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INTRODUCTION 

We are in the process developing 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 clinically viable.  However, this is no easy task.  There 
have been a multitude of multifunctional hands built, all of which have failed to find clinical 
application as an artificial hand replacement.  During the 60s and 70s much time, effort, and 
money was invested in the development of externally-powered multi-functional hand-arm systems.  
Prime among these being the Edinburgh Arm [1], the Boston Arm [2,3], the Philadelphia Arm 
[4,5], the Belgrade hand [6,7], the Sven Hand [8], the Utah Arm [9].  However while many of 
today’s commercially available externally-powered elbow systems (Boston Elbow – Liberating 
Technology Inc [10], NYU Elbow – Hosmer-Dorrance, and Utah Elbow – Motion Control [11]) 
owe their origins to this era of upper-limb research no multifunctional hand mechanisms made 
the transition from the Laboratory into clinical practice.   

The Sven hand never found widespread clinical use, even though it was extensively used in 
multi-function control research using pattern recognition of myoelectric signals [12].  Henry 
Lymark, the director of the Handikappinstitutet of Stockholm, Sweden, later created a simplified 
version of the Sven hand called the ES hand.  This hand was an attempt to produce a more robust 
and hence more clinically viable version of the Sven hand.  Unfortunately, Lymark died soon after 
the initial development of this hand and the project was never continued.  The Philadelphia Arm 
[4,5] also never found clinical use, but like the Sven hand found use as a research tool for 
multifunction control using weighted filters for the pattern recognition problem.  The Belgrade hand 
too was never used clinically but has ended up in the robotics field in the form of the 
Belgrade/USC robotic hand [13]. 

More recent multifunctional hand mechanisms are the Montreal hand [14], the Southampton 
Hand [15], The Rutgers Hand [16], and the Karlsruhe Research Center humanoid hand [17].  The 
Montreal/Lozac’h’s hand is a single DOF hand, i.e. opening & closing, but because the hand has 
articulated fingers that move independently of each other it is capable of forming an adaptive grip 
with which to grasp objects.  An adaptive grip requires much lower forces than conventional 
prosthetic hands to hold objects.  Also, operating under the assumption that a practical prosthetic 
hand can have only one axis of rotation for the thumb, Lozac'h [18] performed a series of 
experiments and determined that the preferred working plane of the thumb lay between 45 and 55 
degrees.  The Montreal hand looked very impressive when demonstrated but the articulated 
fingers may be too fragile to withstand the rigors of daily life. 

The Southampton Hand [15] also has articulated digits enabling an adaptive grasp.  But this 
hand uses a system of "hierarchical artificial reflexes" to automate the control process.  In this 
hand the operator is taken "out of the loop" and onboard processing is used with sensors in the 
hand to tell the hand what grasp pattern to adopt.  The user only provides a conventional single 
DOF open/close EMG signal.  The idea is that by allowing the processor to take control it 
reduces the mental loading on the user. A major factor in the success or failure of this type of 
control is user confidence in the mechanism allowing the user to relinquish control to the artificial 
reflexes.  The Southampton hand is a work in progress that has yet to gain clinical acceptance, 
but has found some application as an end effector for the MANUS medical manipulator. 

The Rutgers multifunctional hand [16] has gained considerable media attention.  This hand uses 
tendon movement to actuate pneumatic sensors.  These sensors are interposed between a prosthetic 
socket and superficial extrinsic tendons associated with individual finger flexors.  The control 
scheme is interesting and demonstrates the feasibility of multifunctional control.  However the idea 
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of using pneumatic sensors is not in itself new, only the way the pneumatic sensors are implemented 
is new.  In the past pneumatic or pressure sensors were tried and abandoned due to problems 
discriminating between user commands and external disturbances caused by interaction with the real 
world.  

The humanoid hand developed at the Karlsruhe Research Center is a very recent 
multifunctional hand that is driven by what are claimed to be a new class of pneumatic actuator 
[17].  The actuators consist of cavities that change their size when inflated with a pressurized gas 
or liquid.  The five-fingered hand resembles the functions and anatomy of the human hand.  All 
fingers and the wrist can be positioned independently.  The compact size of the actuators allows 
for their full integration into the finger.  A safe grasp is accomplished through the flexible self-
adaptability of the actuators.  The maximized contact surface allows for the use of relatively low 
pressures.  It remains to be seen whether this hand will be clinically viable.  Robustness and how 
it is to be controlled remain  issues for concern. 

In the end, most multifunctional hand designs are doomed by practicality, even before the 
control interface becomes 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.  No 
device will be clinically successful if it breaks down frequently.  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 [19].  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.  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 [20].   

However, in spite of these issues we believe a compromise must be reached if increased 
function is to be achieved.  Some of the robustness and simplicity of single DOF devices must be 
traded to achieve the increase in performance possible with a multi DOF hand.  This leads us to 
the question: 

 
IS THERE AN OPTIMAL NUMBER OF DEGREES-OF-FREEDOM FOR MULTIFUNCTIONAL HANDS?  

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 [21] 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.  

In the area of remote manipulation, the SARCOS system [22] uses a three DOF hand for the 
slave manipulator terminal device and limits the hand of the operator to the same three DOF 
when in the master arm.  In this mechanism the thumb has two DOFs while the three fingers 
(middle, ring & little) have the third DOF.  The index finger is rigid.  For space suit gloves the 
Direct-Link Prehensor [23,24] limits the motions of the operator's hand to three DOF.  Space suit 
gloves are bulky and stiff due to the suit's pressurization.  This stiffness results in limited external 
dexterity. Also, as in the case with diver's gloves, tactile sensation and manual dexterity are lost 
because the hand is gloved. The Direct-Link Prehensor is a two finger device with the thumb 
mounted at 45o to the fingers. 
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In the area of surgery, Beasley [25] described a surgical procedure to provide a functional 
four DOF hand for persons with C5-C6 quadriplegia. This procedure makes possible precision 
prehension with careful positioning of the stabilized thumb to oppose the actively flexed index 
and middle fingers.  The result is a functional hand that retains some of its sense of touch.  For 
functional electrical stimulation (FES), surgical techniques have been combined with 
implantable four channel FES electrodes to enable patients with flail arms to reproduce the 
palmar and lateral grasp patterns of Keller et al. [26].  

In each of these situations sensation (feedback) was compromised [by gloves or remote 
nature of the terminal device] or muscular function (control) was impaired.  In all cases enabling 
the hand to recreate Keller et al.'s prehension patterns optimized hand function vs. the number of 
available control sources.  Therefore it would appear that an artificial hand capable of 
reproducing these grasp patterns would require three or four DOFs: one, more usually two, for 
the thumb; one for the index finger; and one for the middle, ring and little (MRL) fingers which 
are combined to move as a unit.  Limiting the thumb to a single DOF and orienting it such that it 
operates along its preferred plane – 45° reduces the number of DOFs to be controlled to three.  

 Furthermore, if one considers the role a single DOF thumb operating along the 45° plane, it 
becomes apparent that the final prehension pattern adopted by a hand is a function thumb 
position control. i.e. if the thumb engages both the index finger and MRL finger unit, then tri-
digital pinch (three jaw chuck) results.  If the thumb only engages the index finger, tip 
prehension results.  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 determine the resulting prehension pattern of the hand.  

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.  This implies a one and half DOF control system.  It should be noted that 
prehension (grasping) should not be confused with manipulation.  For dexterous manipulation 
many more degrees-of-freedom of control are required. 

 
IN CONCLUSION 

Using these ideas we are building a multifunctional hand mechanism that we believe will be 
robust and simple enough to be clinically viable.  This mechanism is based on a three motor 
hand with a two motor wrist.  We are incorporating a wrist because the wrist is used so 
extensively in the positioning of the hand in space.  One motor will drive a single DOF thumb 
that will operate along the preferred 45° plane; one motor will drive the index finger; one motor 
will drive the middle, ring and little fingers as a unit; one motor will provide wrist 
extension/flexion and one motor will provide wrist rotation.  The drive trains for these motors 
will be based on the drive train developed for our partial hand mechanism [27].  The digits will 
be solid non-articulated designs to improve robustness, although some articulated fingers might 
be tested just for fun.  This mechanism is to be controlled using a 4 DOF fuzzy logic based 
myoelectric controller we are also in the process of developing [28].   
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