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1.0 INTRODUCTION 

We have developed a new multifunctional hand mechanism in the hopes of providing 
a new mechanism that will have superior function over today’s single degree-of-freedom 
(DOF) mechanisms and yet be robust enough to be clinically viable.  There have been a 
multitude of multifunctional hands built, all of which have failed to find clinical 
application as an artificial hand replacement.  Bolstered by advancements in motor and 
robotic technology, the past two decades has seen significant effort, and money invested in 
the development of externally-powered multi-functional hand systems [4, 7,8,9,10,11].  
However while many of today’s commercially available externally-powered systems owe 
their origins to modern upper-limb research, save for the Touch Bionics hand [14], no 
multifunctional hand mechanisms have made the transition from the Laboratory into 
clinical practice.   
 

In the end, most multifunctional hand designs are doomed by practicality, even before 
the control interface has become an issue.  Prosthesis users are not gentle with their 
devices; they expect them to work in all sorts of situations never dreamed of by their 
designers.  Most mechanisms fail because of poor durability, lack of performance and 
complicated control. A multifunctional design is by its nature more complex than a single 
DOF counterpart.  Articulated joints on fingers are more likely to fail than monocoque, or 
solid finger designs.  To be clinically viable, the fingers and thumb of most prosthetic 
hands are non-articulated and have a single axis of rotation.  This minimizes the number 
of moving parts, reduces complexity and increases robustness.  Palmar prehension is 
achieved by single joint fingers that are fixed in slight flexion at a position approximating 
the interphalangeal joint. The resulting finger shape also creates a concave inner 
prehension surface that can be used to provide cylindrical prehension.  Another practical 
consideration is performance.  The hand must be able to generate enough torque and 
speed, and have a sufficient width-of-opening to be useful to the user [6].  The pinch 
force of a multifunctional hand does not have to be as high as that of current 
commercially available single DOF hands because of the adaptive nature of their grip.  
But they should still be capable of high speeds-of-opening and have a pinch force of at 
least 68 N (15 lbsf) in accordance with Peizer et al [13].   

A possible compromise to the dilemma of robustness versus increased function is 
to limit the device to those degrees-of-freedom necessary to replicate Keller et al.’s [1] 
grasp patterns.  This idea of providing sufficient DOFs to recreate Keller et al.’s grasp 
patterns turns up in many unrelated fields.  Professional SCUBA diver gloves trade 
function for warmth in order to extend dive times. A mitten is warmest while a glove 
with individual fingers is the most functional.  Professional SCUBA diver gloves are a 
compromise having the thumb and index fingers free and the middle, ring, & little fingers 
together.  This configuration affords the diver the basic prehension patterns of the hand 
while at the same time keeping the bulk of the hand warm. A system of this kind (where 
the timing, or speed, of thumb is controlled) can be configured so a single “open” signal 
drives all digits (fingers & thumb) back to their start positions and two “close” signals, 
one for the index and MRL finger drives and a second for the thumb drive, control hand 
closure.   
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2.0 DESIGN METHODOLOGY 
If one considers the role of a single DOF thumb operating along a plane in the 45° 

to 55° range [3,4,5], it becomes apparent that the final prehension pattern adopted by a 
hand can be determined by thumb position control i.e. if the thumb engages both the 
index finger and middle-ring-little (MRL) finger unit, then palmar/tri-digital pinch (three 
jaw chuck) results.  If the thumb only engages the index finger, tip prehension results 
where as if the thumb closes on the side of the index finger, lateral prehension results.  
Power grasps result from digit shape and a wide width-of-opening.  Thus it is possible 
through appropriate control of the thumb, to obtain different hand prehension patterns.  

 
The primary consideration given to the design of the multifunctional hand was the ability 
to perform the three major grasp patterns described in Keller et al.’[1] whilst maximizing 
the system’s robustness. This goal was approached on three fronts; minimize the number 
of parts, standardize the actuation drive across all joints and minimize the number of 
degrees of freedom.  
 
2.1 DRIVE SYSTEM 

It was decided to base the design around a drive developed for another project – 
the VA partial hand drive [2].  The same drive was used for every DOF. This drive 
system has already seen significant development work and uses commercial off the shelf 
(COTS) components. As shown in Figure 1, the drives are stacked one on top of each 
other in parallel where the top drive actuates the index finger and the middle drive 
actuates the combined middle-ring-little fingers using spur gears. The bottom drive 
unavoidably uses custom bevel gears to power the angled thumb. Each drive uses a 
Faulhaber 1724 DC motor, connected to commercially available multi-stage planetary 
gearing to give a 1023: 1 reduction ratio. With a 6 Volt input and 60% drive efficiency 
(90% per stage), the drive has an output velocity of 97.1 degrees per second with a stall 
torque of 16.3 Nm. Experimentally however, planetary gear failure was found to occur at 
7 Nm. In terms of grasping, this drive is capable of producing 22.2lbf  (100 N) of pinch 
force; well within Piezer et al’s [13] standard.  

 
 
 
 

 
 
 
 

 
Figure 1 – Drive Train for the Multifunction Hand. The torque is generated from a five stage planetary 
gearing system with a backlock clutch before the output stage (a). The assembly is self-contained with two 
annulus’ (b) while the the drive’s output is the carrier of the last planetary stage (c).  
 

 
2.2 FINGERS 

Studying examples of less than clinically successful hand prostheses illustrate the 
necessity for simplicity in design [4,7,8,9,11]. In general they are complex devices where 
each finger contains several degrees of freedom. In contrast, the most clinically 
successful devices are single DOF designs, actuated at the metacarpophalangeal (MCP) 
joint that exclusively employ monocoque digits [12]. By employing a monocoque design 
and carefully choosing the proximal interphalangeal (PIP) and distal interphalangeal 
(DIP) angles of the index and middle fingers, in conjunction with the thumb’s arc of 
contact, many grasp patterns were found to be attainable.  

(a)                                   (b)                                          (c) 
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2.3 THUMB 

Geometrically, the most challenging aspect of the design was obtaining a correct 
thumb angle that travels in a path where it can meet the index or middle fingers to form 
several grasp patterns. Work done by Lozac’h et al [4,5] stated that the thumb can attain 
near full functionality by actuating it at the carpometacarpal joint (CMC) at an angle 
between 45° and 55° relative to the to the top plane of the index finger. In addition to 
actuating the CMC however, Lozac’h also actuated the interphalangeal joint (IP) of his 
fingers. By emphasizing robustness in the digits, this design used a monocoque thumb 
design. A monocoque model however dictated that the design slightly deviate from the 
single 45°-55° CMC model and adopt a compound angle methodology as seen in Figure 
2. This hypothesis was tested in CAD software and rapid prototypes. In order to keep the 
anthropomorphic nature of the design, the CMC thumb angle was increased to 60° with 
two 157° bends in series, ventral to the palm approximately one inch from the thumb’s 
axis of rotation. The result of the ventral bends was that the thumb moves in a multiplane 
arc (Figure 2) that was able to meet the index and middle fingers at different specific 
locations to create the different grasp patterns.  

 
Figure 2 – Illustration of Compound Thumb Angle 

 
 

3.0 DISCUSSION 
The assembly was anthropomorphically designed to fit inside the volume of a 50th 

percentile female hand. Without the digits, the palm, which houses all three drives and its 
supporting structure, has the dimensions of 61mm wide, 73mm tall, and 24mm in depth. 
The base of the device was designed to interface with a yet to be designed wrist flexion 
unit. A first generation prototype (Figure 3) found that with careful selection of finger 
and thumb angles, several grasp patterns are attainable by controlling when the thumb 
comes into contact with the index finger. Thumb flexion after full index finger flexion 
yields lateral prehension (Figure 3a), equal flexion periods yield tip pinch (Figure 3b), 
while early thumb flexion relative the index and MRL fingers give palmar prehension 
(Figure 3c). During a grasp, the hand can anthropomorphically open to 5 inches, enough 
to pick up a ceramic jar or a can of pop/soda.  
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Figure 3 – Attainable Grasp Patterns for the Multifunction Hand with Three Degrees of Freedom 
 
To control this hand, a three/four site EMG multifunction controller is under 
development. The key to controlling this device is accurate positioning of the thumb with 
respect to the index and middle fingers. This may be accomplished with a three surface 
electrode sites using end-state control for the whole device or proportional control for 
each DOF. The electronics are being developed at Sigenics Inc. and will be placed on the 
flat surface of palm’s dorsal plate.  
 
4.0 CONCLUSION 

The design of new multifunctional hand prosthesis that we believe will be robust 
enough to ensure clinical success has been described. The hand has three common drives, 
one for each degree of freedom; the index finger, the combined middle-ring-little fingers 
and the thumb. Instead of increasing functionality and thereby decreasing robustness by 
further adding degrees of freedom, this design successfully positioned the thumb whose 
path of travel was common to the final thumb position of several grasp patterns. The 
result was that problems related to creating different grasp sets ceased from being a 
mechanical issue and primarily became a controls issue. Future work on this project aims 
to test the novelty of the design and have it tested with a subject.  
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