and perhaps unnecessary.

The formula to find the endurance limit (Marin equation) is given by:

	
	(5)



Where  is the surface condition modification factor,  is the size modification factor,  is the load modification factor,  is the temperature modification factor,  is the reliability factor,  is the miscellaneous-effects modification factor, and  is an estimate of the endurance limit which will be multiplied by all Marin factors to arrive at an actual endurance limit.
	The estimate of the endurance limit is given by:

	
	(6)



Where  is the ultimate strength, which is approximately 290 ksi for the 52100 hardened steel alloy pins [2], so the estimate of the endurance limit is 100 ksi.

The surface factor  is given by the equation:

	
	(7)

	
	


Where a and b are surface factors based on surface finishes:
TABLE 7
SURFACE FINISHES

	
	Factor a
	Exponent

	Surface finish
	Sut ksi
	b

	Ground
	1.34
	-0.085

	Machined or cold-drawn
	2.70
	-0.265

	Hot-rolled
	14.4
	-0.718

	As-forged
	39.9
	-0.995


Table 1:Parameters for Marin Surface Modification
The pins were found to be grounded [3], so:

	
	(8)

	
	


	The size modification factor  is related to the diameter of pin d, and applied when the load is not axial:

	
	(9)

	
	


	The pins fall just outside the lower end of the 2.79 to 51 mm range, but they are close enough to the lower limit, so that equation was used to find the size modification factor:

	
	(10)



	The loading factor  is just an assigned value for the type of loading condition of the sample:

	
	(11)



	The sample is not really any of the three cases above, but the most similar one out of all three is the bending case, as the load, perpendicular to the axis of the pin, induces bending moments in the beam (hence why a cantilever analysis was performed on it). This is why .

	The temperature factor  can be obtained from the polynomial curve fit below, using a  room temperature:

	
	(12)


	
The remaining two factors  and  were each chosen to be 1. The reliability factor  refers to deviations of the actual strength of the material over a nominal stress, since those deviations must be taken over consideration for projects in which the strength of materials is of critical importance and the functioning of it is a matter of “life or death”. This is not the case for this project, as deviations of the strength of the pins will not greatly affect the system, and if these pins failed, they would not pose a major safety risk for the user. The miscellaneous effects factor  is not readily available, as it poses questions about the variability of strength of the material due to all other effects, like surface imperfections, stress concentrations, etc. This factor was therefore also disregarded.

Finally, for the calculation of the endurance limit:

	
	(13)



To determine fatigue failure, one must also determine the values for the midrange stress  and amplitude component . For this, a general behavior of the loading cycle must be determined. To simplify it, it was assumed that the load oscillates between 6 lbf to -6 lbf for the pin, as it continuously is pressed against one side or the other of the female end of the finger module. The diagrams shown below clarifies the loading cycle experienced:

[image: ]
Figure 4: Loading cycle of pin

The stress experienced is taken from the FEA cantilever analysis already performed on the pin (discussed later), which yielded a principal stress of 3.919 ksi for the pin. We can therefore, from inspection of the cycle, assume and , respectively.

	The final step of the Stress-Life analysis is to compare the stresses on the pin to the several line failure-criteria available. Five of them were plotted, and represent the Soderberg, (modified) Goodman, Gerber, ASME-elliptic and Langer Static Yield line criteria, respectively. Their formulas are shown in order below, where  and  replace  and  as independent and dependent variables that take on different values as the lines are plotted in an alternating vs midrange stress plot.  is simply a safety factor, that was made equal to 1 in this analysis.

	
	(14)

	
	(15)

	
	(16)

	
	(17)

	
	(18)



 refers to the yield strength of the material, assumed to be 204.6 ksi from the literature [4]. If the data point of the stress at the pin goes above any of the lines, then it will fail in fatigue according to that criterion. The plot is shown below:
[image: ]
Figure 5: Fatigue Failure diagram for steel pin
It can finally be concluded from this fatigue analysis that, as expected, the stresses experienced by the pins are so small that these steel pins are very unlikely to fail, even in fatigue.

Material selection.

PolyJet photopolymers were used as the primary material for the structure of the device. This 3D printing technology produces smooth, accurate parts and prototypes. Delicate features such as Goniometer and Goniometer Disk could be achieved thanks to this technology and material, because of the resolution and accuracy down to 0.014 mm (	theoretically) [5]. Since 3D printing was an efficient method to get hands on work with testing and to produce many parts for future iterations, the highest-quality material (photopolymer gel cured with a laser) is a simple choice, especially for the final prototype.

For the extension mechanism, fishing lines were used because it can withstand more than the required load from each finger, and it is flexible for wrapping around tight spaces such as the abduction parts. The connections at each joint of the plastic needed to be strong, so steel pins were used to ensure both strength and a precise fit. 

Computer-based analysis, structural FEA of finger modules:

	The structural Finite Element Analysis of the finger modules may be the most important of the mechanical analyses to run in this project due to the material used. ABS and most other 3D printable plastics are very lightweight and therefore useful for the project, as it was specified that the weight of the whole apparatus must not exceed 1 lbf. However, they are also significantly less stiff than other materials like metal. This makes designing the finger modules challenging because these highly irregular geometrically parts must be as structurally as sound as possible and withstand the loading conditions they will be subjected to. In this case, the specifications of the project suggested that the maximum force of the fingers while the system is in use is 6 lbf, so the modules must be designed to withstand at least that. Because this occurs when the finger is fully erect and the sliding joints are all pushed all the way back, the loading was thought of as a compressive 6 lbf force on each finger module.

	An important motivation behind this analysis is also to validate and understand the fracture of the second to last finger module design. As a version of the prototype was put on by one of the teammates, the bottom part of the female end of the largest module fractured, deeming the part useless. The part was modified to add thickness to the weaker areas of the modules to make them stiffer, but it was not determined how much stronger they would be with respect to the older version. This is why a structural FEA was performed on both the older and newer version of the modules: as means of comparison between the versions.

	Initial simulations were run on a whole finger module part. It was quickly realized that the irregular geometry of the modules represented a challenge for the analysis, so three things had to be done to allow for the FEA to work:

1- The parts had to be analyzed in subsections, as the mesh needed to be rather fine in certain areas and meshing the whole part took significant space and memory, making the jobs hard or impossible to run at full finger-module scale.
2- Extra rounds were added at both ends of the modules. These additional rounds are not included in the final versions of the drawings because the finger modules of the final prototype had started to be reprinted before the FE analysis. The rounds might have been helpful in real life to reduce stresses, but they were key in running the FE analysis; there were several internal, ninety-degree corners in the model with high stresses, which naturally caused stress singularities in the model and initially prevented it from converging. Adding rounds in those corners solves that problem.
3- The geometry had to be idealized at the ends of the modules because of a stress singularity as well. There are inside rounds in the “female” and “male” ends of the module, which, when loaded at either end, would create a stress singularity in that area, as adding a force in that zone pushed one internal face more than the adjacent one and created virtual inside corners in their shared edges. These inside rounds at loading areas were therefore removed in the FEM.

A sample set up with proper loading conditions and meshes is displayed below. Four analyses were run in total (one for each end of the modules, and one for both versions of the modules analyzed) all with very similar boundary conditions and similar meshing sizes.

[image: ]
Figure 6: Loading and Boundary Conditions.
[image: ]
Figure 7: Meshing. Finger module analysis.
The load is a compressive “bearing” contact to distribute the load from the pin in the most accurate way possible, and it was halved because the model only considers one half of the end of the finger module. The model is fully fixed on the further end to simulate the compression of the modules, and it is fixed in the x direction in the face that cuts the remainder of the model in half, to recreate symmetry. The mesh is tetrahedral elements, and it has a global size of 0.2 mm. Extensive convergence studies were performed to find appropriate meshing sizes in the local meshes. The procedure was adapted from the convergence studies done in class before and consisted of landing within a ratio 10% of percentage stress change over percentage size change (in the meshing), and to be sure of the results, the drop in stress had to fall within this “tolerance” in at least a few consecutive iterations for the results to be considered reliable. A sample table and plot with the convergence analysis of the previous version of the finger modules is shown below. All other convergence study tables and plots are shown in the annex.

TABLE 8
CONVERGENCE STUDIES. FEMALE END V8.

	Controls size
	Max Stress
	% change stress
	% change size
	|dstress/dsize|
	Within range?

	(mm)
	(MPa)
	 
	 
	 
	 

	0.2000
	9.311
	 
	 
	 
	 

	0.1000
	9.114
	-2.12%
	50.00%
	4.23%
	YES

	0.0900
	8.851
	-2.89%
	10.00%
	28.86%
	NO

	0.0800
	8.947
	1.08%
	11.11%
	9.76%
	YES

	0.0700
	8.833
	-1.27%
	12.50%
	10.19%
	NO

	0.0600
	8.702
	-1.48%
	14.29%
	10.38%
	NO

	0.0500
	8.740
	0.44%
	16.67%
	2.62%
	YES

	0.0400
	8.681
	-0.68%
	20.00%
	3.38%
	YES

	0.0300
	8.656
	-0.29%
	25.00%
	1.15%
	YES


 
[image: ]
Figure 1: Convergence plot. Female end. V8.
The Von Mises stress was the chosen failure criterion due to the plastic’s ductility. A positive and validating result from the analysis was that the highest stress in the model was located more or less where it failed in real life (the lower connection of the female end to the full part).

[image: ]
Figure 8: Stresses in female end. V8.
 An interesting result was that the value of this stress (8.656 MPa) was significantly lower than the yield stress of the material (40 MPa) meaning that the part was nowhere close to failing in the simulation. This raises the question about the loading conditions, especially setting requirements and specifications around those loading conditions. The force used was the maximum force allowed under regular use, which is 6 lbf to extend the finger modules. However, the finger module failed in real life when it was being put on, so maybe in future design work, other higher loads the components may face should be used to drive the structural design, through specifications describing placement and manufacturing loads, to ensure the structural integrity of the product.

The other motive behind the finger module FEA was to compare stresses in both older (V8) and newer (V9) versions of the modules and quantify the improvement in their design. The thickening of the sides of the female end helped with the carrying of the load significantly, achieving a 64.5% reduction of the highest Von Mises stresses in the area with a new highest stress of 3.074 MPa. This, however, was not the highest stress found in the system, as the male end had stresses reaching 3.877 MPa. From this analysis it can be concluded that the design improved from iteration 8 to 9, as it had a 55.21% reduction in the highest stress under the same loading conditions.

[image: Chart
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Figure 9: Stress profile. Male end. V9.

Fundamental analysis (Cantilever beam)

	The analysis was carried out on the assumption that the pins on the finger modules could be modeled as cantilever beams. The pins are fully fixed on the male end, as they are tightly fit to the hole and secured by gluing them to this end. The female end, however, slides across and can provide a contact force perpendicular to the axis of the beam on one side. The pin can be therefore cut, assumed to be fully fixed on one end, and have a distributed load across the pin up to almost the free end. A diagram presenting the reasoning behind the assumption is shown below in figure 8, as well as the loading and boundary conditions and the meshing of the part in figure 9.

[image: ]
Figure 10: Forces on pin and finger modules when clenching fist.

[image: ]
Figure 11: Stress profile, boundary and loading conditions. Pin loading
The failure criterion chosen was Von Mises due to the ductility of the ferrous alloy, and the highest stress obtained was 2.861 ksi, which is way below the failure criterion, as the yield stress is about 204.5 ksi. The convergence process had the same procedure as previous labs for the class: the mesh size is halved, and the mesh will be considered appropriate if the stress changes less than 5% after the size reduction. 

TABLE 9
CONVERGENCE STUDIES. STEEL ALLOY PINS AS CANTILEVERS.

	Mesh Size
	Max Stress
	% Change

	(in)
	(psi)
	

	0.0488
	2171.74
	

	0.0244
	2664.85
	23%

	0.0163
	2763.5
	4%

	0.0122
	2860.55
	4%



Once again, it was foreseen that the pins would be nowhere near failure due to the low loads applied, so the main result of this cantilever beam analysis is trivial. However, this analysis was also helpful in finding the highest and lowest principal stresses and using the highest magnitude of these (3.919 ksi) to perform the fatigue analysis.
Manufacturing
The most common method used for producing parts for this design project was 3D printing. There was no need to request a part to be manufactured as opposed to 3D printing for most parts because the design team needed to achieve complex shapes, intricate details, and delicate features which is difficult, tedious, and time consuming with the machine shop tools. In addition, after a group member uploaded STL files for printing they could use the time waiting for completed parts to work on planning, testing, or performing analyses. After printing the parts, the bigger parts needed to be soaked in a high pH bath to dissolve the support material used to help print them, while the smaller parts were pressure washed to remove support material. 

After all parts had been produced, the pieces were assembled into a final product using other components that had been ordered. These components included metal pins, Velcro straps, and all the electrical components. The metal pins were glued into place in their assigned holes, holding the device together and allowing movement, while the Velcro straps were cut into smaller pieces and threaded through the finger modules to be wrapped around the user’s fingers. The servomotor was also glued in place, while all other electrical components were not directly attached to the device and were instead only connected with electrical wires between the servomotor and the remainder of the electrical components which were resting on the assembly workbench.

Manufacturing and assembly time is estimated to take around three hours for one person to accomplish, with that time including pressure washing the parts, assembling the device, and assembling the electrical components. Billed at 100 dollars an hour, this would amount to roughly 300 dollars to assemble each device. The total costs of manufacturing, hardware, and time are detailed below.

TABLE 10
MANUFACTURING COST

	Purchased Hardware Costs
	$284.46 
	Team Member
	Development Time
	Cost

	Hardware Cost Per Unit
	$182.94 
	Jose Corredor
	111
	$11,100 

	Shop Time Costs
	$0 
	Keagan Hemsley
	143
	$14,300 

	Team Member Manufacturing Cost
	$300 
	Gabe Lundy
	109
	$10,900 

	
	
	Joey Moore
	137
	$13,700 

	
	
	
	
	50,000



If production of the device was scaled up significantly, it would be more time efficient and likely more cost efficient to produce all the plastic parts of the device using injection molding, which is far cheaper per unit than 3D printing. Additionally, it would be more cost efficient if any or all of the assembly could be automated with machines, as assembly was by far the costliest part of manufacturing.
Test plan and results

TABLE 11
SPECIFICATION PASS/FAIL

	No.
	Specification Tested:
	Pass or Fail:

	1
	The device must have an overall weight of one pound or less.
	Pass

	2
	The device must have a maximum range of motion of 180 degrees per joint, where 180 degrees signifies the hand being completely open.
	Pass

	3
	The device must have a joint angle measurement resolution of 2 degrees or better.
	Fail

	4
	The device must apply a maximum force of 6 pounds to the fingers to aid in finger flexion.
	Pass

	5
	The device must have a battery life of 1 hour under continuous use.
	Pass

	6
	The device must fit a glove size large (male) under the guidelines of the universal glove sizing chart [5]
	Pass

	7
	Stretch goal: The device must have a maximum angle of abduction of 30 degrees.
	Fail

	8
	Stretch goal: The device must apply a maximum force of three pounds to aid in abduction of the fingers.
	Fail



1- The overall weight of the final prototype was measured using a digital scientific scale and weighed 0.8 lbs. This achieved our initial specification of a total weight to be less than 1 lb.

2- The range of motion of the finger joints was designed to reach 180 degrees and to not exceed that measurement to prevent harming the user. The test used to measure the finger joints was just by placing it next to a protractor. Though the modules did extend slightly past 180 degrees in their full extension position (about 3-4 degrees), the finger modules of the pointer finger, which contained the protractor mechanism, did not go past 180 degrees, as the goniometer sliding joints sat on top of the finger modules and prevented them from hyper extending.

3- The goniometer attachment to the finger joint can be read at a resolution of 2.5 degrees. The specification of 2 degrees of resolution was not met because of the practicality of making the goniometer small enough to fit on the finger joints.

4- The prototype passed the 6 lbf force requirement. The servo motor can handle that loading because it is rated for 36 lbf. To test the prototype, the finger modules were pulled with a force of 6 lbf to mimic the maximum force that a closed human hand would exert without resisting. This specification setting pull test was conducted with a spring scale and the finger modules were held in place until the required force was achieved. The finger remained stable and functioning, so the test was passed.


5- The battery life of the device was not directly tested due to time constraints. However, research suggests that AA batteries can power large devices (such as a portable speaker) for an hour and a half or two hours [6,7]. Based on this information, it can be concluded with reasonable certainty that the device will last longer than the stated one hour. 

6- The finger modules on a hand that is within the universal glove size for a large male hand [5] is pictured with the finger modules in figures 14 and 15.


7- The stretch goal to achieve abduction in the finger modules did not achieve the 30-degree specification. The design made to make each finger module abduct was sufficient on CAD but did not translate to the prototype. 

8- The servo motor is capable of a 3 lbf to pull the abduction joint but the abduction joint itself was not useful to the overall prototype.
intellectual property

The design is likely not patentable. After searching for hand exoskeleton rehabilitation on the United States Patent and Trademark Office (USPTO) and doing a Google patent search, the team discovered existing patents of a similar design and process of operation: Patent US 20230108327 A1 titled FINGER JOINT REHABILITATION TRAINING DEVICE filed by Shanghai Siyi Intelligent Technology Co.,Ltd. Their invention is also a finger joint rehabilitation training device powered by a pneumatic component that can expand and contract by inflating and deflating. Figure 22 is a representation of their invention. Although they used a gas circuit system as opposed to a mechanical servomotor system, the idea of training finger strength is still the same. This demonstrates that the design and idea created for this project are not novel since there are hand exoskeleton patents that already exist. The team’s design is therefore not patentable.
Societal and environmental implications 

This project poses a positive societal impact because of its goal to provide aid in rehabbing patients with motor functions affecting their fingers. The unique part about this project is that it expands the range of patients that can be assisted in rehabbing their hands and fingers because of the current limitations of products on the market right now. Some patients are unable to respond to the current rehab methods for reasons that would not necessarily inhibit this method of using mechanical techniques. For example, some patients are unable to use electronic muscle stimulation because of prior health conditions or procedures while the prototype from this design’s goal is to open the fingers the same way a therapist would manually. While the prototype is not yet capable of being used on the target patients, future design enhancements would enable it to do so.

This device, however, does pose a negative environmental impact, as the device is made almost entirely of plastic, and as such, might be thrown in the garbage and end up in a land fill. This impact is minimized by the specific plastic that the device is made from. The device can be 3D printed from several materials, namely ABS plastic. ABS plastic is highly recyclable and shouldn’t lead to a large environmental impact if disposed of properly, however, it is always possible that the device is thrown in a land fill when its service life has ended. 
recommendations for future work 

During the completion of this project there were design aspects encountered that needed changes that time would not allow for. Moving forward with this project, if there were another 6 months to complete it there would be multiple modifications and changes that would be made to more adequately fulfill the initial requirements and specifications.

Hand Frame modifications: This portion of the design suited the prototype well for an application that would not need to be attached to the user. The flaw with the current concept was identified to be the inability to accurately resemble a human hand and be able to be worn by the user without affecting the motion of each finger. Pictured in figure 12 is an adult male hand with the hand mount attached as intended. The hand does not accurately match the curvature and extends upward with respect to the top of the hand. This limits the movement of the finger joints because the knuckle at the base of each finger does not exactly line up with the intended joint on the frame. A possible modification could be the use of padding on the surface that is touching the hand, this would allow for more comfort to the user when the prototype is attached. Another potential modification would be the elimination of this piece entirely, instead extending the length of the first finger module to pass over the first knuckle on the hand, allowing for the fishing lines to run directly from the fingers to the wrist mount without the need for a hand frame. The fishing lines could also be wrapped in rubber or another soft material to prevent rubbing or chaffing on the back of the hand.

Wrist Mount: The wrist mount pictured in figure 13 has some design features that could be improved upon. Overall, the purpose of the wrist mount was accomplished with this design but adding padding for comfort and a more personalized fit for an individual user would allow for more stability and allow for less unnecessary movement along the wrist that may cause mechanical disadvantages to the movement of the fingers.

Finger Modules: Each finger module was measured individually to the hand they are assembled on, pictured in figure 14. For future designs or versions, adjustments could be made to the joints to allow for one size fits all versions of each finger. This could be accomplished by significantly extending the size of the sliding joints, as well as making the sliding joints on the fingers into double sliding joints like those on the goniometer. This was unable to be completed in the time provided due to the complexity of those adjustments. 

The design completed in the time allowed for this projected adequately fulfills most of the requirements and specifications outlined at the beginning of the semester, but there are clear and obvious improvements that could be made over an extended period of time that were not feasible for this final design. The design presented here does represent a great starting point moving forward for any teams taking on a similar project and the areas of improvement outlined would push this prototype much closer to being able to be used in an orthopedic rehabilitation setting. 
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Figure 12: Hand Mount attached to an adult male hand.
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Figure 13: CAD Design for the wrist mount.
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Figure 14: CAD Design for the finger modules.
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Figure 15: Prototype 1st Iteration. Blue wrist mount was too small (length & width). Groove for slider was too tight for the slider to move freely. Must increase the groove dimensions or decrease the slider base dimensions to allow sliding. Finger module pieces were extremely low quality and required reprinting as well as resizing. Considered splitting blue wrist mount into two parts for 3D printing (hand & wrist): allows for smoother surfaces since 3D printers will not have to print surfaces at 45-degree angles.
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Figure 16: Prototype 2nd Iteration of finger modules. Overall pieces are larger to fit wrist, hand, and Velcro straps Extra joint (dark green) between base and finger module to account for abduction (lateral movement).
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Figure 17: Prototype 3rd Iteration.
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Figure 18: Prototype 3rd Iteration. Adjusted diameter of holes in the guide brick for the miniature steel tubes to be pressed into. Tubes will maintain durability of the part (less wear and tear on the plastic from friction of the wire). Rounded all the parts.
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Figure 19: Final design of finger module with goniometer.
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Figure 20: Final Prototype assembly CAD.
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Figure 21: Final Prototype Pieces
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Figure 22: Patent
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Figure 23: Finger Modules assembled on adult male hand.
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Figure 24: Finger Modules assembled on an adult male hand in a flexed position.
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Figure 25: Final Prototype assembled on an adult large hand (side view).
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Figure 24: Final Prototype assembled on an adult large hand (top view).
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Figure 26: Final prototype assembled on an adult large hand (closed side view)






Equations:

	
	(1)



	𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 𝑧𝑜𝑛𝑒=2.6492 𝑚𝑚 −2.508 𝑚𝑚=0.1412 𝑚𝑚
	(2)



	𝐻𝑜𝑙𝑒 𝑀𝑀𝐶=2.7 𝑚𝑚−2×0.1016 𝑚𝑚=2.4968 𝑚𝑚
	(3)

	
	

	𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 𝑧𝑜𝑛𝑒=2.4968 𝑚𝑚 −2.508 𝑚𝑚=−0.0112 𝑚𝑚
	(4)



	𝑆𝑒=𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑘𝑓𝑆𝑒′
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MATLAB CODE, FATIGUE ANALYSIS

% Fatigue Calculation Stress Life method
%% StressLife, Corredor, v1.0, 230420
format compact
clear all;close all;clc;

S_a=3.919; % value of alternating stress
S_e=93.039; % value of fatigue limit
S_m=0; % value midrange stress
S_ult=290; % ultimate strength
S_y=204.6; % yield strength
n=1; %factor of safety

% set variables and solve for them!!
syms sigma_a sigma_m 

Soderberg= sigma_a/S_e + sigma_m/S_y == 1/n;
Solved_Soderberg=solve(Soderberg,sigma_a);

Goodman= sigma_a/S_e + sigma_m/S_ult == 1/n;
Solved_Goodman=solve(Goodman,sigma_a);

Gerber= n*sigma_a/S_e + (n*sigma_m/S_ult)^2 == 1;
Solved_Gerber=solve(Gerber,sigma_a);

ASME= (n*sigma_a/S_e)^2 + (n*sigma_m/S_y)^2 == 1;
Solved_ASME=solve(ASME,sigma_a);

Langer= sigma_a + sigma_m == S_y/n;
Solved_Langer=solve(Langer,sigma_a);

sigma_m=linspace(0,200);

fplot(Solved_Soderberg)
hold on
fplot(Solved_Goodman)
hold on
fplot(Solved_Gerber)
hold on
obj_1=fplot(Solved_ASME(2,1),'showpoles','off'); %showpoles is to get rid of discontinuity
hold on
fplot(Solved_Langer)
hold on
plot(S_m,S_a,'rpentagram')

ylim([0 S_y])
xlim([0 S_ult])
legend('Soderberg','Goodman','Gerber','ASME','Langer','Pin stress data')
xlabel('Midrange stress \sigma_m (ksi)')
ylabel('Alternating stress \sigma_a (ksi)')
title('Fatigue Failure diagram')

CONVERGENCE STUDIES, FEA FINGER MODULES

TABLE 12: CONVERGENCE STUDIES.
 MALE END V8.

	Controls size
	Max Stress
	% change stress
	% change size
	|dstress/dsize|
	Within range?

	(mm)
	(MPa)
	 
	 
	 
	 

	0.2000
	4.272
	 
	 
	 
	 

	0.1000
	4.415
	3.35%
	50.00%
	6.69%
	YES

	0.0900
	4.111
	-6.89%
	10.00%
	68.86%
	NO

	0.0800
	4.019
	-2.24%
	11.11%
	20.14%
	NO

	0.0700
	4.199
	4.48%
	12.50%
	35.83%
	NO

	0.0600
	4.297
	2.33%
	14.29%
	16.34%
	NO

	0.0500
	4.202
	-2.21%
	16.67%
	13.27%
	NO

	0.0400
	4.224
	0.52%
	20.00%
	2.62%
	YES

	0.0300
	4.220
	-0.09%
	25.00%
	0.38%
	YES

	0.0200
	4.181
	-0.92%
	33.33%
	2.77%
	YES



[image: ]
Figure 24: Convergence plot. Male end V8.
[image: A picture containing diagram

Description automatically generated]
Figure 25: VM stress profile. Male end V8.
TABLE 13: CONVERGENCE STUDIES.
 FEMALE END V9.

	Controls size
	Max Stress
	% change stress
	% change size
	|dstress/dsize|
	Within range?

	(mm)
	(MPa)
	
	
	
	

	0.2000
	3.214
	
	
	
	

	0.1000
	3.167
	-1.46%
	50.00%
	2.92%
	YES

	0.0900
	3.208
	1.29%
	10.00%
	12.95%
	NO

	0.0800
	3.087
	-3.77%
	11.11%
	33.95%
	NO

	0.0700
	3.125
	1.23%
	12.50%
	9.85%
	YES

	0.0600
	3.095
	-0.96%
	14.29%
	6.72%
	YES

	0.0500
	3.074
	-0.68%
	16.67%
	4.07%
	YES



[image: ]
Figure 26: Convergence plot. Female end V9.
[image: A picture containing text, stationary
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Figure 27: VM stress plot. Female end V9.
TABLE 14: CONVERGENCE STUDIES. 
MALE END V9.

	Controls size
	Max Stress
	% change stress
	% change size
	|dstress/dsize|
	Within range?

	(mm)
	(MPa)
	 
	 
	 
	 

	0.2000
	3.966
	 
	 
	 
	 

	0.1000
	3.965
	-0.03%
	50.00%
	0.05%
	YES

	0.0900
	3.915
	-1.26%
	10.00%
	12.61%
	NO

	0.0800
	3.919
	0.10%
	11.11%
	0.92%
	YES

	0.0700
	3.878
	-1.05%
	12.50%
	8.37%
	YES

	0.0600
	3.835
	-1.11%
	14.29%
	7.76%
	YES

	0.0500
	3.877
	1.10%
	16.67%
	6.57%
	YES
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Figure 28: Convergence plot. Male V9.
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