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Abstract

Evaluation of Gait and Muscle Function with Ankle Foot Orthoses

Hwan Choi

Chair of the Supervisory Committee:
Assistant Professor Katherine M. Steele
Mechanical Engineering

Many individuals with cerebral palsy (CP) and stroke are prescribed ankle foot orthoses
(AFOs) for use during daily life. AFOs have been shown to improve pathologic gait and walking
speed in CP and stroke by providing support and alignment. There are many different types of
AFOs available such as posterior leaf spring AFOs, rigid AFOs, and articulated AFOs. Further,
there are many parameters that can be customized or tuned for each type of AFO, such as
stiffness, heel height, shank to vertical angle, and foot plate length. However, how different types

of AFOs and the customization of specific parameters impact muscle function remains unclear.

The goals of this dissertation were to evaluate how different types of AFOs and different
tuning parameters impact gait kinematics and muscle function. Of particular interest is the
gastrocnemius, a key muscle that crosses the knee and ankle joints and is commonly tight among
individuals with CP or stroke. Gastrocnemius operating length, defined as the total muscle and

tendon length during a functional activity, influences ankle and knee kinematics during gait.
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Therefore, understanding and potentially controlling gastrocnemius operating length may help to
properly select and optimize the design of AFOs to improve gait. To understand the impact of

AFOs on gastrocnemius function, this dissertation includes four primary aims.

The first aim was to evaluate how current methods for tuning, or adjusting patient-
specific properties of AFOs, impact gastrocnemius operating length and gait kinematics using
musculoskeletal modeling. We performed a case study of an adult stroke survivor who received
three AFOs that were tuned by a trained orthotist. The orthotist observed the individual’s shank
to vertical angle (SVA, the angle of the tibia with respect to vertical, which is commonly
assessed by orthotists during gait analysis) and adjusted the AFO’s fixed plantarflexion angle
and heel height to make the SVA more similar to unimpaired individuals. For this case study, we
found that tuning the AFOs based on SVA resulted in a decrease in gastrocnemius operating
length and increased knee flexion angle during swing. These results demonstrated how
musculoskeletal modeling can be used to evaluate muscle function during walking and the

impacts of adjusting SVA for stroke survivors.

The second aim was to evaluate how different types of AFOs, representing the current
standard of care, alter gastrocnemius operating length and gait kinematics in children with CP.
We evaluated gastrocnemius operating length for eleven children with CP who each received
two types of AFOs. Since individuals wear AFOs all day, we sought to evaluate if the
gastrocnemius operated in a stretched or shortened position. For individuals with CP with more
mild involvement, we found both types of AFOs stretched the gastrocnemius during walking for
the majority of individuals. However, for individuals with CP and more severe involvement, we

found only the more solid, Cascade AFOs stretched the gastrocnemius in some individuals. This
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study suggested AFOs can potentially be a rehabilitation modality by providing dynamic

stretching exercise for a short and tight gastrocnemius during gait.

The third aim was to create a flexible platform for fabricating AFOs with 3D printing and
scanning technology, which could support research on how AFO stiffness impacts joint and
musculotendon function. The current standard AFO designs are not only cost and time
ineffective, but also provide limited control of AFO stiffness. This study demonstrated a novel
method for fabricating a variable stiffness AFO using a 3D scanner and printer. To adjust the
stiffness, elastic polymer bands were fabricated with varying stiffness. The 3D printed AFO is
cost and labor effective compared to current AFO fabrication methods. 3D printed AFOs can
also can provide adjustable AFO stiffness, as well as versatility to combine with various

measurement tools such as ultrasound and electromyography.

The forth aim was to evaluate how AFO stiffness and walking speed impact joint
kinematics, gastrocnemius muscle length, and Achilles tendon (AT) length in unimpaired
individuals. In this study we used the 3D printed AFO created in Aim 3. We found that as AFO
stiffness increased, peak AT length, peak gastrocnemius activation level, and peak ankle
dorsiflexion angle significantly decreased. However, peak gastrocnemius muscle length and peak
AFO dorsiflexion moment increased with increasing AFO stiffness. Gastrocnemius muscle
length and lengthening velocity significantly decreased with slower walking speeds. This study
illustrated how human musculoskeletal system interplays with different stiffness AFOs. Building
on these methods, future research can inform AFO prescription for individuals with neurologic

injuries to maximize stretching or other rehabilitation or performance goals during walking.



This dissertation provides important evidence for how humans adapt to various AFO
properties and suggests important implications for the design and prescription of AFOs. This
work provides a quantitative evaluation of how AFOs impact musculotendon dynamics among
individuals with stroke (Aim 1) and cerebral palsy (Aim 2). The fabrication methods in Aim 3
creates a powerful and flexible research platform for evaluating AFO design, which may be
extended to fabrication of AFOs for daily use with further improvements in additive
manufacturing materials and methods. The final study (Aim 4), provides the first experimental
evidence combining ultrasound and musculoskeletal modeling to understand how muscle and
tendon length are impacted by AFO design. These evaluations provide guidance for future AFO
design and prescription that can not only augment human mobility for unimpaired individuals,
but also provide improve metrics for improving function and guiding rehabilitation for

individuals with neurologic impairments.
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AIMS OVERVIEW

AIM 1: Evaluate the Effect of Ankle Foot Orthoses Tuning on Musculotendon

Dynamics during Gait after Stroke

The efficacy of AFO-footwear combination (AFO-FC) is thought to be related to gastrocnemius
function; however, the impacts of tuning an AFO-FC on gastrocnemius were unclear. We analyzed
the impact of tuning an AFO-FC in a case study of an individual with left hemiplegia following
stroke who had gastrocnemius contracture and a stiff-knee gait. Tuning an AFO-FC altered

gastrocnemius operating length, ankle internal plantarflexor moment, and knee kinematics.

AIM 2: Quantify Changes in Gastrocnemius Operating Length with Different Types

of Ankle Foot Orthoses in Children with Cerebral Palsy

Many types of AFOs are available, but impacts on gastrocnemius operating length and kinematics
with different types of AFOs have not been previously evaluated. We analyzed the effects of two
different types of AFOs on medial gastrocnemius operating length. Medial gastrocnemius
operating length during gait was compared to the passive threshold of the gastrocnemius, defined
as the length of gastrocnemius at maximum ankle dorsiflexion with the knee fully extended
measured in physical exam. This comparison was used to evaluate whether the medial
gastrocnemius was stretched beyond the passive threshold during gait. The results suggested that
AFOs can stretch the gastrocnemius during gait for some individuals and AFOs have potential for

rehabilitation to stretch the gastrocnemius during walking in daily life.
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AIM 3: Fabricate Customized 3D Printed Variable Stiffness Ankle Foot Orthoses to

Evaluate Muscle Function

To evaluate how varying AFO stiffness impacts musculotendon operating length, an AFO with
interchangeable elastic polymer bands was fabricated that can be used as a research platform for
evaluating muscle function with AFOs. The AFO fabrication process uses an affordable 3D
portable scanner and computer aid design tools to customize the fit of the AFO to an individual’s
leg. A fuse deposition modeling 3D printer with polylactic acid filament was used to fabricate the
AFOs and negative molds of elastic polymer bands. Varying the stiffness of the elastic polymer
bands, attached posteriorly parallel to the Achilles tendon, can be used to adjust sagittal plane
stiffness of the AFOs. The 3D printed variable stiffness AFOs are compatible with other
measurement tools such as ultrasonography and electromyography (EMG) by the virtue of flexible

AFO design.

AIM 4: Evaluate Changes in Kinematics and Gastrocnemius Function during Gait

with Different Stiffness Ankle Foot Orthoses in Unimpaired Individuals

We evaluated impacts of AFO stiffness on medial gastrocnemius length, Achilles tendon (AT)
length, and joint kinematics during gait of unimpaired adults using 3D printed variable stiffness
AFOs, ultrasonography, and electromyography (EMG). Analyzing the interplay between different
stiffness AFOs and AT and muscle length can provide insight into how our body adapts to different
AFOs. The results demonstrate that as AFO stiffness increased, peak AT length, peak

gastrocnemius activation level, and peak gastrocnemius eccentric velocity decreased. Slower
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walking speed reduced peak gastrocnemius eccentric velocity, suggesting the muscle may produce
less force due to muscle’s force-velocity properties. The results demonstrate the complex
musculotendon dynamics with varying AFO properties and provide methods that can be extended

to inform the design and prescription of AFOs for individuals with neurologic injuries.
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INTRODUCTION

Cerebral Palsy

Cerebral Palsy (CP) is a neurological disorder that stems from a non-progressive brain lesion or
malformation of the immature brain, which causes heterogeneous impairments in movement,
sensory abilities, and language. CP negatively affects mobility and can create long-term financial
burdens. For example, in the United States, the prevalence of CP is 3.3 per 1000 children [1].
Among children with CP, 58.2% of children can walk independently but their gait pattern deviates
from unimpaired individuals, 11.3% rely on hand-held assistive devices to walk, and 30.6% have
a limited ability to walk independently [2]. The medical costs for children with CP is a crucial
social issue. Among children who enrolled in Medicaid in 2005, medical expenditures for children
with CP without co-occurring intellectual disability (ID) were $15,047 higher per child per year
than typically developing children, and CP with co-occurring ID were $41,664 higher [3].
Although caused by an injury to the brain, secondary musculoskeletal impairments commonly
develop among individuals with CP. Muscle contracture is common in individuals with CP and
may lead to bone deformities [4]. Muscle contracture can also impair movement and cause hip
dislocation and degenerative arthritis and joint pain if left untreated [5].

There are several common factors which can increase the risk of CP. Inadequate level of
oxygen in the blood due to altered heart rate, respiratory distress or a collapsed lung can cause
intrapartum asphyxia and damage areas of the brain that are crucial to development and motor
function [6]. Intracranial hemorrhage, which is a pathological accumulation of blood within the
brain, is one of most common causes of CP [7]. Intracranial hemorrhage can be related to blood

coagulation in the placenta from pathologies such as placenta abruption and placenta previa, in



which the placenta partially or entirely covers the cervix [§]. Brain damage from bacterial infection
is another risk factor of CP. The brain can be broadly classified into white matter and grey matter.
Grey matter consists of dendrites, axon terminals of neurons, cell bodies of neurons, synapses, and
capillaries [9]. Grey matter plays a role in muscle control, sensory perception and self-control [10].
White matter is composed of long-range myelinated axons and it responsible for the signal
transmission of nerve impulses that control motor function [11].

When the white matter and grey matter are damaged near the time of birth, CP can result.
Periventricular leukomalacia (PVL) is a type of brain damage of periventricular white matter and
it results in necrosis of affected cells and generates an empty area in the brain [12]. It is believed
that intrauterine infections may be an underlying contributing cause of these injuries, where
abnormal bacteria can infect the amniotic fluid [13]. PVL also can be caused by intraventricular
hemorrhage [14]. Traumatic brain damage can also lead to CP when children are exposed to abuse,
motor vehicle accident, or infected by meningitis which causes inflammation of brain and spinal
cord membranes. Since every brain lesion is unique, every individuals with CP has different
pathologic gait patterns, thus orthoses and other assistive devices need to be customized to each

individual.

Pathologic Gait Patterns and Muscle Characteristics

Because there are many types of brain injuries that can cause CP, there are also many different gait
patterns among individuals with CP. The most common pathologic gait patterns include stiff knee
in swing, equinus, intoeing, increased hip flexion, and crouch gait [15]. Among the common
pathologic gait patterns, equinus and crouch gait are thought to be related to gastrocnemius

contracture and spasticity. Since AFOs directly influence the gastrocnemius and the soleus by



controlling ankle joint movements during gait, evaluating AFO’s impact on muscle function is
crucial to better understand these pathologic gait patterns. Equinus gait is caused by excessive
activation of the triceps surae and/or inadequate tibialis anterior muscle contractile force [16].
Equinus can be classified into true equinus and apparent equinus. True equinus is characterized by
a large plantarflexion ankle angle with a fully extended knee or mild recurvatum, fully extended
hip, and neutral to anteriorly tilted pelvis. Jump gait is a combination of true equinus with
contracture and spasticity of biarticular muscles which cross the knee, such as the rectus femoris,
gastrocnemii, and hamstrings. Thus, jump gait is characterized by normal ankle angle range with
excessive knee joint flexion, excessive hip joint flexion, and normal or anteriorly tilted pelvis angle
during stance. Apparent equinus has similar characteristics with jump gait except that the ankle is
not plantarflexed but exhibits a neutral angle when in anatomic position. When the ankle angle is

dorsiflexed from jump gait it classified as crouch gait (Fig. 1) [17].

Hamstrings '

Gastrocnemii

) 6
8 > 90" g <90°
(Plantarflexed) (Plantarflexed) (Neutral) (Dorsiflexed)
True equinus Jump gait Apparent equinus Crouch gait

Figure 1. Common pathologic gait patterns of individuals with cerebral palsy.

Red lines depicts biarticular muscles which cross the knee joint including the hamstrings,
gastrocnemii, and rectus femoris.



Equinus gait patterns also have different joint kinetics during gait compared to unimpaired
individuals. For example, continuous ankle plantarflexor contraction during stance phase results
in an inadequate ankle plantarflexion moment during terminal stance. The ankle plantarflexors
also have two phases of activation during stance, which results in double bump ankle moment
pattern during equinus gait, demonstrating a rapid change in plantarflexor moment. Extensor knee
moments of individuals with CP are often larger compared to unimpaired individuals to prevent
collapse with excess knee flexion [18]. The quadriceps muscles, which are knee extensors,
continuously maintain contraction during pathologic gait patterns such as crouch gait. In some
cases, activation of knee flexors present different moment patterns. The knee flexor activation
patterns can also contribute to different knee moments during gait.

Altered muscle characteristics are one contributor to pathologic gait patterns. Individuals
with CP have muscle characteristics that are different than those of unimpaired individuals [20].
Common symptoms of CP include muscle spasticity and contracture. Spasticity is characterized
by an abnormal velocity-dependent resistance to stretch. Muscles with spasticity have larger
intrinsic and reflex stiffness than unimpaired muscles where muscle resistance increases as muscle
stretching velocity increases [21]. Muscle contracture may result from protracted spasticity and
these muscles have a permanent reduction in muscle operating length, which can limit joint range
of motion [22,23]. Operating length is defined as the length of the musculotendon unit from origin
to insertion during movement. Muscles with spasticity and contracture have different muscle
morphologies and structures compared to unimpaired muscle. For example, among individuals
with CP muscles have been shown to have reduced fascicle length, physiological cross-sectional
area, pennation angle, and muscle volume [24]. The muscle fiber is also stiffer compared to

typically developing individuals [25]. Thus, spasticity and contracture hinder muscles from



achieving an effective length for generating force and executing daily activities. Muscles of
individuals with CP also have altered activation patterns during gait compared to unimpaired
individuals [26]. They cannot voluntarily fully activate their muscles and have excess co-activation
[27,28]. These altered muscle characteristics and activations impair movement.

There are many possible treatments for children with CP to correct pathologic muscle
functions and gait patterns. In general, pharmaceutical treatment such as benzodiazepines [29],
baclofen [30], and botullinum toxin [31] in addition to multi-level orthopedic surgeries [32-34]
have been suggested as possible treatments. However, pharmaceutical treatments and surgical
treatments not only often have side effects [35], but outcomes are also inconsistent and often
unsatisfactory [36,37]. Physical therapy such as stretching [38], strengthening [39], ambulation
training [40] and functional activity training [41] may offer alternative treatments to reduce muscle
tone. For example physical therapy techniques are associated with improvements in gait [42].
Although physical therapy is non-invasive compared to surgical and pharmaceutical treatments,
the beneficial effects of therapy often cease once therapy is discontinued [43] and therapy can be
time and resource intensive [3]. Therefore, it is both desirable and important to have repeatable
and sustainable rehabilitation exercise strategies that can be integrated with daily life. Ankle foot
orthoses (AFOs) are an assistive device to improve mobility in individuals with CP by providing
support and alignment during gait. Moreover, AFOs also could be an alternative treatment to
extend therapy into daily life. Compared to surgical and pharmaceutical treatment, AFOs cost less,
avoid perilous aspects of operations, and can be discontinued if unsuccessful. In order to maximize
benefits of AFOs, understanding the underlying mechanisms by which AFOs impact pathologic

muscle and gait are required.



Ankle Foot Orthoses

AFOs are commonly prescribed for individuals with CP. Different types of AFOs are commonly
prescribed depending on an individual’s gait pattern and musculoskeletal deformities. Broadly,
AFOs can be classified into articulated AFOs, posterior leaf spring (PLS) AFOs, and rigid AFOs
(Fig. 2). Articulated AFOs use hinges to permit unrestricted ankle motion over a range that can
be adjusted with a plantarflexion or dorsiflexion stop, as necessary. The articulated AFO gives
flexibility to transition between common motions (e.g., walking, sit to stand, and stair climb).
However, prior research has suggested articulated AFOs should be cautiously prescribed to
individuals with tight gastrocnemii or crouch gait. Increasing the muscle length at the ankle (with
a plantarflexion stop) may result in a compensatory increases in knee flexion angle (developing

or exacerbating crouch gait), preventing changes in gastrocnemius muscle length [44].

Figure 2. Three typical type of AFOs. Rigid AFO (left), posterior leaf spring AFO (middle), and
hinged AFO (right).



Rigid AFOs consist of a single rigid piece of material. A rigid AFO locks ankle motion
during gait. The primary goal of rigid AFOs are to provide stability and are commonly used for
individuals with equinus deformity [45]. If rigid AFOs are used for a long time, they may cause
atrophy of ankle plantarflexors and dorsiflexors since they restrict ankle motion [46]. PLS AFOs
are similar to rigid AFOs being of a single continuous piece of plastic, or calf cuff, behind the
ankle, but are designed to be non-rigid. PLS AFO stiffness is determined by changing the
thickness and width of the calf cuff [47-49] or by choosing different materials [50]. Advantages
of PLS AFOs are that they can 1) prevent foot drop in swing and support alignment of the foot
promoting appropriate heel contact, 2) store energy during stance and (3) help during push-oft to
move the body forward by releasing stored energy [51]. The flexibility to design different
stiffness is one strength of PLS AFOs, but once the fabrication of a PLS AFO is completed with
a specific stiffness it cannot be changed. Determining the optimal stiffness for each individual is
challenging because gait patterns are unique among different individuals and individual

responses to a given AFO are difficult to predict [52].

Many studies have shown AFOs can alter gait kinematics and kinetics. For example,
AFOs can improve temporal-spatial gait characteristics by increasing stride length, step length,
and gait velocity [53-55]. Other studies have reported that AFOs do not improve or can even
aggravate pathologic gait patterns. For instance, one study reported decreased gait velocity with
articulated AFOs and rigid AFOs compared to barefoot walking [56], while another study
reported that rigid AFOs increased double limb support time [57]. Rigid AFOs, articulated
AFOs, and PLS AFOs have been shown to reduce cadence compared to walking without AFOs

for some individuals [58]. PLS AFOs mechanically contribute to improved gait patterns by



creating additional plantarflexion moment during terminal stance [59,60]. AFOs can also reduce

the tibialis anterior activation [61,62] and metabolic cost [63,64].

Along with selecting a specific type of AFO, there are some parameters that can be tuned
such as adjusting shank-to-vertical angle (SVA, figure 4) and stiffness in the sagittal plane.
These parameters affect not only gait kinematics and kinetics but can also influence muscle
function. To adjust SVA, wedges of different heights are attached on the bottom of the AFOs to
make the shank slightly inclined to the ground, which can enable more normal gait kinematics by
adjusting the heel contact at gait initiation (Fig. 3). Adjusting SVA has the potential to
effectively correct and accommodate tight or contracted gastrocnemius [65,66] and help prevent
knee recurvatum [67]. On the other hand, AFOs with wedges do not contribute to increasing the

stride length or the moments at the knee and ankle [68].

Shank-to-Vertical Angle
(SVA)
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Figure 3. Shank-to-vertical angle (SVA). SVA is defined as being either reclined or inclined
during standing. SVA can be adjusted using a wedge on the bottom of the shoe (right).

Gait kinematics and kinetics can change in response to AFO stiffness. Gok et al.

suggested that stiffer AFOs which were made of metal, contributed to better walking speed, step



length, ankle dorsiflexion moments and reduced knee flexion moment compared to less stiff
AFOs made of plastic [69]. Stiffness level alters the AFO’s contribution to the total
plantarflexion moment during terminal stance; however, the level of contribution is not
proportional to stiffness level [52]. There is evidence that neuromuscular control of ankle
plantarflexors and dorsiflexors change in response to AFO stiffness, specifically the excitation
level of the soleus has been shown to not be proportional to stiffness level [70]. While
ambulation energy cost could potentially be minimized with an optimal AFO stiffness, prior
research has suggested that this stiffness is not concurrent with the stiffness level that maximizes

energy storage [71].

AFOs are clearly beneficial to individuals with neuromuscular injuries, but a greater
understanding of the underlying mechanisms by which AFOs contribute to improved gait and
impact pathologic muscle function is required to determine the optimal AFO prescription for
each individual. Considering that even children with Gross Motor Function Classification
System (GMFCS) Level III still take over one thousand steps per day [72], quantifying muscle
function and impact of AFOs on daily life is crucial. For example, if AFOs can stretch affected
muscles during ambulation for individuals with neurological disorders, these AFOs can be
utilized as a rehabilitation tool for repetitive stretching that may increase gastrocnemius fascicle
length and reduce passive force for individuals with CP [73]. Therefore, optimally tuned AFOs
may improve gait patterns and enable AFOs to be used as a supplement to traditional stretching

and physical therapy.



Musculoskeletal Modeling

Understanding and quantifying muscle function with AFOs not only allows us to better
understand mechanisms that may contribute to pathologic gait, but also provide crucial insight
into how to optimally prescribe customized AFOs, pharmaceutical prescriptions, and surgical
treatments. The human musculoskeletal system is extremely complex, which makes determining
the effects of treatments such as AFOs on muscle function and pathologic motion challenging.
For example, biarticular muscles cross two joints and have multiple attachment points on each
bone segment thus, evaluating these biarticular muscle is particularly difficult. Musculoskeletal
modeling and simulation has recently provided new tools to quantify how muscles contribute to
pathologic motion. OpenSim, an open-source 3D musculoskeletal modeling and simulation

software, lets users analyze the dynamics of human movement [74,75].

Musculoskeletal modeling has been used to evaluate pathologic gait patterns [76]. For
example, prior research has examined how different muscles contribute to accelerating the body
during crouch gait [77,78] and stiff-knee gait compared to unimpaired individuals [79,80].
Simulation can also be used to evaluate the impact of different factors like muscle strength. A
prior musculoskeletal simulation study demonstrated that crouch gait reduces the capacity of

many lower-extremity muscles to extend the hip and knee [81].

Musculoskeletal modelling has also been used to calculate musculotendon lengths for
individuals with CP. Limited musculotendon operating lengths and muscle moment arms due to
bone deformities (altered bone geometry) in individuals with CP can be key factors contributing
to pathologic gait patterns. For example, tight hamstrings due to spasticity and contracture were

thought to cause crouch gait, and crouch gait was often treated with hamstring lengthening
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surgery. Arnold et al. showed individuals with CP and crouch gait had shorter semitendinosus
and psoas operating lengths compared to unimpaired gait, potentially contributing to crouch gait
[82]. She also demonstrated that key muscles such as the hamstrings, adductor brevis, adductor
longus and gracilis had an external rotation moment arm or very small internal rotation moment
arms during pathologic gait [83]. However, even though hamstring lengthening surgery often
improved excessive knee flexion during gait, it also could lead to decreased knee flexion during
swing, increased hip flexion during stance, or increased anterior pelvic tilt [84-86]. The majority
of individuals with CP and crouch gait did not have short hamstrings operating length, but rather
had normal or longer hamstrings length compared to unimpaired individuals [87]. Arnold et al
further used a musculoskeletal model to combine hamstring lengths and lengthening velocities
with gait kinematics for individuals with CP who have crouch gait. Her results suggested that
individuals with CP who walked with short hamstring lengths or slow lengthening velocity
preoperatively, and individuals whose hamstrings had short operating lengths with normal
musculotendon length or faster lengthening velocity postoperatively, were both unlikely to
improve knee extension from hamstring surgery [88]. Similar methods have also been used to
evaluate the impact of AFOs during gait. Thompson et al utilized musculoskeletal modeling and
demonstrated that rigid AFOs increased peak hamstring operating length in with children with

CP [89].

Musculoskeletal modeling has limitations. In particular, these methods often use muscle
properties obtained from unimpaired individuals, which may be very different from those of
individuals with CP. Further, while modeling can be used to quantify the overall musculotendon
operating length, it is challenging to quantify the relative changes in length of the muscle and

tendon, independently. To achieve better simulation outcomes, pathologic muscle structure such
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as fascicle length, pennation angle, muscle length, and tendon length should be quantified and
integrated with experimental techniques like ultrasonography to better understand muscle

function.

Figure 4. Musculoskeletal model.

Based on experimental marker position on the participant, a musculoskeletal model can be scaled
and used to perform inverse kinematics which calculates joint angles. The musculoskeletal
model used in Aim 4 of this research consists of 37 degrees of freedom and 92 muscle actuators,
including the lower extremities [74] and upper extremities [75]. The degrees of freedom in the
model included a ball-and-socket joint at each shoulder, a hinge joint at each elbow, a
combination of saddle joint and condyloid joint at each wrist, three translations and three
rotations of the pelvis, a ball and socket joint between the pelvis and the torso located at the third
lumbar vertebrae, a ball-and-socket joint at each hip, a combination joint of translations and
rotations at each knee, and a revolute joint at each ankle.
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Ultrasonography

Ultrasound is defined as a high-frequency sound wave that humans cannot hear; the range of
frequencies humans hear is 20 to 20,000 Hz with ultrasound frequency above 20,000 Hz.
Ultrasonography is a diagnostic imaging technique which utilizes ultrasound ranging between 1
MHz and 30 MHz. Ultrasound waves are produced by a piezoelectric transducer which converts
electric current into mechanical sound waves. The transducer should have an identical acoustic
impedance to that of the human body, high permittivity, wide dynamic range and frequency
response for pulse operation, high efficiency as a transmitter, and a high sensitivity receiver. The
lead zirconate titanate (PZT) transducer satisfies these characteristics and has been widely used
for clinical purposes [90]. Ultrasonography operates in the following way: First, activating a
transducer transmit pulser, P(t), in order to transform electric signals into ultrasound waves and
then transmitting the ultrasound wave signals into the human body. Second, detecting reflected
ultrasound wave signals with the transducer. Next, the transducer transforms the ultrasound wave
signal into electric signals. Finally, the transformed electric signals is processed with the signal

processor to display on a monitor [91] (Fig. 5).

Transducer

R (t)
) Py rctoson [ o

Transmit pulser P(t)

Figure 5. Block diagram of ultrasonography
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Medical imaging such as X-ray, computed tomography (CT), magnetic resonance
imaging (MRI), and ultrasonography are non-invasive which is beneficial to examine human
internal structures, such as muscle. Each method has pros and cons for examining different
structures in the human body. For example, individuals are exposed to radiation when subjected
to X-ray and computed tomography. MRI supports high resolution images, but it has limitations
to acquire real-time images and is very expensive compared to the other imaging methods.
Ultrasonography is not only one of the least expensive imaging modalities but also the only
method which can currently be used while a person is walking. Ultrasonography supports real-
time measurement, but the images have a low resolution relative to CT and MRI. Image
processing techniques and hardware developments make ultrasonography reliable and has, thus,
contributed to many studies on changes in pathologic muscle morphologies. For example,
changes in muscle architecture and contractile performance have been studied with
ultrasonography for older adults who have sarcopenia [92]. Ultrasonography has also been
utilized to study differences in muscle morphologies. For example, quadriceps femoris and
longissimus muscle thickness is significantly different according to Gross Motor Functional
Classification System Level [93] for children with CP. Prior research with ultrasonography has
also demonstrated that gastrocnemius fascicle length, muscle thickness, muscle length, and
muscle volume in the paretic limb are reduced compared to the non-paretic limb in individuals

with hemiplegic CP [94,95].

This dissertation evaluates how tuning AFO parameters impacts gastrocnemius function
and gait kinematics. The first aim evaluated how tuning the SVA influence gastrocnemius
operating length and gait kinematics of an individual with stroke. The second aim evaluates how

different types of AFOs alter gastrocnemius operating length and gait kinematics in children with
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CP, including five children with mild involvement and six children with more severe
involvement. In order to evaluate muscle function and gait kinematics with respect to different
AFO properties, the third aim introduces a flexible research platform which can incorporate
sensors, such as ultrasound, into AFOs with variable stiffness fabricating using 3D printing and
scanning technology. The fourth aim demonstrates how different AFO stiffness impacts gait

kinematics and gastrocnemius function with the variable stiffness AFOs during unimpaired gait.
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AIM 1: USING MUSCULOSKELETAL MODELING TO EVALUATE THE EFFECT OF
ANKLE FOOT ORTHOSIS TUNING ON MUSCULOTENDON DYNAMICS: A CASE
STUDY

Published in: Hwan Choi, Kristie Bjornson, Stefania Fatone, Katherine M. Steele. Disability and
Rehabilitation: Assistive Technology, 2015, 11(7) pp. 613-8. DOI:
10.3109/17483107.2015.1005030

1.1 Abstract

This case study examines the influence of an Ankle Foot Orthosis Footwear Combination (AFO-
FC) on musculotendon lengths and gait kinematics and kinetics after right thrombotic stroke
resulting in left hemiplegia. Gait analysis was performed over three visits where the participant
walked with an AFO-FC with two shank-to-vertical angle (SVA) alignments, a posterior leaf
spring AFO (PLS AFO), and shoes alone. Biomechanical and musculoskeletal modeling was used
to evaluate musculotendon lengths, kinematics, and kinetics for each condition. The AFO-FC
improved walking speed and non-paretic kinematics compared to the PLS AFO and shoes alone.
The operating length of the paretic gastrocnemius decreased with the AFO-FC improving knee

kinematics in swing, but not stance. As the SVA of the AFO-FC was reduced from 15° to 12°,

internal ankle plantarflexor moment increased. Musculoskeletal modeling demonstrated that the
AFO-FC altered gastrocnemius operating length during post-stroke hemiplegic gait. Using these
tools to evaluate muscle operating lengths can provide insight into underlying mechanisms that
may improve gait and guide future AFO-FC design.

This study was published in Disabil and Rehabil: Assist Technol 2015. 11(7): pp.613-8.
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1.2 Background
Stroke negatively affects mobility with 50% of stroke survivors achieving only a limited level of
functional ambulation [96]. To achieve better outcomes we need an improved understanding of
the mechanisms that hinder mobility and better methods for prescribing and optimizing function
of assistive devices. Ankle Foot Orthoses (AFOs) are an assistive device commonly used to
improve gait after stroke, with many designs available to provide support and alignment,
compensate for muscle weakness, and help prevent secondary musculoskeletal deformities.
Recently, Ankle Foot Orthosis Footwear Combinations (AFO-FCs) have been suggested to
improve gait for individuals with neuromuscular problems [97-101]. AFO-FCs comprise a rigid,
non-articulated AFO set at an ankle angle (AA) predicated on muscle length [102], a shank-to-
vertical angle (SVA) modified by intrinsic or extrinsic heel wedges to center the knee over the
middle of the foot during mid-stance [103], and footwear modified to allow stance phase roll-over
given restriction of ankle and possibly metatarsophalangeal joint motion [104]. By dynamically
adjusting the SVA and rocker profile of the footwear, orthotists can “tune” the sagittal plane
orientation of the vertical ground reaction force vector with respect to the knee and hip during
terminal stance and pre-swing [67,97]. Tuning an AFO-FC was previously shown to improve
walking speed, knee kinematics, and knee pain in an individual after stroke [105] and walking
speed, step length and cadence in eight individuals after stroke [98].

The efficacy of AFO-FCs is thought to be related to musculotendon dynamics during gait
[67]; however, the impact of AFO-FCs on muscle function during gait remains unclear.
Contracture, spasticity, and increased muscle tone are common after stroke and can contribute to
pathologic gait patterns [106]. For example, contracture or spasticity of the gastrocnemius, which

crosses both the knee and ankle, may contribute to reduced push-off in terminal stance, excessive
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knee flexion in stance, and inadequate knee flexion in swing [77,107]. If the gastrocnemius is too
tight to achieve full knee extension and the 10-20 degrees of ankle dorsiflexion required during
terminal stance, compensations such as increasing ankle plantar flexion or knee flexion must occur.
Tuning an AFO-FC to reduce the operating length of the gastrocnemius during gait may help to
reduce the effect of contracture and spasticity on these abnormal kinematics, but the impact of
AFO-FCs on musculotendon operating lengths has not been previously investigated.

A muscle’s operating length is defined as the length of the muscle-tendon unit from origin
to insertion during movement. Estimating a muscle’s operating length requires knowledge of not
only joint angles, but also musculoskeletal geometry such as segment length, muscle moment
arms, and musculotendon paths. Thus, estimating a muscle’s operating length during movements
such as walking is challenging, especially for bi-articular muscles like the gastrocnemius. Recent
advances in musculoskeletal modeling and simulation have created detailed models of the
musculoskeletal system that can be used to estimate muscle operating lengths [74]. For example,
musculoskeletal modeling has been used to evaluate the length of the hamstrings during crouch
gait, a common gait pathology among children with cerebral palsy, and has been used to predict
surgical outcomes after hamstring lengthening [88,108]. It is thought that orthotists can adjust
AFOs to alter the operating length of the gastrocnemius and other muscles during gait [109], so
understanding how musculotendon operating lengths change with AFO-FCs may improve orthotic
prescription, design, and tuning.

This case study evaluated whether tuning an AFO-FC altered musculotendon operating
lengths and contributed to improved kinematics during gait. We evaluated a participant with left
hemiplegia post-stroke who presented with gastrocnemius contracture and a stiff-knee gait.

Evaluations were conducted over three visits while walking with shoes alone, a posterior leaf
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spring AFO (PLS AFO), and an AFO-FC with two shank-to-vertical angles. We hypothesized that
the AFO-FC would decrease gastrocnemius operating length and improve knee kinematics during

gait.

1.3 Methods

Participant

A 56 year old male (height = 190 cm, weight = 88.5 kg) who sustained a right middle cerebral
artery injury with subsequent left hemiplegia was first evaluated using instrumented gait analysis
eleven months post-stroke. Clinical exam indicated that the participant had restricted passive ankle

range of motion on the left due to gastrocnemius shortening: 10° dorsiflexion (knee at 90° flexion)
and 5° plantarflexion (knee at 0°). The left knee also had 5° hyperextension. The university’s

Institutional Review Board approved this study and written informed consent was obtained from

the participant prior to participation.

Orthotic Conditions

The participant visited the motion analysis laboratory on three occasions. As part of his preceding
clinical care the participant had been provided an off-the-shelf polypropylene PLS AFO. At the
first visit (11 months post-stroke), his gait was assessed with the PLS AFO. The participant was

also fitted with a custom polypropylene AFO-FC with an ankle angle of 8° plantarflexion (based
on passive ankle range of motion with the knee extended) and an SVA of 15 after tuning (Fig. 6).

The AFO-FC was tuned by a certified orthotist with over 20 years of experience in the orthotic

management of individuals post-stroke. The participant wore this AFO-FC full-time for 5 months
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between the first and second visit. At the second visit (16 months post-stroke), the participant’s

gait was evaluated with the same AFO-FC.

Figure 6. Alignment of the AFO-FC. Ankle Angle (AA) set at 8° plantarflexion and SVA of 15°
inclination when the orthosis is placed inside a modified shoe.

Based upon this analysis, the AFO-FC was adjusted (i.e., re-tuned) by the same orthotist,

reducing the SVA from 15° to 12° by removing material from beneath the heel of the shoe. This

was done to improve the sagittal plane orientation of the vertical ground reaction force vector with
respect to the knee joint such that greater knee extension might be achieved in terminal stance. The
participant returned 1 month later (17 months post-stroke) to evaluate the re-tuned AFO-FC, which
was worn full-time during the intervening month. During this final visit, the participant’s gait was
also evaluated with shoes alone to determine if gait had changed due to recovery compared to the
initial visit. The participant walked with a quad cane when using the PLS AFO and shoes alone
but ambulated without an assistive device when the AFO-FC was worn. At the first visit, the
participant refused to walk with shoes alone, which is why the PLS AFO was used as the
comparison condition. At the final visit, the participant agreed to walk with shoes alone, suggesting
some level of recovery and improvement in comfort and confidence in walking without AFOs.

Unfortunately, the PLS AFO was no longer available for testing at the final visit.
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Gait Analysis

An eight-camera real-time motion capture system (Motion Analysis Corporation, Santa Rosa, CA)
was used to acquire three-dimensional marker data at 120 Hz. Markers were placed on the
participant by the same investigator for all analyses based on a modified Helen-Hayes marker set
[110]. Ground reaction forces were acquired at 960 Hz using six force plates (Advanced

Mechanical Technology Inc., Watertown, MA).

Musculoskeletal Modeling

OpenSim, an open-source musculoskeletal modeling and simulation software platform [74], was
used to calculate gait kinematics and estimate musculotendon lengths. A generic musculoskeletal
model with 19 degrees of freedom and 92 muscles [74] was scaled to the participant based upon
anatomical landmarks. For each trial, inverse kinematics was used to calculate joint angles,
minimizing the distance between the three-dimensional marker trajectories from gait analysis and

virtual markers placed on the model.

Musculotendon operating lengths of major lower-limb muscles were calculated from the
distance of each muscle’s path from origin to insertion during the gait cycle. Muscle paths are
based upon cadaveric and imaging data and have previously been used to evaluate muscle lengths
and velocities in unimpaired individuals and individuals with neurologic disorders [88]. To
facilitate comparison with unimpaired individuals, musculotendon lengths were normalized by the
length of each muscle with the hip, knee, and ankle joints in anatomic position. The maximum
operating length of the gastrocnemius was also estimated by calculating the length of the
gastrocnemius with the knee in full extension and the ankle dorsiflexed to the maximum angle

measured during the clinical exam. Joint kinetics were calculated using inverse dynamics. Joint
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kinematics, kinetics, and musculotendon operating lengths were normalized to 101 points for each

gait cycle and averaged over a minimum of 9 gait cycles for each condition.

Musculotendon operating lengths have previously been shown to be dependent on walking
speed [112]. Hence, results were compared to previously collected kinematics and musculotendon
lengths of a group of unimpaired participants walking at very slow speeds (N=8, data available at:

https://simtk.org/home/mspeedwalksims) [113].

1.4 Results

Compared to unimpaired individuals, the participant walked with inadequate hip extension,
excessive stance phase knee flexion, reduced stance phase ankle dorsiflexion, and reduced swing
phase knee flexion on the paretic side when wearing shoes alone or the PLS AFO (Figs. 7 A, B,
C). On the non-paretic side, hip, knee, and ankle kinematics were also abnormal with shoes alone
and PLS AFO, with a prolonged support time (Figs. 7 D, E, F). For the same conditions (shoes
alone and PLS AFO), the paretic side hamstrings operated at near normal maximum length at
initial contact (Fig. 8 A, solid and dotted gray lines) while paretic side gastrocnemius length (Fig.
8 B, solid and dotted gray lines) was reduced during stance compared to unimpaired gait.
Maximum paretic side gastrocnemius length in terminal stance was similar to the maximum length

measured during passive ankle dorsiflexion in the clinical exam (Fig. 8 B, red horizontal line).

Paretic limb kinematics at the hip, knee and ankle improved with the AFO-FC at the second
and third visits (Figs. 7 A, B, C). The AFO-FC reduced support time and improved joint motion
on the non-paretic side compared to gait with shoes alone and the PLS AFO. At the second visit,

the AFO-FC with SVA of 15° reduced toe-off time from 88% to 76% of the gait cycle on the non-
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paretic side and 77% to 61% of the gait cycle on the paretic side. Knee range of motion remained

less than unimpaired gait, but improved from 19.3 ° and 13.4 ° with shoes alone and the PLS AFO,

respectively, to 26.1° in the AFO-FC with SVA of 12° at the final visit.

Musculotendon operating lengths and joint moments on the paretic side were altered with
the AFO-FCs (Figs. 8 A, B, C). In contrast to the shoes alone and PLS AFO conditions, the medial
gastrocnemius did not exceed the maximum passive gastrocnemius length with the AFO-FCs
because of the fixed plantarflexion angle. Although gastrocnemius operating length was reduced,
paretic side knee extension during stance did not improve with the AFO-FCs (Fig. 7 B, solid and

dotted black lines). However, changing the AFO-FC’s SVA from 15 ° to 12 ° improved knee
flexion during swing. Knee flexion during swing increased from 30.4° to 36.5 after re-tuning the
AFO-FC. Hip flexion at heel contact improved from 14.1° to 18.8” with the retuned AFO-FC, but
overall range of motion decreased. Reducing the AFO-FC’s SVA from 15 ° to 12 ° also increased

the internal ankle plantarflexor moment and decreased the internal knee extensor moment during

terminal stance, helping to decrease the stiff-knee gait pattern.
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Figure 7. Sagittal plane gait kinematics with two different type AFO-FC, PLS AFO, and barefoot
walking.

Average sagittal plane kinematics at the hip, knee, and ankle of the non-paretic and paretic sides
with shoes alone (solid gray lines), PLS AFO (dotted gray lines), AFO-FC with 15° SVA (dotted
black line) and AFO-FC with 12° SVA (solid black lines) normalized to one gait cycle. The gray
shaded band depicts the average + one standard deviation of unimpaired gait at very slow speeds.
Circles and vertical lines indicate toe-off for each condition for the participant with stroke and
unimpaired individuals, respectively. Positive values of hip and knee angles are flexion and
positive values of ankle angle are dorsiflexion.
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Figure 8. Musculotendon operating length with two different type AFO-FC, PLS AFO, and
barefoot walking.

Average musculotendon operating length on the paretic side for the biceps femoris long head
(A), medial gastrocnemius (B), and tibialis anterior (C) during trials with shoes alone (solid gray
line), PLS AFO (dotted gray line), AFO-FC with SVA of 15° (dotted black line), and AFO-FC
with SVA of 12° (solid black line) normalized to one gait cycle. The gray shaded band depicts
the average + one standard deviation of musculotendon operating lengths during very slow
unimpaired gait. Circles and vertical lines indicate toe-off for each condition for the participant
with stroke and unimpaired individuals, respectively. The horizontal red dotted line in (B)
depicts gastrocnemius length at maximum ankle dorsiflexion with the knee extended from the
clinical exam. Musculotendon lengths were normalized by the length of each muscle in the
anatomic position. Also shown are average sagittal plane internal joint moments at the hip (D),
knee (E), and ankle (F) of the paretic side with shoes alone (solid gray lines), PLS AFO (dotted
gray lines), AFO-FC with 15° SVA (dotted black line) and AFO-FC with 12° SVA (solid black
lines) normalized to one gait cycle.

Walking speed was also significantly improved with the AFO-FC. The participant’s speed
was 0.20 and 0.26 m/s (0.07 and 0.09 nondimensional velocity) with the shoes alone and PLS

AFO, respectively. With the initial AFO-FC, the speed was 0.59 m/s (0.21 nondimensional
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velocity) and improved to 0.66 m/s (0.24 nondimensional velocity) when the AFO-FC was re-

tuned to an SVA of 12°. However, these speeds are still substantially less than the unimpaired

participants’ very slow speed, which had an average nondimensionalized velocity of 0.54 £ 0.04

(Table 1).

Table 1. Temporal-spatial and kinematic changes in gait with each condition.

*The nondimensional velocity normalizes walking velocity by /g * Lio4. Where g is gravity
and L. 1s participant leg length. PLS AFO=posterior leaf spring ankle foot orthosis; AFO-FC=
ankle foot orthosis-footwear combination; SV A=shank-to-vertical angle.

First visit Second visit D
(11 months |~ (16 months (17 mofl?ﬁgdp‘élssfstroke)
post-stroke) | post-stroke)
PLS AFO (Q\Eg_fgz) (Q\Eg_f;) Shoe only
Stride Length (cm) 45.5 72.8 76.0 47.3
Nondimensional Velocity* 0.09 0.21 0.24 0.07
Walking Speed (meters/sec) 0.26 0.59 0.66 0.20
Cadence (steps/min) 68.8 98.0 104.2 50.1
Step Width (cm) 27.7 23.7 23.7 32.8
Paretic Toe Off Time (%) 77 61 66 85
Paretic Hip Range of Motion () 17 16.4 13.4 18.1
Paretic Knee Range of Motion (°) 13.4 19.7 26.1 19.3
Paretic Ankle Range of Motion () 15.7 9.2 11.4 16.4

1.5 Discussion

In this case study, we used musculoskeletal modeling to evaluate the influence of AFO-FCs on
musculotendon lengths and gait kinematics and kinetics. Our results indicate that the AFO-FC
reduced gastrocnemius operating length during gait and improved walking speed, stiff-knee gait,

and non-paretic limb kinematics compared to both shoes alone and a PLS AFO. Since the PLS
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AFO was not retested on the participant at the end of the study, we cannot rule out the possibility
that some of the improvement seen in the AFO-FC conditions were the result of motor recovery
over time and that further improvements in gait with the PLS AFO may have also been achieved
at the final visit. However, stance phase kinematics were highly similar between walking with
shoes alone and PLS AFO, suggesting that the PLS AFO had minimal effects on gait kinematics
and the participant used a similar gait pattern without AFO-FCs at the initial visit (11 months after
stroke) and final visit (17 months after stroke). Given that PLS AFOs are designed primarily to

assist swing phase ankle alignment, this similarity was unsurprising.

We had hypothesized that a shortened gastrocnemius was contributing to impaired knee
motion and that reducing gastrocnemius operating length during gait with an AFO-FC would
improve knee kinematics. Our hypothesis was partially supported by our results: we demonstrated
that the gastrocnemius was operating at its maximum length during gait with the PLS AFO and
shoes alone; while the AFO-FC reduced gastrocnemius operating length and knee kinematics

improved in swing, but not stance.

Sagittal plane joint moments provide insight into the mechanisms underlying changes in
knee kinematics. First, since gastrocnemius operating length was reduced throughout the gait cycle
to below the participant’s maximum length based on clinical exam, a shortened gastrocnemius no
longer contributed to inadequate dorsiflexion or excessive knee flexion in stance. However,
reducing the effect of a stiff/shortened gastrocnemius does not directly translate to improved knee
kinematics. In swing, maximum knee flexion is largely dependent upon ankle and knee moments
in terminal stance. With the AFO-FCs, the participant had greater internal ankle plantarflexor and
knee extensor moments in terminal stance than with shoes alone (Figs. 9 E and F), which helped

improve knee flexion in swing. With the initial AFO-FC (SVA of 157), the internal ankle
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plantarflexor moment increased in terminal stance, but there was also an excessive internal knee
extensor moment. Reducing the SVA from 15 to 12° shifted the orientation of the ground reaction

force such that the internal ankle plantar flexor moment increased and the internal knee extensor
moment decreased, improving knee flexion in swing [114]. This demonstrates the importance of
tuning the SVA of AFO-FCs and that even a small change in SVA can have a dramatic effect on

knee kinetics.

In stance, knee extension did not improve with the AFO-FCs, even though the
gastrocnemius operating length was reduced. With shoes and the PLS AFO, the gastrocnemius
was operating at its maximum length and likely contributed to inadequate ankle dorsiflexion and
knee extension. While, the AFO-FC dramatically changed the dynamics of the ankle joint, a
reduced gastrocnemius operating length did not translate to improved ankle and knee kinematics
in stance. In unimpaired gait, the ankle plantarflexors play an important role in helping to extend
the knee through dynamic coupling: the ankle plantarflexion-knee extension couple [114, 115]. In
an AFO-FC the ankle is held rigid and the ankle plantarflexor muscles can no longer contribute to
knee extension acceleration. Furthermore, as SVA increases, the forward tilt of the shank causes
greater knee flexion and increases the internal knee extensor moment required to maintain a stable
posture. Additionally, increasing SVA shortens the foot lever, similar to high heels, creating a
smaller effective moment arm about the ankle [116]. These changes highlight the complex,

interacting factors that must be considered when tuning orthoses.

This case study illustrates how musculoskeletal modeling can be used to evaluate the role
of individual muscles during walking, informing orthotic design to improve gait. We quantified
changes in musculotendon lengths, kinematics, and kinetics when wearing an AFO-FC. The AFO-

FC reduced gastrocnemius length but did not improve knee extension in stance compared to shoes
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alone and the PLS AFO. However, overall gait improved with the AFO-FC, including faster
walking speed and reduced stiff-knee gait. Further studies are needed to determine if changes in
gastrocnemius operating length and effects on joint moments during gait are consistent across
multiple participant s and evaluate differences between orthotic designs. We believe that finding
the balance between optimizing musculotendon operating lengths and lower extremity joint

moments can help improve orthotic designs.
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AIM 2: GASTROCNEMIUS OPERATING LENGTH WITH ANKLE FOOT ORTHOSES IN
CEREBRAL PALSY

Published in: Hwan Choi, Tishya A.L. Wren, and Katherine M. Steele. Prosthetics and Orthotics
International, 2016. DOI: 10.3109/17483107.2015.1005030

2.1 Abstract

Many individuals with cerebral palsy wear ankle foot orthoses during daily life. Orthoses influence
joint motion, but how they impact muscle remains unclear. In particular, the gastrocnemius is
commonly stiff in cerebral palsy. Understanding whether orthoses stretch or shorten this muscle
during daily life may inform orthosis design and rehabilitation. This study investigated the impact
of different ankle foot orthoses (AFOs) on gastrocnemius operating length during walking in
children with cerebral palsy. We performed gait analyses for eleven children with cerebral palsy.
Each child was fit with two types of orthoses: a dynamic ankle foot orthosis (Cascade DAFOs)
and an adjustable dynamic response ankle foot orthosis (Ultraflex AFOs). Musculoskeletal
modeling was used to quantify gastrocnemius musculotendon operating length and velocity with
each orthosis. Walking with AFOs could stretch the gastrocnemius more than barefoot walking for
some individuals; however, there was significant variability between participants and orthoses. At
least one type of orthosis stretched the gastrocnemius during walking for 4/6 and 3/5 of the Gross
Motor Functional Classification System (GMFCS) Levels I and III participants, respectively.
AFOs also reduced peak gastrocnemius lengthening velocity compared to barefoot walking for
some participants, with greater reductions among the GMFCS Level III participants. Changes in
gastrocnemius operating length and lengthening velocity were related to changes in ankle and knee
kinematics during gait. AFOs impact gastrocnemius operating length during walking and, with

proper design, may assist with stretching tight muscles in daily life. Determining whether ankle
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foot orthoses dynamic stretching tight muscles can inform future orthotic design and potentially
provide a platform for integrating therapy into daily life. However, stretching tight muscles must
be balanced with other goals of orthoses such as improving gait and preventing bone deformities.

This study was published in Prosthet and Orthot Int. 2016

2.1 Background

Ankle foot orthoses (AFOs) are commonly used to improve ambulation for individuals with
cerebral palsy (CP). Many types of AFOs are available and are prescribed for different gait patterns
and musculoskeletal deformities. AFOs are designed to improve gait, reduce energy costs, prevent
bone deformities, provide stability, and achieve other patient-specific goals [54-56,58,117-120].
The majority of these goals focus on improving function and prior research has indicated that, if
properly prescribed, AFOs can improve gait and other activities of daily living [120]. Since AFOs
are worn daily, this research also suggests that AFOs may provide a tool for extending therapy and

rehabilitation into daily life.

CP is caused by a brain injury at or near the time of birth [121]; however, secondary
musculoskeletal impairments, such as bone deformities, contracture, and weakness commonly
develop [122]. AFOs have been designed to help prevent bone deformities [123], but their impact
on muscle is not as well understood. In particular, the gastrocnemius is a complex multi-articular
muscle, which is commonly impaired among individuals with CP and may be influenced by AFO
prescriptions [124,125]. Stretching has commonly been prescribed for individuals with CP, and
repetitive stretching has been shown to increase gastrocnemius fascicle length and reduce passive
force [73]. Since muscles adapt to the stretched or shortened positions experienced during daily

life, understanding how AFOs influence gastrocnemius length could be important for optimizing
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AFOs. If an AFO can stretch the gastrocnemius with every step, AFOs may help prevent
contracture and improve long-term muscle function. Conversely, if an AFO decreases the

gastrocnemius operating length it may further exacerbate contracture.

Musculotendon operating length is defined as the length of the muscle-tendon unit from
origin to insertion during movement. Prior studies have indicated that individuals with CP often
have a shortened gastrocnemius operating length compared to unimpaired individuals, which can
contribute to excessive ankle plantarflexion and knee flexion in stance [126,127]. Spasticity,
defined as a velocity-dependent resistance to stretch [128], is also common in individuals with CP
and can contribute to increased ankle plantarflexion during gait [130]. However, quantifying
musculotendon operating length and velocity during movement can be challenging because it
requires information about an individuals’ joint kinematics, musculoskeletal geometry, moment
arms, and muscle paths. Gait analysis and musculoskeletal modeling can be used to quantify these
parameters and estimate musculotendon operating length and velocity [74]. For example,
musculoskeletal modeling has been used to evaluate hamstring operating length and velocity
during crouch gait of children and adolescents with CP. These studies have demonstrated that
hamstring operating length and velocity are related to outcomes after surgery and can be used for
treatment planning [88,108]. A prior study also evaluated the impact of AFOs on hamstring
operating length and demonstrated increased operating lengths with rigid AFOs compared to
barefoot walking [89]. In a case study of an adult stroke survivor, a rigid AFO was also shown to
decrease the operating length of the gastrocnemius during gait compared to barefoot walking
[125]. Musculoskeletal modeling has also shown that, in CP, gastrocnemius length and velocity

differ in children with spasticity and are dependent on walking speed [131]. Evaluating the impact
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of AFOs on musculotendon operating lengths and velocities may have important implications for

rehabilitation and long-term use of AFOs.

The goal of this study was to evaluate how AFOs impact gastrocnemius musculotendon
operating length and velocity during gait among children with CP. We evaluated gastrocnemius
operating length and velocity for each individual with two different types of AFOs: Cascade
Dynamic AFOs (DAFOs) and Ultraflex Adjustable Dynamic Response AFOs (ADR AFOs). We
sought to determine if currently available AFOs and prescription procedures tend to stretch or
shorten the gastrocnemius during gait compared to barefoot walking and whether responses are

dependent upon impairment level or type of AFO.

2.2 Methods

This study reports a secondary analysis of data from a trial comparing two types of AFOs and
barefoot walking in children with CP. Details and results of the main study appear in a previous
publication [132]. The current study extends that work by examining the effects of different

types of AFOs on medial gastrocnemius (MG) operating length and velocity.

Participant

Data were analyzed for eleven children with CP, including six individuals in Gross Motor Function
Classification System (GMFCS) Level I (mean + standard deviation, height: 120.6 + 15.2 cm,
mass: 23.9 + 9.6 kg, age: 7.9 &+ 2.4 years) and five individuals in GMFCS Level III (height: 116.1
+ 10.7 cm, 23.5 + 5.7 kg, age: 7.4 £ 2.2 years). Three hemiplegic, five diplegic, and two
quadriplegic participants were included in this study. All participants had crouch and/or equinus

gait patterns, as evaluated by the physical therapists’ visual observations [15]. Participants were
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not excluded based upon prior surgical or pharmaceutical treatment (Table 2). Children’s Hospital
Los Angeles Institutional Review Board approval was obtained for this study and participants and

their guardians gave written informed assent and consent.

Orthotic Conditions

Each participant was prescribed two different types of AFOs: DAFOs and Ultraflex ADR AFOs.
Participants wore each AFO for four weeks and the order of AFOs was randomized for each
participant. The AFO prescriptions were determined by manufacturer recommendations based on
range of motion, muscle tone, and observational gait analysis (barefoot and wearing the
participant’s current AFOs) performed by a physical therapist. Fitting was performed by a
certified pediatric orthotist.

Due to the heterogeneity in walking patterns among individuals with CP, the DAFOs and
ADR AFOs prescribed varied between participants (Table 2). For example, DAFO 3.5 provides
moderate dorsiflexion resistance and aggressive plantarflexion resistance. DAFO 2, DAFO 3 and
DAFO Tami 2 provide free dorsiflexion motion and limited plantarflexion motion. DAFO Turbo
provides aggressive plantarflexion resistivity and limited plantarflexion motion. The ADR AFO
uses elastomers to provide resistance and store energy, including four adjustment channels:
anterior and posterior elastomers to resist dorsiflexion/plantarflexion (0 — 27.1 Nm/0 — 40.7 Nm)
and anterior and posterior stops to limit dorsiflexion/plantarflexion. Table 1 provides the order of
AFO prescription, dorsiflexion/plantarflexion resistance, heel wedge height, and DAFO type for
each participant. The goal of this research was to determine, given the current standards of
prescription, whether these different AFOs tend to stretch or shorten the MG during gait in children

with CP.
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Gait Analysis Procedure

Each participant visited the gait analysis laboratory three times over a two-month period for initial
testing and testing with the two types of AFOs. During the first visit, the participant’s gait was
assessed without AFOs, in the barefoot condition. The participants were randomly assigned one
type of AFO. The participants wore the first AFO for four weeks and then returned for gait
analysis. Each participant was then fit with the other type of AFO and returned four weeks later
for gait analysis. The same shoes were worn with both AFOs (Apis Answer 2 Shoes, Apis

Footwear Company, South E1 Monte, CA).

For gait analyses, an eight-camera infrared motion-capture system (Vicon Motion Systems
Ltd., Oxford, UK) was used to acquire three-dimensional marker data at 120 Hz. Markers were
placed on each participant based on a modified Helen-Hayes marker set [110]. At each visit, a
minimum of ten gait cycles was collected. Each participant’s kinematic data were averaged over

all gait cycles to compare the different conditions.

Musculoskeletal Modeling

OpenSim, an open-source musculoskeletal modeling software [111], was used to calculate joint
angles and estimate musculotendon operating length of the MG. A generic musculoskeletal model
with 19 degrees of freedom (DOF) and 92 musculotendon actuators was scaled to each participant
based upon anatomical landmarks [74]. Three rotational and translational DOF at the pelvis, a ball-
and-socket joint between the pelvis and torso, ball-and-socket joints at each hip, and a single DOF
at each knee and ankle. Inverse kinematics was used to calculate joint angles by minimizing the

distance between experimental marker trajectories and virtual markers in OpenSim. The MG
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operating lengths were calculated along the musculotendon path from origin to insertion in the

musculoskeletal model during the gait cycle.

For each individual, we evaluated musculotendon operating length from the scaled model
over a gait cycle. The MG’s peak operating length during gait was compared to each individual’s
passive threshold, which was defined as the length of the MG at maximum ankle dorsiflexion with
the knee fully extended from physical examination. To compare between participants, MG
operating length and passive threshold were normalized to the length of the MG when the
musculoskeletal model was positioned in anatomic position, similar to previous studies [88,133].
Musculotendon velocity was calculated by numerically differentiating the normalized MG length

with respect to time.

Since joint and musculotendon kinematics depend on walking speed [133], each
participant’s walking speed was calculated from the horizontal position of the sacrum marker.
The walking speed of the GMFCS Level I and III participants were most similar to the slow and
very slow walking speeds, respectively, of a group of typically-developing children analyzed in a

prior study (N=8, data available at: http://simtk.org/home/mspeedwalksims) [113] and the

average kinematics and MG operating length and velocity for the slow and very slow speeds
from these children were used for comparison. Figure 9 shows an example of the average MG

operating length for one participant over a gait cycle with each of the tested conditions.
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Figure 9. The average medial gastrocnemius operating length over a gait cycle across all
conditions for one participant (P09, left limb). For each condition, the relative difference
between peak gastrocnemius operating length and the passive threshold from physical exam was
calculated (bars). The difference in the passive threshold and the peak gastrocnemius operating
length required during unimpaired gait was also calculated (arrow). The gray shaded curve
represents the average +/- one standard deviation in gastrocnemius operating length for
unimpaired individuals walking in a very slow speed, similar to the speed of this participant.

Thus, this participant’s passive threshold was less than the peak length required during
unimpaired gait. Further, when walking barefoot or with either AFO, this participant did not
stretch the gastrocnemius beyond the passive threshold measured by the physical therapist during
the physical exam.
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Table 2. Participant information and prescribed AFOs.

*R=right; L=left; Bilat=bilateral; Post Tib=posterior tibialis; TAL=tendoachilles lengthening;
Ant Tib=anterior tibialis; FRDO=femoral derotation osteotomy; TDRO=tibial derotation
osteotomy; Ham=hamstrings; Gas=gastrocnemius

**UF Ultraflex ADR AFO; the number in parentheses after UF shows height of heel wedges in

cm.
: : st : nd :
Participant SG Ili/[e E/Sl Diagnosis Age I-(Iz;gll)lt “éilgg)h t Prior Treatments™® ! Rrgg:ﬂbed 2 KrFe(s)c:ibed
Right DAFO 3.5 UF (0)
1 Hemiplegia, 5.7 112.5 19.4 DF: Resist DF: Resist
Bilat Crouch PF: Resist PF: Resist
SPLa:gC’ o DAFO 3 UF (0.75)
2 Hemiplegia 5.6 108.5 17.1 Serial casting DF: Free DF: Resist
o PF: Block PF: Resist
Left Equinus
Right DAFO 3.5 UF (0.75)
3 Hemiplegia, 8.3 114.5 16.8 DF: Resist DF: Resist
Bilat Crouch PF: Resist PF: Resist
Multiple prior
interventions including:
1 Dinlecia Bilat TAL and Ham UF (0.25) DAFO Tami2
4 Lo ftpCr% wh | 123 | 1505 | 422 | lengthening, R Post Tib |  DF: Resist DF: Free
lengthening, L Ant Tib PF: Resist PF: Block
and Post Tib transfers,
Botox to Ham and Gas
Sg;“ﬁ? UF (1) DAFO 3.5
5 Hemi}‘flegia 76 | 1182 | 2256 DF: Resist DF: Resist
Bilat Crouch PF: Resist PF: Resist
S pwor | T
6 Bil L 8.1 119.6 25.4 DF: Free g g
ilat Equinus, PF: Block DF: Resist
Left Crouch ) PF: Resist
GMECS Level I Average 7.9 120.6 23.9
Multiple prior
interventions including:
Diplegia, R FRDO, Bilat TDRO, DAFO 3 5 UF (0.75)
7 R;ght eruch, 10.0 | 128.9 29.8 Bilat hlp adductor DF: Resist DF: Resist
Bilat Equinus, lengthening, Bilat Ham PF: Resist PF: Resist
Bilat Crouch lengthening, 4 Times ) ’
Botox to Ham and Gas
with serial casting
Quig?iﬁ?gia UF (0.5) DAFO 3.5
8 . o 7.8 117.5 29.2 DF: Resist DF: Resist
Bilat Equinus, PF: Resi ; .
. : Resist PF: Resist
1 Bllsat C?)uch
pastic,
9 Quadriplegia, | g, | 5y | 516 | BotoxtoHamand gl?:FF?ei DF: l(z]essl)st
Bilat Equinus, Gas PF: Block PF: Resist
Bilat Crouch ) )
Spastic, UF (1.5 DAFO Tami2
10 Diplegia, | oy |y | 174 | BotoxtoHamand | S DF: Free
Bilat Equinus, Gas PF: Resi )
. : Resist PF: Block
Bilat Crouch
Dsily‘}Z“icé UF (125) | DAFO Turbo
11 Bﬂat%q%in’us 44 | 101 19.5 DF: Resist DF: Block
Bilat Crouch PF: Resist PF: Block
GMFCS Level III Average 7.4 116.1 23.5
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2.3 Results

Barefoot walking

We first evaluated if, during barefoot walking, the MG was stretched or shortened relative to the
passive threshold measured from physical examination. For all but one participant (P04), the MG
operated at a shorter length than the passive threshold during barefoot walking (Figs. 10A and
11A, white bars are less than 0). These results indicate that when walking barefoot, the MG was
generally not stretched beyond the maximum length measured during passive stretching of the

ankle by a therapist.

We next evaluated if each participant’s passive threshold was sufficient to achieve
normal walking kinematics (i.e., the ankle dorsiflexion and knee extension required during
unimpaired gait). The dotted lines in Figures 10A and 11A indicate the peak MG operating
length required during unimpaired walking relative to each participant’s passive threshold. The
MG’s passive threshold was less than the peak MG operating length required during unimpaired
walking for all participants, except the left limb of PO7 (Figs. 10A and 11A, dotted lines greater
than 0). As a result, participants walked with either increased knee flexion (Figs. 10B and 11B)
or decreased ankle dorsiflexion (Figs. 10C and 11C) in stance during barefoot walking compared
to unimpaired gait. Both knee and ankle kinematics showed a linear relationship with the
difference between the MG passive threshold and the MG length required for unimpaired gait
(Fig. 12). This demonstrates that a short and stiff MG contributes to altered knee and ankle

kinematics.
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AFO: GMFCS Level I

The DAFOs increased peak MG operating length during gait compared to barefoot walking for
4/6 GMFCS Level I participants (Fig. 10 A, gray bars). For three of these participants (P04, P05,
and P06) the MG was stretched beyond the passive threshold measured during physical exam
due to increased knee extension or ankle dorsiflexion in stance (Fig. 10 B and 10 C, gray bars).
There were variable changes in kinematics and MG operating length between the different types
of DAFOs. Of the participants who had posterior leaf spring DAFOs that aggressively resisted
plantarflexion and moderately resisted dorsiflexion (DAFO 3.5 — P01, P03, and P05), all had
increased knee extension in stance (one into hyperextension). For the participants who had
hinged or solid DAFOs that only blocked plantarflexion (DAFO 2, 3 or Tami2 — P02, P04, and
P06), all had increased MG operating length compared to barefoot walking. This suggests that
aggressively resisting plantarflexion with a DAFO may play a role in increasing MG operating
length. The ADR AFO increased peak MG operating length during gait compared to barefoot
walking for the same 4/6 GMFCS Level I participants. For three of these participants (P02, P05,
and P06) the MG was stretched beyond the passive threshold (Fig. 10 A, black bars) due to
increased knee extension and ankle dorsiflexion (Fig. 10 B and 10 C, black bars). However, two
of the participants had knee hyperextension (P11 and P14) with the ADR AFO (Fig. 10 B, black
bars). The other two participants (PO1 and P03) had similar or slight decreases in MG operating
length compared to barefoot walking. Peak MG velocity during gait for the GMFCS Level I
participants was relatively similar to slow unimpaired gait (6.81x10-4 normalized length /
second, Fig. 13 A dashed line) and was consistent across conditions. Only one participant (P05)
had a large decrease in peak velocity with the DAFO and ADR AFO, while the other participants

had similar or increased lengthening velocity with both types of AFOs.
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These results with the DAFO and ADR AFO demonstrate that AFOs could stretch the MG
length for some GMFCS Level I participants, although sometimes with undesirable changes in
kinematics (i.e., knee hyperextension). GMFCS Level I participants generally demonstrated

similar changes in MG operating length and kinematics with the two different AFO prescriptions.
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Figure 10. GMFCS Level I Results: (A) Average normalized peak medial gastrocnemius
operating length during gait compared to each individual’s passive threshold from physical exam
and sagittal plane kinematics at the knee (B) and ankle (C) at peak gastrocnemius operating
length for all limbs that wore AFOs. Comparisons are shown during walking barefoot (white
bars), with DAFOs (gray bars) and with ADR AFOs (black bars). Error bars describe one
standard deviation across multiple gait cycles for each gait condition. Positive values of
gastrocnemius length suggest stretching relative to the passive threshold and positive values of
knee and ankle angles indicate flexion and dorsiflexion, respectively. Dashed lines depict the (A)
peak operating length, (B) minimum knee flexion, and (C) maximum dorsiflexion during
unimpaired gait at slow speeds. A dashed line in (A) greater than zero indicates that the
participant’s passive threshold measured from physical exam was lower than the operating length
required during unimpaired gait.
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AFO: GMFCS Level 111

The DAFOs increased peak MG operating length during gait compared to barefoot walking for
all GMFCS Level III participants (Fig. 11 A, gray bars), except P07 who already had a passive
threshold similar to the peak length required during unimpaired gait. Changes in MG operating
length with the DAFOs were primarily driven by increased knee extension or ankle dorsiflexion
(Fig. 11 B and 11 C, gray bars). Unlike the GMFCS Level I participants, none of the GMFCS
Level III participants had knee hyperextension with either AFO. Although MG operating length
increased with the DAFOs, it only stretched the MG beyond the passive threshold for three of the
participants (P08, P10, and P11). P11 had the greatest increase in MG operating length during
gait with the DAFOs due to increases in both knee extension and ankle dorsiflexion. This
participant had the most rigid DAFO, the Turbo, which likely contributed to the greater changes

in kinematics and MG operating length.

The ADR AFOs increased peak MG operating length during gait compared to barefoot
walking for 3/6 of the GMFCS Level III participants (Fig. 11, black bars). However, only one
participant (P09) had a greater increase in MG operating length and improvements in knee
extension and ankle dorsiflexion with the ADR AFO compared to the DAFO. With the ADR
AFO, none of the participants had an MG operating length significantly greater than the passive
threshold on both limbs, suggesting the MG was operating in a shortened state during gait with
this AFO. Both DAFOs and ADR AFOs decreased peak MG lengthening velocity during gait
compared to barefoot walking, except for P07 (Fig 13 B). MG lengthening velocity was

generally greater with the ADR AFO compared to the DAFO, except for P07 and P11 right sides.

44



These results demonstrate that the MG length was generally short during gait relative to its passive
threshold and MG lengthening velocity tended to decrease for GMFCS Level I1I participants with

both types of AFOs.

45



Passive Threshold

(B)
©

(A)

-- Peak in unimpaired slow gait

Il Cascade AFO
Il Uitraflex ADR AFO

[ |Barefoot

60
50+

1
o
o~

0.04
0.06-
_30-

|
o
o
o

0.08-
-0.08

(3]
(saai6ap) a|Buy uoIX3)|

i 1 saalbep) a|Buy uoixalsioq 8
ploysaly) anssed o) anljejay Yibuse Buleledg shiwauoolise: ¢ P) 8ify ohxeysioq

P08

x|

P07

]

-40



Figure 11. GMFCS Level III Results: (A) Average normalized peak medial gastrocnemius
operating length during gait compared to each individual’s passive threshold from physical exam
and sagittal plane kinematics at the knee (B) and ankle (C) at peak gastrocnemius operating
length for all limbs that wore AFOs. Comparisons are shown during walking barefoot (white
bars), with DAFOs (gray bars) and with ADR AFOs (black bars). Error bars describe one
standard deviation across multiple gait cycles for each gait condition. Positive values of
gastrocnemius length suggest stretching relative to the passive threshold and positive values of
knee and ankle angles indicate flexion and dorsiflexion, respectively. Dashed lines depict the (A)
peak operating length, (B) minimum knee flexion, and (C) maximum dorsiflexion during
unimpaired gait at slow speeds.
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Figure 13. Average normalized peak medial gastrocnemius lengthening velocity during gait for
the (A) GMFCS Level I and (B) GMFCS Level III participants. Comparisons are shown during
walking barefoot (white bars), with DAFOs (gray bars) and with ADR AFOs (black bars). Error
bars describe one standard deviation across multiple gait cycles for each gait condition. Dashed
lines depict the peak medial gastrocnemius lengthening velocity during unimpaired gait at (A)
slow speeds and (B) very slow speeds
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2.4 Discussion

In this study, we used musculoskeletal modeling to evaluate the influence of different types of
AFOs on MG operating length, lengthening velocity, and gait kinematics for individuals with CP.
Our results demonstrate that current AFO prescriptions can stretch the MG during gait for some
individuals with CP. However, changes in MG operating length and velocity were variable
between participants and types of AFOs. The heterogeneity among participants in this study reflect
the clinical reality faced by practitioners prescribing AFOs. These results illustrate the variability
in response to different types of AFOs, emphasizing the need to understand the underlying
mechanisms by which muscle function changes with AFOs. Stretching of the MG was driven by
increases in knee extension and ankle dorsiflexion in terminal stance. However, in some
participants, although the MG was stretched during gait with the AFOs, the participants had
excessive knee hyperextension. The AFOs used in this study were prescribed according to current
clinical recommendations, but these results highlight the interplay of potential competing priorities
in orthotic prescription. While an orthosis may stretch the MG during gait, this stretching may be
due to undesirable changes in kinematics. Balancing improvements in kinematics, metabolic costs,

and other therapeutic goals is a continuing challenge.

There was a difference in the response between GMFCS Level I and III participants to the
different AFOs. While GMFCS Level I participants had similar changes in MG operating length
and gait kinematics with the DAFOs and ADR AFOs, the GMFCS Level III participants often
exhibited different responses to the two types of AFOs. The DAFOs provided more rigid resistive
support than the ADR AFOs, which may contribute to the greater change in ankle dorsiflexion
with the DAFOs for the GMFCS Level III participants. ADR AFOs allow orthotists to tune the

stiffness of the AFO; however, a quantitative measure of the stiffness set for each participant was
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not available. The reported peak plantarflexion and dorsiflexion torques of ADR AFOs (40.7 and
27.1 Nm, respectively) may not be sufficient for some GMFCS Level III participants. Further,
GMEFCS Level III individuals generally have less strength [134] and these individuals may put
more of their body-weight on external walking aids; impacting changes in kinematics and MG

operating length with AFOs [135].

Evaluating the rate of change in musculotendon length (i.e., velocity) can also be useful
for evaluating points in the gait cycle where spasticity or other velocity-dependent effects may
influence muscle function and motion. Among the GMFCS Level III participants, the peak MG
lengthening velocity was less than that used during unimpaired gait for the majority of the
participants. Both the ADR AFOs and DAFOs tended to further decrease MG lengthening velocity
for this group, which could reduce the impact of spasticity during gait. Reducing MG lengthening
velocity by constraining the ankle joint could improve knee joint kinematics by preventing
excessive muscle activity [137]. However, if a participant has hamstring spasticity, a knee
extension angular velocity could also trigger inappropriate muscle activity and limit improvements
in knee kinematics during gait. Future studies that use quantitative assessments of spasticity [138]
and monitor spastic thresholds could assist in understanding the role of spasticity on

musculotendon dynamics with and without AFOs.

The variety of AFOs and pathological gait patterns in this study allowed us to evaluate how
current AFO prescriptions may influence stretching or shortening of the MG during daily life. This
variety introduced limitations, but also reflects the heterogeneity among individuals with CP and
the diversity of AFO options currently available. We were unable to precisely quantify the stiffness
of each AFO, which could provide valuable insight into the differences in response between

individuals [71,139]. Musculoskeletal modeling lets us evaluate the overall operating length of a
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muscle during movement; however, this reflects changes in length of both the muscle and tendon.
An advantage of these methods is that they can be obtained from standard clinical gait analysis
methods. To investigate if AFOs can stretch muscle fascicles, leading to long-term improvements
in function, future studies should incorporate techniques such as ultrasound to evaluate relative

stretching of muscle and tendon.

The musculoskeletal model used in this study was a generic model based on the anatomy
of unimpaired adults. This models assumes no bone deformities such as femoral anteversion or
tibial torsion, which are common in children with CP and may influence the results of modeling
studies [140,141]. Among these bone deformities, tibial torsion could have an impact on
gastrocnemius operating length. However, Hicks et al. [141] in 2007 demonstrated that tibial
torsion deformity did not significantly affect gastrocnemius moment arms, which would suggest
minimal effects of tibial torsion on the gastrocnemius musculotendon operating length estimated
in this study. However, magnetic resonance imaging-based methods to create patient-specific
musculoskeletal models for children with CP may enhance future research, although they are time
and resource intensive [142,143]. In this study we were limited in our ability to statistically
compare changes in MG operating length with kinematics due to the heterogeneity of participants’
AFO prescriptions. However, this heterogeneity demonstrates the ‘real-life’ clinical situation and

highlights the challenge for clinicians and orthotists to make patient-specific treatment decisions.

Muscles respond to the demands experienced in daily life, and this study represents a first
investigation into whether AFOs may be able to help address short and stiff muscles among
individuals with CP. Children with CP take fewer steps per day compared to typically-developing

peers; however, even GMFCS Level III children with CP take over one thousand steps per day
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[72]. If AFOs can help stretch short or stiff muscles, this may provide another tool for improving

long-term function.

We found that the MG was stretched when walking with AFOs for some individuals.
Whether this stretching is beneficial and could assist in rehabilitation during daily life will require
further investigation. Further, potentially stretching tight muscles with AFOs would need to be
balanced with other purposes of orthoses such as reducing energy costs, improving gait kinematics,
and preventing bone deformities. Since muscle impairments contribute to pathologic gait in CP
and are a common target of more invasive treatments, we should consider changes in muscle

operating length and long-term adaptations in future orthotic design and prescription.

52



AIM 3: FABRICATION OF CUSTOMIZED 3D PRINTED VARIABLE STIFFNESS
ANKLE FOOT ORTHOSES TO EVALUATE MUSCLE FUNCTION

3.1 Abstract
Ankle foot orthoses (AFOs) are an assistive device commonly prescribed for individuals with
cerebral palsy and stroke to improve pathologic gait. AFOs impact gait kinematics and muscle
function. Adjusting AFO stiffness has been suggested to improve gait kinematics and reduce
energy costs. However, traditional AFO fabrication methods can be time and resource intensive
to create a custom fit for each individual and make post-fabrication iterations challenging. This
study introduce fabricating adjustable stiffness AFOs with 3D printing technology. The 3D
printed adjustable stiffness AFO can adjust stiffness from 0 to 4 Nm / ° using different elastic
polymer bands which covers free hinge to rigid standard care of AFO. 3D printing AFOs
provides a platform to quickly fabricate and test adjustable stiffness AFOs. These AFOs can also
accommodate additional sensors, such as ultrasound and electromyography (EMQG), in
experiment protocols. These techniques provide a platform for facilitating evaluation of muscle
function and gait kinematics with respect to changes in resistance, as well as suggesting

alternative AFO fabrication methods.

3.2 Background

Ankle foot orthoses (AFOs) are assistive devices commonly used to improve gait kinematics for
individuals with cerebral palsy (CP) and stroke. AFOs influence gait kinematics and muscle
function [88]. Moreover, adjusting AFO stiffness in the sagittal plane leads not only to improved
kinematics but can also reduce energy costs during ambulation [71]. Traditional methods for
fabricating AFOs are comprised of six steps. First, the orthotist determines the orientation and
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configuration of the participants’ leg into anatomic position, then marks protruded bony landmarks
for determining trim lines and incorporating hinges. Second, cast tape is wrapped around the
participant’s leg and cut off when the cast tape is solidified. The cast is put back together to create
a negative mold. Next, the cast material is filled with plaster to create a positive mold. Additional
plaster material is added on the protruded bony land marks in order to make room for paddings
and hinges. A heated thermoplastic is wrapped and vacuum formed around the cast model. Finally,

a custom fit for each individual is achieved by trimming excess material.

These processes allow for flexibility and diversity in the design and prescription of AFOs,
but can also be laborious and makes creating highly repeatable AFOs or iterating upon AFO
designs challenging. Recent advances in 3D printing and scanning have been suggested as an
additional toolset that may facilitate AFO fabrication [144-148]. Prior research has demonstrated
that posterior leaf spring AFOs and other solid AFOs can be fabricated with additive
manufacturing techniques and enable control of AFO stiffness [149]. These designs allow for the
stiffness to be controlled based upon the shape and material properties of the solid AFO, but still
make it challenging to determine the optimal stiffness for a given individual. The aim of this
research was to use 3D-printing and scanning to create custom-fit AFOs whose stiffness could be
quickly adjusted between walking trials. By harnessing interchangeable elastic polymer bands, the
effect of AFO stiffness on muscle function during gait can be evaluated in vivo with ultrasound

imaging and electromyography (EMG).
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3.3 Methods

A combination of 3D scanning, 3D printing, and traditional AFO hardware was used to create a
variable stiffness AFO. During the first visit, the participant’s limb was scanned (Sense,
3DSystems). To create an articulated AFO, a commercially-available Camber Axis joint was
integrated with the AFO design and the position of the Camber Axis joint was determined from
the center of lateral and medial malleoli. The Camber Axis joint was attached to the participant’s
ankle and the foot and shank geometry were scanned while sagittal, frontal, and transverse planes
were maintained in anatomical position (Fig. 14A). The acquired scanned data was post-processed
using MeshMixer (MeshMixer, Autodesk, San Rafael, CA) software to trim unwanted areas of the
mesh and assign a 3mm thickness, similar to current articulated AFOs. Two hooks, designed with
Solid Works, were positioned posteriorly on the mesh for the shank and foot segments along the
Achilles tendon to attach the elastic polymer bands (Fig. 14 B and 14 C). Designed AFOs were
printed with a fused deposition modeling 3D printer (Replicator, Makerbot, Brooklyn, NY) with
polylactic acid (PLA) filament. The print settings were as follows: 100% infill, 0.2mm layer height,
2 shells (Fig. 14 D). To adjust the stiffness for a wide range of values with a single elastic polymer
band, the bands can be placed within a 2cm range to vary the moment arm. Using small clips, it is

possible for the user to define the moment arm by adjusting the elastic band placement (Fig. 15)
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Fabrication with 3D

Figure 13 3D technology fabrication process of an ankle foot orthosis.

Figure 14 3D printed AFO
(A) 3D-printed AFO. (B) Momet arm of ealstic polymer bands and clips.

Molds were fabricated with 3D printing to create silicon negative mold to fabricate the
elastic polymer bands. The elastic polymer bands were fabricated with polyurethane (PMC 780
Wet, Smooth-On) from the silicon negative mold (Fig. 16). Using a universal materials testing

machine, tensile force of the polymer bands was measured to calculate AFO stiffness. The ankle
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moment produced by the AFO (M) was calculated by multiplying the orthogonal distance from
the Camber joint rotation axis to the elastic polymer band (MA), by the tensile force of the elastic
polymer band (F) (Fig.15).

The resistive ankle moments during gait were quantified using OpenSim, an open-source
musculoskeletal simulation software. Motion analysis data can be used to create a scaled
musculoskeletal model of a participant’s lower-extremities. Inverse kinematics and inverse
dynamics are used to calculate joint angles and moments, respectively. From this information, we
then calculate the resistive ankle moments of each elastic polymer band by multiplying ankle angle

by the stiffness of each elastic polymer band.

Figure 15 Different stiffness of elasatic polymer bands and its molds.

3.4 Results
The stiffness of the 3D printed AFO could be adjusted with different polymer bands. Existing rigid
AFO stiffness is determined by medial and lateral trimlines around the malleoli. AFO stiffness is

usually classified into compliant, moderate, and rigid [35]. Current designs of our polymer bands

had a AFO stiffness range of 0 to 4.14 Nm / °, similar to the moderate stiffness range of current
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AFOs (Fig. 17). We also accommodated a wide range of stiffness by using a wide attachment
location and clips that allowed us to adjust the moment arm. On average, adjusting the moment
arm to either side of the central position changed AFO stiffness by +16% with a range in the central
position of 0.23 Nm/ ° to 3.95 Nm/°. By altering the moment arm length, this range was increased
t0 0.19 Nm/"to4.14 Nm /" (Fig. 17 A). The range of stiffness values tested contributed up to 78%
of the ankle moment (Fig. 17 B).

The 3D printed variable stiffness AFO can also be turned into a rigid AFO by inserting a
metal key in the Camber Axis joint. Interchangeable polymer bands with variable quantifiable
stiffness levels allow the stiffness of the AFO to be precisely manipulated and quantified to fit the
user’s needs. To evaluate the impact of AFO stiffness on muscle function during gait an ultrasound
(Logicscan 128, Telemed) and EMG (BioPotential, Microsoft Research) can be used to record the

muscle tendon junction and activation of the medial gastrocnemius (Fig. 18).
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Figure 16 Stiffness of elastic polymer band and AFO moment. (A) AFO dorfiflexdion stiffness
ranges for each elastic polymer band. (B) Ankle moment and AFO ankle dorsiflexion resistnace
with each elastic polymer band during gait.
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Figure 17 Sample utilization of 3D printed variable stiffness AFO.

(A) Sample AFO moment versus ankle angle for one polymer band. (B) 3D printed variable
stiffness AFO with elastic polymer band. (C) Example of measuring medial gastrocnemius with
ultrasound (red ractangle) in AFO condition. (D) Muscle tendon junction of medial
gastrocnemius. Red dotted line depicts the boarder of medial gastrocnemius.

3.5 Discussion

3D-printed variable stiffness AFOs allow a pre-quantified stiffness value to be quickly adjusted
by applying different polymer bands between walking trials. These techniques provide a
foundation for not only expanding AFO fabrication techniques, but also facilitating evaluation of
how pathologic muscle function and gait kinematics change with different AFO properties.

For this initial study, fabricating elastic polymer bands with specific stiffness values was
performed by trial and error. However, finite element models could be used to predict elastic
polymer band of AFO dimensions for a specified stiffness, reducing effort and time. This 3D
printed AFO was not evaluated with rigorous fatigue testing for use in daily life. Evaluating fatigue
testing and “real-world” testing such as exposure to sudden temperature changes would help
determin the optimal material and fabrication settings for 3D printed AFOs. For example, PLA is
affordable and is widely used for 3D printing products and it is rigid compared to the other plastic
material. PLA also has less deformities from sudden temperature changes; however, it is
vulnerable to brittle when the external force applied above the threshold. On the other hand, using

acrylonitrile butadiene styrene (ABS) is more compliant compared to the PLA, but the level of
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deformity is greater than PLA under a same amount of temperature changes [150]. 3D printing
condition such as infill pattern and layer orientation also plays a significant role in determining
AFO strength [151]. Therefore, determining the proper material and setting conditions will be

critical for future fabrication of AFOs with 3D printing technologies.
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AIM4: ACHILLES TENDON LENGTH DURING GAIT WITH DIFFERENT STIFFNESS
ANKLE FOOT ORTHOSES

4.1 Abstract

Ankle foot orthoses (AFOs) are designed to improve gait for individuals with neuromuscular
conditions and have also recently been used to reduce energy costs of walking for unimpaired
individuals. AFOs influence joint motion and metabolic cost, but how they impact muscle
function remains unclear. This study investigated the impact of different stiffness ankle foot
orthoses (AFOs) on medial gastrocnemius muscle (MG) and Achilles tendon (AT) function
during two different walking speeds. We performed gait analyses on eight unimpaired
individuals. Each individual walked at slow and very slow speeds with a 3D printed AFO with

no resistance (free hinge condition), and four levels of ankle dorsiflexion stiffness: 0.25 Nm/ °, 1
Nm/°,2Nm/°, and 3.7 Nm/°. Motion capture, ultrasound and musculoskeletal modeling were

used to quantify MG and AT length, and velocity with each AFO condition. Increasing AFO
stiffness is related to increased peak AFO dorsiflexion moment, MG length, and AT length, as
well as decreased peak ankle dorsiflexion angle and MG activation. Peak MG activity, length
and velocity significantly decreased with slower walking speed; however, there was significant
variability between participants in changes in MG activation level and length with varying speed.
The influence of AFOs on MG and AT length indicate that AFO stiffness may be used to tune or
optimize musculotendon function during gait, which can provide guidance for AFO design for

rehabilitation, performance, or other goals.
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4.2 Introduction

Ankle foot orthoses (AFOs) are assistive devices, which can be used to improve walking
function [117]. Most AFOs are passive, exerting a torque about the ankle joint based upon the
stiffness of the AFQO’s structure. In unimpaired individuals, passive AFOs have been shown to
reduce metabolic costs of walking by up to 7% [152]. However, this reduction in metabolic cost
is less than that predicted by various models and researchers have hypothesized this difference is
due to complex musculotendon dynamics during gait [152,153]. Since the amount of force a
muscle can produce is highly dependent on its length and velocity [154,155], if an AFO changes
a muscle’s length in unanticipated ways it may have counter-intuitive impacts on muscle force
and metabolic costs. However, the impact of AFOs on the relative lengthening and shortening of
key muscles, such as the gastrocnemius, have not been experimentally tested. Understanding
musculotendon function during gait with AFOs has the potential to help optimize future designs

and prescriptions.

The ankle plantarflexors play a critical role in supporting and propelling the body during
gait [156,77] and are one of the muscle groups most impacted by wearing an AFO. The
gastrocnemius is a bi-articular muscle, directly affecting both ankle and knee kinematics, making
it a challenging muscle to understand functionally during gait. The gastrocnemius generates large
forces during activities of daily living and harnesses a high efficiency system to manage these
forces. The gastrocnemius muscle inserts into the Achilles tendon (AT), which is the thickest and
strongest tendon in the human body [157], capable of handling large loads during dynamics tasks
[158]. The AT is comprised of parallel arrays of collagen fibers [137], comparable with a
mechanical spring [4]. The Achilles tendon stores mechanical energy during early- to mid-stance

and releases energy during terminal stance [159,160], reducing gastrocnemius velocity and
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allowing the gastrocnemius muscle to operate nearly isometrically during normal gait [155,161].
This reduction in muscle velocity helps increase walking efficiency [162]. However, AFOs can
decrease ankle plantarflexor activity during gait, which may alter the efficiency of the
gastrocnemius and AT during gait [77,117,155]. Using a mathematical model, one prior study
suggested this decreased activity may reduce muscle fascicle shortening velocity, compromising

muscle force production and metabolic costs during gait [153].

Quantifying muscle and tendon lengths and velocities during dynamic tasks like walking
is challenging. The overall musculotendon unit (MTU) lengths and velocities can be estimated
with musculoskeletal modeling using information about an individuals’ joint kinematics,
musculoskeletal geometry, and musculotendon moment arms [74]. Prior studies have evaluated
the impact of various types of AFOs on MTU lengths and velocities in individuals with
neurologic injuries, demonstrating AFOs can impact MTU stretching and shortening during gait,
depending on AFO stiffness and other properties [88,125,166]. However, these methods are
limited to estimating changes in overall MTU lengths, and do not differentiate between the

relative muscle and tendon lengths.

Ultrasound is the most common method used to experimentally measure the relative
length of the gastrocnemius muscle and AT during dynamic tasks. Prior studies have used
ultrasound to quantify AT length by measuring the distance between the gastrocnemius
musculotendinous junction (MTJ) and the insertion of the tendon at the calcaneus [163,167].
These studies have suggested that the gastrocnemius operates near isometrically during the
stance phase of gait; however, changes in gastrocnemius function with AFOs or other assistive

devices have not been investigated.
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In this study we integrated ultrasound and musculoskeletal modeling to evaluate changes
in AT and gastrocnemius length during gait with AFOs. Based upon prior research, we
hypothesized that (1) as AFO stiffness increases, gastrocnemius muscle activity decreases
leading to greater stretching of the gastrocnemius and a decrease in peak AT length during gait,
and (2) as walking speed decreases, the gastrocnemius lengthens at a slower rate during stance,
decreasing the sensitivity of musculotendon dynamics to different AFO conditions. By
examining the impact of both AFO stiffness and walking speed on AT and gastrocnemius
function, these results may inform future design and prescription of AFOs for both unimpaired

individuals and individual with neurologic injuries.

4.2 Methods

Participant

We recruited 9 unimpaired individuals with no history of lower-extremity orthopedic surgery (5
males and 4 females) to participate in this study. One subject (male) was excluded due to
excessive out-toeing during gait, resulting in a total of 8 participants whose data were analyzed
for this study (mean + standard deviation, height: 170.0 + 7.9 cm, weight: 66.5 + 8.5 kg, and age
25.3 £4.5 years). Institutional Review Board approval was obtained for this study and

participants consented prior to testing.

AFO Fabrication

A combination of 3D scanning, 3D printing, and traditional AFO hardware was used to create an
AFO whose stiffness could be easily changed during the experiment (Fig. 19). At the first visit,

the participants’ dominant foot and shank were scanned (HandySCAN 300, Creaform) while
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their leg was maintained in anatomical position. To create an articulated AFO, a commercially-
available metal hinge joint (Camber Axis Technic, Becker) was scanned and integrated with the
AFO design. The acquired scanned data was post-processed using mesh design software
(MeshMixer, Autodesk) to align the hinge joint to the medial malleolus [168] to minimize error
between the AFO and participant’s rotational ankle axes. Similar to current AFO fabrication
methods, the hinge joint for the lateral malleolus was positioned parallel to the medial hinge
joint. The foot of the AFO covered from calcaneus to metatarsal providing free motion of the

phalangeal joint.

Figure 18 Variable stiffness 3D printed AFO fabrication process.

(a) Scanning a participant’s foot and shank with a 3D scanner. Socks with patterns and markers
help to improve the accuracy of the scan. The scans were used to customize the (b) AFO model
with computer aided design software. The (c) variable stiffness AFO was printed with PLA and a
polymer band was used to adjust stiffness between conditions. The stretch of the polymer band
measured with markers determined the force (F), which multiplied by the moment arm (MA)
was used to calculate the AFO moment (M) resisting ankle dorsiflexion.

Gait Analysis

Each participant walked on the treadmill with the five AFO conditions: free hinge mode (no
resistance), and an AFO stiffness of 0.25 Nm/°, 1 Nm/°, 2 Nm/ ", or 3.7 Nm/ ° resisting ankle

dorsiflexion. AFOs were worn on each participant’s dominant leg. Since a previous study
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demonstrated MTU length and joint kinematics vary with walking speed, each participant

walked on the treadmill at two non-dimensional walking speeds of unimpaired individuals. The

non-dimensional walking speed was defined as v* = v /\/ gravity X leg length, and used to set
very slow (v = 0.19) and slow (v* = 0.29) speeds on the treadmill [113]. These speeds were
selected to match the common speeds of individuals with neurologic disorders and provide
sufficient capture frames from the ultrasound during each gait cycle. The order of each stiffness
condition and non-dimensional walking speed was randomized for each participant. Participants
were acclimatized to each walking speed and AFO condition for a minimum of 2 minutes, after

which a recording of at least 25 gait cycles was collected for each condition.

For gait analysis, an eight-camera infrared motion capture system (Vicon, Motion
Systems Ltd.,) was used to acquire three dimensional marker data at 100 Hz based on a modified
Helen-Hays marker set with 23 markers [110]. Since ankle kinematics and AT length can be
sensitive to the location of the foot markers, extra measurements were taken to evaluate the
location of each marker with respect to the shoe and bony landmarks. An event switch (MA-153.
Motion Lab Systems) placed beneath the calcaneus was also used to evaluate potential motion
between the shoe and AFO during gait. All subjects wore the same shoe (UM311F102, Sintetico)

which has a compliant sole (see Appendix A).

To evaluate the impact of AFO stiffness on AT length, an ultrasound (Logicscan 128,
Telemed) recording at 61.4 Hz with a linear transducer (LV7.5/60/128Z-2, 59mm, Telemed) was
attached to the shank and used to track the location of the medial gastrocnemius MTJ. An L-
shaped ultrasound holder was fabricated with the 3D printer and used to provide a stable mount
for the transducer and consistent marker locations. Three reflective markers were attached to the
ultrasound holder to provide a coordinated system for tracking the position of the transducer
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relative to the global coordinate system of the lab space. The location of the markers relative to
the origin and axis of the ultrasound images was established by aligning the x’ axis to the

proximal side of ultrasound image and the y’ axis to the lateral side of ultrasound image (Fig.

20).

Gastrocnemius activity was measured using a surface electromyography (EMG)
measurement system (Trigno™ Wireless EMG, Delsys). EMG data was recorded at 1111 Hz,
with hardware signal processing including a band-pass filter (20-460 Hz). Using custom Matlab
software, the EMG signal was rectified and low-pass filtered (6 Hz, 4" order Butterworth) to
create a linear envelope for analysis. Muscle activity was normalized to the averaged maximum
value across all trials walking with the hinged AFO condition. In this study, participant 2’s EMG

data was excluded due to poor signal quality.

Ultrasound Coordinate System (UCS)

Global Coordiate System (GCS)

Figure 19 Quantification of Achilles tendon length.

(a) AFO, ultrasound, and position of experimental markers. (b) Scaled musculoskeletal model
and schematic of coordinate systems for ultrasound to define AT length.
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Musculoskeletal Modeling

OpenSim, an open-source musculoskeletal modeling and simulation software platform [111],
was utilized to calculate gait kinematics, AT length, and medial gastrocnemius length. We used a
generic musculoskeletal model with 37 degrees of freedom and 92 muscle actuators [169] which
was scaled to each participant based on anatomical landmarks. The degrees of freedom in the
model included a ball-and-socket joint at each shoulder, a hinge joint at each elbow, a
combination saddle joint and condyloid joint at each wrist, three translations and three rotations
of the pelvis, a ball-and-socket joint between the pelvis and the torso located at the third lumbar
vertebrae, a ball-and-socket joint at each hip, a combination joint of translations and rotations at
each knee, and a revolute joint at each ankle. We created an ultrasound object in OpenSim which
allowed for 6 degrees of freedom (3 translations and 3 rotations) with respect to the tibia segment
of the musculoskeletal model. For each trial, the distance between experimental reflective marker
trajectories from gait analysis and virtual maker on OpenSim generic model was minimized to
calculate joint angles and position of the ultrasound transducer using inverse kinematics. The
medial gastrocnemius MTU length was calculated from the path between origin and insertion of
the muscle during the gait cycle. The metatarsophalangeal movement was locked because foot

markers were attached to the rear and mid foot.

Ultrasound images during each trial were acquired as movie data with a size of 823 by
512 pixels. Similar to prior studies, these images were used to manually track the MTJ position
using ImageJ (NIH, Maryland), an open-source image processing software [170]. The horizontal
pixel size of ultrasound image was correlated with the ultrasound linear sensor array to convert
from the number of pixels to physical distances. The MTJ trajectories were manually identified

at the point where the deep MG aponeuroses and external AT intersect on the ultrasound images
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[171]. The two-dimensional pixel position representing the MTJ position was transformed into
the ultrasound transducer coordinate system in OpenSim to visualize the position of the MTJ

relative to the tibia during gait.

The insertion of the medial gastrocnemius MTU from OpenSim and MTJ trajectories
from ultrasound were transformed into OpenSim’s global coordinates to calculate changes in AT
length during gait (Fig. 20). The medial gastrocnemius muscle length was calculated by
subtracting the AT length from medial gastrocnemius MTU length at every time point. To
compare between participants, changes in MTU, medial gastrocnemius muscle, and AT lengths
were normalized to the length of the medial gastrocnemius MTJ length when the musculotendon
model was positioned in anatomic position, full knee extension and neutral ankle angle, similar
to previous studies [88,125,166]. Medial gastrocnemius muscle velocity was calculated by

numerically differentiating the normalized muscle length with respect to time.

Data Analysis

We used R (R Core Team, 2012) and Ime4 [172] to perform a linear mixed effect analysis to
evaluate how different AFO stiffness and walking speed impact ankle angle, AT length, MTU
length, medial gastrocnemius muscle length, and medial gastrocnemius eccentric velocity during
stance. AFO stiffness and walking speed was entered into the model as fixed effects with random
effects for the intercepts of each participant. Visual inspection of residual plots did not reveal any
obvious deviations from homoscedasticity or normality. P-values were obtained by likelihood
ratio tests of the full model with the effect in question against the model without the effect in

question between participants and walking speeds. Significance was defined as a < 0.05.
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4.3 Results

AFO stiffness impacted joint kinematics and musculotendon lengths while walking on a
treadmill. Figure 21 illustrates the impacts of AFO stiffness for a representative participant
walking at a slow speed. As AFO stiffness increased, this participant exhibited increased hip
extension in terminal stance, a slight increase in knee extension in stance, and decreased ankle
dorsiflexion in terminal stance. These changes in knee and ankle kinematics contributed to a 3.3,
11.6, 20.3, and 31.4 Nm increase in the AFO moment with AFO stiffness conditions of 0.25, 1,

2, and 3.7 Nm/ ° compared to the hinged AFO condition. For this participant, while pecak MG

MTU length was similar across AFO stiffness conditions, peak AT length decreased and peak
MG muscle length increased in terminal stance with increasing AFO stiffness. Changes in AT
length contributed to the majority of the change in MTU length (57-58%) during stance across
AFO conditions. With the hinged AFO, the MG length remained relatively consistent during

mid-stance, but eccentric stretching of the MG in mid-stance increased with AFO stiffness.

70



30, a 70 Tb 15, ¢
~ %5 ~ 10§
- 20 _ 50} 3 e é
o 3 " o 5|0
L c 40 S o
< Tt & 30 =
o c c O
T _5 V4 <
0 i><) 20 5
- 10
-10 s - - - ; 0 ' ' - - 0 - - . . .
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
1.02; d 06, e 0.46; f
e
<
2 g B0.44
3 ©0.58 3
= 3 Q0.42
- < =
N0.98 ©0.56 S o4
®© = © )
£ g £
2 S 20.38
0.96 0.54
- - - - . S— - - . 0.36 - - - - ;
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
40, 9 04, h 1.2 i = No Resistance
o~ . == 0.25 Nm /
_ 5803 £ 4 1 Nm/"
£ P g -2 Nm /"
z %0 902 ios =3.7Nm/"
= O 20.1 '
2 =X Eo 6
5 20 g3 O g
= 5801 5
e) ET £ 0.4
% 10 5 E-02 5
z3 202
Z.03 '
0 0.4 ' ' ' ' ' 0 - : : : ;
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Percent of Gait Cycle (%)

YU TEA

Figure 20 The average joint kinematics and muscle functions.

Average joint kinematics at the (a) hip, (b) knee, and (c) ankle for Participant 4 walking at a slow
speed. There were minimal changes in (d) MTU length with AFO stiffness, while (e) peak AT
length decreased and (f) peak MG length in terminal stance increased as (g) peak AFO moment
increased. This participant showed minimal changes in (h) MG velocity, while (1) MG activity
from EMG decreased. AT and MG lengths were normalized to the length of the MTU when
musculoskeletal model was positioned in anatomic position.
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Across participants, as AFO stiffness increased resistance to plantarflexion, peak knee
extension angle (p < 0.0001) and peak ankle dorsiflexion angle (p < 0.0001) during single-limb
stance significantly decreased, resulting in greater AFO moments with increasing stiffness (p <
0.0001) for both the slow and very slow walking speeds (Fig. 22). Peak gastrocnemius MTU
length (p < 0.0001) and peak AT length (p < 0.0001) also significantly decreased during single-
limb stance as AFO stiffness increased (Fig. 23a, d), although the effect size was small. On
average, there was a 0.41 % change in MTU length and 2.89 % change in AT length between the
hinge and 3.7 Nm / ° conditions during single-limb stance at slow walking speed and 0.81 % and
2.14 % change in MTU and AT lengths at the very slow walking speed. On the other hand, peak
AT length at heel contact significantly increased as AFO stiffness increased (p = 0.0002) and
walking speed decreased (p < 0.0001) (Fig. 23b). Peak AT length during terminal stance was

greater than the length at heel contact (Fig. 23a, b).
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Figure 21 Effects of AFO stiffness and walking speeds on joint kinematics and AFO moment.
Effects of AFO stiffness and walking speed on (a) peak knee extension angle, (b) peak ankle

dorsiflexion angle, and (c) peak AFO moment during single limb support. Black horizontal line
in each box depicts median value, upper and lower boundary of each box represents upper and
lower quartile respectively. Upper and lower error bars represent maximum and minimum values
respectively. Arrows represent a significant change (p < 0.001) with increasing AFO stiffness
from the linear mixed-effects regression models.
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Peak MG length (p = 0.0016) and activity (p = 0.0025) were significantly impacted by
AFO stiffness in both walking speeds (Fig. 23 e, f), although there was more variability in
responses across participants as compared to MTU and AT lengths. Figure 24 illustrates peak
MG lengths, activities, and its correlation relative to no resistive AFO condition during mid to
terminal stance for each participant. For example, during slow walking, three participants had
decreased peak MG lengths as AFO stiffness increases beyond 2 Nm / ° while the other
participants’ peak MG length continued to increase. During very slow walking, two participants
had a shortened peak MG length with an AFO stiffness of 3.7 Nm / ° compared to 2 Nm / °, but
the other participants had consistent increases in peak MG length with increasing AFO stiffness.
Increased peak MG length were associated with decreased MG activity except for two
participants, suggesting as AFO stiffness increased, peak MG length increased due to less
eccentric action of the MG. This suggests individuals adopt different adaptation to the AFO
stiffness when greater than 2 Nm / °. Increasing AFO stiffness did not impact peak MG activity

(p = 0.5967) and peak MG eccentric velocity (p = 0.5967) for both walking speeds (Fig. 23e, f).

Walking speed significantly reduced peak MG length (p = 0.0009), peak MG activity (p
=0.0025), and peak MG eccentric velocity (p < 0.0001) (Fig. 23c, e, f). However, peak knee
extension angle (p = 0.4381), peak ankle dorsiflexion angle (p = 0.4264), peak AFO moment (p
=(0.7464), peak MTU length (p = 0.3510), and peak AT length (p = 0.1100) were not
significantly affected by walking speed. This suggests that walking speed significantly impacted
the force generating capacity of the MG, with minimal changes in overall kinematics and MTU

length.
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Figure 22 Effects of AFO stiffness and walkig speeds on musculotendon length and velocity.
Effects of AFO stiffness and walking speed on (a) normalized peak AT length during single-limb

stance, (b) normalized peak AT length at heel contact, (c) normalized peak MG length during
single-limb stance, (d) normalized peak MTU length during single-limb stance, () normalized
peak MG eccentric velocity during single-limb stance, and (f) MG activation from EMG during
single-limb stance. AT and MG lengths were normalized to the length of the MTU when
musculoskeletal model was positioned in anatomic position. Black horizontal lines in each box
depict median value, upper and lower boundary of each box represents upper and lower quartile,
respectively. Upper and lower error bars represent maximum and minimum values, respectively.
Circles in figure d depicts outliers (> 2 SD from mean). Inclined arrows and vertical arrows
represent a significant change (p < 0.001) with increasing AFO stiffness and walking speed
respectively from the linear mixed-effects regression models.
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Figure 23 Changes in peak MG length during single-limb support relative to a hinged AFO.
Change in peak MG length and activity during mid to terminal stance relative to a hinged (no

resistive) AFO during (a / ¢) slow and (b / d) very slow speeds for each participant.

4.4 Discussion

In this study, we used 3D motion capture, ultrasound, and musculoskeletal modeling to evaluate
the influence of AFO stiffness and walking speed on joint kinematics, induced AFO moment,
and MG function. Our results demonstrated that AFO stiffness and walking speed significantly
impact joint kinematics and musculotendon function during gait, with trends of increasing
changes in MG and AT lengths with increasing AFO stiffness.
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This study represents a first experimental investigation into how AFO stiffness and
walking speed impact musculotendon function. Quantifying MG and AT lengths can provide
insight into how the human neuromuscular system adapts and responds to assistance, such as
from passive AFOs. The MG plays an important role supporting and propelling the body during
gait [77]. Prior research suggests that the AT uses a catapult-like action [167] to improve
walking efficiency. The amount of energy stored by the AT during is proportional to changes in
AT length [154]. The MG uses the AT’s passive elastic properties to operate near constant length
during gait [167]. Prior studies with ultrasound [163-165] have confirmed the isometric
operating length of the MG during unassisted walking, and we found similar results with our no
resistance (hinged) condition. However, mathematical models have suggested that AFOs may
increase lengthening velocity of the MG during gait, compromising force-generating capacity

and AT energy storage [153].

This research demonstrated that AT and MG length were significantly impacted by AFO
stiffness. Both AT length and MG activity deceased as AFO stiffness increased, suggesting the
AT stores less energy and the MG’s force-generating capacity can be compromised while
walking with an AFO. A prior study found the peak net ankle moment, the sum of biological
ankle moment and AFO moment, was conserved across different AFO stiffness conditions,
suggesting the neuromuscular system adapts to use a consistent net ankle moment regardless of
AFO assistance [152]. While kinetics were not available for this experiment, the changes in MG
activity and length support these results. As MG activity decreased, the force in the series elastic

AT also decreased, contributing to greater changes in MG length during gait.

Evaluating rate of change in peak MG length can also be useful to provide insights into

mechanisms underlying the interplay between walking speed and AFO stiffness. During
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unassisted walking, MG function is influenced by walking speed, with decreasing contributions
to support and propulsion at slower walking speeds [113,156]. Our results demonstrated that
slower walking speeds decreased MG’s eccentric velocity [153]. Peak MG length and activity
decreased during the very slow walking speed. These results suggest that when an individual
with an AFO decreases their walking speed, decreasing the demand on the MG, they may not

receive the level of energy savings expected due to changes in MG operating length and velocity.

This study also demonstrates the variability in responses to AFOs, even among
unimpaired individuals. As AFO stiffness increased, some participants’ gastrocnemius engaged
more muscle force while others continued to decrease MG activity with increased AFO stiffness.
Since no training or coaching was given to the participants in this study, the differences reflect
variable responses to the potential assistance provided by a passive AFO. Prior studies of
unimpaired individuals walking with active and passive AFOs have also reported variable
changes in energy costs [152], which may be related to different strategies used to engage with
or use the devices. Providing proper guidance which can maximally utilize the functionality of

assistive devices may help to optimally reduce metabolic costs.

The methods described in this manuscript can also be used to evaluate musculotendon
function and inform the prescription of AFOs for individuals with neurologic impairments, such
as those with stroke and cerebral palsy. Individuals with cerebral palsy are commonly prescribed
AFOs. Short and tight muscles are common for these individuals, which can contribute to
pathologic gait, including excessive plantarflexion and/or knee flexion during walking. Since
AFOs are worn all day, understanding whether they stretch or shorten the MG could have
important implications for rehabilitation [38,73,180]. A prior study demonstrated that currently

prescribed AFOs [166] and providing treadmill training with an incline can stretch the
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gastrocnemius MTU during gait [181]. However, the relative stretching of the MG and AT with

AFOs and other interventions remain unclear and represents an important area for future study.

While ultrasound provides insight into AT and MG muscle belly length, there are further
musculotendon properties that may influence function with AFOs that cannot be quantified with
ultrasound alone. In this study, we oriented the ultrasound probe so that the MTJ was positioned
in the middle of the screen, so that MG belly length could be measured. We did not measure
fascicle length or pennation angle, which would require a more proximal placement of the
ultrasound transducer. Examining MG fiber length and pennation angle could provide insight on
how AFO stiffness changes muscle force generating capacity relative to fascicle length [170].
Further, muscle force is dictated by sarcomere length, which cannot be estimated from
ultrasound. While it often assumed that muscles adapts to operate near optimal sarcomere length,
this assumption has not been experimentally tested in humans and may also not hold true for

individuals with neuromuscular disorders.

This study evaluated how AFO stiffness impacts gait kinematics, MG, and AT function
during walking with slow and very slow walking speeds. We found that, as AFO stiffness
increased, peak AFO dorsiflexion moment, MG length, and AT length were increased, while
peak ankle dorsiflexion angle and MG activation decreased. With slower walking speed, peak
MG activity, length, and velocity also significantly decreased; however, there was significant
variability between participants in changes in MG activation level and length with varying speed.
Future studies are required to evaluate how AFO stiffness impacts musculotendon and walking
function for individuals with neurologic injuries, such as cerebral palsy or stroke who are
commonly prescribed AFOs. We believe these finding can help design optimal AFOs to improve

both impaired and unimpaired gait during daily life.
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CONCLUSION

Summary

This dissertation provides important evidence for how the human musculoskeletal system

interplays with various AFO properties and advances AFO fabrication methods using 3D

technologies. Specifically, this work suggests that:

Adjusting heel wedge angles of AFOs can limit or alter short and tight muscle operating
length. These changes can improve gait kinematics and speed for stroke survivors with
stiff knee gait.

Prescribing specific types of AFOs can be stretch short and tight muscles during gait,
potentially assisting with rehabilitation goals.

Fabricating AFOs with 3D printing and scanning technology can provide a research
platform that reduces time and labor and allows for integration of novel sensors as
compared to standard fabrication processes. This 3D printed AFO also allows for easy
adjustment of stiffness by interchanging various elastic polymer bands.

Quantifying AT length is possible using a novel method combining 3D motion capture,
ultrasound, and musculoskeletal modeling to evaluate the impacts of different stiffness

AFOs and walking speeds on joint kinematics and musculotendon function.

The evidence found in this dissertation may guide future development of an optimal AFO which

may augment mobility and minimizes metabolic cost for both unimpaired and individuals with

neurologic injuries, as well as maximizing rehabilitation goals in daily life.
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Future Work

The work presented in this dissertation has created a foundation of knowledge about how AFOs

impact musculotendinous function and joint kinematics. The results of these studies suggest

many exciting avenues for future work, using both musculoskeletal modeling and experimental

techniques. The following sections outline important areas of future work that can further expand

our understanding of the impacts of AFOs to the human musculoskeletal system and lead to

innovations in developing AFOs which minimize energy consumption and maximize human

passive elastic elements:

How can we customize AFO to each individual?

Each individual has different musculotendon properties. Estimating AT stiffness could
help determine how much energy we can utilize during dynamic tasks and guide AFO
design. Evaluating AT length, as suggested in Aim 4, and ankle moment, which can be
calculated from inverse dynamics, in two different stiffness levels of an AFO could
quantify AT stiffness during dynamic tasks. For example, net ankle moment (biological
ankle moment and AFO moment) in the hinged AFO condition (My,, ) and alpha
stiffness AFO condition (My,¢ ) can be calculated. From a previous study [152], humans
uses almost the same amount of ankle moment during walking with different AFO
stiffness conditions. However, there might be differences due to the changes in muscle
contributions or energy dissipation between the human body and AFOs. This value can

be used to compensate the difference between My, iy and My .
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MNet,H = MNet,a + Mﬁ

We can expand the moment into levels of stiffness (Kyr 4, Kara> Karo n), moment arm
length (MAur y, MApr o, MAgro ) and amount of elongation of AT and elastic polymer

bands (AXAT,Hs AXAT,aa AXAFO,H)'

Kot AXar g - MAprn = Koo " AXar o " MAsra + Karon * AXaron * MAaron + Mp

Since AT stiffness within a participant is a near-constant material property, the moment
arm can be calculated by differentiating the changes in muscle or elastic polymer band

length by changes in ankle joint or AFO angle.

dl

WheT'e, KAT,H = KAT,(X = KAT' MA = @

Finally, we can summarize the equation in terms of AT stiffness, which give us the level

of AT stiffness.

Kuaro " AXar 0 * MAyr o + Karo,w " AXaro,a " MAsro,e + Mg
AXaro * MAprq + AXar - MApr

Kar =

Correlating each individual’s AT stiffness and AT length in a specific AFO condition
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may provide further evidence to identify the optimal stiffness which can minimize muscle
effort by maximizing the utility of the AT during gait. This method can also be used to
evaluate how AT properties are altered in individuals with neurologic injuries compared

to unimpaired individuals.

How does changing AFO stiffness correlate to stretching short and tight muscles for
individuals with neurologic injuries?

In Aim 2, we found specific AFO stiffness can stretch short and tight musculotendon
length for children with CP. However, a question arose about which element, the muscle
or the tendon, is stretched. The method in Aim 4 could be utilized to quantify how
pathologic muscle can be stretched with different AFO properties during gait to

determine whether it is feasible to stretch muscles during daily life.

Could dynamic stretching short and tight muscles with AFOs during walking be
more effective compared to passive stretching exercise?

Unlike stretching exercises in the clinic where muscle is stretched without muscle
activation, dynamic stretching with an AFO during walking provides some level of
muscle activation. The method in Aim 4 could be utilized to evaluate how much muscle

can be stretched with AFOs during walking and compared to passive stretching exercises.

Can a model predict adaptations to different stiffness AFOs?
The experimental results in Aim 4 used only two minutes of acclimatization time with

changes in AFO properties, which may not allow sufficient adaptation to an AFO, but can
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be used to generate an initial estimate of adaptations to different AFO properties.
However, our body might have different strategies to adapt to the AFO with long period
of time. Individuals with neurologic impairments may also have different strategies to
adapt to the AFO with short and long periods of time. However, these experiments with
different AFO properties can be very time consuming with many different conditions.
Developing a model with experimental evidence that can predict locomotor and

musculotendon adaptation to AFOs would enhance design and prescription.

The human musculoskeletal system is incredibly complex. In order to conclude precise
interpretation of how our musculotendinous system interplays with AFOs or alternative types of
assistive devices, various experimental data such as muscle force, muscle fascicle function, and
other passive elements should be examined and considered for analysis. This dissertation
provided several pieces of the complex puzzle to help investigate an entire phenomenon. This
evidence provides more information to develop optimal AFO designs which can be fabricated in
a more efficient way and help to maximize function for unimpaired individuals and individuals

with neurologically impairments.
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APPENDIX A

Experimental worksheets for identifying marker and bony landmark positions for Aim 4.

Reflective marker dimension

*Marker diameter

*Marker

*Marker ctr to Height

base

*Marker base

Foot marker position check sheet (Sagittal view)

UNIT: mm

*Malleolus ctr to marker
Superior/Inferior

*Gap bet
AFO or foo

*Gap between

*AFO thick surface of AFO
or foot and
shoe

*
Madrker ctr hoe
to edee ckness

AFO thickness
*Marker ctr to base -
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Foot marker position check sheet (Transverse view)

UNIT: mm

*Gap between su *Gap between surface of

AFO or foot and shoe
*Marker Height of AFO or foot ang

*Marker ctr to Marker ctr to base

—

*Gap between surface
of AFO or foot and shoe
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Test Protocol

Number: Age: Height:
Gender: Weight:
[1] 1st Visit
Date: / / Testers:

o Complete consent form
and survey o Scanning the
Leg

o Inform about TestDay 2:

o Short shorts, tight-fitting sleeveless shirt, no lotion on legs, shoe size,

[2] 2nd visit

Date: / / Testers:

To take from Ability lab:

o Goniometer, tapemeasure, aliper,
yoga mat o Superglue for markers
to AFO

o Attach velcro straps with glue
o 2 Laptops with power supply (Ultrasound, EMG)

o US box, probes, chargers, leads, triggers*2, gel, tissues, tape, coban,
probe holders, o Charged battery, electrodes, double-sided tape, alcohol,
razors

o Alcohol swabs, leads/headers, EMG boards
o socks, shoes, strap, foam, scissors, heat gun, dremel

o Gloves (heat and cloth), screwdrivers, extra screws, sticky notes,
Volt meter o DSLR Camera, USB back-up * 2
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o Biopotential fully charged and Lava.set file on SD card

o Printed out testing protocol and marker/picture
documents * 3 o Delsys EMG Box

o Trigger System (Trigger junction box, Cables)

o Even Switches *5, Cables, + batteries

o AFO, Support Clips, Polymer bands (2394N/m, 7000N/m, 8247N/m, 19000N/m, 40600N/m)

VICON Lab:

Before participant arrives -

o Turn on Vicon desktop and camera (from the back of Vicon
ethernet), laptops o Connect Vicon, US and EMG computers

o EMG sensors prepped tape, bilaterally,
software ready o Reflective markers ready,
double-sided tapes ready

o Camera calibration process

o Ensure the Vicon computer does not sleep
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After participant arrives -

o Take Height, Weight, Age, Sex, and following measurements

Birth date Height cm
Gender Weight kg
A. Pelvis (LASIS-RASIS) cm | A. Pelvis (LPSIS-RPSIS) cm
R ASIS — R Med Knee cm | LASIS — L Med Knee cm
A ASIS — R Lat Knee cm | A ASIS — L Lat Knee cm
RGT — R Knee cm | LGT —L Knee cm
R Lat Knee — R Lat Mal cm | L Lat Knee — L Lat Mal cm
R Heel — R 2™ Digit cm | L Heel — L 2" Digit cm
Prox. Phalanx (Wrap Prox. Phalanx (Wrap

Lat under Mal) Lat under Mal)

R Knee (Med — Lat Con) cm | L Knee (Med — Lat Con) cm
R Ank (Med - Lat Mal) cm | L Ank (Med — Lat Mal) cm
R Acrom — L Acrom cm

R 5MT — R 2" Digit cm | L 5MT - L 2" Digit cm
Prox. Phalanx Prox. Phalanx

R Heel —R 5 MT (Wrap cm | LHeel-L5 MT (Wrap cm
Lat under Mal) Lat under Mal)

R Ankle Passive Dorflexion w/Full

Knee Extension

R Ankle Passive Dorsiflexion w/90°

Knee Flexion

R Knee Passive Extension (w/90° Hip

Flexion)

L Ankle Passive Dorflexion w/Full

Knee Extension

L Ankle Passive Dorsiflexion w/90°

Knee Flexion

L Knee Passive Extension (w/90° Hip

Flexion)
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o Fitting AFO (modify if necessary) -> Re-fit AFO, apply padding,
observe gait o Apply Motion capture marker set

o Apply Bilateral EMG Markers, pre-paired

o Apply US 1 with visual feedback (Check the interference without AFO and with AFO)
o Ask subject to stand on the treadmill

o Record Leg Length for Calculating Speed below

o Static calibration trial 1 (take photos with Hwan's reference sheet) -> remove
medial markers o MVC Trial

(5 toes rasises, standing with both feet shoulder width apart, raise up as high as they can on toes, and
then slowly lower, 5 squats, feet shoulder with apart, squat til knee at ~90°, and 5 toe lifts on each
side, hold foot off the ground, lift up toes)

o Acclimatize the participant to the treadmill (2 min)

o Assist in increasing or decreasing speed of treadmill

o Calculating speed: normalized speed = Froude's number*SQRT(gravity*leg length)
Rt. Leg length (RASIS to R LatMal) - Treadmill Speed
Speed S (0.19) - 0.0000
Speed N (0.29) - 0.0000

*Record names here for each saved trial!

Trials Vicon File Name US File Name EMG File Name Stiffness
Speed
1 P11 _Static_Shoe P11 _Static_Shoe P11 _Static_Shoe
2 P11_MVC P11_MVC P11_MVC
3 P11 Shoe_S P11 Shoe_ S P11 Shoe_S S
4 P11 Shoe N P11 Shoe N P11 Shoe N N
5 P11_Static_AFO P11_Static_AFO P11_Static_AFO
6 P11 Hinge N P11 Hinge N P11 Hinge N Hinge N
7 P11 10 N P11 10 N P11 10 N 10 N
8 P11 Rigid_S P11 Rigid_S P11 Rigid_S Rigid S
9 P11 314 N P11 314 N P11 314 N 3.14 N
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10
11
12
13
14
15
16
17

P11_50_N
P11_Rigid_N
P11_25_S
P11_314_S
P11_10_S
P11_50_S
P11 _Hinge_S
P11_25 N

Subject Notes:

Check List prior test

1. Treadmill speed setup O

2. All markers attachments Event switch wire connection AFO stiffness condition O

3. Vicon setup (file name, event switch setup) EMG trial setup/ Sensors Awake O

4. Ultrasound Setup O

Check List after each test

1. Is ultrasound image clear? O

P11 _50_N
P11_Rigid_N
P11_25_S
P11_314_S
P11_10_S
P11_50_S
P11 _Hinge_S
P11 25 N

2. Vicon data (Export trc file and check) o

3. Vicon event switch data (Export ASCII file and check) EMG data collected o

4. All markers attachment & visible o

5. Check AFO condition O

6. SAVE EMG/US/Vicon O

7. Export files O

P11_50_N
P11_Rigid_N
P11_25_S
P11_314_S
P11_10_S
P11_50_S
P11 Hinge_S
P11_25 N

50
Rigid
25
3.14
10
50
Hinge
25

2 v un n u unu 2 2
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