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Abstract 
 
The purpose of the project was to create a low-cost electromechanical 3D printed prosthetic 

hand. The project utilized 3D printed components connected to servos through fishing wire, 

which allowed the hand to contract and relax with the use of rubber bands. While the exact 

design failed to allow for sufficient gripping strength, the basic concepts for the operation of the 

prosthetic were sound and could be applied to future projects. 
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Introduction - Motivation and History 

Ever since humans have started to lose body parts, we have been coming up 
with substitutes to replace them. Early prosthetics found in Egypt and from Dark Ages 
often relied on basic materials such as wood or metal and were extremely primitive [1]. 
In recent years, modern materials have made prosthetics much more usable and have 
helped individuals overcome many disabilities. However, modern prosthetics cost tens 
of thousands of dollars, making them prohibitively expensive for many individuals [2]. 
Children, who quickly grow out of any prosthetic, have an especially hard time affording 
these life-changing products. 3D printing has proven to be an exceptional solution to 
youth prosthetics as the cost of replacement is relatively low and the devices can be 
easily customized on an individual basis and printed at home. Most current mechanisms 
rely solely on mechanical power to move fingers, but these devices could benefit from a 
modular electronic system that could migrate to replacement prosthetics as children 
grow. Current 3D printed prosthetics require completely different designs depending on 
the point of amputation due to the patient needing to provide the mechanical force to 
move the fingers, which creates a large engineering and design cost for each 
customized device [3]. The use of electronics would allow a single design to reach the 
entire market and thus decrease the time to design and innovate. This hybrid system 
could provide functional benefits for these prosthetics and the modularity would allow 
swapping of electronics between prosthetics to lower replacement and upgrade costs. 

The US alone has almost 2 million amputees and 1 in 30,000 new births suffer 
from Symbrachydactyly or the absence of fingers in a hand [2] [4]. A low-cost and 
effective prosthetic could make a significant impact on many lives around the globe. The 
increased functionality of 3D printed prosthetics could give people with disabilities 
increased control and make it easier to live a regular life. Furthermore, a hybrid 
electro-mechanical 3D-printed system could provide expanded functionally, such as grip 
management, with a built-in microcontroller. The electronic system proposed in this 
paper could be easily applied to currently designed hands as it utilizes a similar 
string/torsion finger control system, which could be moved from fully mechanical to 
electronic fairly easily. 3D printing and modern manufacturing techniques are set to 
completely revolutionize the prosthetics field and investing in new solutions will provide 
numerous new opportunities to help others. 
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Design 
Full Hand 

 

Figure 1A - Hand With Servo Controller 

 

Figure 1B - Close-up of Hand 
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Figure 2B - Hand at Angle 

 

 

 

 

Figure 2C - Hand From Bottom and Top 
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Individual Finger 
 
 

 
 

 
 
 

Figure 3A - Finger Fully Extended At Angle 

 
Finger 3B - Finger Fully Extended From Side 
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Figure 3C - Finger Folded 

 
Figure 3D - Photo of Finger 
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Figure 4A - Finger Proximal Phalanx (Inches) 

 
Figure 4B - Finger Proximal Joint (Inches) 
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Figure 4C - Finger Middle Phalanx (Inches) 

 
Figure 4D - Finger Middle Joint 
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Figure 4E - Finger Distal Phalanx 

 

 

 

 

Palm Component 

 

Figure 5: Palm CAD 
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Servo Controller 

 

Figure 6A: CAD of Servo Box 
 

 

Figure 6B: Picture of Servo Box 
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Explanation 

The goal of the project was to build a full electro-mechanical prosthetic hand. The 

current design (Figure 1A), relies only on four micro servos to individually control each finger. 

Due to time constraints, the thumb was excluded from the project as it added too much 

complexity. Future designs will likely need two servos to control both the contraction of the 

thumb, but also its placement in space so that the finger can both pinch and grab. Each finger 

consists of four individually printed parts, which comprise three distinct finger sections when 

assembled (see Figures 3+4 and Appendix B). The solely 3D printed features are able to move 

freely without any electrical components as the joints are 3D printed ball joints that require no 

electronics. Each single joint consists of three individually printed parts (see Figure 2A-C), which 

are held together with two bolts. While the bolts add complexity to the part and require a notch 

to be inserted for the nut, the bolt design is preferable to a snap-in design as it allows for better 

servicing of the hand. These nut slots proved to be extremely finicky as a too tight slot made the 

bolt nearly impossible to get in place, while a too loose slot made the bolt impossible to tighten 

as the nut spun freely. Originally, the depth of the nut slot vastly overshot the necessary 

amount, however this required the nut to be masterfully positioned to exactly rest in the line of 

the hole to fit the bolt through. Final designs exactly calculated the required nut depth, which 

allowed for the nut to be hammered in, which vastly cut down on assembly times. The largest 

time sink in the project proved to be dealing with this nut and bolt system, and future revisions 

should optimize this aspect of the design to save on assembly time. 

Once assembled, each finger section is connected to the larger hand (Figure 2B), which 

is essentially four proximal phalanxes (Figure 4A) combined into a single part. The serviceability 

of the hand is a major overall design goal as any product used daily will see eventual wearing 

and breaking of parts so being able to easily maintain the hand will be crucial to its longevity.  

A prior dual/bridged rectangular design has been replaced by a large single rectangular 

piece (see figure 4C) in order to fix strength and durability issues. A rectangular design was 

chosen because the original cylindrical design allowed the finger the spin in the socket, which 

would be detrimental to the functioning of the finger. For testing purposes, the clear resin 

material proved to be sufficient as it allowed for cheaper prototyping and could survive basic 

tests. However, the clear material was prone to break if a component experienced accidental 

impacts (such as being dropped) so a final version should be printed using a more durable resin 

material to improve on impact resistance.  
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The finger is capable of extending and bending purely from mechanical movement. 

Rubbers bands are slotted into the inserts at the top of each finger section, which pulls the 

finger back to the fully extended position seen in Figure 3A. A wire/string is attached offset 

center to the distal phalanx, which when pulled, causes the finger to bend as seen in Figure 3C. 

This string then runs through slots throughout the entire finger to the proximal phalanx, where it 

will then attach to the forearm controller. As the tension on the string is released, the rubber 

bands pull the finger back to the extended position. To allow for precise positioning, the system 

will need to be carefully calibrated to keep the tension on all the strings constant. The string 

proved to be the most difficult material in the project as monofilament wire was extremely prone 

to stretching, which threw off the calibration and braided wire led to too much friction, which 

prevented the hand from relaxing. The rubber band and string system is the best system 

considered so far as it allows the servos, batteries, and microcontroller to be integrated in a 

compartment on the forearm, which prevents the actual hand from becoming overly bulky.  

The hand is controlled by a small device on the forearm that connects mechanically to 

the hand through the strings mentioned above (See Figure 6A-B). The controller box  contains 

the micro servos to pull on the string; however, in the long term, the battery and Arduino could 

also be incorporated into the forearm compartment. The main body of the box is 3D printed, 

while the lid on top is laser cut. Future projects could expand on the capabilities of having the 

Arduino and include force and IR sensors to provide feedback to the controller.  
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Figure 7 - Electrical design 

 
Code 
The microcontroller software for the project was extremely basic as it only required the 

movement of the servos to preset positions for testing and did not require adapting to a real 

user’s inputs. Example code that contracts and relaxes the hand can be found in Appendix C. 

 
 
 
Next Steps 

Besides refining the current system, future projects could include sensors in the physical 

hand to provide feedback to the servos to balance the gripping force between fingers. 

Furthermore, IR sensors could be added to assist in gripping objects. 
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Theory 
This project mostly relies on experimental trial and error, but a consideration of the 

physics governing the project is still vital for success. The primary physical consideration for the 

project is considering the balancing forces that cause the finger to contract (Figure 3C) and 

extend (Figure 3B): the torsion wire and the rubber bands.  

The rubber bands are governed by Hooke’s law, Force = kX, where k is a constant 

unique to the spring used and X is the distance displaced from the resting state of the band. The 

placement of the rubber band hooks (figure 4A 4C, 4E) need to be carefully balanced so that 

the rubber bands provide enough torque to hold the finger in the extended position, but don’t 

pull too much when the finger is contracted. When the finger bends from an external force 

(torsion wire), the rubber bands provide stretch from an increased distance needed to bridge the 

gap so displacement increases and the rubber bands generate a greater force. In addition, this 

force occurs in a non-zero axis of rotation which causes the finger to pull back to its original 

extended position. The force exerted by the rubber bands is not under software control and 

must be counterbalanced by the force generated by the micro servos. 

The torque generated by the torsion wire is (Torque = Fr * sin(theta)), where F is the 

force generated by the micro servos, r is the length of the lever arm (finger segment), and theta 

is the angle between the servo arm pulling plane and the finger. The largest challenge in 

generating this torque is due to the very small theta and limited force created by the servos 

(Figure 8). As the torque created by the micro servos is mostly limited by space constraints, a 

recessed design was used to increase the effective torque on the finger by maximizing theta 

(Figure 8).  

 

Figure 8: Torque Example 
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The power draw of the microservos is an important consideration in designing the hand 

as batteries must be embedded in the device. These batteries consume significant space and 

add weight. The power draw of a single servo was measured to be 0.07A when moving, 0.003A 

while resting, and up to 0.25A when pulling the tension wire. When the hand is closed, the 

rubber bands will be constantly pulling against the servos, and unless a system to clamp the 

tension wire is devised, power consumption will be higher than necessary. As the use cases of 

the prosthetic hand aren’t well defined, only a few rough estimates can be made to attempt to 

establish the power needs of the device. Many assumptions need to be made about the final 

number of servos in the design, amount of time used between charges, and the percentage of 

time that the servos are being pulled on and drawing significant power. The equation for electric 

charge is equal to (SUM of (time at given current * current)) The table below gives a few rough 

estimates for likely scenarios.  

 

Number of Hours Used Number of Servos Percentage of Time Strained 
mAh Battery 
Needed 

8 3 10.00% 608 

8 3 25.00% 1507 

8 3 50.00% 3005 

8 5 10.00% 1014 

8 5 25.00% 2511 

8 5 50.00% 5008 

12 3 10.00% 908 

12 3 25.00% 2257 

12 3 50.00% 4505 

12 5 10.00% 1514 

12 5 25.00% 3761 

12 5 50.00% 7508 

 

The final consideration in the theory of the prosthetic hand is optimizing “grip”. The best 

strategy would be to match the prosthetic finger’s grip to the human hand as evolution has likely 

found an optimal value. The equation for friction is F=μN, where N is the normal force and μ is a 

constant. As there is no way to calculate μ, it will need to be found experimentally.  
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Results and Conclusions 

Max Weight Till Failure 

The hand was able to hold a 3.5in x 2.5in x 2in object that weighed up to 30 grams. 

 

Max Force Till Primary Joint Failure  

The force required to cause the middle phalanx (Figure 4C) to snap back and fail was 25N 

applied to the midsection of the middle phalanx.  

 

Max Force Till Secondary Joint Failure 

The force required to cause distal phalanx (Figure 4E) to snap back and fail was 5N applied to 

the midsection of the distal phalanx.  

 

Conclusion on Hand Strength 

The primary factor that limited the hand’s strength was that the secondary joint had an 

extremely weak pinching force. This limited the hand’s ability to hold objects. Although the 

current design is not strong enough to be a viable prosthetic hand, the general idea behind the 

project is sound and future projects only need to refine the general design slightly to make it 

viable. Overall the 3D printed ball joints, rubber band slots, and bolts to hold individual parts 

together worked extremely well and should be incorporated into future designs. Potential 

shortcomings of the hand are the fishing wire placement, which failed to maximize torque and 

reduced the range of objects that could fit in the palm of the hand; finger component 

dimensions, which made the distal phalanx strength weak; and low surface friction on the 

fingers, which made objects slide out of the grip of the hand.  
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Full Hand - Power Draw 

Action Power Draw 

Resting Relax 0.013A 

All Closing 0.6A 

With Resistance` Fails at 0.83A 

 

Conclusion on Power Draw  

The primary issue facing the power draw of the circuit was that the Arduino is only rated for 0.5A 

of current while connected to a computer through USB. This problem was able to be mitigated 

by using the Arduino with a connected battery, however, this only increased the peak current 

output by ~0.3A. The circuit was able to perform basic tasks, however, the servos bottlenecked 

due to insufficient power at full gripping strength. To rectify this issue, future designs should 

connect servo power directly to the battery rather than utilizing the Arduino 5V power. Power 

estimates for a required battery size can be found in the theory section of the paper. 
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Appendix A - Parts list 

Part Description What It’s Needed 
For 

Cost Where was it 
purchased 

0.006” diameter nuts 
and bolts 

Combining finger 
components 

$20 McMaster Hill 

Rubber Bands + 
fishing wire 

Finger movement 
system 

$15 Amazon 

Battery, Arduino, 
micro servos 

Finger movement 
system 

“$0” Lab 

Force/IR Sensors Grip management ~$25 Amazon 

 

 

Appendix B - Hand Anatomy

 
Source: https://faithanatomy.wikispaces.com/file/view/hand.jpg/32061795/579x333/hand.jpg 

 
 
 
 

 

https://faithanatomy.wikispaces.com/file/view/hand.jpg/32061795/579x333/hand.jpg
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Appendix C - Servo Controller Code 

/** backAndForth 

 * Author: Ian Costello 

 * This code demonstrates an Arduino servo controller that causes the hand  

 * to contract and relax at a constant rate 

 */ 

 

#include <Servo.h> 

 

//Global servos 

Servo finger1; 
Servo finger2; 
Servo finger3; 
Servo finger4; 
 

//Starting servo position 

int SERVO_1_PORT = 22; 
 

void setup() { 
  //Initialize servos 
  //Servos on Arduino ports 22-25 
  finger1.attach(SERVO_1_PORT);  

  finger2.attach(SERVO_1_PORT + 1);  

  finger3.attach(SERVO_1_PORT + 2);  

  finger4.attach(SERVO_1_PORT + 3);  

} 

 

void loop() { 
  //Pull hand to contracted position 
  for (servo_pos = 0; servo_pos <= 180; servo_pos += 1) { 

finger1.write(servo_pos);  

finger2.write(servo_pos);   

finger3.write(servo_pos);   

finger4.write(servo_pos);   

 

//Across one second 

delay(5);   

  } 

 

  //Stay contracted for a second 

 



 
 

Costello 21 

  delay(1000); 
 

  //Loop all the servos back to original position 
  for (servo_pos = 180; servo_pos >= 0; servo_pos -= 1) { 

finger1.write(servo_pos);  

finger2.write(servo_pos);   

finger3.write(servo_pos);   

finger4.write(servo_pos);   

delay(5);   

  } 

 

  //Stay relaxed for a second 
  delay(1000); 
} 

 
 

Appendix D - Hand as a Comfort Device 
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