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Exciting Developments
on the Horizon for the Academy, O&P

hree months ago, we concluded the most successful
Annual Meeting and Scientific Symposium in Academy history. I can still feel the energy and excitement
from that week as strongly as I did driving home
from Atlanta that Sunday evening. The meeting confirmed for
me that our profession is moving forward, and we have a very
bright future. The patients we serve will surely benefit from our
efforts through improved quality of care and our ability to better
ensure good functional outcomes.
Normally, the final communication by a president during
his or her term reviews the accomplishments of the previous
year. But even if you weren’t in Atlanta, you’re probably aware
of the year’s accomplishments—and there are people to thank
and new developments to mention.
First, I want to thank Don Katz, CO, LO, FAAOP, and his
Clinical Content Committee for an exceptional meeting chock
full of opportunities for learning and interaction. As busy as I
was, I still had time to enjoy clinically oriented conversations
with students, physicians, and colleagues who challenged and
inspired me.
We have already discussed plans for exciting additions
and improvements for next year’s meeting that promise to be
innovative and engaging. Once again, the Academy staff did
a great job of managing the meeting and providing support
to the board, the membership, and exhibitors. If you made it
through the always-crowded exhibit hall, you experienced the
great interaction that occurred there between our practitioners and manufacturers. My forays into the hall yielded some
interesting discussions about new products and new twists on
old techniques. There is no other platform in our profession
where I have the opportunity to have in-depth discussions with
manufacturers about products and applications that yield better
results for me. I thank our exhibitors for continuously engaging
the Academy’s membership.
So, what’s on the horizon? We anxiously await CMS’ ruling
on BIPA 427 and look forward to other organizations adopting meaningful minimum education and training requirements
for orthotics and prosthetics as well. The Orthotic and Prosthetic Education and Research Foundation (OPERF) used our
meeting to announce the winner of the first Tamarack Prize for
Outstanding Contributions to Orthotic Science and Practice and
issued five different RFPs for research in O&P. The OPERF
Research Committee, headed by Brian Hafner, PhD, announced
that it expects to begin reviewing applications for these RFPs by
the time you read this.
Since our meeting, there have been two exciting developments for our profession. The first is the Funding Opportunity
Announcement (FOA) for O&P Outcomes Research. This
announcement was the result of a meeting that was held in
Supplement of The O&P EDGE

San Francisco between the Academy’s Research Council and
a representative from the National Institutes of Health (NIH).
The set-aside FOA was issued by the Eunice Kennedy Shriver
National Institute of Child Health and Human Development
(NICHD). NICHD is soliciting investigator-initiated grants to
develop, validate, and evaluate a health-outcomes system measure for the consumers of orthotics or limb prosthetics. It is
anticipated that NICHD will make two project-grant awards of
$500,000 for five years; however, this could be changed to one
award at $1,000,000 for five years, depending on the submissions.
In the second development,
the Institute on Medicine (IOM)
Committee on Comparative
Effectiveness Research (CER),
which held its annual stakeholders meeting in March to help
determine research priorities
for CER that reflect the needs
of patients, consumers, and the
American healthcare community,
requested that the O&P commu- James P. Rogers, CPO, FAAOP
nity submit research priorities
2008–09 President
aimed at the needs of patients.
Priorities were submitted through the O&P Alliance and by the
Academy and other organizations in our field.
Each of these instances illustrates the increased national
focus on O&P research and the need to validate what we do and
determine which approaches are most effective with respect to
patient functional outcomes. You can be sure that the Academy
will remain at the forefront of efforts to promote O&P research
and to connect clinicians and researchers with funding sources
whenever possible.
Finally, I’d like to thank the members of the Academy’s
board of directors for their dedication to our profession and
the ideals of the Academy to promote improved patient care
through knowledge. Your board works tirelessly and represents
your interests as well as any group of volunteers in our profession. This year has gone by quickly, and it has been my distinct
honor to represent the Academy as your president. I am humbled and deeply grateful for the confidence you have shown in
me by first electing me to the board and then to the executive
committee. I pledge to continue to work to further the ideals of
this organization that I hold very dear.
The leaders who will follow me are dedicated and prepared
to continue the progress we have made and to meet the challenges we face as they emerge. You should have every confidence in their ability to represent you, the O&P professional,
in the future.
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Biomechanical Discussion
of Current and Emergent Upper-Limb
Prosthetic Interface Designs
■

Randall D. Alley, BSc, CP, LP, FAAOP, CFT

Abstract
Traditional functional assessment
of upper-limb prosthetic patients as
it relates to some measure of operational and functional performance
pays scant attention to isolating
and assessing interface function.
Instead, a predominant focus is
brought to bear on the prosthetic system as a whole, or to
associated components extrinsic to the interface. As we gain
a better understanding of biomechanics and how its proper
application is imperative for optimizing functional interface
design, we begin to more fully appreciate the interface’s primary role in determining prosthetic acceptance and outcomes.
With this knowledge comes an ever-increasing realization that
optimizing the interface boundary—and the resulting impact
on underlying anatomy and physiology—in order to maximize
interface function is a core component of any well-designed
prosthetic or orthotic system.

The Interface
The primary roles of lower-limb interface design are considered to be load transmission, stability, and efficient control for
mobility.1 When talking about upper-limb prosthetic design,
it may serve better to describe mobility control in terms of
positional, operational, and functional control.

Load Distribution and Transmission
Distribution and transmission of an applied load is extremely
important in both lower- and upper-limb interface design.
The basic principles of current load-distribution models revolve around two simple concepts: uniform distribution of load
about the entire limb, and concentration of load on load-tolerant
areas of the limb, with concomitant relief for those areas deemed
“load-sensitive.” An alternative load-distribution model, known
as the “High-Fidelity” or “Compression-Stabilized” interface,
which was developed by the author, is a significant departure
from current interface design protocol. It involves achieving
additional skeletal control through targeted soft-tissue relief. A
brief discussion of the principles behind it will be presented at
the end of this paper.
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Other than simple containment of the limb, early lowerlimb interface models exhibited little biomechanical basis
for their particular designs. This holds true for many early
and current upper-limb interface designs as well. These initial encapsulatory “sockets” focus on soft-tissue containment
without a complete understanding of the associated anatomy
or the biomechanical principles involved. Current designs,
such as the Muenster2, introduced in the early 1950s, and the
Northwestern socket3, first written about in the early 1970s,
take an arguably simplistic approach when invoking biomechanical principles into their composition. This has been discussed previously in greater detail.4, 5 Current interfaces at all
levels of limb loss, or interfaces that focus on enclosing a limb
segment for control and function, rely mainly on hydrostatic
pressure and anatomical contouring to achieve their goals.
The Muenster and Northwestern designs are self-suspending
and use different techniques proximal to the cubital fold that
distinguish them from one another and from their predecessors. Whereas the Muenster design reduces the anteroposterior (AP) dimension in order to apply an increased load to
the cubital region as well as to the area just proximal to the
triceps tendon insertion, the Northwestern design applies a
concentrated medial-lateral (ML) pressure just proximal to
the humeral epicondyles.
It is the reliance on proximal anatomical control—inherent in these and nearly all upper- and lower-limb prosthetic
interface designs to date—in addition to a limited understanding of global hydrostatic pressure and its role as a
dampener, that renders them insufficient in maximizing
overall system performance.
Intrinsic load distribution for improved comfort is but one
important characteristic of an upper- or lower-limb interface.
Another related principle is the use of load transmission to
supply feedback, or kinesthesia. The ability to sense the orientation and direction of an external force is crucial to prosthetic
control. If properly applied, the more intimate the interface,
the more information that can be transferred to the wearer.
Long are the discussions about the value of the control cable
in providing feedback in cable-driven upper-limb prostheses,
but conspicuously absent in the literature are discussions surSupplement of The O&P EDGE

rounding the critical nature of upper- and lower-limb interface-derived feedback or even the existence of such a concept.
Yet another related principle involves the transmission
of forces originating from the user to the interface and to the
prosthetic system as a whole. Volitional control of a prosthetic system is greatly affected by the ability of the interface
to efficiently, effectively, and accurately transmit these forces.
By its nature, a simple encapsulatory design does not possess
the capability to perform this function efficiently. The delay
between volitional human movement and prosthetic movement
caused by motion of the interface about the limb prior to system
engagement is an inherent feature
of all existing interface designs.
Much of this delay is due to the
time it takes for the soft tissue
between the intrinsic bone and the
prosthetic interface to compress
to the point of realizing interface
response of sufficient magnitude
to effect movement (figure 1). Figure 1: Intrinsic bone
in traditional interface
And while efficient transmission motion
rendering.
of forces relies upon intimacy of
fit, proper anatomical contouring, and biomechanical control,
they in turn influence another important aspect of interface
design: stability.

itself about the intrinsic limb’s long axis. The biomechanical
aspects of the interface involved in controlling both types of
rotation are intrinsic anatomical and biomechanical contouring
and perimeter design. The simple shape of early and traditional
sockets allows for significant axial rotation of the soft tissues,
especially in response to externally applied torque perpendicular or tangential to the long axis of the enclosed bone segment.
In addition, these sockets’ perimeter shape is simple and rarely
extends up to and beyond the cubital fold. The Muenster and
Northwestern designs attempt to limit this rotation at the radial level by bringing the proximal edge of the interface over
the humeral epicondyles. The Anatomically Contoured and
Controlled Interface (ACCI), introduced by the author in the
early 1990s, controls axial rotation by extending the medial and
lateral stabilizers more proximally than in earlier designs and
adding supracubital fossae anterior and proximal to the humeral
epicondyles, avoiding the often-reported discomfort in earlier
designs that suspended directly proximal to the epicondyles.6
Where the traditional interfaces and the ACCI differ is in how
well the interfaces perform under heavy loading, particularly
in the initial stages of flexion. The Muenster and Northwestern
designs possess a critical flaw in that they perform poorly under
heavy loading, as the focus is on the proximal portion of the
socket and does not adequately spread loads throughout the mid
and distal portions of the interface due to an overreliance on
hydrostatic stabilization.
This places an undue burden on the distal end of the radius,
A properly designed upper-limb interface should optimize increasing discomfort and reducing function. The ACCI adds
stability. This means creating a balance between exerting radial channels on either side of the antecubital area and along
maximum stability and allowing for the appropriate level of the length of the radius, which allows for greater surface-area
contact during the crucial stages of early and mid-flexion. This,
intended interface and prosthetic-system mobility.
Stability has several facets. The most important consider- in turn, allows the user to lift heavier loads more comfortably
without restricting flexion and increases
ations in upper-limb interface design pertain to
rotational stability due to its “capture” of
axial rotation, slip, and translation. Axial rotathe radius.
tion can pertain to rotation of either the soft tisAt the humeral level, early and tradisues or the interface itself about the long axis of
tional designs do little to limit axial rotathe primary bone in radial and humeral designs
tion of soft tissue and interface rotation
or about the thorax in the transverse plane in
about the axis of the humerus, relying
thoracic designs. Slip of the soft tissues occurs
instead on auxiliary straps to provide this
intrinsically (within the volume of the interface)
function. Patients are subjected to exceswhen applied forces are of sufficient magnitude
sive harness pressures in the axilla and
to overcome the frictional force at the interfacial or human-interface boundary. Finally, Figure 2: Translation axial rotation slip. elsewhere due to prosthetists’ attempts
to adequately control rotation by increastranslation will be defined herein as any gross
movement—excluding axial rotation as defined above—of the ing the forces exerted by auxiliary strapping. The “Dynamic
interface about the limb segment in radial and humeral designs Socket,” introduced by Tom Andrews, CP, in the late 1980s,
finally achieved interface control of axial rotation by relying on
and in relation to the thorax in thoracic designs (figure 2).
the interface rather than on ancillary straps to control unwanted
axial rotation of the soft tissues about the humerus.7
At the thoracic level, there is an inherent resistance of the
A properly designed upper-limb interface should limit unwanted axial rotation of both the soft tissues and the interface soft tissues to axial rotation of significant magnitude; however,

Stability

Axial Rotation
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a measurable amount can and does occur. Soft-tissue rotation slip while avoiding encapsulation of the shoulder complex.
about the thorax is largely absent in the encapsulatory designs
Early and traditional thoracic designs exhibit an inordinate
still in use today, as these designs seldom have the degree of amount of slip. Slip occurrs in response to a static encapsuoverall intimacy to generate the interfacial friction necessary latory interface being unable to conform to a dynamic anato impart global soft-tissue rotation about the thorax of any tomical landscape caused by posturing, joint motion, volume
appreciable magnitude. Commonly, slip occurs, and the inter- fluctuations, etc. With the advent of the XFrame, the encapface exhibits significant instability, rotating about the thorax sulation method was discarded in favor of a reduced-profile
until edge pressure at the perimeter or contact pressure else- design that covers a smaller surface area and avoids contact
where builds to sufficient resistance levels to counteract it. In with the shoulder joint as well as the lateral aspects of the
early and traditional designs of thoracic interfaces, axial rota- scapular spine and trapezius muscle, which allows the XFrame
tion is only marginally controlled by these anteromedial and to remain stable on the thorax throughout. By compressing the
posteromedial edges. In response to this
pectoralis area in a method similar to that
discomfort, to the inherent instability of
described above, slip is further prevented.
encapsulatory designs, and to excessive heat
Interface material also plays a major
retention, the XFrame was introduced in the
part in slip control. The balance between
allowing slip and controlling slip can be
early 1990s, also by the author.4 This thoskewed one way or another by the friction
racic interface utilizes a technique similar to
properties of materials commonly used, or
those in advanced humeral designs, namely
more advanced materials not often considthe use of an outrigger principle to aggresered. In current radial and humeral levels, a
sively control axial rotation. Stabilizers or
compromise must be reached between the
paddles are placed at each of the four cordonning and doffing effort as well as interners comprising the anterosuperior, posteroface suspension. Due to the encapsulatory
superior, anteroinferior, and posteroinferior
nature of traditional interfaces designed
boundaries, and because of this, unwanted Figure 3: XFrame medial perspective.
for these levels, friction must be carefully
interface rotation in the transverse plane is
considered due to the effort required when donning or doffmitigated (figure 3).
ing. In the thoracic levels utilizing the XFrame design, higher
levels of friction may be employed in order to achieve greater
In all upper-limb interface designs, some amount of slip oc- stability and control with minimal regard to application and
curs. The challenge, biomechanically and physiologically, is removal.
in designing an interface that allows the proper amount of slip
to occur. Excessive slip can result in significant stability and
suspension difficulties, requiring additional loading in other Interface translation often involves friction and shear but can
areas of the interface to counteract this. Excessive localized also be the result of improper contouring and inaccurate volcontrol of slip can result in interfacial issues arising from ume control. Interface translation as defined previously is as
physiological responses to friction and shear.
any motion of the interface—other than axial rotation—relaIn the early and traditional radial interface designs—as tive to the skeletal structure of the limb (in radial and humeral
is the case in nearly every interface design conceived to this designs) or, at the thoracic level, relative to the skeletal strucpoint—slip was largely controlled by either volumetric reduc- ture of the thorax.
tion (increasing global skin-interface friction), or by increasing
Translation of the interface is responsible for many of the
localized pressures in critical areas (often in sensitive, minimal- inefficiencies observed in transfer of the user’s input to prosload-bearing regions).
thetic output. Much of this translation occurs through softIn the early and traditional humeral interface designs, slip tissue compression. The firmness of the underlying soft tissue
was controlled in similar ways. Reduced volume of the inter- will determine the rate and magnitude of compression that
face in order to increase surface friction was common, as was occurs in response to an applied normal or tangential force.
increased pressure over sensitive regions, such as the acromion, At some point, resistance to compression will build to a level
the acromioclavicular joint, the clavicle, and spine of the scap- that begins to exert an equal and opposite force to that which
ula of the shoulder complex, as a result of encompassing the is being applied, and the interface, if unrestricted, will respond
shoulder. In more advanced humeral designs, volume reduction by moving in the direction of the applied force.
is also used, but more focus is placed on distributing pressure
An applied external or internal force can cause signifiover the pectoralis area, which improves both suspension and cant translation of the interface until adequate resistance or

Slip

Interface Translation
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counterforce is met. This translation can have profound effects accounted for during the design phase. One solution to this
on user comfort and prosthetic control as efficiency plummets dilemma is simply to modify the rigid areas of the interface
and function suffers. In traditional encapsulatory designs, both such that they do not encompass the epicondyles or olecranon
volumetric and perimeter intimacy, together with correct ana- and instead provide either a flexible encapsulation of this area
tomical and biomechanical contouring, are necessary to mini- or eliminate encapsulation of this area altogether, as is seen in
mize this type of interface translation.
Sauter’s “three-quarter” socket and in more recent developIn traditional radial- and humeral-level designs, their encap- ments that borrow from Sauter’s original ideas.
sulatory nature demands a high level of volumetric intimacy.
The problem of instability caused by antecubital tissue
This feature, along with their proximity to—and in most cases bunching and compression is addressed in a unique way in the
their encapsulation of—either the elbow or shoulder joint, ACCI design. The anteroproximal brim extends up and into the
exposes them to a wide range of motion-related instabilities. In cubital fold, with a relief allowed for the expanding volume of
addition, significant cross-sectional changes occur at the radial antecubital tissue during flexion. Rather than leveraging the
level during flexion and extension. The ensuing variation in sur- interface distally as the antecubital tissue amasses against the
face topography and hydrostatic pressure creates opportunities anteroproximal brim, it simply fills in the relief gradually as
for intrinsic instability.
elbow flexion angle increases, avoiding the buildup of contact
In current radial interface designs, translation is prevented pressure commonly responsible for interface translation.
namely via global compression of the soft tissues and increased
In early humeral designs, translation was a significant problocalized pressure generated by contact of the soft tissue with lem, due in part to simplistic anatomical contouring distal to
the perimeter and what can be thought of as the proximal ring the axilla, and as well to the encapsulation of the glenohumeral
of the socket. When compression
joint. If large forces were applied,
resistance of the soft tissue reaches
it was common for the interface to
a level that exerts enough force on
exhibit severe instability. Often the
the anteroproximal brim, intrinsic
harness—in addition to its suspenslip (secondary to the generation of
sory function—was chiefly responfriction and shear forces) and intersible for providing the necessary
face translation in the distal direcstability in these early designs. Hartion takes place. This translation
ness straps were frequently cinched
often occurs to such a degree that
tightly, resulting in some discomfort
it partially or completely displaces
in the contralateral axilla if it was
the interface from the limb. This
used as an anchor point, and in some
partial displacement is often used
cases, the cinching resulted in nerveas a basis for determining what is
entrapment syndrome. Because the
considered full and functional flex- Figure 4: Radial lifting surface.
glenohumeral joint was typically
ion. While it indeed is functional
encapsulated, its movements would
for many users to achieve such levels of flexion despite their significantly displace the interface, causing large gaps to be crelimb partially ejecting from the interface, it is important to ated at the perimeter and resulting in excessive contact presnote that this is an unintended consequence of poor interface sures on bony prominences and other sensitive areas.
design. The most frequent solution to this problem is to reduce
The Dynamic Socket and its successors avoid encapsulathe proximal extent of the brim in this area. While this fre- tion of the glenohumeral joint, and the lateral trim line is often
quently solves the interface-translation issue, it reduces the brought as low as the insertion of the middle deltoid. Moveamount of viable load-bearing surface area, often resulting in ments of the glenohumeral joint do not typically displace the
user discomfort (figure 4).
interface as they do in earlier designs, but rather allow posiWhile it is true that all radial interface designs to date are tional control while maintaining intimate interface contact with
subject to some intrinsic instability due to forearm dynamics, the limb. One of the key features limiting interface translation
traditional self-suspending as well as more advanced interfaces in this design is the addition of anterior and posterior stabilizers
also must contend with motion-related and anatomy-related to the proximomedial aspect of the interface perimeter. Cominstabilities secondary to joint proximity and/or encapsulation. pression of the pectoralis and scapular areas by these stabilizers
Proximity to and encapsulation of bony prominences, espe- generate significant resistance to distal migration of the intercially those areas that move or translate relative to the interface face, as well as increased frictional forces at the skin-socket
during motion or whose surface topography alters, for example, interface, limiting interface translation.
create an additional level of potential instability that must be
Finally, the medial-lateral (ML) dimension is compressed
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along the medial and lateral aspects of the limb in order to
increase frictional forces and allow room for biceps and
triceps hypertrophy and shape changes during muscle shortening and physiological development. In later designs by
the author and others, compression of the pectoralis muscle
in a more localized area, as close to the center of rotation of
shoulder abduction as possible without impinging on the
head of humerus, provides a more stable result. In addition,
the increased AP of the Dynamic Socket allows excessive
motion of the humerus within the interface in flexion and
extension and is considered a detriment to cosmesis. Later
designs tend to minimize ML compression and AP expansion for this reason.
In early and traditional thoracic designs, encapsulation of
the glenohumeral joint causes problems with interface translation that are similar to those found in the early and traditional
humeral designs described above. Large displacements of the
interface are common during shoulder movement, and the
resulting instability is a significant problem due to the heavier
total weight of prosthetic systems typically encountered at this
level of amputation or amelia, as well as to a loss of contact
with surface electrodes when, for example, a myoelectric control strategy is used.
Finally, encapsulation of the thorax in early and traditional
thoracic designs results in interface translation whenever the
spine is articulated or the scapulae are ranged. The varying
thoracic surface topography during these movements induces
intrinsic instabilities within the closed volume, having a negative effect on interface stability.
Because the XFrame does not incorporate the glenohumeral
joint within its perimeter and because at its superior aspect the
frame’s anterior stabilizer applies a concentration of contact
pressure at or near the shoulder’s center of rotation in the frontal plane, very little interface translation occurs during shoulder
ranging. In addition, this interface is not a closed volume and
can be described as being discontinuous, so surplus translation is
not significant during scapular and/or spinal articulation. Finally,
the XFrame adds a pair of stabilizers to the inferior aspect of its
anterior and posterior borders, which, in addition to counteracting axial rotation and distal migration, play an important role in
reducing interface translation by increasing frictional forces at
the interfacial boundary.

Positional Control
Positional control of the prosthesis most often begins with
the transfer of human input to the interface. Whether this
input is extrinsically derived, as in a positioning task requiring gross body movement, or whether it is intrinsically derived, as in radioulnar supination or pronation, the
passing of this “information” and/or energy must be efficiently
executed in order to optimize system or component activation.
In both cases, an interface must maintain adequate intimacy and
A-8 The Academy TODAY ■ June 2009

biomechanical control in order to ensure maximum functional
efficiency or responsiveness.
In early radial designs, their simplistic conical shapes rely
on auxiliary suspension and volumetric efficiency to effect
positional control, and the designs’ functional efficiency is
extremely sensitive to limb length. In the Muenster and Northwestern interfaces, their self-suspending design and specific
anatomical contouring enables the proximal brim to exert
more influence and impart an added measure of positional
control. However, lacking significant contouring distal to the
proximal third of the interface, these designs still rely chiefly
on the intimacy of the interface volume for positional control.
The ACCI adds radial channels to the distal volume, which
offers additional stability as well as an extended brim up into
the cubital fold. By imparting additional contouring proximal
to this region, it achieves improved positional control over that

Figure 5: Fully labeled ACCI showing radial channel.

of its predecessors. While traditional interfaces place excessive pressure on the distal aspect of the limb under load, the
radial channels of the ACCI not only aid rotational stability, but
also ensure sufficient soft-tissue contact along the length of the
entire limb throughout all ranges of motion, reducing distal-end
discomfort (figure 5).
Positional control in early and traditional humeral designs
relies on a combination of auxiliary suspension, glenohumeral
encapsulation, and global compression. In extreme ranges of
glenohumeral motion, the efficiency of the auxiliary suspension
degrades significantly. In addition, any control afforded the user
via encapsulation of the shoulder joint diminishes considerably
because at extreme ranges of adduction and flexion, it often no
longer remains within the confines of the interface. The user
generally has to rely on the intimacy of the interface’s distal
volume to provide any measure of stability, and hence positional control.
In the Dynamic Socket, the anterior and posterior stabilizers add greatly to positional control throughout even extreme
ranges of glenohumeral joint range of motion. While softSupplement of The O&P EDGE

attachment for prosthetic components, is traditiontissue compression within the distal
ally achieved through the use of an encapsulatory
volume adds a measure of stability,
or closed-volume socket designed to contain the
the stabilizers increase their role in
soft tissue. Improvements to these earlier solid-body
maintaining positional control as
designs have resulted in the incorporation of a framelimb length, and hence lever arm, are
style interface consisting of a rigid frame and a semireduced (figure 6).
flexible thermoplastic inner liner. Though this inner
At the thoracic level, positional
liner flexes to some degree where it is not backed by
control of the interface is not typia rigid frame element, it still encapsulates the intrincally considered a crucial factor in
sic limb and significantly restricts soft-tissue flow,
interface design. Users typically rely
thus maintaining hydrostatic pressure and providing
on either active or passive movement
of prosthetic components rather than Figure 6: AHI versus traditional over- a global compressive force to the limb’s associated
soft tissue.
on glenohumeral joint excursion, with lay biomechanical.
the exception of some fully cable-driven and hybrid systems.
While much of this control is effectively borne by contact of
the glenohumeral complex (typically the humeral head and Over the last 50 years, despite significant advances in intersurrounding soft tissue) against the inner wall of the socket in face design, there is a common thread that links them all: with
encapsulatory designs, this increased mobility has a concomi- the exception of the ACCI, very little attention has been paid
to the soft tissues and skeletal anatomy distal to the proxitantly negative effect on overall stability.
The XFrame must be modified if it is intended to be used mal region of the interface. While it is not possible to detail
in partially or fully cable-driven form. The anterior stabilizer all the biomechanical and physiological elements involved
is brought more superior to engage the humeral head, if pres- within the scope of this article, the author will briefly discuss
ent, and its associated soft tissues in order to capture maximum the fundamental principle inherent in an emergent and highly
motion derived from scapular protraction. The XFrame was successful design that incorporates not only anatomical condesigned to be extremely stable under all conditions; hence, its touring (which by its very definition is present in all interface
unmodified version avoided contact with the mobile glenohu- designs that encapsulate the limb), but optimizes biomechanimeral joint. The frame remains relatively motionless through- cal control through the use of much more significant compresout glenohumeral joint ranging without the humeral-head sion forces strategically placed upon the intrinsic bone of the
modification although scapular protraction does allow some target limb. This highly advanced design concept forms the
voluntary axial rotation of the interface about the thorax for basis for the interface utilized in key military research-andimproved positioning of the prehensors, which is especially development programs centering around upper-limb prosthetimportant in bilateral applications as the user attempts to ics, with which the author is involved.
Because hydrostatic pressure in a traditional encapsulatory
reach his or her midline.
interface restricts the amount of localized and targeted compression on the intrinsic bone that can be attained within the
In summarizing the general biomechanical principles of prop- interface, there exists a significant amount of compressible soft
er upper-limb interface design, it is important to note that an tissue between the skeletal structure and the interfacial boundefficient interface will optimize load transmission and stability, ary. Because soft-tissue compression in this area between the
while maximizing positional control. In other words, anatomi- interface wall and the skeletal structure is sub-optimal, sigcal contouring and biomechanical control must regard optimal nificant skeletal movement occurs prior to attaining sufficient
locations for the application of contact pressures as well as the soft-tissue compression at the interfacial boundary to initiate
overall surface area upon which contact pressure is applied. It interface response. This redundant motion decreases prostheis imperative that pressure distribution is not necessarily maxi- sis stability, the wearer’s positional precision, functional range
mized but optimized, as slip—often the result of poorly man- of motion, and overall efficiency of movement, thus increasing
aged friction and shear forces—must be carefully modulated to energy expenditure while concurrently increasing the perceived
achieve the desired result.8 In addition, load transmission, axial weight of the prosthesis.
The preceeding issues are overcome with the applicarotation, and translation must all be modulated carefully to ensure superior function and comfort while imparting maximal tion of a new fundamental principle in interface design: the
patent-pending “High-Fidelity” or “Compression-Stabilized”
stability and capture of volitional movement.
The enclosure of an individual’s limb for the express intent Interface. This design principle has been applied to both
of capturing movement, load transmission, providing suspen- upper- and lower-limb prosthetic and orthotic applications
sion, limb protection, and stability, as well as providing an and functions to provide superior interface response and

High-Fidelity Interface

Discussion
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Enhancing the Functional Envelope:
A Review of Upper-Limb Prosthetic
Treatment Modalities
■

Jayne Drummey

Abstract
The functional envelope involving the upper limb consists of
multiple spheres of action that are integrated and determined
by the shoulder complex, elbow, wrist, and hand.1 Upper-limb
motion is rapid, spatially complex, and has not received as
much scientific attention as that of the three-dimensional kinematics of the lower limb. While assessing range of motion
to determine the severity of disability in upper-limb-impaired
patients is the current standard, this process usually involves
measurement of range of motion in a single plane. Although
this form of evaluation can provide valuable data, these measurements do not provide information on functional motion or
how the limb moves during activities of daily living (ADL).
This paper explains what the functional envelope is and
more importantly, it evaluates the literature on those treatment modalities, specifically in the realm of prosthetic intervention, that attempt to increase the functional envelope in
patients with upper-limb amputations. From this explanation
and evaluation, practitioners can draw more educated conclusions about which treatment options serve the patient best in
increasing the functional envelope.

Introduction
While lower-limb movement analysis has been used since about
1900, analysis of the upper limbs is still considered to be at an
early stage. In 2006, with a focus on biomechanics, Veeger and
Pascoal compared motion-analysis references of lower-limb
joints to those of upper-limb joints. They found that upper-limb
references accounted for only 40 percent of the total, clearly
illuminating the relative lack of biomechanical motion analysis
of the upper limb.2 The use of 3-D motion analysis in clinical
application is said to be attributed to clinical gait analysis, a
well-defined process of repetitive cyclic sequences that occur
from heel strike to heel strike. Biomechanical models have been
developed based on the movement of the lower limbs, which
allow for calculation of joint angles, joint forces, and moments.
In comparing gait analysis to upper-limb motion analysis, a
number of problems have been revealed. These issues include,
but are not limited to: (1) the variability of upper-limb movements when one or more movements is required for a specific
task; (2) that the variability and complexity of tasks performed
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with the upper limb prevents the establishment of reliable and
standardized procedures for measurement of the upper limb;
(3) that the large range of movement increases the problem of
skin movement, which reduces the accuracy of all measurement
techniques; (4) that upper-limb motions cannot be described in
two dimensions as can be accomplished in a lateral view of the
gait cycle; and (5) that the assessment of external hand forces is
difficult to achieve in most situations compared to what can be
achieved in gait analysis with the use of force plates and footpressure soles.3
With such discrepancies, the variety, complexity, and
range of upper-limb movements cannot be easily described
and are an enormous challenge not only to assess and interpret
quantitatively, but even more so to evaluate in clinical application. While assessing range of motion to determine severity of
disability in affected patients is the current standard, this process usually involves measuring range of motion in a single
plane. Although this form of evaluation can provide valuable
data, these measurements do not provide information on functional motion or how the limb moves during activities of daily
living (ADL). With these challenges, it is particularly difficult
for healthcare providers to prescribe appropriate interventions
based on what little information is known about the upper
limb and the deficits affecting functionality due to disability.

Functional Upper-Limb Range of Motion
The upper limb is represented by a link-segment model composed of rigid segments with multiple degrees of freedom.
Within the performance capacity of the upper limb, the most
notable area of its abilities is the functional envelope. The
functional envelope involving the upper limb consists of multiple spheres of action that are integrated and determined by
the shoulder complex, elbow, wrist, and hand. Each of the
pieces of the functional envelope refers to an area or areas of
movement around an individual’s body, which is based on the
position of the limb segment in space. As one segment changes, it affects the functional envelope of the other segments
and vice versa. In the past, researchers have studied this arc
of motion in several different ways; however, research done
specifically in the areas of functional range of motion during
June 2009 ■ The Academy TODAY A-11

ADLs is an area of extreme importance to the individual with
upper-limb disability.1
In 2005, Magermans et al. examined the requirements
for upper-limb motions during ADLs with a specific interest in normal movements of the shoulder. During this study,
the shoulder and elbow motions of 24 healthy female subjects
were measured with an electromagnetic tracking device while
performing eight range-of-motion tasks and five ADLs. Activities in this study looked particularly at combing hair, perineal
care, eating with a spoon, reaching, washing the axilla, and lifting a four-kilogram bag. The results in the hair-combing task
indicated subjects used at least 73 degrees of glenohumeral
elevation to comb their hair. Additionally, during arm elevation
when combing hair, 20–100 degrees of glenohumeral elevation
motion was observed along with large amounts of external rotation at the glenohumeral joint. In concurrence with previous
studies, it was noted that elbow flexion is also very important
in performing such a task, with minimal elbow flexion of 112
degrees used. In perineal care, the most important angle found
for performing this task was axial rotation (internal rotation) of
approximately 71 degrees. In the eating task, the most important joint angle found was elbow flexion (approximately 117
degrees) where the subject would not be able to bring the spoon
to his or her mouth. The reaching task required the highest glenohumeral elevation (111 degrees), and grasp in the end phase
of reaching required pronation of approximately 103 degrees.
In the washing (axilla) task, 83 degrees of elevation and a minimum of 104 degrees of elbow flexion were required.4
In a study completed by Morrey et al. in 1981, normal
patients were studied to obtain results for typical motion about
the elbow. In this study, the amount of normal elbow motion
required for 15 ADLs was recorded. In doing so, elbow flexion
and forearm rotation (pronation and supination) were measured
simultaneously by means of an electrogoniometer. The results
are as follows: activities of dressing and hygiene required elbow
positioning from about 140 degrees of flexion (which was
needed to reach the occiput) to 15 degrees of flexion required
to tie a shoe. Most of these activities were performed with the
forearm in 0–50 degrees of supination. Other ADLs, such as
eating, using a telephone, opening a door, and most other ADLs
that were studied in this project were found to be accomplished
with 100 degrees of elbow flexion (from 30–130 degrees) and
100 degrees of forearm rotation (50 degrees of pronation and 50
degrees of supination).5
In analyzing functional range of motion of the wrist, Ryu
et al. similarly examined 40 normal subjects (20 men and 20
women) to determine the ideal range of motion required to perform ADLs. The amount of wrist flexion and extension, as well
as radial and ulnar deviation, was measured simultaneously
by means of a biaxial wrist electrogoniometer. The entire list
of ADL tasks that were evaluated could be achieved with 60
degrees of extension, 54 degrees of flexion, 40 degrees of ulnar
deviation, and 17 degrees of radial deviation, which reflects the
maximum wrist motion required for daily activities.6
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In a similar study performed in 1983 by Brumfield and
Champoux, 19 normal adults were studied by a uniaxial electrogoniometer to determine the range of wrist motion required
to accomplish 15 ADLs. These activities included many of
the same activities noted in previous studies, such as cutting
with a knife, bringing a fork to the mouth, using a telephone,
bringing a glass to the mouth, etc. This study found that the
optimum functional motion for the wrist to accomplish most
activities is from 10 degrees of flexion to 35 degrees of extension. This was derived through observation and measurement
determining range of motion during necessary activities, such
as eating, drinking, using a telephone, and reading, which were
accomplished with 5 degrees of flexion to 35 degrees of extension in addition to analysis of activities pertaining to personal
care, which were found to be accomplished by motion of 10
degrees of wrist flexion to 15 degrees of wrist extension.7

Impaired Range of Motion
When range of motion is impaired, an individual’s ability to
perform ADLs often diminishes. Unfortunately, this kind of
range of motion loss is a common consequence of many forms
of upper-limb disability. In addition to the musculoskeletal
functionally impaired patients whose limb segments still remain, there are also the upper-limb amputee patients who not
only must functionally adjust to both the loss of joint function depending on the level of amputation but also functionally adjust to the complete loss of the limb segment, which
diminishes spatial function. In the past, researchers have attempted to make functional comparisons between upper-limb
deficiency and disability caused by upper-limb injuries other
than amputation.
In 2004, Davidson made comparisons utilizing the Disability of the Arm, Shoulder, and Hand scale (DASH). The DASH
scale asks about the patient’s ability to perform 21 physical
activities on a five-point Likert scale for degree of difficulty
or severity. Activities include writing, food preparation, transportation, recreational needs, and changing a lightbulb overhead. Achieving a higher score on the DASH scale indicates
a greater level of disability. Over a course of 48 months, 274
patients were given the DASH. There were 75 upper-limb
amputees, 26 of whom had hand or digit amputations. The
remaining 199 patients suffered from a variety of diagnoses
including brachial plexus injury, complex regional pain syndrome, shoulder capsulitis, and carpal tunnel syndrome. The
average DASH score for the cohort was 51/100. The highest
average DASH scores were for bilateral amputations (68/100)
and quadruple amputations (67/100). These populations had
higher scores compared to brachial plexus injury, arthritis,
and tendonitis, and scored the same as those patients with
complex regional pain syndrome. Part of the DASH scale also
looks at how individuals with different musculoskeletal disorders score when looking at activities of work and leisure. It
was found that unilateral upper-limb amputees, partial-hand
amputees, and amputees from brachial plexus injuries scored
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higher in their perceived disability during work tasks. These
results are indicative of the fact that upper-limb amputees
perceive themselves as having higher disability in work tasks
than individuals with diagnoses such as brachial plexus injuries and complex regional pain syndrome; both of the latter
groups scored lower than the amputee group.8
With such a large spectrum of disability and differences in
diagnoses of their respective losses, healthcare professionals
must spend a considerable amount of time selecting the appropriate intervention strategies to restore active and passive
range of motion and, more importantly, to help patients regain
their independence by enhancing functional performance in
ADLs. The effectiveness of rehabilitation interventions in
upper-limb impaired patients is not something frequently
studied and has been somewhat subjective. While several
studies have analyzed the use of different treatment modalities for these patients, results typically vary, and it is unknown
whether these results truly help the patient gain functional
independence because there is no “gold standard” for determining this value. Several prosthetic treatment modalities and
their functional effectiveness in different types of upper-limb
amputation have been studied and reported on over the last
few decades. It is the hope that in trying to establish best treatment options functionally, healthcare professionals can make
more educated recommendations to patients based on their
specific needs and deficits.

Focus on the Individual with Upper-Limb Loss
When looking at the individual with upper-limb loss, several
factors have been identified as possible limitations of functional outcome of treatment progress. Factors including interface design, suspension mechanisms, and prosthesis type, to
name a few, all affect the functional envelope of the upperlimb amputee.

Interface Designs
In looking at interface design and suspension, there are a number of restrictions that directly affect certain levels of range
of motion in the upper-limb amputee. Restrictions that are
caused by prosthetic interfaces can often limit range of motion
simply because of how they are designed. At the transradial
level, self-suspending socket designs such as the Muenster and
Northwestern styles have been shown to limit the amount of
available active elbow flexion in some patients. A study done
in 2003 by Miguelez, Lake, Conyers, and Zenie compared the
range of motion in three different types of self-suspending interfaces as well as to the normal range of motion of the elbow.
In normal elbow movement, range of motion from full extension to full flexion ranged from 0–146 degrees for a total arc
of 146 degrees. With the application of the Muenster socket,
functional arc of flexion was reduced to 78 degrees (ranging
from 20–98 degrees), and with the use of the Northwestern
socket, functional arc of flexion was reduced to 86 degrees
(ranging from 12–98 degrees). In the same study, the use of
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the transradial anatomically contoured (TRAC) self-suspending interfaces was also studied to determine range of motion.
This interface type uses aggressive contouring of bony anatomy and uses less-restrictive trimlines, which allows for better
range of motion, among other benefits. When this interface
underwent testing for range of motion comparisons, the more
progressive TRAC had an elbow flexion arc of 100 degrees
(ranging from 10–110 degrees)—a far better result than its
predecessors’ traditional interface designs.9
There are also potential problems with interface fit for
the transhumeral amputees. A study was done by Bertels in
2001 which looked at shoulder motion both with and without the use of a prosthetic interface. Regardless of residual
limb shape and interface type, there was an average decrease
in shoulder range of motion by approximately 20 percent in
each plane. With the use of traditional transhumeral interface
designs, the shoulder cap was found to act as a mechanical
stop, which forces limitations in anteversion/retroversion,
abduction/adduction, and horizontal flexion/extension of the
shoulder.10
In another study completed in 2000 by Daly, subjects with
transradial amputations utilizing conventional supracondylar
suspension mechanisms for use of a self-suspending prosthesis were compared to the use of roll-on liners. Daly looked at
three transradial patients and found that there was increased
elbow range of motion from 15–27 degrees in the silicone
roll-on liner users.11

Harnessing
In 2001, Bertels went on to look at the effect of conventional
harness use on shoulder motion in transhumeral amputees. As
previously thought, the harness was shown to restrict motion
of the shoulder. It was found that in comparing the harnessed
shoulder to the normal shoulder, the normal shoulder abducted and moved more proximally to a greater extent than that
of the harnessed shoulder. The normal shoulder girdle usually
abducts 170mm and moves proximally about 90mm, whereas
the use of a harness restricts this amount to 95mm and 20mm,
respectively. In comparing the two motions of the shoulder,
normal and harnessed, there is a 44 percent reduction in normal abduction range of motion and a reduction of normal adduction range of motion of up to 78 percent. Positive results
can only be achieved if the prosthetic interface and body harness are fitted according to the individual characteristics of
the patient. This can be effective for understanding which motions and cable and harness positions are most suitable based
on the patient’s needs.10

Type of Prosthesis
A study completed in 1988 by Weaver, Lange, and Vogts made
a comparison between myoelectric and conventional prostheses in adolescents with unilateral transradial congenital limb
deficiency. One of the areas of this study looked at functional
range of motion based on fit of the prosthesis. Four of the
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eight individuals who were using the myoelectric prosthesis,
which suspended at the elbow and forearm utilizing the traditional Muenster-style socket design, had a decrease in active
elbow flexion of 25 degrees; additionally, two subjects lost an
average of 45 degrees of supination, while one subject gained
15 degrees of active pronation.12
Additional research has taken place in the functional effectiveness of body-powered prostheses versus externally powered
prostheses in transradial amputees, which has provided significant findings. Referring to the previously mentioned 1988
study completed by Weaver, Lange, and Vogts, comparisons
were made between myoelectric and conventional prostheses in adolescent amputees. In this particular study, points of
interest covered were functional comparisons and bimanual
assessment. Subjects were measured and fit with myoelectric
below-elbow prostheses with a self-suspending interface and
Otto Bock electric hand. All individuals had only used conventional body-powered prostheses prior to this study. As far as
grasp, individuals felt they could grasp objects and hold them
more securely with the myoelectric prosthesis because the grip
force was greater. In the bimanual assessment, subjects performed 38 activities that were grouped into six ADL categories—dressing, hygiene, eating, tasks about the home, school/
work activities, and play activities. Subjects rated their performance in each, initially with the body-powered prosthesis, and
then again with the myoelectric prosthesis. In these tasks, it was
found that bimanual function with the myoelectric prosthesis
increased by 61.7 percent in the dressing task, 50 percent in
hygiene, 51.8 percent in eating, 55.77 percent in tasks about the
home, 79.48 percent in school and work activities, and 70.58
percent in play activities. The obvious increase in function in
these subjects, which was also noted, was the freedom from
harnessing, which allowed the subjects to have more accessibility within their functional envelope.12
A similar study, done by Stein and Walley in 1983, compared function of upper-limb amputees using myoelectric versus conventional prostheses. In this study, the function of each
prosthesis was compared through the use of standardized tasks
as well as to the use of the sound hand in the case of unilateral
amputees. Thirty-six subjects were studied—20 with myoelectric prostheses and 16 with body-powered prostheses. To
test functional range of motion, subjects were asked to open
and close their terminal devices three times in five different
positions: above shoulder level, at the mouth, behind the neck,
behind the back, and in front of the body. The final score was
based on the number of positions at which the amputee could
reliably operate the prosthesis. In addition to this, amputees
were asked to perform a number of tasks with their prosthesis and with their normal arm for comparison. Tasks for this
aspect included picking up objects, simulated feeding, stacking checkers, strength of grasp, endurance, picking up and
rotating objects, and gross dexterity. On average, the myoelectric users scored higher in the tests of functional range of
motion (4.3 vs. 3.6).13
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Amputees with conventional prostheses had the most difficulty opening the terminal device behind their back and, to a
lesser extent, behind their neck because of slack on the cable.
Transhumeral amputees scored lower on the functional range
of motion because they could not bring their prostheses into all
the functional positions desired; however, range of motion was
found to be significantly better in cases where the myoelectric
prosthesis was used. Interestingly, in the assessment of ADLs,
it was found that while tasks were performed faster with the use
of a body-powered prosthesis, the subjects had to use extreme
body movements such as rotating their trunk to carry out rotating a heavy object. On the other hand, those subjects with the
myoelectric prosthesis were able to carry out the tasks in a more
normal position. It was therefore concluded that conventional
body-powered prosthetic users could only carry out the tests in
a more limited range of positions.13
In another study completed in 1995 by Millstein, Heger, and
Hunter, prosthetic use in adults was analyzed by making comparisons between body-powered and electrically powered prostheses. A total of 314 adult upper-limb amputees with either
wrist disarticulation, below elbow, above elbow, shoulder disarticulations, and forequarter amputations were given a questionnaire with questions referring to the use of various types
of prostheses in ADLs, work, and recreation. Patients used
variations of prosthetic design including cable-operated hook,
cable-operated hand, electrically powered prosthesis, and cosmetic prostheses. Many subjects had more than one prosthesis
to incorporate all of their functional needs. Patients with transradial prostheses showed that, of the patients initially fit with
cable operated hooks, only 69 percent were still using them,
compared to those who were initially given electrically powered
prostheses, where 82 percent were still wearing them. Among
transhumeral amputees, acceptance rate for the body-powered
prosthesis was 73 percent; for the electrically powered prosthesis, it was 86 percent. In patients with shoulder disarticulations, acceptance rate for the body-powered prosthesis was 38
percent, which was thought to be due to the high energy expenditure necessary to achieve limited function; acceptance rate
was 100 percent for the electrically powered prosthesis. One of
the key findings of this study was that the prostheses were well
used and essential to the amputees’ personal and employment
activities. In addition, it was stated that most of the amputees
indicated that they needed more than one prosthesis in order to
achieve all of their functional needs.14

Conclusion
There is still much that needs to be done in terms of quantitatively determining the best protocol for treatment of individuals with upper-limb motion loss, particularly those with
upper-limb amputation. At this point, it can be stated that interface design has a profound effect on functional range of
motion for the upper-limb amputee, and progressive interface
designs should be evaluated as an alternative to what has been
used traditionally. More progressive interface designs have
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been shown to provide additional range of motion, which
when combined with new technology, is helping to close the
gap on functional limitations. Secondly, evidence suggests that
there is functional improvement both in range of motion during ADLs as well as during bimanual activities with the use of
a myoelectric prosthesis compared to that of the conventional
body-powered prosthesis. Upper-limb amputees are able to
appreciate greater range of motion within the functional envelope without the use of a harness. Additionally, it has been
shown that upper-limb amputees can benefit from using more
than one prosthesis to achieve all of their functional needs.
Finally, because improvement in components continues to
take place as technology advances, it is necessary to reevaluate past studies as well as existing treatment modalities for
upper-limb amputees using present-day componentry in order
to effectively quantify rehabilitation progress and to provide
the necessary justification for providing the most functionally
effective upper-limb prosthetic treatments.

Call for Further Research
The findings in this review indicate a need for a better understanding in terms of normal upper-limb movement as well as
pathological movement. In order to close the gap in terms of
quantifying treatment progress clinically, there must be additional research performed. It is necessary to develop a repetitive, standardized way of performing three-dimensional,
kinematic analysis of upper-limb motion. Once a gold standard exists to evaluate normal upper-limb motion performing
specific goal-oriented tasks, these methods can be applied in
clinical settings to effectively and easily evaluate inefficiencies in movement, particularly in the functionally impaired
upper-limb population.
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