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could be built into the belts, since they would stretch and disengage from the sheave. This
safety was practical for this application since the small motors, required for the fully actuated
system, would not have a high enough output force to require a safety factor. The stretching of
the belt could cause the grip to fail during large load applications. The belt driven robotic hand

was not chosen for the final design because of fully actuated design and possible belt to cheave

slippage.

4.25 Rod Driven

Rod driven robotic hands were very different from both the gear driven and the belt
driven hand. Rod driven hands were under actuated, which fits the design criteria, since they
allowed for a larger single motor for control of each finger or the entire hand. Rod driven
hands required a complex system of linkages and a linear motion to control them. These hands
did not have full control of each finger link, although this was not required in the design criteria.
The rod driven hand was the best choice for the exoskeletal robotic hand design, although it

was necessary to modify the basic design.

4.26 Final Selection

Out of the different designs researched: the three finger robotic hand, the four and five
finger robotic hand, gear driven, belt driven, tendon driven, and rod driven, the chosen design
was a mixture. The design chosen was a five finger robotic hand that was controlled by
linkages, like the rod driven hand; although a gearing system was chosen to control the

movement of the fingers instead of a rod. A single actuator was also possible for each finger



application, making the hand under actuated. Therefore the design chosen sacrificed complete

control of every link for a largely increased total gripping strength.

4.3 First Solid Works Design

The first design for the project was created using Solid Works, although the design was
not correct and the linkage did not move properly. The first link to move when a force was
exerted on the pivot joint should be the proximal phalanx, which was not occurring with this
design. Another problem with this design was that the connecting rods were not the correct
length for the desired range of motion, which kept the finger from completely closing during
the flexion stage. The links in the finger also did not move in the correct order. To solve this
problem a spring with low compression was be placed between the proximal and middle
phalanx, thus this joint became stiffer allowing the proximal phalanx to move first. When the
proximal phalanx struck an object it stopped and the force from the pivot joint to the first joint
connector to the middle phalanx overcame the compression force in the spring; causing the
middle phalanx and the distal phalanx to move until they also struck the object or completed

their range of motion. A picture of the first design on Solid Works is shown below in Figure 13.



Figure 13

Figure 13: The first design, which was created using Solid Works software.

4.4 Working Model Design

Working Model was used to create a two-dimensional model of a single finger of the
robotic hand. First the links were sketched on paper giving specific dimensions for the link and
pin locations in the link. Then, using the coordinate system which was built into Working Model
each piece was constructed to the correct dimensions. Next the coordinates of the lower left
hand corner of each of the links were determined. Based on these coordinated and the
previously sketched links the pins were accurately placed by entering in their coordinates
(which were calculated by the dimensions from sketches in Appendix A) to the software. By
modifying the lengths of Rod One and Rod Two the correct range of motion for the finger was
obtained. Shown below, in Figure 14, is the completed model of the finger created in Working

Model.



Figure 14

Figure 14: This figure shows the complete linkage system which was used for the gripping simulations of objects in various

locations of the mechanical finger.

Once the entire model was constructed and pinned together a motor was added to the
tertiary link, which controls the movement of the entire linkage system. A link was pinned to
the tertiary and the proximal phalanx-link to simulate how the finger would be connected to
the rest of the robotic hand. This link was then anchored, since the hand acts as an anchor to
finger movement. A damper was also added to the pin joint connecting the proximal phalanx-
link to the middle phalanx-link, which was done to prevent the link from moving first. This can
be replicated on the actual prototype by adding a rotational spring to the joint or by increasing
the stiffness of the joint. Objects were then placed under each of the links: the proximal
phalanx-link, the middle phalanx-link, and the distal phalanx-link, respectively. Simulations

were then created to demonstrate how the model would react to the object, or how the finger



would form a grip around the object (can be viewed on the project website). The range of

motion is also displayed in Appendix B.

4.5 Solid Works Design of Complete Robotic Hand

Using the dimensions that were determined last week, by using the program Working
Model, hand sketches were created complete with dimensions and notes. These hand sketches
were modified to give the fingers more width, by creating a linkage system that would work like
the previous design, but also have a right side, left side, and bottom. These sketches were then
used for creating parts on Solid Works. Each of the parts were created as a single part and then
combined in an assembly to form five fingers and the palm of the hand. The thumb was fixed at
a 45 degree angle, to reduce the complexity and to allow for a single actuator to control the
movement, like each of the other four fingers. Rubber padding was added to the palm of the
hand to help increase friction when gripping an object. The rubber also serves another purpose;
it helps to reduce the impact when the hand comes into contact with an object. The creation
of a model of this assembly on Solid Works added depth to the previous design. With this
three-dimensional model the interaction between the fingers and palm were studied from all

angles. A picture of the final design is shown below in Figure 15.



Figure 15

Figure 15: This picture shows the final design of the robotic hand.



Chapter 5

Pre-Construction

5.1 Material Selection

Originally 2024 aluminum was going to be used for the construction of the exoskeletal
robotic hand, although it was determined to be the incorrect choice upon further research.
2024 aluminum was one of the strongest aluminum alloys available, but it had a few negative
qualities which would greatly impact this project. First, 2024 aluminum was very difficult and
sometimes even impossible to weld correctly; this was a major problem since the sides and
bottoms of each finger must be welded together. Originally the sides and bottom were going
to be screwed together, but it was determined that this would create weak spots, thus possible
failure points, which was unacceptable for this project. Due to the difficulty, impact on overall

strength after welding, and price 2024 aluminum was rejected as the chosen material.

After further research a somewhat weaker aluminum, weaker than 2024, was found:
improved-strength basic aluminum 3003. This material was chosen because of its improved
strength over basic aluminum and its ability to be easily welded without greatly compromising
the strength of the aluminum alloy. 3003 aluminum alloy was also approximately one quarter
of the price of 2024 aluminum alloy, which will allow for funds to be used elsewhere. 3003
aluminum alloy was used for all of the parts that need to be welded, as well as, the palm of the

robotic hand. Thus, two 12” x 12” sheets of 1/8” 3003 aluminum alloy were be purchased from



McMaster-Carr, which was be used for construction of the finger links (sides and bottom).
Since 3003 aluminum alloy was not available in the needed dimensions, 6” x 6” piece of 1”
thick, for the palm of the robotic hand, multipurpose 6061 aluminum alloy was used instead.
2024 aluminum alloy was used for the pins which act as the hinge joints between the different
parts of the robotic fingers and hand. A 36” by 1/8” rod was purchased to make the pins (only

available in 36” or 6).

5.2 Solid Works Drawings

Drawings of the previously made parts on Solid Works were created for submission to
the machine shop. It was determined, however, best to make a single finger model on the
rapid prototype to ensure that all of the linkages worked properly together. The drawings for
the first complete model of the robotic hand are not shown since they were modified later.
The number of each piece, needed to be produced to make up the entire hand, are shown

below in Table 1.

Table 1
Part # Needed
Palm of Hand 1
Tertiary Link 5
Proximal Phalanx Link 10
Proximal Phalanx Link Bottom 5
Middle Phalanx Link 8
Middle Phalanx Link Bottom 4
Middle Phalanx Link Thumb 2
Middle Phalanx Link Thumb Bottom 1




Distal Phalanx Link 4
Distal Phalanx Link Bottom 4
Rod One 5
Rod Two 8
0.25 Pin 40
0.5 Pin 5
1.0 Pin 5

Table 1: This table shows how many of each piece were needed to complete the exoskeletal robotic hand.

5.3 Rapid Prototyper

Since it was determined best to create a model of a single finger on the rapid prototype
first the base of the hand had to be modified to fit in the rapid prototyper (the entire hand
would have been constructed if cost was not an issue). A picture of the modified base of the

hand is shown below in Figure 16.

Figure 16

Figure 16: This figure shows the modified palm of the hand for the rapid prototyper.



The single finger was created using the rapid prototyper and the 1/8” aluminum rod (cut
to needed pin length. The finger pieces were joined together with super glue after assuming
that the rapid prototyper squared off all of the edges. This was not the case and each of the
finger links has to be sanded to fit properly together. The pin holes also had to be cleaned out
and made the proper size, since the rapid prototyper did not make perfect holes. The 1/8 inch
aluminum rod was used to join the links together after it was cut and filed to size. When the
finger was completely constructed it did not work as planned, there were a few mistakes made
with solid works. First, the distal phalanx link bottom struck the middle phalanx link bottom
and had to be sanded down approximately 1/16". The next problem was that rod 1 struck the
middle phalanx link bottom, and the middle phalanx link bottom had to be sanded down
approximately 1/4". After these corrections were made, the finger worked exactly as
planned. The completed finger is shown below in Figure 17; the full range of motion can be

seen in Appendix c.

Figure

Figure 17: This figure shows the constructed finger made on the rapid prototyper.



5.4 Gear Selection

There were two major options for gearing choice: beveled gears or worms and worm
gears. The first option was to use beveled gears (the teeth of both gears were at 45 degrees).
This seemed to be very promising since it would allow for the motors to be mounted very low,
almost directly on the base of the already designed hand. There were, however, many
problems with this design, since companies did not offer all shapes and sizes. The second
option was to use a worm and worm gear. Worm gears had a very large diameter, which forces
the base gear to be taller than the tertiary link in the finger, so the worm gear would not
interfere with the linkages. This also forced the motors to be mounted much higher than
originally planned, which actually makes machining of the palm much easier since it does not

need to be milled down over 1/2 an inch.

Using an online website a worm gear and base gear was downloaded in Solid Works,
although the web site did not fully create the gear. It was necessary to copy the tooth pattern
from the gear and completely remake the gear. This was very complicated because gears have
to match perfectly to work correctly. The worm gear also had to be remade on Solid Works.
After completion the gears were made on the rapid prototyper, although after construction a
problem was discovered. The worm gear that the company provided was not functional, so
another option must be researched. Below in Figure 18 and Figure 19 are pictures of the worm

gear and base gear as created in Solid Works.



Figure 18

Figure 18: Shows the worm gear produced on the rapid prototyper.

Figure 19

Figure 19: This figure shows the worm that was created on the rapid prototyper.

Since gears could not be downloaded online and created on the rapid prototyper they
were ordered off of a website. The gears were ordered based on the overall pitch diameter,

pitch angle, face width, and gear ratio. It was necessary for the gears to be strong, thus metal



was the best choice. Although after the initial gear set was ordered, metals gears were on back
order, therefore plastic gears had to be used in the final model. Figure 20 shows the first gear

set ordered, the final set of gears are the same, but made of plastic.

Figure 20

Figure 20: This figure shows the original gears ordered, although the final set used were both plastic.

5.5 Pinning Solution

There were many different options for how to pin the links together including: partial
threaded screws, male/female screws, rivets, and pins with locking rings. None of these
seemed to be the right for the application, since it was very difficult to obtain the correct sizes.
These could have been custom machined, but this would have taken too long due to the sheer

number of joints. After studying the rapid prototyper model, where simple pins made out of



1/8" aluminum rods were used, and worked to hold the links together, while allowing hinging

an important realization was made.

5.51 Solid Works Model (Bushing)

Using the material from the rapid prototyper could be made to be inserted into the
aluminum pieces, then pinned together using this aluminum round stock. A bushing design was
created in Solid Works and is shown below in Figure 21. The busing had an inner diameter of
1/8” to accommodate the already purchased aluminum pins. The outer diameter was made to

be 3/16 to allow for 1/32” thick bushing around the pins.

Figure 21

Figure 21: This figure displays the Solid Works model of the bushing.



5.52 Final Design (w/ Bushing)

Since the outer diameter of the bushing increased, the holes in the links would also have
to be modified for this larger diameter. Some of these links easily accommodated the larger
hole, although some of them had to be modified to accommodate larger holes, although these
modifications did not affect the motion of the linkage. All of the parts were modified and re-
assembled into the complete assembly of the model presented to Union College’s machine
shop. Below, in Figure 22, the complete assembly is shown, including the bushings. The
drawings of the modified parts, as presented to Union College’s machine shop, are shown in

Appendix D.

Figure 22

Figure 22: This figure shows the final assembly, including the bushings.



Chapter 6

Construction

6.1 Rapid Prototyper

All of the bushings were created using the rapid prototyper. The bushings were able to
be pressed into the holes in the links by use of pliers. It was necessary to drill out the inner
diameter of the bushings one pressed into place because the rapid prototyper created bushings

with a slightly smaller inner diameter than necessary.

6.2 Machine Shop

Using the drawing created of each part, the machine shop created each part. A water
jet was used to cut out all of the parts except for the base of the hand. The water jet was
perfect for this project since numerous duplicates of each part were needed. The water jet only
placed a small hole to locate where the 3/16” holes needed to be located. This was done to
ensure concise diameter, where the holes were later drilled out by use of a drill press. The
holes were then de-burred to ensure that the bushings pressed in correctly. The base of the
hand was milled down using an end mill; the finger slots on the base were also cut out using
this method as well. Once all of the parts were machined the finger links were welded together
where necessary. The welds were then ground down to ensure proper motion of the linkage.
The gears had a square cut out of the inner diameter to act as a keyway for the tertiary link’s

key (square piece that stuck out). Once the machine shop was done with the welding the



bushings were pressed into place. The rods were then cut to length using a band saw then the
edges were filed. Each finger was then assembled using the previously cut pins and then

attached to the base of the hand complete with worm gear.

6.3 Working Prototype

The electric motors were then mounted to the base of the hand in the previously drilled
mounting holes. The worms were attached to the electric motors output shafts, and meshed
perfectly to the worm gear. The motors were then connected to the electronic system, which
was previously. The prototype was then tested for correct motion. The prototype displayed
the correct motion in the linkage, although the output force was significantly lower than
expected. Part of this was due to the plastic gears, which slipped under force, the rest caused
due to weak motors. Below, in Figure 23, the robotic hand is shown; more pictures are

displayed in Appendix E.

Figure 23

Figure 23: This figure shows the completed (mechanically) exoskeletal hand.



Chapter 7

Future Work

Future work for the design includes incorporating the thumb into the already assembled
hand. Looking into using pneumatics or hydraulics, while changing the linkage to accommodate
these options, would greatly increase the output gripping force. Also any future models should

have the finger links machined out of square stock, which will increase the strength of the links.
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