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Ambulatory KAFOs: A Biomechanical Engineering Perspective
Kenton R. Kaufman, PhD, PE
Steven E. Irby, MS

Individuals with proximal weakness of the lower extremity are often prescribed knee-ankle-foot orthoses (KAFOs), also known as long-leg
braces, to compensate for severe weakness of the lower limb muscles. More than 1.5 million people in the United States have partial or
complete paralysis of the extremities. 1 Prevalence of paralysis increases with age ( Figure 1 ), and it is not surprising that the mobility of
individuals with neuromuscular disorders is one of the most common and complicated issues treated by rehabilitation professionals. Many of
these individuals require assistive technology (AT) in the form of an orthosis to enhance mobility ( Table 1 ). 2 It is important to note that
although there is a greater need for assistive technology as age increases ( Figure 1 ), the use of AT actually decreases with age ( Figure 2 ). 3
This usage with age is due, in part, to consumer rejection of KAFO designs.

Figure 1. Prevalence of lower extremity paralysis in the United States. 1

Table 1. US population requirements for assistive technology for the lower extremity, 1994

Figure 2. Use of assisted device technology in the United States. 3

Typically, KAFOs are extremely simple mechanically and often have few moving parts. This simplicity is accompanied by ease of donning and
durability but leaves functional abilities only partially improved. Historically, KAFOs have locked the knee joint, providing stance phase stability
while preventing knee motion during swing. Alternatively, KAFOs with an eccentric knee joint allow knee motion during swing but provide
limited stability during stance. Either design results in inefficient gait. More recently, stance control orthoses have emerged on the market.
These devices use a knee joint that is mechanically stable during the stance phase but releases for swing phase. The resulting gait is much
smoother than the gait with a traditional KAFO where the knee remains locked throughout the entire gait cycle. Continued engineering
development and creativity will be required for evolution of these designs into viable components for use by patients with knee instability during
stance.

HISTORICAL PERSPECTIVE
In the past, two types of KAFOs were generally prescribed: eccentric (or free) knee joint and locked (or fixed) knee joint. Eccentric knee
orthoses are stable in extension as long as the ground reaction force vector passes anterior to the knee hinge axis. The eccentric hinge
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orthosis design provides limited stance stability and allows flexion and extension to occur at all times. However, an individual must maintain the
force vector anterior to the knee hinge axis during stance for stability. The eccentric knee joint provides free knee mobility during the swing
phase of gait. In contrast, maximum stability is achieved in the locked KAFO. A locked knee joint orthosis keeps the knee joint straight at all
times except when disengaged manually to permit knee flexion during sitting. This design allows stance phase stability but does not allow any
swing phase knee mobility.

Unfortunately, KAFOs can be heavy, rigid, and frustrating devices. In practice, people who require KAFOs typically accept them for a very short
period after injury or disease, but many soon reject them at rates from 60% to 80%, 4,5 presumably because walking with locked knees
demands so much energy. Adding a 1.8 kg (4 lb) weight at the ankle of able-bodied subjects has been shown to increase oxygen cost (ml
O2/kg m) in level walking by 20%. 6 Similarly, locking the knee of able-bodied subjects during locomotion increases the oxygen cost by 23%. 7
Moreover, walking with bilateral KAFOs is more inefficient than wheelchair propulsion in individuals with paraplegia who require two KAFOs to
walk, even for those who customarily use orthoses for locomotion. 8 These data clearly demonstrate that walking with KAFOs is much less
energy efficient than typical walking, whereas wheelchair propulsion approximates the energy required for typical walking. So, it is not
surprising that individuals delay or refuse to use KAFOs and select wheelchair propulsion as a primary mode of locomotion when walking with
bilateral KAFOs requires far more energy.

Addition of hip joint and/or torso control creates other strata of orthoses. These would include the hip-knee-anklefoot orthoses (HKAFO), the
torso-hip-knee-ankle orthoses that include torso support, and the family of reciprocating gait orthoses (RGO). These are generally used to
manage paralysis, but some may also be used in the rehabilitation setting. The knee joint has historically been locked in full extension for
maximum stability with these orthoses as well.

CURRENT DEVELOPMENTS

Recently, KAFO design has been advanced by the introduction of mechanisms that provide stance phase control and swing phase freedom.9
These are referred to as stance control orthoses (SCO). Stance phase control means that knee joint flexion is restricted during stance, the
weight bearing phase of the gait cycle. These mechanisms are designed to release the knee, allowing both flexion and extension during swing,
the non-weight-bearing phase of the gait cycle. The intent is to allow a more normal, energy-efficient, and cosmetically appealing gait. The
potential benefits of a knee brace design that allows swing phase motion while providing stance phase knee joint control have been recognized
since 1918 and are gaining attention as designs are brought to the commercial market for clinical application. 9,10 Over 20 device patents have
been filed in the United States and internationally that purport to have solved this problem. In general, studies of SCOs have reported improved
gait symmetry and reduced energy consumption when using an SCO. 11–19 However, all of these studies have been performed on a limited
number of subjects. Only one report demonstrating benefits on greater than 20 subjects currently exists in the literature. 20

Functional electrical stimulation (FES) has been combined with orthotics to improve paraplegic gait. 21–26 The simplest form of these hybrid
systems relies on the intrinsic musculature to provide motive power while the orthosis is used to guide the limbs and lock the joints
appropriately. Muscles are electrically activated via external or indwelling electrodes. Reports including up to 70 patients show promise, 27,28
but the technology has not been widely adopted to date. Development work is ongoing in the areas of patient testing and computer simulation.
21,29 Clearly, additional research is needed to guide the development, document the efficacy, and define the appropriate applications for these
new technologies.

MATERIALS

A wide variety of materials are used for orthotic applications. Traditionally, steel was used for the upright and leather to line the cuffs. These
materials are still used in some instances, but newer materials open up possibilities for better design, stronger support, increased durability,
and improved cosmesis. All materials considered for new applications should meet certain criteria that determine their suitability for use ( Table
2 ). 30 Strength is the most important criteria for a lower extremity orthosis. Orthoses must have sufficient strength to control the stresses
imposed by the wearer. Stress will result in strain, which is the change in shape of the material. The amount of stress that must be applied to a
material to cause strain is known as stiffness. Stiffness requirements may vary. In some applications, it is desirable to have a very stiff and rigid
material that allows virtually no deflection when loaded. In other applications, however, it is desirable for the materials to conform to the body
shape and absorb or store elastic energy that can be returned during the gait cycle. Material failure can result from two causes. First, excessive
strain can deform the orthosis to the point where it permanently changes shape or breaks completely. If designed appropriately, the material
will be able to withstand millions of repeated loading cycles. However, fatigue resistance is required in this situation. Currently, no information
exists regarding the number of cycles orthotic devices should undergo to avoid fatigue failure. Consequently, the metal or plastic may
eventually fail and necessitate frequent repairs. Density, or weight per unit volume, is also important in selecting a material. The goal is to have
the orthosis be as light as possible to minimize the energy required to move with the orthosis. Corrosion resistance is required to withstand use
in harsh field environments. Any material selected should be readily shaped to conform to the body segment. Finally, any material utilized
should be readily available at reasonable costs.
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Table 2. Important characteristics of orthotics materials

KAFO UPRIGHTS

Traditionally, metals have been commonly used for the uprights, including steel, aluminum, and alloys of titanium and magnesium. Steel is
most commonly used. It has the advantages of low cost, ready availability, and relative ease of fabrication. It is strong, rigid, and fatigue
resistant. However, it is also heavy. Aluminum is a much lighter material than steel with a high strength-to-weight ratio. The primary
disadvantage of aluminum is that is relatively low in fatigue resistance. Titanium and magnesium are strong, lightweight, and have good
corrosion resistance. However, they are more expensive and are typically used in high-demand situations. Manufacturers have adopted a
classification system for prosthetic components that considers the patient weight and functional demands ( Figure 3 ). This guide makes it easy
for the practitioner to select the components that will support the patient's weight and functional activity level. In this way, the lightest weight
and least expensive components may be selected. A similar type of classification system should be developed for orthotic components.

Figure 3. Otto Bock Classification Matrix (copyright owned by and photo reprinted with permission of Otto Bock Health Care).

KAFO CUFFS

Materials for fabrication of cuffs have changed. Steel or aluminum uprights with leather cuffs have been traditional materials. However, metal
uprights with limb-enclosing cuffs covered with leather and fastened with buckles are becoming a design of the past. Greater strength and
stiffness can be developed with newer plastics that are lighter and more cosmetically appealing than metal orthoses. Commonly used materials
include polypropylene (homopolymer and copolymer) and polyethylene (low density, high density, high molecular weight, and ultra-high
molecular weight). Other than the application of modern plastics to orthotic designs, there have been no substantive changes to traditional long
leg braces for decades. 31

JOINING TECHNOLOGY

As noted above, the types of materials most commonly used in current orthotic practice include metal, leather, and plastic. These materials
need to be joined together to create a functional KAFO. However, little attention is paid to the methods for joining technology. Typically, rivets
or screws are used. The fastening materials are made from aluminum, copper, brass, or steel. Because the softer aluminum, copper, and brass
rivets must be larger than steel rivets to achieve the same strength, larger holes are needed to accommodate the softer rivets. In the orthoses,
the larger holes in respect to the dimension of the metal uprights weaken the material. Although recommendations have been made for this
application, 32 very seldom is attention paid to the spacing of the fastening component or the edge distance. Conversely, the larger holes in
softer plastic cuff material help distribute the load over a wider area making a better metal-plastic joint. Basic knowledge of the material
properties used in orthotics is essential for achieving a robust design with minimal fabrication costs. Selection of the correct material for a given
design depends on the engineering properties of the materials along with the intended use. A good understanding of the stresses that will be
encountered during daily use is necessary to achieve an orthotic design that is safe, durable, and meets the user's requirements.

BIOMECHANICS

All orthoses apply forces to the body. The purpose of a KAFO is usually to provide knee stability during stance. In doing so, the orthosis applies
forces to control knee motion. The engineering design must carefully consider the resultant forces throughout the device and provide
componentry with sufficient strength to withstand these forces. The amount of force and the area of the body subjected to the force also
influence the comfort of the orthosis.

ALIGNMENT OF JOINT AXES
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Careful attention must be given to alignment of joint axes. The anatomical joint axis and the mechanical joint axis of the orthosis must be
coincident. If the axes do not coincide, undesirable forces are generated as the joint goes through its range of motion. If the axes of the knee
and the brace are parallel but displaced, binding forces are created in the plane of movement. 33 If the knee axes are not parallel but
intersecting, side loads and twisting moments will be applied to the leg ( Figure 4 ). These forces from malalignment must be transmitted
through both the orthosis hardware and the patient-orthosis interface. The response to these forces can influence orthosis performance and the
length of useful life in the field.

Figure 4. Effect of rotating brace axis internally to knee axis. A, relation of axes (looking down from top, knee extended); B, leg position when
flexed about skeletal and brace axes, respectively (looking down from top); C, side loads and resulting twisting moments applied to leg as a
free body in equilibrium. 33

FORCES IN ORTHOTIC DESIGN
Most orthotic designs use a balanced parallel force system to control joint motion. The forces are distributed in either a 3-point or 4-point control
system ( Figure 5 ). 34 The orthosis is designed to apply force of a particular magnitude at a specific point or place on the limb segment. The
forces may be substantial. If sustained over long periods of time, these forces may lead to tissue deformation and breakdown. Moreover, as the
knee moves, the mechanics of the brace change. 33 When the knee is extended, a 3-point pressure control system is in effect ( Figure 6 ).
However, with flexion, additional torques are applied to the knee brace. These torques need to be absorbed either by the brace componentry or
the bracepatient interface. If the torques are not balanced, the brace will rotate, causing malalignment and malfunction. The magnitude of these
forces is unknown and not considered in existing standards. The resulting shear forces and torques will have an impact on KAFO function.
Further, the support structures must be taken into account to maximize patient comfort and to minimize the long-term consequences of the
shearing forces on joint and soft tissue integrity.

Figure 5. A, For a patient with instability of the knee, this four-point control system is designed to control sagittal plane translatory motion
between the tibia and femur. Distributing the counterforce on either side of the knee joint axis reduces shearing forces at the knee joint while
simultaneously controlling knee flexion. B, The same orthosis controls valgus at the knee in the frontal plane using a three-point control
system. Note the enlarged medial pad that is used to distribute FC comfortably over a large area. Rotation of the tibia in the transverse plane
cannot be controlled effectively by this design. To provide complete control of tibial rotation, the orthosis would have to incorporate the foot
and ankle as well. 34 Reprinted from Orthotics & Prosthetics in Rehabilitation, Lusardi MM, "Principles of Orthotic Design," pp. 77–87,
Copyright (2000), with permission from Elsevier.
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Figure 6. Beam loading produced by brace for correction of genu valgum. A, leg loaded as a straight beam; B, leg loaded as a beam with a
90 degree bend. 33

JOINT MOTION
Orthosis users may not be able to attain a full or "normal" range of motion because of bone or soft tissue limitations. As a result patients will
load the orthoses over a wide range of joint angles. As an example, Irby et al. 20 report stance phase knee joint measurements ranging from –9
to 35 degrees during SCO testing ( Figure 7 ). In this clinical trial, two subjects had knee flexions of 35 degrees during stance phase due to
knee flexion contractures. The increased knee flexion results in increased loading on the KAFO hardware.

Figure 7. Knee flexion for SCO users. The knee flexion during stance varies by user. Some individuals walked in recurvatum, whereas other
subjects had knee flexion contractures that necessitated knee flexion of up to 35 degrees during stance. All users demonstrated swing phase
mobility. 20

FORCES IN KAFOS

As stated above, there are no standards for the structural requirements of KAFOs. Functional requirements will depend on body weight and the
knee flexion angle. Simple extrapolation of knee joint demand based on body weight is misleading because moments at the knee are also a
function of joint position and vary with gait characteristics. Designers must consider both the basic structural capabilities of the componentry
and the functional performance desired. A clinical field trial performed by Irby and colleagues 20 highlights the demands placed on the KAFO
structure. In that field trial, the average age for the 21 research participants was 53 ± 15 years (range, 11 to 76 years). Body weight average
was 83.9 ± 20 kg (range, 50.8 to 127 kg). Body mass indices (BMI) ranged from 19 to 40, with an average of 29 ± 6. According to the Centers
for Disease Control, 35 this group consisted of five normal, eight overweight, and eight obese participants. Objective measurements of dynamic
knee moments demonstrated a range of demands on the orthosis ( Figure 8 ). The maximum demand in a laboratory setting was 67.3 Nm for
an individual weighing 97.5 kg. The second highest knee moment was 47.9 Nm and was generated by an individual whose weight was 113 kg.
The heaviest participant weighed 127 kg but walked with a cane, which reduced the joint moment. This load can be compared with the
structural capabilities of the uprights commonly used in KAFOs. The common size of uprights is 5 X 19 mm (3/4 X 3/16 inches). These uprights
are available in aluminum, stainless steel, or titanium. The theoretical strengths of existing uprights are shown in Table 3 . The demand of this
single user reached 80% of the maximum bending moment that a single aluminum upright could sustain. However, no standards exist to
specify the loads KAFOs should sustain.
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Figure 8. Dynamic knee moments of SCO users. Peak demand occurs during stance. Knee moment values greater than zero tend to
collapse the knee joint (i.e., are an external knee flexion moment). Conversely, knee moments less than zero tend to lock the knee in full
extension (external knee extension moment). Knee moment data were not collected from six participants because they used walking aides.
20

Table 3. Theoretical uniaxial yield loads (Nm) for a single upright bar measuring 5 . 19 mm

In addition to the peak demand, it must also be recognized that all users created an external knee flexion moment during terminal stance (i.e.,
60% gait cycle), and this knee moment must be overcome to release an SCO during gait. These functional demands must be recognized
during the design of KAFOs.

MODULATING FACTORS
KAFOs must be designed to meet the demand of the user. Users will differ in many characteristics. Among these are the pathology, age, BMI,
alignment, and residual muscle strength. As noted above ( Figure 8 ), these can lead to varying structural demands on the KAFO. A simple grid
based on patient weight and activity level ( Figure 3 ) may not totally encompass the functional demand of the user.

PATIENT INTERFACE
Most often, straps or bands are used to position the KAFO on the patient. A 3-point or 4-point force control system is used to provide orthotic
control. The efficacy of an orthosis in controlling or correcting motion is influenced by the distance between the joint axis and the point of force
application. The contour of the orthosis and the degree of tightness of the straps necessary to secure the orthosis determine the magnitude of
the forces and pressures applied to the soft tissues. Moreover, malalignment and knee motion also contribute to increased joint torques. These
forces and torques have significant impact on the soft tissue integrity. At the patientorthosis interface, stability and comfort are achieved by
having the force distributed over a large area to reduce pressures. Leather-covered metal cuffs, molded plastic cuffs, or pads are used to
reduce the interface pressures. Carefully controlled large surface interfaces are used to achieve minimal tissue pressure. However, prolonged
loading, even at low levels of pressure, may cause damage. Anatomical sites with substantial soft tissue can tolerate higher pressures than
bony prominences or areas containing superficial blood vessels and nerves. However, no data currently exist to specify the pressure levels
needed to achieve blood flow over bony prominences.

FABRICATION

KAFOs are custom-made orthoses. The fabrication process involves four major steps. The process begins with making accurate
measurements of the limb followed by taking a negative impression (cast). Next, a three-dimensional positive model of the lower limb is created
and then modified to incorporate the desired control features. The orthosis is then created around the positive mold. The final step is the fitting
of the device to the patient. Most often, this process occurs in the orthotist's office. More recently, central fabrication is being undertaken to
yield a custom orthoses. The advantage of central fabrication results from economies of scale and enhanced quality control processes.
Computer-aided design and computer aided manufacture (CAD/CAM) has been used as an alternative method of prosthetic fabrication since
the 1960s. CAD/CAM systems are fast and efficient as well as an economical alternative for fabrication. The role of CAD/CAM in the
manufacturing of KAFOs needs to be explored and defined.

STANDARDS

National and international standards exist to protect consumers, commercial entities, and the environment. Consumer protection includes
biological safety, electrical safety, and mechanical safety. Biological safety standards would address biocompatibility issues. In the United
States, the Food and Drug Administration (FDA) would have jurisdiction. At this time, no biocompatibility standards are in place for allmechanical orthoses. Electrical safety standards exist for medical equipment and have been harmonized with the European Union (CE mark,
see below). The mechanical requirements for the general materials used in orthotics are controlled by the American Society for Testing and
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Materials (ASTM) and the International Organization for Standardization (ISO). Generally, these groups specify requirements and test methods
that can be adopted as industrial, national, or international standards. Ultimately, they may be introduced into legislation and gain the force of
law. The CE mark is a collection of standards that have been incorporated into the European Union trade laws. It has been built to a great
extent on ISO standards. In addition to technical standards, the CE mark ensures that a product complies with essential requirements that may
include health, safety, and environmental protection concerns. ISO standards are more comprehensive for prostheses than orthoses. As of this
writing, ISO standards define test procedures for knee orthosis components, but they do not set minimal load limits on componentry. There are
no ISO standards addressing the mechanical performance of SCOs, HKAFOs, RGOs, or hybrid FES-orthoses systems.

EMERGING TECHNOLOGY
Engineering technological advances will provide exciting new opportunities for KAFO designs. The pace of technological change continues to
accelerate. The number of disruptive technologies emerging from the biology, nanotechnology, and information fields is likely to cause radical
changes in the way KAFOs are designed and produced. Biomechatronics is the interdisciplinary study of biology, mechanics, and electronics. A
focus on the development and optimization of mechatronic systems using biological and medical knowledge is occurring. Future changes in
KAFO designs are likely.

POWERED EXOSKELETON

Humans have long used armor as an artificial exoskeleton for protection, especially in combat. Orthoses are a form of exoskeleton. In the last 5
years, a number of companies and research centers have developed the first practical models of human exoskeletons ( Table 4 ). 36 One of the
main uses is enabling a soldier to carry heavy weights (50 to 100 kg) while running or climbing stairs. Originally these efforts ran into
fundamental technological limitations. Computers were not fast enough to process the control functions necessary to make the suits respond
smoothly and effectively to the wearer's movements. Energy supplies were not compact and light enough to be easily portable. Actuators were
too sluggish, heavy, and bulky. Recently, however, systems are becoming more agile. It is thought that military applications may be in field
trials within 5 years. The cost of an exoskeleton to an individual or medical application remains to be addressed.

Table 4. Exoskeletons project in the United States

ENERGY RECOVERY/GENERATION
As KAFOs become more sophisticated, they will rely on electronic devices. At present, all of these devices are powered by batteries that have
a limited energy storage capacity and add considerable weight. Batteries are being developed that have increased power densities. However, it
would be desirable to eliminate the weight of batteries in KAFO applications due to the limited locomotion capabilities of individuals who need
KAFOs. Efforts have begun to scavenge energy from a variety of body sources. Several researchers have explored parasitic power harvesting
from the energy exuded during heel strike. 37,38 Other investigators have demonstrated that a suspended load backpack, which converts
mechanical energy from the vertical movement of carried loads to electricity during normal walking, can generate up to 300 times the energy
from shoe devices. 39 These examples illustrate that small amounts of energy can be extracted during locomotion using environmentally
friendly energy sources.

SMART ORTHOSES
Advances in textile technology and material science have led to new products in the area of smart textiles. Smart fabric, (also known as
intelligent textiles, electronic textiles, or etextiles) are breaking into the medical, sport, and military industries. Smart fabrics are a $340 million
industry, growing 19% annually and projected to reach $720 million by 2008. Orthoses are the perfect physical foundation for wearable
computers. Currently in development for the defense and aerospace industries, these technologies could easily be integrated into the next
generation of smart orthoses. Sensor technologies for the automotive industry to monitor tilt, acceleration, and even location (global positioning
system) continue to shrink in size and cost while improving performance. These sensors could be integrated into smart orthoses to record
movement, quantify the daily activity of the patient, and provide feedback for rehabilitation. These same data could be transmitted via wireless
communication to the health professional in real time to evaluate fit and function or as part of a telemedicine practice. People who use KAFOs
are susceptible to increased falls due to the loss of agility with the orthosis. Stumble recovery and fall detection would combine sensor and
computing technologies to aid KAFO users in this area. Smart fabrics could also be used to measure skin pressure distribution in patients
wearing KAFOs and assure that the pressure thresholds would be low in areas that may cause a decubital ulcer. Thus, the application of
advanced computing and sensor technologies in KAFOs would yield an intelligent KAFO with enhanced capabilities.

RECOMMENDATIONS
The data presented in this paper demonstrate that the engineering aspects of KAFOs are complicated and expensive. Clearly, standards are
needed to define the loading conditions KAFOs are expected to withstand in the field. These standards should be based on empirical data
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collected under well-defined conditions. From these data, predictive models could also be developed that would provide a framework on which
engineers could propose new and improved component designs that would address user needs. These data should encompass a wide range
of body types, ages, diagnoses, and ground conditions. Stairs and inclined surfaces are frequently found in the "real world" but overlooked in
the laboratory setting. Ambulatory KAFO design and application can also be improved from an engineering perspective by adopting new and
emerging technologies. These new technologies would include innovations in material science, sensors, and computing technologies.
Developments in material science and fabrication technologies continue in the university, commercial, and military sectors, and these present a
potentially rich resource for the orthotics and prosthetics (O & P) community. Technologists should closely follow material science
developments and evaluate promising materials for O & P applications. Electronic system integration into ambulatory KAFO systems is
underway but will need careful scientific study to define realistic expectations and appropriate application criteria. All of these enhancements
need to be undertaken in a costconscious manner within reimbursement constraints.
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