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ABSRACT 
We are now in the process of developing a multifunctional prosthetic hand that uses six 
commercially available DC electric motors and transmissions in an under-actuated system to drive 
16 degrees of motion.  Providing greater finger dexterity as well as a wide range of major 
prehension patterns may require many degrees of freedom.  It has been shown that increasing the 
number of actuators to increase the degrees of freedom can result in a complicated system with 
many parts which can be heavy, unreliable and costly, and therefore clinically unviable.  This paper 
presents a design that limits the number of motors needed in the device by utilizing differentials 
transmissions.  By limiting the number of actuators and other mechanical components, complexity 
is reduced and reliability is increased while still achieving a high degree of motion.  The function of 
the differential allows for adaptive grasping through the mechanical self-adaptability of the 
actuators.  Each digit is independently driven by one motor and transmission with the power being 
distributed to each of the three joints by way of a differential transmission and kinematic linkages, 
with an additional degree of freedom added to the thumb for palmer rotation.  We believe that this 
will produce a highly functional prosthetic device that will be able to achieve all major prehension 
patterns as well as having a degree of individual finger dexterity.    
 
1. INTRODUCTION 
For the past several decades, robotics technology has crossed over into prosthetic hand design [1] 
[2], inspiring a multitude of multifunctional hands, most of which have failed to find clinical 
application as an artificial hand replacement [3].  Although these advanced hand systems have 
many desirable features that are beneficial to prosthetic users, they are often too costly, too heavy 
and their complexity makes them difficult to operate and prone to eloctromechanical failure.  On 
the other hand, low tech prosthetic devices such as the hook are used by approximately 70 percent 
of upper-limb prosthesis users in the United States [4].  The large acceptance of the hook as a 
prosthetic device is due to its simplicity, durability and relatively low cost.  What the hook lacks is 
cosmetic appeal, which is often very important to prosthetic users, as well as the ability to articulate 
or perform adaptive grasping.  The design demonstrated in this paper describes a highly functional 
hand prosthesis that will have superior function over today’s single degree-of-freedom (DOF) 
hands by utilizing differential technology to maximize adaptive grasping and individual finger 
articulating abilities while maintaining simplicity and minimizing cost and weight. 
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2. DESIGN PARAMETERS 
 
The design parameters were chosen based on identified needs of prosthetic hand users, pertaining to 
function and cosmetic appeal, as well as requirements for multi degree of motion under-actuated 
fingers and thumbs.  Each finger will be a modular design and independently driven by a single 
actuator, allowing individual and combined passive adaptive grasping of external objects with each 
joint achieving an angular speed of up to two radians per second.  The thumb will also be modular 
in design and will achieve the same three degrees of actuation as the fingers, in addition to fourth 
actuated degree of motion which is a combination of palmar abduction/adduction and radial 
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abduction/adduction.  The thumb must be able to provide lateral pinch with the index finger as well 
as independent finger tip pinch with the index, middle, ring and little finger.  The entire system 
must perform all major grasping and prehension patterns. The prosthetic hand must be 
anthropomorphic in size and shape and cosmetically appealing. The outer dimensions of the hand 
design, as well as the internal actuator design, must be adaptable to a range of users starting as 
small as a 50th percentile female hand while maintaining the designated functional qualities of the 
prosthesis.  The design must be lightweight, easy to manufacture and cost-effective.            
        
3. DESIGN METHODOLOGY 
 
The first stage of this project was to determine the correct appearance and size of the digits needed 
for the different range of users.  Once the hand geometry was designed, the type of drive train was 
determined based on available space, and desired function of each digit.  A differential gear system 
was chosen because of its single-input / double-output function.  This supported the requirement for 
single-motor multi degree of freedom fingers and thumb.  Motor size, output torque and efficiency 
were some factors considered when choosing the motor.  Commercially available motors and 
transmissions were modified and custom kinematic linkage systems were designed and fabricated.     
 
3.1 FINGERS 
 
3.1.1 DESIRED MOTION OF THE PROSTHETIC FINGER 
In order to replicate an actual human finger, the prosthetic needed to simulate the same functions of 
a natural finger.  Each finger joint needed to achieve full extension to full flexion with an angular 
displacement of 0 to 90 degrees respectively, at a rate of up to two radians per second.  It was 
determined that the Meta Carpal Phalangeal Joint (MCP) and the Proximal Inter Phalangeal Joint 
(PIP) needed to be able to rotate at relatively equal or unequal rates, depending on different 
circumstances.  This includes being able to stall either of the two joints, with an external force, 
while allowing the other to continue rotating. It was also determined that the Distal Inter Phalangeal 
Joint (DIP) needed to be directly linked to the PIP joint in a way that caused them to rotate at the 
same rate over equal ranges of motion. 
 
3.1.2 DIFFERENTIAL DRIVE SYSTEM IN THE FINGER 
Each finger required the drive train to relay the power of one motor input to all three of its joints.  
In doing this, the system needed to achieve the desired motion of the prosthetic finger based on the 
previously determined parameters of the design.  In order to meet these requirements, a differential 
gear system was utilized.  This differential was housed in and co-axial to the MCP of the finger, 
and allows the single input of the motor to be transferred to two coupled rotational outputs at the 
MCP and PIP.  The angular velocity of the MCP and PIP vary proportionally with respect to each 
other, depending on the external forces they encounter.  When the angular speed of one output is 
decreased by an outside force, the angular speed of the other output is increased by the same 
amount.  If the external forces acting on the MCP and PIP are equal, they will rotate at an equal 
rate.  This behavior allows the prosthetic finger to move in a grasping motion.  For example, when 
the proximal phalange comes into contact with a narrow object such as a pencil or a drawer handle, 
the rotation of the MCP joint will either be stalled or slow down while the PIP joint will continue to 
rotate causing the middle phalange to wrap around the object. 
 
3.1.3 KINEMATIC LINKAGES IN THE FINGER 
One output of the differential was directly connected to the MCP and the other output was coupled 
to the PIP with kinematic linkages.  The DIP was directly coupled to the PIP with another 
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kinematic linkage system that produces a one-to-one ratio of speed and range of motion between 
the two joints.  
 
3.2 THUMB 
 
3.2.1 DESIRED MOTION OF THE PROSTHETIC THUMB 
The thumb was designed to have a certain degree of flexion and extension at the Carpo Metacarpal 
Phalangeal Joint (CMC), MCP and Inter Phalangeal Joint (IP), as well as a 90 degree range of 
independent of rotation about an axis that produces a combination of palmar abduction / adduction 
and radial abduction / adduction.  It was determined that the CMC, and DIP joints in the thumb 
would deliver full extension to full flexion with an angular displacement of 90 to 0 degrees 
respectively, at a rate of up to two radians per second.  Also the CMC and DIP joints needed to be 
able to rotate at relatively equal or unequal rates, depending on different circumstances.  This 
includes being able to stall either of the two joints, with an external force, while allowing the other 
to continue rotating.  It was also determined that the PIP joint needed to be directly linked to the 
CMC joint in a fashion that caused the rotational position and speed of the PIP joint to have a ratio 
of 1:2 with respect to the CMC.   
 
3.2.2 DIFFERENTIAL DRIVE SYSTEM IN THE THUMB 
The thumb required the drive train to relay the power of one motor input to each of its CMC, MCP 
and IP joints.  In doing this, the system needed to achieve the desired motion of the prosthetic 
thumb based on the previously determined parameters of the design.  In order to meet these 
requirements, the same differential gear system that was used in the fingers was utilized in the 
thumb.  The difference was that this differential was housed in and co-axial to the MCP of the 
thumb, and the motor unit and gear box was housed inside the proximal phalange.  This was 
achievable due to the larger volume inside the thumb.  The system allows the single input of the 
motor to be transferred to two coupled rotational outputs at the CMC and IP.  The angular velocity 
of the CMC and IP vary proportionally with respect to each other, depending on the external forces 
they encounter.  When the angular speed of one output is decreased by an outside force, the angular 
speed of the other output is increased by the same amount.  If the external forces acting on the 
CMC and IP are equal, they will rotate at an equal rate.  This behavior allows the prosthetic thumb 
to move in a different but similar grasping motion as the fingers.  The result is a larger distance 
between the two differentially coupled joints which allows the thumb to grasp and wrap its distal 
phalange at a tighter angle around larger objects than the fingers are able to.  Having these two 
different effects opposing each other gives the prosthetic hand the ability to achieve different 
configurations of tight-radius-of-curvature grasping and broad-radius-of-curvature grasping with 
the same input signal from the user.  The optimal available grasp combination will develop based 
on the form factor of the object that is interacting with the hand.  
 
3.2.3 KINEMATIC LINGAGES IN THE THUMB 
Neither of the two outputs of the differential in the thumb were directly connected to the MCP joint 
of which they are co-axial.  Instead, one output was coupled to the CMC with kinematic linkages 
and the other was coupled to the IP with similar kinematic linkages.  The MCP was directly linked 
to the CMC with a kinematic linkage that creates a ratio between the MCP and CMC of 1:2 
respectively.  This ratio contributes to the thumb’s ability to grasp larger objects or objects with a 
larger radius of curvature. 
 
3.2.4 THUMB PALMAR AND RADIAL ABDUCTION / ADDUCTION 
A second thumb-motor and gear box was mounted inside the palm and directly linked to the thumb 
with a kinematic linkage.  This motor, as well as the thumb mounting bracket, were positioned at a 
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combination angle that results in a certain degree of radial abduction / adduction as the motor drives 
palmar abduction / adduction.  During palmar adduction, the thumb rotates away from the palm, 
and during palmer abduction, the thumb rotates closer to the palm.  This allows the thumb to 
perform finger tip pinching with all four fingers as well as match the large end of the grasping 
range that is similar to that of a natural human hand.  

                   Figure 1. Demonstration of Hand Grasps  
 
4. DESIGN AND FABRICATION 
The entire design was created using SolidWorks® CAD software.  Kinematic ranges and behaviors 
were determined through the use of the SolidWorks mated assembly model.  The 3-D CAD models 
of the finger and thumb housings were used to create SLS rapid prototyped parts using a polymer 
and glass fiber composite.  The gears and kinematic linkages were modified and fabricated at a 
machine shop.  Static force calculations and angular speeds and torques were calculated using the 
trigonomic relationships within the drive train.      
 
5. CONCLUSIONS 
This design provides a prosthetic hand with independently actuated fingers and thumb with all of 
the segments of each digit achieving their required ranges of motion.  The use of differential 
transmissions is an effective method for creating an artificial hand that uses only one actuator to 
drive all three available joints in the fingers and thumb.  All four fingers and the thumb utilized the 
same drive train which can easily be scaled to accommodate different finger and thumb sizes, and 
therefore can be manufactured at a minimal cost in comparison to hands that have unique drives 
and electronics for each degree of freedom.  Also the mechanically controlled grasping feature of 
this hand will lessen the cost compared to multi-degree-of-freedom hands that require complex 
electronics to control position of each joint.  The result was an aesthetically pleasing, 
anthropomorphic, robust, low cost prosthetic hand with articulating fingers and thumb.     
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