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Orthotic Device Research

Elisa S. Arch and Steven J. Stanhope

Abbreviations

AFOs	 Ankle-foot orthoses

BRUCE	 Biarticular Reciprocating Universal 

Compliance Estimator

CAD	 Computer-aided design

CAM	 Computer-aided manufacturing

IDEO	 Intrepid Dynamic Exoskeletal Orthosis

FOs	 Foot orthoses

KAFOS	 Knee-ankle-foot orthoses

OEF	 Operation Enduring Freedom

OIF	 Operation Iraqi Freedom

�Introduction

Orthoses are assistive devices that support joints 

through alignment, stabilization, or assisting 

weakened musculature. While prosthetic devices 

serve to replace a lost limb, the goal of an extrem-

ity orthosis is to restore the lost function of an 

impaired limb [1]. For the lower extremity, the 

three primary types of orthoses are foot orthoses 

(FOs), ankle-foot orthoses (AFOs), and knee-

ankle-foot orthoses (KAFOs). There are orthoses 

that also span the hip and pelvis. Orthoses can be 

further categorized based on a variety of features 

including their power source (passive, semi-active, 

or active) and their design (solid or hinged) [2, 3].

In civilian and military populations, there are 

high rates of extremity and orthopedic injuries 

that result in limb impairments, which are often 

treated with orthotic interventions. According to 

the 2005 Americans with Disabilities report, 

approximately 27 million people over the age of 

15 had a walking-related disability [4]. In the 

military population, 54% of combat wounds sus-

tained in Operation Iraqi Freedom (OIF) and 

Operation Enduring Freedom (OEF) from 2001 

to 2005 were extremity injuries [5]. These inju-

ries and associated disabilities limit function, 

often impeding the ability to work, perform activ-
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ities of daily living, and return to active duty [6]. 

Orthopedic injuries are the leading cause of sol-

diers being deemed unfit for duty. Conditions of 

the foot, ankle, and lower extremity are three of 

the five most common orthopedic conditions 

leading to soldier disability in both peacetime 

and war [6]. Extremity injuries sustained during 

OIF and OEF accounted for 64% of service 

members determined to be unfit for duty [7]. The 

cost associated with orthotic treatment is sub-

stantial, and demand is outpacing supply. 

Disability costs associated with military extrem-

ity injuries are projected to be $170 million for a 

studied cohort of 1,566 injured subjects [7]. In 

2010 alone, Medicare expenditures for pros-

thetic- and orthotic-related charges exceeded 

$580M [8]. By 2020, the Department of 

Education estimated that prosthetists and ortho-

tists will be able to serve just 61% of the patients 

who need personalized rehabilitation devices [9].

Evidence suggests that many orthoses do not 

provide optimal benefit and value to those who 

wear them [10]. Characteristics related to fit 

(orthosis size or shape) and function (mechanical 

aspects) both influence comfort and performance. 

Fit and function must be customized to the indi-

vidual patient to achieve optimal performance out-

comes [1, 3]. Routinely, practitioners who 

prescribe orthoses apply subjective and sometimes 

contradictory approaches that have little evidence 

of efficacy [1, 11–13]. As a result, many patients 

experience suboptimal functional outcomes. 

Although orthoses appear to be relatively simple 

devices, the process of designing and objectively 

prescribing the fit and functional characteristics of 

an orthosis is remarkably complex. This complex-

ity is reflected in the International Organization of 

Standardization (ISO) standards that have been 

developed to define orthotic terminology. These 

standards define terms relating to patient descrip-

tion, orthosis functional requirements, orthosis 

design, orthosis mechanical properties, and manu-

facturing (Fig.  6.1) [3]. They also indicate the 

importance of engaging an array of clinical, bio-

mechanical, and engineering concepts in order to 

design and prescribe orthoses with ideal fit and 

function to promote optimal performance.

This chapter identifies contemporary methods, 

existing gaps, and promising approaches that may 

provide enhanced benefit and value to the orthotic 

user. Improved fabrication of orthoses would help 

to reduce costs associated with health care and dis-

ability claims. We consider the state of traditional 

patient care practices as well as cutting-edge 

research, technologies, and approaches primarily 

associated with ankle-foot orthoses. These 

advances have the potential for positive impact on 

patient outcomes and cost of care and, ultimately, 

the potential to transform the orthotic field.

�Traditional Standards of Practice

Standards of practice for prescribing orthoses 

focus on three main categories: fit, function, and 

fabrication. These factors are considered when 

prescribing either a prefabricated or a customized 

orthosis. Prefabricated or off-the-shelf orthoses 

typically are available in a range of standard sizes 

and often include a footplate that is designed to 

be trimmed down to the individual user’s foot 

size [14–16]. Sometimes there is also the option 

to select functional characteristics such as the 

general strut or footplate stiffness, with options 

such as flexible, normal, or stiff [16].

Alternatively, the orthosis can be custom-made 

for the user. To make a customized orthosis, the 

orthotist traditionally begins by manually align-

ing the patient’s joint(s) based on knowledge of 

the relevant anatomy and then makes a cast of the 

patient’s limb in its corrected alignment [17]. This 

negative mold helps characterize the shape of the 

limb and serves as a guideline for fit customiza-

tion of the orthosis. Plaster is poured into the neg-

ative mold to create a positive mold, and the 

orthotist forms plastic around the positive mold to 
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craft the orthosis [17]. The orthotist then subjec-

tively manipulates trimlines (material thickness) 

and shape to adjust the orthosis’ fit and function.

To customize orthosis function, the traditional 

prescription process typically begins with a 

patient assessment. This involves a combination 

of a physical evaluation, including manually 

tested strength and range-of-motion measure-

ments, and a visual gait analysis in which the cli-

nician watches the patient walk in real-time or by 

video recording [18]. Based on the findings of the 

assessment, the orthotist and physician prescribe 

the orthosis design and features appropriate to the 

patient [3]. Although effective treatment with 

orthoses requires an understanding of normal gait 

biomechanics, assessment of the patient’s biome-

chanical and functional abilities, and appropriate 

mechanical function [18], in a traditional clinical 

setting, these factors are typically considered 

qualitatively. Orthotists rely on their own judg-

ment developed over years of professional experi-

ence and on qualitative descriptions provided by 

the orthotic manufacturer to represent how differ-

ent orthosis designs are thought to affect gait bio-

mechanics [19–21]. The functional characteristics 

of orthoses are rarely, if ever, quantified in a clini-

cal setting. Thus it is difficult to objectively relate 

orthotic functional design characteristics to 

patient functional outcomes [1, 11–13].

Even when modern technologies are applied as 

part of the process, the current clinical standard of 

practice for fabricating custom orthoses remains 

highly subjective. As an alternative to the tradi-

tional method of limb shape characterization via 

casting and positive molding, some practitioners 

capture the size and shape of a patient’s limb using 

Fig. 6.1  Established 

ISO standards for 

orthotic terminology. 

These standards, which 

define orthotic-related 

terms, range from 

patient assessment to 

orthosis characteristics 

to fabrication methods. 

(Figure originally 

published in Condie [3])
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digital scanning techniques [22]. By this method, 

the positive limb mold is created with the help of a 

computer-aided design (CAD) program and then 

modified by digitally extruding or carving the 3D 

scan image as deemed necessary by the orthotist or 

technician. However, after the initial digital design 

phase, the plastic orthosis is still formed manually 

over physical molds, which have been carved via 

computer-aided manufacturing (CAM) systems 

based on the digital positive mold [22].

While some practitioners have in-house 

orthotic fabricating capabilities for traditional 

and/or CAD-/CAM-based approaches, others 

have begun to outsource manufacturing to cen-

tral fabricators. It is often cost-prohibitive to 

establish and maintain in-house fabrication sys-

tems; rapid treatment can be achieved by over-

night shipping [22]. Despite these benefits, it 

was recently estimated that only 24% of 

prosthetists and orthotists use central fabricators 

[23]. The hesitancy to outsource fabrication may 

be due to the subjective nature of the manufac-

turing process itself, which can lead to wide 

variations in product quality [23]. However fab-

rication is approached, the process remains 

heavily qualitative and subjective, with the 

orthotist relying on experience and intuition to 

prescribe and fabricate the orthosis rather than 

measuring and quantitatively fine-tuning ortho-

sis characteristics [3].

�Orthosis Prescription Research

The prescription of customized orthoses can be 

divided into features that pertain to orthosis fit 

and features that pertain to orthosis function. In 

order to readily customize orthosis characteris-

tics, objective prescription guidelines that relate 

patient assessment to orthosis fit and function 

must be established. Research is underway to 

develop this understanding and to establish meth-

ods for guideline implementation.

�Characteristics of Fit

In order to customize the fit of an orthosis, the 

detailed shape of the individual’s limb must be 

recorded and replicated. Traditionally, this is 

done by the casting process previously described. 

Upon completion, customized fit is achieved by 

manually forming plastic around the limb cast 

[17]. While this approach is effective, it is also 

time-consuming, messy, and produces substan-

tial material waste [17]. Furthermore, the subjec-

tive and manual nature of the process can 

introduce unwanted variability in fit and effec-

tiveness [24].

As described briefly above, researchers are 

now working to develop 3D scanning technolo-

gies to capture a digital surface image of the limb 

[25–27]. The digitally captured surface image is 

then manually refined in a virtual environment, 

typically using smoothing and extruding func-

tions. These modifications smooth the image to 

eliminate any gaps or inconsistencies from the 

scanning process and allow the practitioner to 

stretch and extrude specific areas of the image to 

relieve pressure or make room for padding intro-

duced by the orthosis. These 3D scanning tech-

nologies have been implemented in some clinical 

service models to incrementally advance the field 

through central manufacture of physical limb 

models without the use of plaster [22].

In current research paradigms, the scanned 

surface model is used as the basis for creating a 

3D CAD model of the orthosis [26, 28–30], 

which can then be fabricated by a variety of 

methods to be considered later in this chapter. In 

combination with advanced manufacturing 

approaches, the 3D scanning approach reduces 

the time needed for customization of the orthosis 

and eliminates the waste associated with tradi-

tional casting and manual fabrication processes 

[25]. Despite these benefits, 3D scanning tech-

niques do not eliminate subjectivity or resulting 

variability [25, 27].
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Some novel, objective approaches to the fit 

customization process have been proposed. As 

a concept to quantitatively fit-customize 

devices, Smith and Burgess described a “by the 

numbers approach” to the fitting of prosthetic 

sockets; this technique employs a standardized 

set of measurements (of the residual limb) to 

specify the size and shape of a prosthetic socket 

[22]. To our knowledge, this is the first intro-

duction to the published literature of a quantita-

tive method to customize the fit of a 

rehabilitation device.

We have proposed a novel approach to cus-

tomizing the fit of AFOs. Rather than capturing 

the shape of a patient’s limb, we propose a bio-

mechanically linked “shape conformance” pro-

cess by which a fully parameterized AFO CAD 

model automatically conforms to the size and 

general shape of the limb [31]. The process 

employs discrete 3D measurements of a minimal 

set (n = 44) of biomechanically and anatomically 

relevant limb surface landmark locations. The 

discrete 3D measures are expected as input 

parameters in the fully parameterized CAD 

model, which automatically adapts its size and 

shape to conform to the patient’s limb when the 

values of the discrete 3D measures are updated 

[31, 32]. This unique process automatically con-

forms an AFO model to the patient’s limb, obvi-

ating the need to capture and reproduce limb size 

and shape and simultaneously eliminating the 

need for manual or subjective manipulation of 

the CAD model. By linking discrete landmarks 

directly to the CAD model via parameterization, 

this approach provides a quantifiable and repeat-

able method by which parameters of the orthosis 

CAD model are adjusted to digitally customize 

the virtual orthosis prior to function customiza-

tion and fabrication. By linking the CAD model 

to joint centers and biomechanically based limb 

coordinate systems, this process also supports 

parameterized adjustments to important addi-

tional fit characteristics. For example, ankle joint 

alignment and AFO-surfaces-to-skin offset dis-

tances can be adjusted to accommodate various 

padding thicknesses [32].

�Characteristics of Function

It is widely believed that in order to help patients 

achieve their highest functional potential, the 

functional characteristics of orthoses should be 

customized to meet each individual’s unique 

needs. However, there are no objective prescrip-

tion guidelines available yet to support this goal. 

There are several obstacles to the development of 

such guidelines. First, the traditional manual 

approach to orthosis fabrication introduces sub-

stantial variability in function [33]. Because the 

functional characteristics of “crafted” braces are 

rarely quantified, there is a lack of evidence to 

support efficacy [1, 11–13]. Second, the majority 

of clinical studies do not report outcomes of 

patient assessments (e.g., muscle weakness) to 

quantify a patient’s capability or fail to report 

orthosis design information [34]. Deriving the 

relationship between patient assessment (capa-

bility), activity level (task demand), and orthosis 

function (level of device assistance) involves 

complex biomechanics and gait analysis [1, 18, 

20]. Relevant factors involve the influence of the 

orthosis on the joint(s) it spans as well as interac-

tions between limb segments and the foot’s inter-

action with the ground during activities of daily 

living [3, 35]. Lacking quantitative detail and evi-

dence of efficacy, it is difficult to link patient 

capability and activity level to orthosis design 

and function, which in turn constrains develop-

ment of an objective model for orthosis prescrip-

tion. Years have been spent developing the 

technology necessary for advanced orthotic 

design, fit, and function, but the need persists for 

systematic research to quantify device and patient 

characteristics as well as their interaction during 

functional activity.

6  Orthotic Device Research



104

Harlaar and colleagues proposed that objective, 

evidence-based prescription guidelines should be 

based on (a) assessment of a patient’s activity level 

and gait function and (b) specification of the 

mechanical characteristics of the orthosis [1]. 

Prescription guidelines must apply these factors to 

match the orthosis specifically to the patient’s indi-

vidual needs [1] (Fig.  6.2). Additionally, Brehm 

and colleagues proposed quantitative performance 

measures of patient activity to evaluate the efficacy 

of orthoses [11]. To develop evidence-based pre-

scription guidelines in combination with these 

measurements, they proposed a core set of outcome 

parameters, which include measures of joint, bone, 

and muscle [11].

Bending stiffness, or the resistance to bending 

of a passive-dynamic orthosis, is one of the pri-

mary functional characteristics that many 

research and practitioners believe should be cus-

tomized for individuals to achieve optimal func-

tion [1, 10, 36, 37]. To adjust orthosis stiffness, 

orthotists usually modify material thickness or 

trimlines. Numerous approaches have been pro-

posed to measure orthosis bending resistance 

[38], but these methods are seldom employed in a 

clinical setting. Thus, no objective criteria exist 

for selecting or prescribing orthosis stiffness.

Researchers are using experimental and compu-

tational techniques in the effort to develop prescrip-

tion guidelines for orthosis stiffness, primarily for 

AFOs. AFOs can provide dorsiflexor assistance by 

providing plantar flexion resistance or plantar flexor 

assistance by providing dorsiflexion resistance. 

AFOs that assist the dorsiflexors are commonly pre-

scribed for individuals with foot drop. While it is 

fairly straightforward to create an AFO that can 

hold the ankle in a neutral position during swing, it 

is important not to make the orthosis so stiff that it 

restricts ankle motion during stance [10]. Kobayashi 

and colleagues employed an experimental AFO 

with quantifiable and adjustable stiffness to investi-

gate the influence of AFO stiffness on gait [39]. 

Their findings demonstrate that too much plantar 

flexion resistance can induce undesired knee flexion 

in early stance, thereby emphasizing the need to 

customize AFO stiffness to provide the proper 

amount of assistance required [40]. However, com-

prehensive patient assessment measures were not 

reported, thus limiting the ability to relate AFO 

stiffness to patient functional outcome. Although it 

seems clear that stiffness should be related to the 

patient’s individual strength and functional ability, 

specific guidelines have yet to be determined.

For individuals with weakened plantar flexors, 

AFOs should provide dorsiflexion resistance to 

supplement weakened ankle plantar flexion activity 

to control shank progression during the stance phase 

of gait [41]. Restoring ankle moments to normal 

levels may be critical to restoring functional gait. 

This was demonstrated in a controlled perturbation 

study which showed that healthy individuals main-

tained invariant ankle moments during gait when an 

ankle exoskeleton provided supplemental plantar 

flexion torque [42], and similar findings have been 

documented in other studies [43]. It has been shown 

that in patients with plantar flexor weakness, AFOs 

Fig. 6.2  A proposed conceptual prescription model for ankle-foot orthoses. This prescription model highlights two 

important factors in customizing and prescribing ankle-foot orthoses. (Figure originally published in Harlaar et al. [1])
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can provide supplemental plantar flexion moments 

[44–46] as well as additional benefits including 

tibial advancement control, supplemental ankle 

power, and longer strides. However, only one of 

those studies, which was a pilot study, reported 

AFO bending stiffness [46]. The magnitude of the 

AFO stiffness is important, as is the timing energy 

returned by the AFO [47] and the AFO’s work about 

the ankle [48].

The studies referenced above demonstrate the 

benefits of resistive plantar flexion and dorsiflex-

ion AFO stiffness and suggest important param-

eters that can be targeted to improve gait. Still 

missing, however, is a method by which to deter-

mine optimal device stiffness in relationship to 

patient weakness, functional ability, and out-

comes. Recent efforts to quantifiably customize 

the stiffness of AFOs have used finite element 

analysis to establish the bending stiffness of vir-

tual orthoses [49, 50]. In these studies, finite ele-

ment analysis of orthosis computer models was 

used to predict strains under a given load to esti-

mate stiffness. Orthosis shape characteristics 

could then be adjusted to tune the bending stiff-

ness of the AFO.  Thus, finite element analysis 

enables the stiffness of an orthosis to be predicted 

and adjusted (tuned) prior to manufacturing.

Although not yet used in clinical practice, many 

researchers have developed other techniques to 

experimentally quantify the stiffness of already 

manufactured AFOs [38]. Notably, one group has 

developed a novel, clinically applicable device to 

test the stiffness and neutral angle of AFOs [51]. 

The Biarticular Reciprocating Universal 

Compliance Estimator (BRUCE) measures stiff-

ness of an AFO and/or AFO-shoe combination 

about the ankle and metatarsal joints across a func-

tional sagittal plane ankle range of motion. It 

accommodates a wide range of AFO sizes and 

shapes because it measures angles and moments in 

the same manner as a traditional gait analysis and 

applies boundary conditions that mimic conditions 

during AFO use. BRUCE can also be operated in a 

clinical setting (Fig.  6.3). Other techniques have 

been tested to measure AFO stiffness, but many do 

not apply appropriate boundary conditions. This is 

potentially problematic because AFOs are very 

sensitive to loading conditions [52].

In addition to stiffness, other important charac-

teristics have been identified as necessary for cus-

tomized orthoses. For example, footplate design 

and orthosis joint alignment are two components 

that can be customized to improve gait function 

by facilitating foot-to-floor motion and control-

ling kinematics of the entire lower extremity. A 

footplate creates a lever arm for the rest of the 

orthosis to rotate, so it is important for at least a 

portion of the footplate to be rigid [1]. Additionally, 

it has been noted that footplate length should be 

Fig. 6.3  Design of an ankle-foot orthosis stiffness testing 

device. The novel Biarticular Reciprocating Universal 

Compliance Estimator (BRUCE) design provides an 

excellent example of a clinically viable device that pro-

vides valuable quantifications of orthosis bending stiff-

ness. (Figure originally published in Bregman et al. [51])
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prescribed either to limit or to preserve joint 

motion, depending on the patient’s impairment 

profile, with the overall goal to facilitate func-

tional gait and stability [12]. As an addition or 

alternative to customizing footplate length, rocker 

bottom shoes or rockers built into the footplate 

may reduce plantar pressures and pain [53]. 

Finally, footplate design can influence the dynam-

ics of the entire lower extremity. For example, a 

case study with a patient with hemiplegia demon-

strated that tuning the AFO in combination with 

footwear improved knee kinematics [54].

In conjunction with footplate design, orthosis 

joint alignment should be customized by consid-

ering the alignment of all lower-extremity joints. 

For example, in a rigid AFO, the unloaded AFO 

ankle joint angle influences the position of the 

tibia and therefore of knee and hip net joint 

moments. All of these parameters should be taken 

into account when prescribing the AFO ankle 

joint alignment [1]. Limb segment kinematics 

must also be considered [35]. Malas noted that the 

prescription and design of AFOs must consider 

the shank angle to the floor, which is influenced 

by AFO design and by the interaction between the 

AFO and footwear [12]. It has been suggested that 

the AFO shank-to-floor angle should stabilize the 

proximal lower-extremity joints and properly 

align the patient’s posture. Depending on the 

patient’s impairment profile, orthoses were found 

to be set with a shank-to-floor angle anywhere 

between 7° and 15°, although 10–12° is most 

common [12].

Encompassing all of these concepts, Elaine 

Owen proposes a prescription algorithm prescrib-

ing a combined orthosis-footwear system based 

on shank kinematics in a clinical gait assessment 

[35] (Fig. 6.4). Nonetheless, there is still a lack of 

quantitative evidence to identify the net influence 

of these parameters on patient kinematics and 

kinetics. As a result, orthotists are left with a clini-

cal decision tree by which to select and customize 

AFO and other footwear characteristics [55].

�Devices in Development 
with Customizable Function

To meet the increasingly important need to pro-

vide highly customized functional aspects of 

orthoses, researchers are exploring various orthotic 

design approaches ranging from passive dynamic 

(springlike) to active dynamic (powered) [2, 31]. 

Passive orthoses use material properties or 

mechanical elements such as springs to generate 

mechanical characteristics. They can control joint 

motion and provide torque assistance; however, 

they have a limited capability to adapt their func-

tion for different tasks (e.g., walking, running, 

stair ascending) or even within a single task (e.g., 

stance vs. swing of gait). Power-harvesting passive 

orthoses contain elements that harvest power 

through motion, such as oil dampers or pneumatic 

components. Semi-active orthoses use a variety of 

technologies that store and release energy; these 

devices often include some type of control scheme 

but cannot feed energy into the system. Active 

orthoses contain a power source that puts energy 

into the system and actuators that run by a control 

scheme. Active orthoses have a greater capability 

for dynamic adaptability but see limited use in the 

traditional clinical setting due to their costs and 

complexities (weight, size, power sources, and 

control schemes) [2].

Incorporating many of the fit and function 

customization concepts into its design and pre-

scription, the Intrepid Dynamic Exoskeletal 

Orthosis (IDEO) is a customized carbon fiber 

passive-dynamic orthosis that has helped limb-

salvage wounded warriors achieve high levels of 

function [56, 57] (Fig.  6.5). This novel design 

provides dramatic improvements in functional 

gains over other orthoses currently available. 

However, the IDEO still relies on traditional fab-

rication methods for customization of fit and 

function. The footplate and cuff are handcrafted 

using traditional limb shape replication methods, 

and a trial-and-error method is used to converge 

E.S. Arch and S.J. Stanhope



Fig. 6.4  A clinical decision tree for selecting and customizing ankle-foot orthosis and footwear characteristics. This 

clinical prescription model serves as an excellent basis for developing and implementing objective prescription models 

for customizing orthosis characteristics. (Figure originally published in Owen [5])
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on the proper off-the-shelf strut stiffness; there is 

limited ability to objectively prescribe the IDEO’s 

bending stiffness.

To improve the customization of stiffness, 

orthotic joints have been developed with variable 

impedance for use in both ankle [58, 59] and 

knee [60] applications. These efforts aim to 

enable regulation of joint stiffness throughout the 

gait cycle. If successful, such joints could pro-

vide resistance to control segment or joint motion 

when necessary and reduce resistance to allow 

for greater range of motion when needed.

Alternatively, pneumatically powered, myo-

electrically controlled AFOs and KAFOs are being 

developed to provide assistive torques about a joint 

[61, 62]. These orthoses have the potential to pro-

mote more natural gait [45], although to date use of 

these orthoses has been limited to the research lab-

oratory. Finally, harnessing passive-dynamic prop-

erties, Ingimundarson and colleagues have 

designed a footplate with varying and tunable stiff-

ness throughout its length to facilitate functional 

foot-to-floor motion and promote natural segment 

kinematics [63].

Devices have also been developed to address 

joint and segment alignment and kinematics. The 

primary feature of such devices is their ability to 

selectively lock or unlock the orthosis joint through-

out the gait cycle, based on the phase of gait. The 

locking mechanism may be controlled by feedback 

from weight or pressure sensors [64], a pneumatic 

circuit connected to a pump embedded in the sole of 

the shoe [65], or an actuator with active control 

[66], in each case allowing it to integrate with pas-

sive or active devices. Customizing the alignment of 

the orthosis joint is important to customize its func-

tion. Pallari and colleagues have designed a pivot 

joint with customizable axis and a framework for 

integrating the joint into a customized subject-spe-

cific orthosis [67]. The pivot joint allows the axis of 

rotation to be customized to better mimic the rota-

tion of an individual’s natural joint.

Takemura and colleagues are working to develop 

an AFO to control and measure ankle motion [68]. 

Their “Stewart Platform-Type” device has an 

adjustable rotation axis to better mimic natural 

ankle dynamics. While not yet translated to clinical 

practice, this orthosis design focuses on an impor-

tant concept: the dynamic nature of joints. Joints 

naturally and automatically adjust their characteris-

tics, such as location and orientation rotation axis, 

during a single activity (e.g., throughout the gait 

cycle) and between activities (e.g., walking vs. run-

ning). However, the dynamic nature of human joints 

is rarely captured in prosthetic and orthotic devices. 

Thus, the wide range of settings and adaptability of 

the Stewart Platform-Type orthosis in development 

Fig. 6.5  Novel fit- and function-customized passive-

dynamic ankle-foot orthosis design. The Intrepid Dynamic 

Exoskeletal Orthosis (IDEO) demonstrates the impor-

tance of fit and function customization and can be used as 

a basis to establish a powerful, objective design and pre-

scription method for orthoses. (Figure originally pub-

lished in Patzkowski [57])
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holds great potential for enabling users to achieve 

high levels of function across a range of activities.

�Orthoses Fabrication

Efforts to advance orthosis fabrication techniques 

focus on frameworks capable of rapid and cost-

effective manufacturing. Because each prescribed 

device is unique – it is also important to improve 

key aspects of customized fit and function – the 

emphasis in the majority of these frameworks has 

been utilization of additive manufacturing.

Additive manufacturing, also referred to as 3D 

printing, uses a layer-by-layer approach by which 

material is additively joined to create a 3D compo-

nent [69]. An array of additive manufacturing 

methods and materials are available. Recently, 

advancements in additive manufacturing now 

enable parts to be manufactured directly from 

CAD models and used in functional applications, 

not merely as prototypes [70, 71]. This new capa-

bility holds great promise for the manufacture of 

objectively customized orthotic devices and may 

simultaneously reduce time and cost associated 

with current methods. Additive manufacturing 

technology can be used to manufacture individual 

fit-customized components that are connected, via 

passive or active mechanical parts, to complete the 

function customization of the orthosis. An alterna-

tive is to use additive manufacturingto create fully 

fit- and function-customized passive-dynamic sin-

gle-part orthoses [28–31].

Additive manufacturing requires the develop-

ment of a CAD model of the customized orthosis. 

Traditional size and shape data are obtained to 

define the limb and are applied to drive the fit of a 

custom, patient-specific CAD model. These data 

first must be captured by the clinician through 3D 

scanning or 3D digitizing techniques, discussed 

previously in this chapter. Once developed, the 

geometry of the CAD model can be manually 

adjusted to customize its function. Often, finite 

element analysis is used to predict the mechanical 

properties of the device, and the CAD model 

geometry is then modified, iteratively or through 

an optimization scheme, until targeted mechanical 

properties are achieved [49, 50].

Researchers have demonstrated the feasibility 

of using additive manufacturing – in particular, 

selective laser sintering or fused deposition 

modeling – for foot and ankle-foot orthoses [28–

30, 50, 72]. These studies created orthoses with 

targeted mechanical properties that mimicked 

commercially available devices [29] and foot 

orthoses with a range of stiffness values that had 

sufficient differences in mechanical properties to 

induce changes in subjects’ lower-extremity 

dynamics [72]. Others report work to character-

ize the properties of parts manufactured by selec-

tive laser sintering to derive accurate material 

properties for use in finite element modeling and 

thus to better predict and tune the functional 

characteristics of ankle-foot orthoses [71].

Despite the promise of additive manufactur-

ing, the orthotic industry has yet to embrace this 

technology. One reason may be that many believe 

it is essential to use a hands-on approach to assess 

patients and align them for casting. Many of the 

approaches described above attempt to replicate 

hands-on assessment and alignment in a virtual 

CAD environment. These frameworks do require 

the subjective formation and development of a 

unique CAD model for each orthosis. Outsourcing 

the CAD modeling may be a cost-effective option 

[23], but many orthotists may prefer to work the 

design themselves.

To facilitate the use of CAD tools and rapid 

manufacturing for non-experts, one group devel-

oped a CAD support tool, which defined design 

constraints based on rapid manufacturing require-

ments and capabilities [70]. Alternatively, the pro-

cess introduced by Schrank and Stanhope relies on 

shape conformance of a single, fully parameterized 

CAD model. Under this framework, the clinician 

digitally obtains and inputs a set of numerical 
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parameters, indicating selections for fit and func-

tional characteristics into a computerized form or 

spreadsheet. This triggers the CAD model to auto-

matically adapt its size and shape to customize the 

orthosis [31]. Approaches such as these, which 

enable clinicians to objectively control orthosis fit 

and function without CAD expertise, appear prom-

ising but require additional substantial technologi-

cal development. For instance, it is a substantial 

task to develop a fully parameterized CAD model 

with the complex geometry of an AFO that can 

self-adjust (without editing the model) to a wide 

range of sizes and shapes based on a minimal num-

ber of external instructions (parameters).

�Orthosis Delivery Frameworks

Recognizing the importance of integrating objective 

prescription with advanced manufacturing meth-

ods, several research groups have proposed system 

of service frameworks to execute the full custom-

ization and fabrication process. Focusing on foot 

orthotics, Lowe eliminated the need for casting by 

using sensor pads to capture static and dynamic 3D 

data about the shape of the patient’s foot [73]. The 

data are then analyzed and quantified to determine 

specifications for orthosis customization. Use of 

software for analysis and quantification provides 

automation capabilities, which expedites the pro-

cess and minimizes the need for practitioner input 

that could introduce subjectivity and variability into 

the process. The customized device design can then 

be sent directly to a manufacturing terminal.

Providing a firmer link between biomechani-

cal assessment and orthosis design for athletes, 

Crabtree and colleagues present a system for the 

design and manufacture of personalized, 

symptom-specific sport insoles [74]. This frame-

work describes how results from biomechanical 

assessments, ideally performed using reliable 

and repeatable methods, should be used to drive 

prescription (fit and function of the insole). The 

model is integrated with CAD technology (for 

customization of design and material) and CAM 

systems or other manufacturing methods for 

rapid and objective fabrication (Fig.  6.6). This 

framework encompasses the important concepts 

for objective customization and manufacture, 

including patient assessment, task demand, and 

device design, and so holds great potential to 

facilitate high levels of user function.

Several frameworks have also been proposed 

for the objective customization and rapid fabri-

cate of ankle-foot orthoses [26, 31, 50, 75]. In 

general, these frameworks focus on methods to 

(a) capture information pertaining to fit, (b) use 

computer modeling to design and customize 

orthosis function, and (c) fabricate the device 

using additive manufacturing technologies. The 

method proposed several years ago by Mavroids, 

Sivak, and colleagues used 3D laser scanning to 

capture shape characteristics of the patient’s 

ankle-foot complex. The digital data were then 

manually manipulated to create a customized 

computer model of the AFO [26, 75]. While 

effectively eliminating the process of producing a 

physical model of limb shape, the proposed 

framework relied on scanning techniques and 

manual manipulation of the virtual scan to cus-

tomize the AFO computer model. These subjec-

tive steps introduce sources of potential variability 

in the process and make customizations difficult 

to repeat with precision.

Described previously in this chapter, the 

framework developed by Schrank and Stanhope 

uses a novel approach [31, 32], introducing an 

automated orthosis design and manufacturing 

framework (Fig. 6.7) whereby a fully parameter-

ized CAD model automatically customizes its fit 

and functional characteristics based on prescrip-

tion parameters and discrete 3D measurements of 

landmark locations. This eliminates the need for 

subjective manipulation of the computer model to 

customize design. Next, a parameterized optimi-

zation process and finite element analysis are used 
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Fig. 6.6  A proposed framework for designing and manufacturing customized foot orthoses. One of the most compre-

hensive frameworks currently presented in the literature, this framework conceptually links biomechanical patient 

assessment to orthosis design as well as incorporates a method for designing and objectively manufacturing the custom-

ized orthoses. (Figure originally published in Crabtree et al. [74])

Fig. 6.7  A proposed framework for the automated design and rapid manufacture of orthotic devices. This framework 

combined with an objective prescription model that links patient assessment to orthosis design characteristic settings 

holds great potential for establishing a system of service to objectively and rapidly customize and manufacture orthoses 

that are optimally designed for every individual. (Figure originally published in Schrank and Stanhope [31])
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to modify the dimensions of functional compo-

nents, thereby predicting and adjusting the bend-

ing stiffness of the fabricated AFO. This represents 

a powerful automated design and centralized 

manufacturing framework capable of objective 

functional design, but further research is needed 

to enhance the set of fabrication materials, add 

additional parameterized customizations, and – as 

is needed for all frameworks – define a prescrip-

tion model that can drive orthosis function cus-

tomization toward optimal functional outcomes.

�Summary and Conclusions

Orthoses are traditionally prescribed and fabri-

cated through a subjective process based primarily 

on qualitative guidelines and orthotist experience. 

While select clinical groups are making advances 

toward more objective design, the clinical field 

remains primarily craft based, relying on the 

knowledge, skills, and abilities of well-trained and 

experienced practitioners. The industry as a whole 

has not yet fully embraced modern technological 

capabilities for use in customized prescription of 

orthosis fit, function, and fabrication.

In recent years, the research and manufacturing 

communities have made great efforts to advance the 

field of orthotic devices. While the introduction of 

new technologies into the fitting process has been 

positive, gains have been incremental with limited 

integration into traditional clinical settings. Efforts 

to develop objective prescription guidelines to cus-

tomize the function of orthoses are also underway 

but have proved equally challenging. Numerous 

important functional characteristics have been iden-

tified, including orthosis bending stiffness, footplate 

design, and alignment, and experimental devices 

have been designed to apply them. However, we 

have not yet achieved a comprehensive understand-

ing of the interplay among the many factors that 

determine a patient’s level of impairment and those 

that promote desired functional outcomes. An 

improved understanding of that interplay is essen-

tial to the construction of objective fit and function 

prescription guidelines. Finally, novel technologies 

have been developed to manufacture custom ortho-

ses rapidly with precisely tuned fit and functional 

characteristics, but use of these technologies 

remains limited by the strength, durability, and cost 

of available materials.

Frameworks have been proposed for the objec-

tive prescription and fabrication of orthoses 

whose fit and functional characteristics advance 

functional outcomes, but these have yet to be fully 

realized in practice. Innovative design and fabri-

cation frameworks hold great potential to rapidly 

and objectively customize and manufacture ortho-

ses. However, new frameworks need to be refined, 

tested, and integrated into clinical settings before 

they can be adopted as service models.

While research efforts are well on the way to 

establishing significant technological capabili-

ties, the challenge lies in clinical implementation 

of these technological capabilities. Current 

reimbursement models, which drive the clinical 

orthotic field, do not support the use of the most 

advanced instrumentation in standard clinical set-

tings. The most advanced technological capabili-

ties are costly and not yet supported by adequate 

data to establish reliably improved outcomes. 

Quantitative evidence to demonstrate enhanced 

outcomes may provide the necessary incentive for 

third-party payers to increase reimbursement. It 

has been documented that patients who achieve 

high levels of function are more active, which in 

turn reduces the incidence of chronic health condi-

tions. This is an important objective not just for 

those who use orthoses and prostheses but also for 

the broader population of citizens whose insurance 

premiums and taxes are applied to cover costs 

associated with health care generally. According to 

the Centers for Disease Control, 75% of all health-

care costs in 2009 were due to chronic health con-

ditions [76] and in 2011 amounted to a cost of 

approximately two trillion dollars [77].
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Data are needed to demonstrate improved out-

comes, associated long-term health benefits, and 

potential cost savings. Such an effort would likely 

require support through a large-scale consortium 

that links individual care system such as the US 

Department of Veterans Affairs (VA) and 

Department of Defense (DoD) medical treatment 

facilities with industry and academic centers of 

excellence. Without the constraints of current 

reimbursement models, the objective would be to 

access and use advanced instrumentation with rel-

evant clinical populations to demonstrate and 

document evidence of impact. Within this same 

consortium model, research can continue in paral-

lel to advance and optimize technologic capabili-

ties, reduce costs, and streamline processes for 

implementation in the insurance-dependent civil-

ian population. Ideally, results from coordinated 

basic and clinical research can pave the way to 

reimbursement for care that allows patients to live 

happier and healthier lives while also reducing the 

lifetime cost of health care.
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