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INTRODUCTION AND BACKGROUND 
   
Extended Physiological Proprioception (EPP) 

Proprioception utilizes the physiological components of the nervous and 
musculoskeletal systems to allow an individual to sense the position of their limbs 
subconsciously.  By providing a rigid connection to an object this proprioceptive ability 
can be extended to the object and allow the user to sense the spatial location and 
orientation of these objects with respect to his or her body.  This concept explains how a 
person can use a tennis racquet to hit a tennis ball without having to observe the position 
of the racquet during their swing or the way a blind person uses a long cane to ‘feel’ the 
location of objects in their surroundings.  

Body-powered prostheses take advantage of this proprioceptive ability by relating 
the motion and position of the prosthesis to the motion and position of an intact joint of 
the amputee via the control cable.  However, most externally powered prostheses do not 
have any mechanism with which to provide feedback regarding the state of the prosthesis 
to the proprioceptive system of the amputee.  In these cases the amputee must rely on 
vision and other incidental sources of feedback such as motor whine and socket pressure 
to control their prostheses and this may place a significant cognitive load on the user.       

Simpson suggested that the concept of “extended-physiological proprioception” 
(EPP) could be applied to externally powered prostheses [1].  He stated that, by 
mechanically linking the movements of an externally powered prosthetic joint (e.g., an 
elbow) directly to the movements of a physiological joint (e.g., the shoulder), the 
amputee could ‘feel’ the position of the prosthetic joint by using the proprioception 
inherent in the anatomical joint.  Much like a body-powered prosthesis, the linkage 
between the two joints is able to provide feedback about the position and velocity of the 
prosthetic joint as well as loads that are applied to the prosthesis.  The theory behind EPP 
control is that by directly relating the movements of the prosthetic joint to those of the 
anatomical joint, a prosthesis will be able to provide feedback regarding the state of the 
prosthesis in a manner that is physiologically appropriate in order to utilize subconscious 
pathways and therefore reduce the mental loading placed on the user. 
 
 Uni-directional vs. Bi-directional EPP Configurations 

Two configurations exist for the implementation of EPP in an electric powered 
device.  These configurations allow the user to control a single degree of freedom 
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prosthetic component with either one or two control 
sources.  Uni-directional EPP control requires only a single   
control source but this configuration constrains the 
prosthetic and anatomical joints to directly follow each 
other in one direction only (e.g., glenohumeral flexion as 
seen in figure 1).  The two joints are only constrained to 
move with each other in one direction because the control 
cable only acts in one direction.  It is possible for the 
anatomical joint to move more quickly than (or to beat) the 
prosthetic joint in the antagonistic direction (e.g., 
glenohumeral extension in figure 1).  This condition can 
create slack in the control cable, which creates a situation 
in which EPP does not exist and feedback is no longer 
being presented to the user.   

Full or bi-directional EPP control requires that 
the prosthesis is directly linked to the anatomical joint 
in a manner that produces an unbeatable position  
servo-mechanism in both directions and thus preserves  
extended physiological proprioception for all movements of the anatomical joint.   An 
example of a bi-directional EPP system is the Fitch elbow (figure 2). This cable-operated 
elbow is configured so that humeral flexion results in prosthetic elbow flexion and 
humeral extension results in prosthetic elbow extension.  Due to the fact that bi-
directional EPP control preserves EPP at all times and thus creates a more intimate 
interface with the amputee, it should theoretically be 
superior to that of uni-directional EPP control. 
However, the uni-directional configuration has been 
more frequently utilized because of its simplicity and 
similarity to body-powered systems.   

Weir [2] attributes the current lack of 
application of EPP in externally powered prostheses 
to the fact that currently available prosthetic 
components do not posses a sufficient bandwidth to 
allow the user to have subconscious control of the 
device.   In other words, due to the slow response of 
currently available prosthetic components users feel 
as if they have to constantly pull on the control cables 
to achieve the position they desire.  This results in  
the operator using the prosthesis in a ‘bang-bang’  
approach.  Weir feels that the sluggish response of  
currently available powered components causes  
EPP to have the opposite effect than that for which  
it was intended.  Instead of providing sub- 
conscious control of the prosthesis, the amputee has their attention continuously drawn to 
the control of their prosthesis.  
 
 

Figure 1: Uni-directional EPP 
control of a powered elbow using 
flexion of the residual limb.   

Figure 2: The Fitch elbow, an example 
bi-directional EPP control.   
 (From Orthopaedic Appliances Atlas, 
Volume 2, 1960, p.51) 

 

φ 

φ 

F 
φ sj 

φ pj 

From “MEC '02 The Next Generation,” Proceedings of the 2002 MyoElectric Controls/Powered Prosthetics Symposium 
Fredericton, New Brunswick, Canada: August 21–23, 2002. Copyright University of New Brunswick. 

Distributed under a Creative Commons Attribution-Noncommercial-No Derivative Works 3.0 United States License by 
UNB and the Institute of Biomedical Engineering, through a partnership with Duke University and the Open Prosthetics Project.



Purpose 
While the concept of EPP control seems credible and was demonstrated by 

Simpson ([3], [4]), implementation of such devices has been problematic.  Our laboratory 
has developed an analog EPP controller [5] and two microprocessor based EPP 
controllers ([6], [7]), but only the analog controller has been clinically fitted to amputees.  
When mounted on the laboratory bench and set to high gains, the controllers exhibit 
smooth operation of an electric elbow in flexion and a ‘jerky’ behavior in extension.  The 
goal of this study was to attempt to characterize our EPP controller and identify the 
factors that are contributing to this behavior in order to understand the nuances of EPP 
control and allow for the development of a clinically viable prosthesis that utilizes EPP 
principles.  
 
METHODS 
 

To investigate EPP control, a simulator has been developed using Matlab’s Real 
Time and XPC Target toolboxes (Mathworks, Natick, MA).  This simulator allows a 
controller to be designed in Mathworks' Simulink and then converted into C code on 
what is referred to as a ‘host’ computer.  This code is then downloaded to a separate 
computer, referred to as the ‘target’ computer, using the XPC Target toolbox (figure 3).  
The target computer mimics a hardware controller while allowing the controller 
parameters to be easily changed from the host.  The target computer houses a data 
acquisition card that enables the target computer to transmit drive signals to the prosthetic 
joint and allows for data collection.   

To examine the capabilities of these controllers, an EPP controlled elbow system 
has been created using a Hosmer (Hosmer Dorrance Corporation, Campbell, CA) 
powered elbow.  Operational amplifier circuits were constructed to allow for the 
collection of the elbow’s angular position using a Helipot potentiometer (Helipot, 
Fullerton, CA) as well as collection of the force input control signal from a 25 lb. 
Flexiforce (Tekscan, S. Boston, MA) force-sensitive resistor (figure 3).    

  

 

Figure 3:  Block diagram 
of the testing apparatus 
with descriptions of the 
responsibilities of the 
target and host computers.  
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DISCUSSION 
 

Mathworks’ Real Time and XPC Target toolboxes permit considerable system 
versatility.   It has allowed us to easily examine the effects of adding time delays as well 
as filters of different orders and cutoff frequencies to our system.  It has also allowed us 
to easily assess the effects of varying the update rate and precision of the pulse width 
modulation of the drive motor signal.    

We have spent considerable time using this system to examine the cable interface 
that exists between the human and the transducer.  At present we have limited ourselves 
to examining a configuration in which a uni-directional EPP controller is implemented on 
a Hosmer powered elbow.  We theorize that the behavior of the EPP system is affected, 
in part, by non-linearities in the uni-directional EPP configuration related to the control 
cable.  However, the results that have been observed to this point are problematic due to 
the slow response of the elbow mechanism we are employing.   
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