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1. ABSTRACT 

Studies have shown that footwear characteristics might have the same significance as the design 

of the orthosis in the treatment of Cerebral Palsy (CP) children, however this is generally ignored 

in medical diagnostics. This study aims to investigate the influence that footwear sole rigidity and 

heel cushioning have on gait of CP children diagnosed with a hinged AFO. 

Clinical trials consisted in an ABCDE single subject experimental design with 2 unilateral spastic 

CP children (8 and 13 years) with GMFCS I. Baseline phase (A) consisted in walking barefoot, and 

interventions (BCDE) consisted in walking with one AFO, and four types of footwear. Data analysis 

presents kinematic graphs, gait performance indexes, and an ANCOVA comparison for cushioning 

and rigidity main effects in gait. 

Footwear rigidity, cushioning, and AFO rigidity were measured. Additionally a biomechanical 

model of stance phase was created illustrating the effects of rigidity and cushioning. 

For subject one, an apparent equinus gait was found proving that AFO is not the best treatment. In 

contrast, subject two decreased excessive knee hyperflexion and ankle plantarflexion when using 

any AFO and footwear combination, differences higher than 1.6º were found in MAP indexes 

between footwear types, ANCOVA results (=0.05%) showed that cushioning had main effects on 

the knee contact angle and the interaction between cushioning and rigidity had main effects in the 

ankle contact angle, both important in drop foot gait. The biomechanical model showed that initial 

conditions for swing phase could be changed with rigidity, displaying knee joint angles closer to 

the control range and increased arch heights for lower rigidities; for high cushioning, preswing 

foot velocity was decreased. 

In conclusion, results proved that medical diagnostics for CP children should include important 

footwear characteristics in their prescriptions, and that specifically in this study rigidity and 

cushioning significantly influenced important kinematics for treating drop foot gait. 
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2. INTRODUCTION 

 Cerebral Palsy is a common neural disorder that affects around 2-4 per 1.000 children in 

USA1, and in Colombia, a population of 359.134 suffer from nervous system impairment (DANE 

2013). Several treatments for different types of pathology such as surgeries, physical therapies 

and the use of orthotic devices are currently used to improve patient’s quality of life and 

functionality.  

In particular, ankle and foot orthosis (AFO) are used to enhance patient’s gait, compensating for 

weak or spastic muscles and other gait difficulties. Many researchers have studied the way in 

which some of the specific AFO characteristics actually influence patient’s gait. Additionally, 

current investigations are focused on developing ways to customize orthotic devices based on 

specific gait patterns and anatomies, through the use of tools such as the gait laboratories that 

provide kinetic and kinematic information. However, many features and diagnostics are still 

based on the doctors and orthotists experience, which leads to mistaken diagnostics or non-

standardized prescriptions.  

Generally the fact that the Ankle-Foot Orthoses Footwear Combination (AFO-FC) has the same 

influence and significance as the design of the orthosis itself in patient’s treatment is not taken 

into account, and even though some studies have shown the importance of footwear 

characteristics, the influences of them in combination with AFOs are not yet well understood.  

Therefore the aim of this project is to understand how some of the footwear characteristics, 

specifically shoe sole rigidity and cushioning can affect the kinematics and kinetics of two subjects 

gait, and it intends to provide some suggestions about why these footwear characteristics should 

be included in diagnostics.  

This research consists in three main components: The clinical trials, for measuring AFO-FC effects 

on two children. The measurement of footwear and AFO mechanical properties, and finally a 

simplified biomechanical model to understand some of the footwear influences in gait. 

3. BACKGROUND 

3.1 Cerebral Palsy 

Cerebral palsy, also commonly referred to as CP, is an umbrella term that describes a 

group of disorders caused by damage to the brain. It results in physical impairment affecting body 

movement, coordination, balance and posture. Cerebral palsy does not affect every child in the 

same way. It is not a specific condition and does not have a single cause. Functional classifications 

of CP children are well established by systems such as the Gross Motor Function Classification 

System (GMFCS) which was developed as a valid and reliable way to classify a child’s movement 

ability in sitting, standing and walking into one of five levels (Morris, Bowers, Ross, Stevens, & 

                                                             
1 “Prevalence of Cerebral Palsy | Incidence, CerebralPalsy.org.  
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Phillips, 2011), being levels I and II the most functional and independent conditions. 

 

Relevant Pathophysiology: 

The next illustration shows the different physiological gait phases of a healthy person. 

These phases refer to the right leg (reference leg). This physiological gait pattern serves as an 

orientation for the interdisciplinary team in the treatment of CP patients and helps them to 

achieve the goal of treatment (FIOR & GENTZ, 2013). 

 
Figure 1 Gait phases of a healthy person.  (FIOR & GENTZ, 2013) 

In normal gait during the second half of stance phase, the stability of the knee is maintained 

without quadriceps action through the plantarflexion/knee-extension couple. This dynamic action 

helps to prevent hyperflexion at the knee, commonly found in CP. 

 

 Individuals with CP often have (Gage, Schwartz, Koop, & Novacheck, 2009, pp. 327–346) : 

 

 Weak plantarflexors, which include gastrocnemius and soleus muscles.  

 Bony deformities of femoral anteversion in conjunction with external tibial torsion that 

misalign the foot relative to the knee axis. 

 Unstable valgus foot that is not rigid enough to be an effective lever. 

 

Figure 2 -Anatomy of Calf Muscles.  From 

http://www.stretchxperience.com 

 

Figure 3- Anteversion in conjunction with tibial torsion. 
From http://www.eorthopod.com/content/patellar-tendonitis 
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Drop foot: 

Drop foot is the inability to lift the front part of the foot, or to perform dorsiflexion, this causes the 

toes to drag along the ground while walking, to avoid this, some of the compensation movements 

can include higher knee flexion, circumduction or hip abduction.  This can be caused by nerve 

injuries or brain and spinal disorders like cerebral palsy. Typical treatments for this symptom are 

orthotics, specifically hinged AFOs, these are explained next. 

3.2 Ankle and Foot Orthosis 

Ankle and foot orthosis (AFO) is a device which corrects abnormal walking gait by 

maximizing muscle movements to restore its strength, and commonly used to treat impaired 

mobility caused by cerebral palsy, stroke, and multiple sclerosis, and to compensate neuromotor 

difficulties (Hamid, Patar, & Ayub, 2012).  

Specifically in CP, orthoses are commonly prescribed to address deficiencies of both structure and 

function, both factors are relevant to the patients because they should counteract aberrant ankle 

function and also promote walking ability by compensating for impairments (Bregman, 2011). 

Regarding the central long-term goals of orthotic management, the most important objectives 

would be avoiding crouch gait and excessive knee stress. On the other hand, a proper lever-arm 

alignment should be restored to improve the plantarflexion/knee-extension couple. These 

long-term goals can also vary with the different GMFCS levels, particularly in children classified in 

GMFCS levels I-III the treatment goals are mostly related to the lower limb and aim to improve 

and maintain an efficient gait, although prevention of deformity is also important.(Morris et al., 

2011) 

 

Passive Ankle-Foot Orthoses(Gage et al., 2009, pp. 327–346): 

 Articulated AFOs are commonly prescribed for younger with cerebral palsy. They allow 

ankle flexibility needed by younger children to go from the ground to stand and climb to 

stairs. However this is not adequate for children with more than 4 years because it can 

contribute to crouch gait. 

 Hinged AFOs allow movement in the anatomical ankle joint being thinner, more flexible 

and encouraging a wider range of motion. They only intend to restrict excessive 

plantarflexion, a typical characteristic of drop foot or dynamic equinus gait. 

 Solid AFOs (SAFOs) are orthoses so stiff that the ankle joints do not move with use. 

Prescriptions for SAFOs are to work with patients with severe spasticity and weakness, 

typically accompanied by poor motor control. In this case alignment and stability are the 

primary goals. 
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Figure 4-a) Articulated AFO, the medial and lateral hinges allow free dorsiflexion and plantarflexion. b) Hinged 

AFO, wider range of motion in order to provide improved sensation and alignment. c) Solid AFO, eliminates 
ankle motion for difficult impairments, allows improvements in foot progression angle, equinus in stance, drop 

foot in swing, and protection from crouch. (Gage, Schwartz, Koop, & Novacheck, 2009). 

 

3.3 The Role of AFO- Footwear Combination 

 Little attention has been given to the fact that the Ankle-Foot Orthoses Footwear 

Combination (AFOFC) has the same influence and significance as the design of the orthosis itself 

in patient’s treatment and orthosis tuning. The ankle foot orthosis–footwear combination tuning 

has the potential to improve the kinematics and kinetics of gait in children with cerebral palsy and 

is integral in determining the overall biomechanical control. 

Characteristics such as excessive plantarflexion resistance of an AFOFC could induce undesired 

knee flexion at early stance (Kobayashi, Leung, Akazawa, & Hutchins, 2013), or the alignment of 

the joints might be affected by different heel heights or wedges. Therefore it is important to 

understand that the gait should be evaluated with the AFOFC, and a better characterization of 

footwear parameters should be made. 

One of the principal characteristics of an AFOFC are the angles at which the anatomical joints are 

set within the AFO. Owen identified two important angles, the shank to vertical angle or wedges, 

typically affected by footwear, and the angle of the ankle within the AFO. 
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Figure 5 – AFO-FC angles (Elaine Owen, 2004) 

Other parameters relevant to AFO-Footwear combinations are the stiffness of the AFO, the 

thickness of the sole and heel of the footwear, whether the sole is rigid or flexible, the profile of 

the heel and sole design of the footwear, type and position of rocker soles and other features such 

as cushion heels and the angle which the shank makes with the vertical or the floor when standing 

in the AFOFC (Elaine Owen, 2004). 

The next table summarizes some of the mentioned footwear characteristics that should be taken 

into account when used in combination with AFO and their influence in gait. 

Table 1 - Main footwear characteristics for AFO Footwear Combinations. 

Footwear Characteristic Influence on Gait 

Mediolateral Wedges 

Used for Varus or Valgus conditions to compensate for over 
pronation or supination. 

 
 

Anteroposterior Wedges 

Wedges influence the inclination of the shank to vertical angle (SVA) 
(Owen, 2010b) . Also manipulates ground reaction force 

(JAGADAMMA, 2010) , which highlights the importance of shank 
inclination in tuning AFOFC combinations. 
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The two main characteristics selected for the research were chosen because of the little reported 

information on these characteristics effects, and because of their possible important impacts on 

terminal stance, initial conditions for the swing phase and contact phase in gait. 

 

Sole Stiffness 

Restricts metatarsal phalangeal (MTP) joints. If the patient has the 
ability to achieve functional propulsion with this joint, then the sole 

should be flexible. In healthy patients higher stiffness increases ankle 
joint moments or push-off times. (Shorten, 1993)  

 

  
 

Anterior Sole Design  - 
Toe spring angle. 

(Rounded flat profile, 
Rocker Sole Profile, Point 
Loading Rocker Profile) 

 
The use of rockers influences  ground reaction force in terminal 
stance(Owen, 2010). In addition, it was reported that the use of 

rockers might have contributed to increase plantar-flexion 
moments.(Eddison & Chockalingam, 2013)    

 

    
 

Heel Design 
(Plain Heel, Negative 
Heel, Positive Heel) 

Negative Heel: Reduce angular velocity of shank on initial stance. 
Positive Heel: Increase velocity of shank on initial stance(Owen, 

2010). 
 

  

Heel Cushioning 

 
Might affect vertical force impact peaks as well as energy return as in 

healthy patients, reduces angular velocity in AFOFC (Owen, 2010). 
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Figure 6- Two characteristics selected for the clinical research. Shoe sole stiffness and cushioning. 

 

3.4 Gait Normality Indexes 

To evaluate the overall influence of treatments in gait parameters, some indexes measure the 

overall kinematics gait performance. Currently, among the most acknowledged indexes at the 

medical level we can find the Gait Deviation Index (GDI) (Schwartz & Rozumalski, 2008), the 

Movement Analysis Profile (MAP) and the Gait Profile Score (GPS) (Baker et al., 2009). 

The GDI is defined as the linear combination of 15 gait features compared for a subjects average 
and a control group, if this score is equal or higher than 100, then the overall gait kinematics is 
considered within the normal range. Every 10 GDI points represent 1 Standard deviation from the 
control group. 

The Movement Analysis Profile, or Gait Profile Score represents the average RMS difference 

across time between a specific gait cycle and the average gait cycle from control population 

(Baker et al., 2009). This score can be calculated for each joint and the results are presented in 

degrees. The black area of the following graph represents the average value for each kinematic 

variable in control group. Moreover, another article written by Baker et al. found that 1.6º is the 

minimal clinically important difference for the gait profile score (Baker et al., 2012). 

 

Figure 7- Example of GPS and MAP graph. Each column corresponds to one of the kinematic variables. Its 
height represents the (RMS) average difference across time between a specific gait cycle and the average 

gait cycle from people with no gait pathology. The black area at the foot of the columns represents the 
average value of this for people with no gait pathology. The GPS for left side, right side and overall gait 

pattern are displayed in the rightmost column.(Baker et al., 2009) 
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4. OBJECTIVES 

General Objective: 

This research aims to optimize selected footwear features combined with ankle-foot orthoses for 

children with hemiplegic spastic cerebral palsy to improve gait patterns and indexes. 

 

Specific Objectives: 

 Review state-of-art literatures and define footwear characteristics such as stiffness of the 

sole and shoe sole energy absorption, which will be changed and tested for a better 

understanding of the influence they have in the biomechanics of the gait for CP children 

using AFOs. 

 Characterize the mechanical and geometrical properties of the different footwear types 

selected. 

 Design a clinical experiment to assess effects of changing footwear parameters in the 

biomechanics of the gait. 

 Develop a biomechanical model to analyze gait parameters and energy return obtained 

from experimental results. 

 Generate recommendations in the selection of footwear characteristics for this specific 

type of patient, based on the results that generated meaningful differences in the clinical 

trials.  

 

5. METHODS 

 

The following section describes the protocol and experimental design selected for the clinical 

trials, which aim to evaluate the influence of different AFO-Footwear Combinations in CP 

children’s gait. Subsequently, a description of the experimental settings to measure AFO and 

Footwear characteristics is presented, together with the outcomes of these measurements. 

5.1 Protocol for Clinical Trials 

The aim of this study is to examine the effect caused in children’s gait characteristics when 

changing shoe sole bending rigidity and heel cushioning of footwear used in combination with 

orthosis. 

5.1.1 Participants 

This study recruited two participants whom were children with CP assessed at the Gait Analysis 

Laboratory in the Instituto de Ortopedia Infantil Roosevelt (IOIR) – Bogotá, Colombia. Children’s 

written assent, as well as their parents formal consent were provided, both previously approved 

by the ethics committee at Roosevelt, which also granted approval for the whole research. 
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The inclusion criteria were as follows: 

1. Diagnosed unilateral spastic cerebral palsy and previously diagnosed with a hinged AFO. 

(Pure spasticity, no dystonia) 

2. Age range between 8-18years. 

3. Gross Motor Function Classification System levels I or II. 

4. Able to cooperate with assessment procedures. 

5. Willing to use the given footwear and orthosis for approximately 3 hours during the data 

acquisition corresponding the physical exam and gait analysis. 

6. Willing to accept the suspension of Botulinum Toxin A during the weeks the experiment 

takes place. 

7. Capability to walk without personal support for at least 25m using no assistive devices.   

8. Willing to assist two times at the IOIR, first time to take orthosis mold and second time for 

physical and gait analysis. 

 

The exclusion criteria were as follows: 

1. Orthopedic lower limb surgery on the affected side in the past 12 months. 

2. Botulinum toxin A to affected lower limb in the past 6 months. 

3. Patients that present rigid equinus, knee flexion deformity or hip flexion deformity higher 

than 20 degrees.    

4. Other diseases that may affect balance or/and gait and compromise the participant’s 

safety. (e.g. stroke). 

 

5.1.2 Experimental Design 

The aim of this study is to examine the effect caused in Children’s gait characteristics when 

changing two parameters: bending stiffness or rigidity and heel cushioning of footwear used in 

combination with the same orthosis. Therefore, a single-subject experimental design was used, in 

which a baseline phase (A) is followed by four different treatment conditions (B-C-D-E); this type 

of research method evaluates the effect of different treatments for the same participant using 

his/her own outcomes as a control for changes in his/her behavior. 

The first baseline phase (A) intends to measure patients gait conditions, in the baseline period the 

patient is asked to walk barefoot at the gait laboratory. Afterwards, the patient goes through four 

intervention phases (B-C-D-E), which were tested by each patient in a random order, the real 

order performed for each subject is in Table 2. For each phase three good trials were recorded, 

consequently each phase lasted around 30 minutes, which made the whole experiment last 

around 3 hours. 
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Table 2- Experimental design for clinical trials 

   Phase A   Phase B  Phase C  Phase D  Phase E 

Subject 1 Baseline - Barefoot  
Intervention – Gray 

Shoe type 4 
Intervention – Blue 

Shoe type 2 
Intervention – Black 

Shoe type 3 
Intervention –White 

Shoe type 1 

  1st     2st    3rd 1st    2st   3rd    1st     2st    3rd  1st  2st   3rd    1st  2st   3rd    

Subject 2 

 Phase A   Phase B  Phase C  Phase D  Phase E 

Baseline - Barefoot  
Intervention –White 

Shoe type 1 
Intervention – Blue 

Shoe type 2 
Intervention – Black 

Shoe type 3 
Intervention – Gray 

Shoe type 4 

1st     2st    3rd  1st  2st   3rd    1st     2st    3rd  1st  2st   3rd    1st    2st   3rd    

 

Interventions (BCDE) consisted in providing children with a hinged AFO that was used for all the 

intervention trials, and four different types of footwear (Shoe type 1- White, Shoe type 2- Blue, 

Shoe type 3- Gray, Shoe type 4- Black) that were selected for analyzing the influence of their 

rigidity and cushioning; these two characteristics were measured for all of the shoe types (view 

Footwear Characterization) and the results of the final combined characteristics was: 

 

Graph 1- Rigidity and cushioning distribution for footwear. 

Other characteristics such as internal inclination (wedges), toe spring angle among others were 

also measured and reported in the footwear characterization section.  

5.1.3 Procedure 

 

During each intervention phase, children were asked to use the orthosis and provided footwear. 

Children wore one hinged AFO without any modifications during the whole experiment. Gait 

analysis was performed at the Gait Analysis Laboratory in the Instituto de Ortopedia Infantil 

Roosevelt (IOIR), using a six-camera (BTS VIXTA) BTS motion capture system, and ground 

reaction forces collected at 100 Hz with two force plates (AMTI, reference ORG-5), the software 

used for data acquisition was: Software Elite Clinic from BTS.  

 

Each data acquisition consisted of the following protocol: 
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1. An experimented physiotherapist made a physical exam, the parameters measured for 

each subject were: gastrocnemius muscular tone, Achilles tendon reflexes, articular 

mobility (hip flexion, knee flexion-extension, ankle plantarflexion-dorsiflexion and first 

metatarsophalangeal joint flexion), height, weight and general anthropometric 

information for calibration of the gait analysis software. 

 

 
Figure 8- Physical exam. Anthropometric measurements for Subject 1. 

2. A full body marker set of 21 markers (based on Davis Protocol) was attached to the 

subjects, at each phase two markers located at the foot and one marker at the ankle were 

removed to place the new set of shoes and then reattached. 

    
       Figure 9 – Clinical Trial, Markers Placement (Davis Protocol). First row- Subject 1: barefoot, LCLR 

Shoes, HCHR Shoes. Second Row – Subject 2: LCLR Shoes, HCHR Shoes, LCHR shoes. 

3. Subjects were instructed to stand still in a force plate for 30 seconds to calibrate the 

software. 
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Figure 10- Clinical trial , stand still for Subject 2. 

4. Subjects were instructed to walk along the laboratory walkway at their self-selected 

comfortable walking speed; they repeated this step several times until three good trials 

(contact with both force plates and typical step length) were recorded, a physiotherapist 

and an engineer from the IOIR performed the selection of these good trials. 

 

 
Figure 11- Walking trials for Subject 1 (left) and Subject 2 (right). 

5. Three-dimensional kinematic and kinetic data were collected using the six-camera BTS 

motion capture system, joint kinematic and kinetics, were used for further data 

processing. Ground reaction forces were collected with the two force plates placed 

sequentially in the motion analysis laboratory.  

6. Video in simultaneous sagittal, coronal and transverse planes of each gait trial was also 

recorded. 

 

 
Figure 12- Video in simultaneous sagittal, coronal and transverse planes. 
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5.1.4 Data Analysis  

Kinematic and kinetic gait movement graphs are presented to compare differences between all of 

the trials. Movement Analysis Profile (MAP) graphs for the joints with the most significant 

changes are analyzed.  

Furthermore, the gait parameters with a significant difference (=0.05%) between intervention 

trials and barefoot trial are presented to prove the hypothesis that there are significant 

differences between intervention trials and barefoot trial. 

 Finally only for one of the subjects an ANCOVA comparison between intervention trials (different 

footwear types) was performed to evaluate the main effect of rigidity, cushioning and inclination 

in gait parameters and indexes, to prove the hypothesis that these footwear characteristics 

significantly influence gait parameters. 

 

5.2 AFO Construction and Characterization 

The AFOs built for this research were manufactured by a professional orthotist; the process of 

construction is later described to provide a better background of the AFO used. Both of the 

subjects that participated were previously using a prescribed hinged AFO, the orthotist built the 

new AFOs for this study based on that prescription but the orthosis was cut anterior to the MTP 

joint. Additionally the rigidity of the AFO was measured with an adapted version of the Bruce 

device, so the experimental setting and the results of this measurement are explained next. 

5.2.1 AFO Construction 

Participants attended the IOIR to make a negative plaster mold of their affected limb, the process 

took around 5 minutes while the plaster sheets solidified and the mold was removed, marks were 

made to the plaster mold before opening so they could be aligned in the following process.  

 
Figure 13- Process for creating a negative plaster mold. 

Afterwards a positive plaster model of the limb was casted Figure 14a-b, modified and aligned 

based on the patient’s anatomy and prescription Figure 14c, additionally the mold was cut 

through the metatarsophalangeal (MTP) joint line Figure 14d, to allow a better mobility for push 

off in gait as mentioned by (Michaud & Nawoczenski, 2006) and (Nawoczenski & Ludewig, 2004) 

and a better assessment of the shoes influence in patients with good MTP joint mobility. Then the 

thermoforming process takes place, the mold is placed in a setting where negative pressure is 

applied, a sheet of foam (ethylene-vinyl acetate) is heated and adjusted to the limbs mold Figure 
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14e, next a sheet of Polypropylene (3mm thick) is heated at 70ºC and molded around the positive 

mold Figure 14f-g. Finally the molded sheet is removed from the plaster mold Figure 14h, the AFO 

is cut and polished Figure 14i, and the belts for patients use are placed Figure 14j. 

 
Figure 14- Hinged AFO construction process. a- b) Positive plaster mold casting. c) Alignment and modification. 

d) MTP anterior cut for push off. e-g) thermoforming.  

 

The final hinged AFOs are presented next with some of their measures for reference.  

 
Figure 15- Hinged AFO’s for clinical trials 
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5.2.2 AFO stiffness  

In this project it is important to measure AFO stiffness, to guarantee replicability of the results, 

and also because it was required for the biomechanical model. Several types of settings for 

measuring AFO’s torsional stiffness have been proposed, the stiffness of an AFO is defined as  “the 

moment around the ankle joint exerted by the AFO per degree of ankle joint rotation and should 

be computed as a slope of the moment-angle curve (newton-meters/degree)” (Kobayashi, Leung, 

& Hutchins, 2011).  According to the review made by Kobayashi et al, most of the techniques to 

measure AFOs stiffness include mechanical testing machines or load cells. Particularly the setting 

proposed by (Bregman et al., 2008) the BRUCE device showed a high reliability, this design 

replicates a human leg and continuously registers joint configuration and force exerted by the 

AFO to the device.  

Experimental setting 

A modified version of the Bruce device 

using a mechanical testing machine 

(INSTRON 5586) was built to measure AFOs 

stiffness. The setting is composed by five 

main pieces assembled; piece number one 

allows the upper assembly with the 

INSTRON machine and links the second 

piece, the second piece is a rectangular bar 

that replicates the human thigh, and it’s 

assembled to the third part which is a 

cylindrical bar that replicates the shank, the 

fourth piece represents the foot and the 

ankle joint, the last part is a set of wood and 

steel plates for the lower assembly with the 

INSTRON. The AFO is attached in the upper 

part to the third piece with a wood piece in 

the middle to attach the AFO, and in the 

lower part it’s assembled to the plates and 

to the dummy foot with an inner screw 

allowing only a rotational movement 

around the ankle.  

 

        Figure 16- Modified BRUCE device parts to measure 
AFO stiffness. 

The following image presents the inner assembly of the AFO with the ground plates and the 

dummy foot.  
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Figure 17- Inner assembly or AFO and plates. 

These images were taken during one of the trials for measuring AFO stiffness. 

 
Figure 18- Trial for measuring AFO stiffness 

Relevant measures of the setting such as distance between centers and weights are presented in 

the following table. 

Table 3 – Relevant AFO experimental setting measures. 

Piece #2- Rectangular bar 
3/8 in x 1 ¼ in 

Mass: 739.2 g 

(Steel 1045) Distance between centers of rotation: 305 mm 

Piece #3- Cylindrical rod 
 1 in 

Mass: 1587.4 g 

(Steel 1045) Distance between centers of rotation: 405 mm 

Procedure 

For each trial the Instron was set at a constant compression speed of 60 mm/min. Force was 

registered at 2Hz, until the INSTRON’s vertical displacement reached a distance of 45mm. three to 

four repeated trials were analyzed for each AFO.  
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For the analysis of the measured force and displacement of the Instron, all the reactions were 

calculated for each time step in order to calculate the moment that the AFO was exerting. The next 

image shows a diagram with the forces, moments and equations solved to finding the AFO’s 

exerted moment. 

 

Figure 19- Force Diagram AFO stiffness setting. 

Force Diagram Equations: 
 

Bar One: 

∑𝐹𝑦 = 𝑅𝑦1 − 𝑊𝑏1 − 𝐹𝑖𝑛𝑠𝑡𝑟𝑜𝑛 = 𝑚𝑏1 ∙ 𝑎𝑏1𝑦⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 0 

∑𝐹𝑥 = 𝑅𝑥1 − 𝑅𝑖𝑛𝑠𝑡𝑟𝑜𝑛 = 𝑚𝑏1 ∙ 𝑎𝑏1⃗⃗⃗⃗ ⃗⃗  ⃗ 𝑥 = 0 

∑𝑀𝑧 = −𝐹𝑖𝑛𝑠𝑡𝑟𝑜𝑛 ∙ 𝑙𝑏1 ∙ 𝑐𝑜𝑠𝜃1 + 𝑅𝑖𝑛𝑠𝑡𝑟𝑜𝑛 ∙ 𝑙𝑏1

∙ 𝑠𝑖𝑛𝜃1 − 𝑤𝑏1 ∙ 𝑙𝑤𝑏1 ∙ 𝑐𝑜𝑠𝜃1
= 𝐼 ∙ 𝛼𝑏1 ≈ 0 

Bar Two: 

∑𝐹𝑦 = 𝑅𝑦𝑔 − 𝑅𝑦1 − 𝑊𝑏2 = 𝑚𝑏2 ∙ 𝑎𝑏1𝑦⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 0 

∑𝐹𝑥 = 𝑅𝑥𝑔 − 𝑅𝑥1 = 𝑚𝑏1 ∙ 𝑎𝑏1⃗⃗⃗⃗ ⃗⃗  ⃗ 𝑥 = 0 

∑𝑀𝑧 = 𝑅𝑦1 ∙ 𝑙𝑏2 ∙ cos(180 − 𝜃2) + 𝑅𝑥1 ∙ 𝑙𝑏2

∙ sin(180 − 𝜃2) − 𝑊𝑏2 ∙ 𝑙𝑤𝑏2
∙ cos (180 − 𝜃2) − 𝑴𝑨𝑭𝑶 = 𝐼 ∙ 𝛼𝑏2
≈ 0 

The angular accelerations were calculated integrating 1 and 2 in time, the accelerations are 

shown for the two angles and for each of the AFOs tested. 

AFO Subject One: 

 
Graph 2- Angular acceleration of bar one (theta1).  

OTP Subject 1.  
Graph 3- Angular acceleration of bar two (theta2). 

OTP Subject 1. 
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AFO Subject Two: 

 
Graph 4- Angular acceleration of bar one (theta1).  

OTP Subject 1. 

 
Graph 5- Angular acceleration of bar two (theta2). 

OTP Subject 1. 

Given the small magnitudes (x10-3 - x10-4 [º/s2]) of the angular accelerations, they were 

approximated to cero in the force diagram equations to find AFOs Moment.  

Results 

The following graphs show the measured force (Finstron- Figure 19) vs. the distance between the 

upper and lower support of the Instron (Linst - Figure 19) for the two AFOs. 

AFO Subject One: 

 
Graph 6- Subject 1 AFO stiffness, Instron Force vs Linst.    

 

AFO Subject Two: 

 
Graph 7- Subject 2 AFO stiffness Instron Force vs Linst. 

The following graphs show the moment exerted by the AFO vs the angle 2 for each AFO, the slope 

of this graph is defined as the AFOs stiffness. 
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AFO Subject One: 

 
Graph 8- Subject 1 AFO stiffness, Instron Force vs. Linst.    

 

AFO Subject Two: 

 
Graph 9- Subject 2 AFO stiffness Instron Force vs. Linst. 

The stiffness was found with a least squares regression including the data of AFO moment vs. 

angle from the four or three trials. The result for AFO 1 was 0.143 [Nm/º], and result for AFO 2 

was 0.056 [Nm/º].  

AFO Subject One: 

 
Graph 10- Linear regression for Subject 1 -AFO Stiffness of 

0.143 [Nm/º].    

 

AFO Subject Two: 

 
Graph 11- Linear regression for Subject 2 -AFO Stiffness of 

0.056 [Nm/º].       

Discussion 

Bregman et al. reported that the stiffness of non-articulated AFOs for his experiment ranged from 

0.16 Nm/º to 1.56 Nm/º (Bregman et al., 2008), depending on the material and design. The 

behavior of the first AFO’s moment was found to have a high linear correlation coefficient 

r2=0.9414; and the stiffness result is very close to the range found by Bregman et al. However, the 
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second subject AFO had a different behavior and the linear regression presented a very low 

correlation coefficient r2=0.2949, because of this behavior the result of the stiffness was found to 

be very low in comparison with the range BRUCE presented. 

In consequence, the repeatability of the measures should be improved to have a narrower AFO 

moment range between trials, and a linear behavior in all of the cases. One of the improvements 

for the setting could be the attachment of AFOs upper part to the steel bar, because the wood that 

currently acts as an attachment surface slides a few millimeters during the trials, causing data 

dispersion and possible measurement errors. 

An important comparison was also made, Bregman et al. reported AFOs MTP joint stiffness, in a 

range from 0.09[Nm/º] to 0.53 [Nm/º], this result is important because it shows that AFO MTP 

joint stiffness can be higher (0.53 Nm/º) than a very rigid shoe (0.18 Nm/º), and therefore it can 

over restrict an adequate mobility and push-off of a patient that has a good MTP mobility. 

 

5.3 Footwear Characterization 

One of the objectives of the project is to characterize the geometrical and mechanical properties of 

the four different types of footwear that were selected to evaluate their rigidity and cushioning at 

the clinical trials. Two experimental settings using a mechanical testing machine (INSTRON 5586) 

were built to measure shoe sole bending stiffness and heel’s energy absorption. The experimental 

settings, procedures for measuring these characteristics and the corresponding results are 

presented in this section. 

 

5.3.1 General Characteristics 

These shoes were selected to evaluate the bending stiffness and cushioning, nonetheless other 

characteristics such as inner anterior-posterior inclination, heel design, anterior sole design, 

or toe spring angle are also important, and have a specific influence in gait as described by 

(Owen, 2010a). Therefore, a description these characteristics for each shoe are presented in 

the next images. 

 

Shoe Type 1 – White Shoes -Reference: Aeroflex PZ-1740 (Store Link) 

http://www.afx.co/white_collection_details.php?product_id=NDA0&requested_page=1&listing_no=16
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Figure 20- White shoes, general characteristics. 

Shoe Type 2 – Blue shoes–Reference: Blue, Yellow X-Spring Step. 

 

 

 

Figure 21- Blue shoes, general characteristics. 
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Shoe Type 3 – Black Shoes –Reference: Xtep T005857-R3. (Store Link) 

 

 

Figure 22-Black shoes, general characteristics. 

Shoe Type 4 – Gray Shoes –Reference: Flexi-X-Spring Step. 

 

 

Figure 23- Gray shoes, general characteristics. 

http://www.springstep.com/xtep-t005857-r3-2198.html?claveListado=1159105332&indiceListado=24
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This table summarizes the general characteristics for selected clinical trial footwear: 

Table 4- General Physical Characteristics of footwear used in clinical trials. 

 
Anterior-posterior 

inclination 
Heel Design 

Anterior Sole 

Design 

Toe Spring 

Angle 

Shoe type 1, White -4º 
Positive Heel 

(4º) 
Rounded 30.31º 

Shoe type 2, Blue -4º 
Negative Heel 

(14.2º) 
Rounded 34.16º 

Shoe type 3, Black 0 
Positive Heel 

(4º) 
Rounded 19.57º 

Shoe type 4, Gray 0 
Negative Heel 

(8.4º) 
Rounded 32.56º 

 

5.3.2 Bending Stiffness 

The experimental setting to measure bending rigidity or stiffness was built revising previous 

settings from literature, this review provided information to establish the following 

characteristics: 

 The bending stiffness should be measured around the location of the MTP joint. Therefore, 

two dummy foots were cut based on Dickson et al. virtual MTP line location (Dickson, Fuss, 

& Burton, 2010). 

 

Figure 24- MTP Joint line, dummy foots with MTP line cut. 

 One part of the shoe should be completely fixed to allow only rotation around the MTP 

line, some settings fixed the front part (Fraser, Harland, Smith, & Lucas, 2014) and others 

fix the posterior part of the shoe (Dickson et al., 2010), in this case the posterior part of 

the shoe was fixed. 

 The Bending stiffness was defined as the slope of shoe’s moment vs. angle around MTP 

joint.  



 
 

 

32 

Experimental setting 

The setting for this measurement consisted in six main parts. Part one attaches wire rope with 

the Intron’s upper support. The second part is the rope that connects the Instron and a steel 

plate that rotates around a pin joint (part 6). Part 4 is a mechanical press that fixes the dummy 

foot (part 3) and the shoe to the support plate (part 5).  

 
Figure 25- Experimental Setting for measuring Shoe Bending stiffness. 1- Upper Instron assembly. 2-Wire 

rope. 3- Dummy foot with MTP joint cut. 4-Mechanical Press. 5-Support plate. 6- Rotating steel plate. 

The rotation pin that joins both steel plates is not exactly under the center of part 1. However 

this was taken into account in the calculus of shoes bending stiffness. 

Procedure 

The Instron was set at a constant upward speed of 60 mm/min. Force was registered at 2Hz, until 

the INSTRON’s vertical displacement reached a distance of 50 mm. Three repeated trials were 

analyzed for each footwear.  

For the analysis of the measured force and displacement of the Instron, the moments were 

calculated for each time step in order to calculate the moment that the shoe sole was exerting. The 

next image shows a diagram with the forces, moments and equations solved to finding the 

footwear’s exerted moment. 
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Figure 26- Force Diagram AFO stiffness setting. 

 
Equations: 

 
 

∑𝑀𝑝𝑖𝑛 𝑗𝑜𝑖𝑛𝑡 = 𝐹𝑥𝑖𝑛𝑠𝑡𝑟𝑜𝑛 ∙ 𝑑𝑦 + 𝐹𝑦𝑖𝑛𝑠𝑡𝑟𝑜𝑛 ∙ 𝑑𝑥

− 𝑊𝑝𝑙𝑎𝑡𝑒 ∙ 𝑑𝑝𝑙𝑎𝑡𝑒 − 𝑴𝒔𝒉𝒐𝒆

= 0 

 

𝑑𝑥 = 𝑑 ∙ cos (180−∝ −𝜃1) 

𝑑𝑦 = 𝑑 ∙ sin (180−∝ −𝜃1) 

𝑑𝑝𝑙𝑎𝑡𝑒 = 𝑑/2 ∙ cos (90 − 𝜃1) 

 

𝐹𝑥𝑖𝑛𝑠𝑡𝑟𝑜𝑛 = 𝐹𝑖𝑛𝑠𝑡𝑟𝑜𝑛 ∙ cos(∝ −𝜃3) 

𝐹𝑥𝑖𝑛𝑠𝑡𝑟𝑜𝑛 = 𝐹𝑖𝑛𝑠𝑡𝑟𝑜𝑛 ∙ sin (∝ −𝜃3) 

 

𝜃1 = 𝑐𝑜𝑠−1 (
𝑑2 + 𝐿22 − 𝐿12

2 ∙ 𝑑 ∙ 𝐿1
) 

𝜃3 = 𝑠𝑒𝑛−1 (
𝑑 ∙ 𝑠𝑒𝑛𝜃1

𝐿1
) 

For each shoe the initial position of the Instron had to be changed to reach the toe spring angle 

and measure the moment from this position.  

Results 

The force vs. Instron displacement for all shoes is presented in the following graphs.  

Shoe type 1- White 

 
Graph 12- White Shoes, Instron Force vs. Linstron.    

Shoe type 2-Blue 

 
Graph 13- Blue Shoes, Instron Force vs. Linstron.    
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Shoe type 3- Black 

 
Graph 14- Black Shoes, Instron Force vs. Linstron. 

 

Shoe type 4 - Gray 

 
Graph 15-Gray Shoes, Instron Force vs. Linstron. 

Shoe’s moment vs. angle is presented in the following graphs. The stiffness was found with a least 

squares regression including the data of AFO moment vs. angle from the three trials.  

Shoe type 1- White 

 
Graph 16- Shoe HCHR, Moment vs. Angle.  

Shoe type 2-Blue 

 
Graph 17- Shoe HCLR, Moment vs. Angle.    
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Shoe type 3- Black 

 
Graph 18- Shoe HCHR, Moment vs. Angle.    

 

Shoe type 4 - Gray 

 
Graph 19- Shoe HCLR, Moment vs. Angle.    

The results were: 

Table 5- Shoe bending stiffness results. 

Shoe type 1-White Shoes:  

0.1463 [Nm/º] 

Shoe type 2-Blue Shoes:  

0.1416[Nm/º] 

Shoe type 3-Black Shoes:  

0.1800 [Nm/º] 

Shoe type 4-Gray Shoes:  

0.0792[Nm/º] 

Discussion 

The magnitude of this results (Table 5) were compared to the results found by Fraser et al. for 

football footwear where the bending stiffness ranged from 0.143 to 0.215 [Nm/º] (Fraser et al., 

2014), which confirms that the results are in a logical order of magnitude. Additionally these 

results were compared to the results presented by Bregman et al. for AFOs MTP joint stiffness, 

these results range from 0.09[Nm/º] to 0.53 [Nm/º], this result is important because it shows that 

AFO MTP joint stiffness can be higher (0.53 Nm/º) than a very rigid shoe (0.18 Nm/º), and 

therefore it can over restrict an adequate mobility and push-off of a patient that has a good MTP 

mobility. 

Regarding the rigidity within shoes, it could be concluded that the rigidities can be classified in 

two groups: high rigidity group and low rigidity group. The following table shows the groups 

where the high rigidity group (Black, White and Blue shoes) has a value of MTP bending stiffness 

at least 44.06% higher than the low rigidity group (Gray shoes).  
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5.3.3 Footwear Hysteresis Energy Ratio 

Shoes cushioning can be measured as the relative energy lost during a loading and unloading cycle 

(Hysteresis). According to (Schwanitz & Odenwald, 2008) hysteresis energy ratio is the ratio of 

the energy loss (area within the load-deformation curve during the loading and unloading phases, 

hysteresis curve) over the energy input, and can be described as the ability of footwear to reduce 

impact forces at heel-strike. There exists also a standard test method for measuring impact 

attenuation in shoes ASTM 1976-13 (F08 Committee, 2013), in which the hysteresis energy ratio 

is also defined as mentioned. A compression test was performed to measure the hysteresis energy 

ratio for each shoe type at two different constant compression rates. 

Experimental Setting 

For this measurement the experimental setting consisted of a mechanical press to fix the shoe to 

the supporting plate, a cylindrical steel bar of a 18.87mm diameter placed in the middle o the heel 

and a mechanical testing machine (INSTRON 5586). 

 
Figure 27- Experimental setting for heel’s cushioning. 

Procedure 

The test consisted in measuring 4 continuous cycles of loading and unloading shoe’s heel up to 

600N at two different rates 5mm/min and 50 mm/min, as performed by (Dickson et al., 2010).  

The experimental data was fitted in a 4th grade polynomial and then integrated using integral 

function from MATLAB. 

Results 

Hysteresis energy ratio for a constant compression rate of 5mm/min for the four types of shoes is: 
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Shoe type 1- White 

 
Graph 20- White shoes Load vs. Deformation Curve. Black dots 
- experimental data. Blue -loading fit curve. Red - unloading fit 

curve. 

Shoe type 2-Blue 

 

 
Graph 21- Blue shoes Load vs. Deformation Curve. Black dots - 
experimental data. Blue -loading fit curve. Red - unloading fit 

curve. 

 

Shoe type 3- Black 

 
Graph 22- Black shoes Load vs. Deformation Curve. Black dots 
- experimental data. Blue -loading fit curve. Red - unloading fit 

curve. 

Shoe type 4 - Gray 

 
Graph 23- Gray shoes Load vs. Deformation Curve. Black 

dots - experimental data. Blue -loading fit curve. Red - 
unloading fit curve. 

Hysteresis energy ratio for a constant compression rate of 50mm/min for the four types of shoes 

is: 
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Shoe type 1- White 

 
White shoes Load vs. Deformation Curve. Black dots - 

experimental data. Blue -loading fit curve. Red - unloading fit 
curve. 

Shoe type 2-Blue 

 

 
Blues hoes Load vs. Deformation Curve. Black dots - experimental 

data. Blue -loading fit curve. Red - unloading fit curve. 

 

 

Shoe type 3- Black 

 
Black shoes Load vs. Deformation Curve. Black dots - 

experimental data. Blue -loading fit curve. Red - unloading fit 
curve. 

Shoe type 4 - Gray 

 
Gray shoes Load vs. Deformation Curve. Black dots - 

experimental data. Blue -loading fit curve. Red - unloading fit 
curve. 

A summary of the results is: 



 
 

 

39 

Table 6- Hysteresis energy ratio for all shoes at two different compression speeds . 

 

Discussion 

According to Brückner et al, typical hysteresis energy ratios for running shoe soles can range from 

20%-40% (Brückner, Odenwald, Schwanitz, Heidenfelder, & Milani, 2010). The results found 

showed that these shoes lie within the mentioned range.  

Since we are measuring the damping property of these shoes, the results depend on the loading 

rate. However, for both loading rates, the order of the shoes that reduce impact forces at heel-

strike from higher to lower is: Black, Blue, Gray and White Shoes, this also means that the shoes 

that return most of the energy input is exactly the opposite order. The white shoes where thought 

to have a higher cushioning, but the sole it’s too rigid for energy return at the magnitude of load 

selected.  

 

Finally the next graph shows the distribution of rigidity and cushioning of the footwear that was 

used in the clinical trials. The hysteresis ratio plotted is for a loading rate of (50mm/min) which is 

closer to the actual speed of gait. 

 
Graph 24- Rigidity and cushioning distribution for footwear. 
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6. CLINICAL TRIALS: Results and Discussion  

The following results were taken according to the protocol (view Protocol for Clinical Trials). 
From the three trials recorded for each subject and each shoe type, the best one was chosen by an 
experienced physiotherapist and is presented in the following sections.  

6.1 Subject 1 
Subject one is a thirteen years old boy with left unilateral spastic cerebral palsy. The following 

information was collected during the physical exam. 

Table 7- Results -Physical exam  

 

This subject normally uses a prescribed orthotic insole with 13 mm heel rise, therefore for each 

intervention phase the subject used a hinged AFO with an MTP anterior cut together with the 

prescribed orthotic insole, the only changing factor were the shoes used in combination with the 

AFO and the insole. 

6.1.1 Kinematics 

The following graphs show the kinematic results for subject one compared with a control group 

from Gillett laboratory mentioned by (Schwartz & Rozumalski, 2008) and acquired from Salford’s 

University  GPS-GDI calculator V3.2 (Baker, 2008). Open source software MOKKA2 was used to 

visualize, analyze and export to MATLAB gait laboratory’s information (C3D format). 

Pelvis Kinematics: 

 
Graph 25-Pelvic Kinematics for right leg in the sagittal, coronal and axial plane. Subject 1. 

                                                             
2 Motion kinetic and kinematic analysis.  http://b-tk.googlecode.com/svn/web/mokka/index.html 
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Graph 26- Pelvic Kinematics for left leg in the sagittal, coronal and axial plane. Subject 1. 

For Subject 1 left pelvis obliquity is higher than the typical range for control population, this can 

be caused by weakness of left hip abductors. Analogously the pelvic rotation in both legs is 

deviated from control population. Significant relative differences between barefoot and 

intervention trials can be found for left pelvis rotation kinematics, the standard deviation for all 

pelvic trials was 2.3º (RMS difference).  The MAP (Movement Analysis Profile) graph for this case 

is presented next. 

 
Graph 27- Pelvis Rotation (Int-Ext) RMS difference – Movement Analysis Profile. 

There is a 5.4 RMS difference between Black and Gray shoes, and a 4.6 RMS difference between 

Black and barefoot trials. 

 

Hip Kinematics: 

 Graph 28- Hip Kinematics for right leg in the sagittal, coronal and axial plane. Subject 1. 
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 Graph 29- Hip Kinematics for left leg in the sagittal, coronal and axial plane. Subject 1. 

In hip kinematics there is a clear hip adduction in the left side, which is another consequence of 

weak hip abductors. Additionally, hip rotation in the right side presents differences between trials 

as presented in the following graph.  

 
Graph 30- Pelvis Rotation (Int-Ext) RMS difference – Movement Analysis Profile. 

In this case the barefoot trial was less deviated from the control population than the other 4 trials. 

Knee Kinematics: 

Graph 31- Kinematics for right and left knee in the sagittal plane. Subject 1. 
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For left knee Subject 1 presents a high flexion in the contact phase for both legs, as a 

compensation of the weak abductor muscles. There is however no significant difference between 

trials for knee flexion, except at the flexion peak in both graphs, where for the right leg the black 

shoes have a flexion of 62.6º, but the gray shoes have a peak of 55.7º; and for the left leg the black 

shoes have a flexion of 64.9º, but the white shoes have a peak of 55.3º; 

 

Ankle Kinematics: 

 

Graph 32- Kinematics for left ankle in the sagittal plane. Subject 1.  

 

Ankle kinematics show a very important matter for Subject 1, during contact phase and during 

swing phase, this subjects affected leg (left) doesn’t present excessive plantarflexion as typically 

seen in patients that present drop foot, he has a neutral angle during the contact phase of gait and 

during the swing phase, therefore his gait is called apparent equinus which is why we previously 

found a flexed knee in the contact phase. Consequently we can see that in the affected leg the AFO 

footwear combinations are more deviated from the control group range than barefoot results. The 

MAP (Movement Analysis Profile) graph for the spastic leg is presented next. 
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Graph 33- Ankle Dorsi-Plantarflexion- RMS difference – Movement Analysis Profile. 

  

The previous graph confirms that for this subject the ankle kinematics doesn’t improve when 

using AFO-Footwear combinations and therefore barefoot trial presents a lower deviation. In 

conclusion, this subject’s kinematic results don’t improve when using AFOs, not only in ankle but 

also in knee and hip kinematics. 

 

Foot Kinematics: 

Graph 34- Foot progression in axial plane. Subject 1. 

Foot progression is very similar to control profiles, and there are no significant differences 

between trials (Left SD=0.6º, Right SD=0.5º). 
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6.1.2 Kinetics 

Ankle Moments and Powers for left leg (spastic) are presented next. 

 
Graph 35- Left ankle moments and powers. Subject 1. 

In this case the power graph shows a highly decreased power generation capacity due to the use 

of the AFO; this confirms that for this subject the AFO unnecessarily decreases power generation 

when the ankle doesn’t require AFO plantarflexion assistance. 

Knee Moments and Powers for left leg (spastic) are presented next. 

 
Graph 36 - Left knee moments and powers. Subject 1. 

In this case the power generation for the knee is increased when using the AFO footwear 

combinations, probably as a compensation for the decreased power generation at the ankle. 

6.1.3 Gait Indexes and other measurements 

The following results allow to compare the kinematics with two global index  (Gait Profile Score 

and Gait Deviation Index) as proposed by (Baker et al., 2009)(Schwartz & Rozumalski, 2008). 

GPS and GDI for left leg: 
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Graph 37-Gait deviation index and gait profile score for left leg. 5 trials Comparison. 

In both graphs we can conclude that barefoot and blue shoes bring the subject closer to the control 

population gait ranges, the biggest differences in the gait profile score graph lie in the range of 1.2-1.3º 

of RMS difference.  

Other measurements: 

Other important time, distance and velocity measurements are presented next. 

 

Table 8- Time, length and Velocity measurements 

 

6.1.4 Statistics Discussion 

To evaluate the hypothesis that subject parameters are significantly different between barefoot 

and intervention (AFO-Footwear Combination) trials, the 95% confidence intervals (CI) for 
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intervention trials was compared with the barefoot trial gait parameters, the barefoot parameters 

that fell outside the CI are presented in the following table: 

Table 9- Barefoot parameters outside AFO-Footwear  CI. Subject 1. 

 

From the previous results we can affirm that most of the parameters that significantly changed 

came from the affected leg (left). Given that most of the kinematic results for this subject’s left leg 

decline when using AFO-Footwear combinations, it is impossible to know if the improvement in 

time, velocity or step length is due to the use of only shoes or the AFO footwear combination. 

Therefore, the ANCOVA analysis was performed only with the second subject, in order to find the 

main effects of cushioning and rigidity in AFO-Footwear combinations for a subject whose AFO 

successfully aids in correcting excessive plantarflexion. 

 

6.2 Subject 2 
Subject two a nine years old girl with right unilateral spastic cerebral palsy. The following 

information was collected during the physical exam. 

Table 10- Results- Physical exam  

 

This subject normally uses a prescribed orthotic insole with 22 mm arch support, therefore for 

each intervention phase the subject used a hinged AFO with an MTP anterior cut together with the 

prescribed orthotic arch support insole, the only changing factor were the shoes used in 

combination with the AFO and the insole. 
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6.2.1 Kinematics 

The following graphs show the kinematic results for subject one compared with a control 

group from Gillett laboratory mentioned by (Schwartz & Rozumalski, 2008) and acquired 

from Salford’s University  GPS-GDI calculator V3.2 (Baker, 2008). 

Pelvis Kinematics: 

 
Graph 38- Pelvic Kinematics for right leg in the sagittal, coronal and axial plane. Subject 2. 

 

 
Graph 39-Pelvic Kinematics for left leg in the sagittal, coronal and axial plane. Subject 2. 

For both pelvis (left and right) graphs in the sagittal plane, the curves lay outside the control 

range. However, when the graphs were analyzed with a doctor simultaneously with the analog 

videos, we could find that this is a marker positioning error, instead of a gait deviation.  On the 

other hand, when we analyze the relative differences between subject’s graphs, it is possible to 

find that for pelvic anterior-posterior movement the barefoot curve is higher than the other 

intervention curves in both legs, this could be a small compensation movement because of 

hamstring’s retraction.  

 The relative differences can be confirmed in the MAP (Movement Analysis Profile) graph, where 

the barefoot trial in the right leg differs from the intervention phases (with shoes and AFO), at 

least 2.2º (RMS difference), and 3.1º in the left leg.  

Additionally, the standard deviation for sagittal pelvic MAP is 2.1º for the right leg and 1.9º for the 

left leg, which indicates a big difference between trials. 
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Graph 40- Pelvis (Anterior-Posterior) RMS difference – Movement Analysis Profile. Subject 2. 

On the other planes, coronal and axial, trials lie within the control range and the relative 

differences between trials are very little, in consequence standard deviations for the MAP are 

between 0.2 and 0.8 degrees in these planes. 

 

Hip Kinematics: 

 
Graph 41- Hip Kinematics for right leg in the  sagittal, coronal and axial plane. Subject 1. 

 

 
Graph 42 -Hip Kinematics for left leg in the sagittal, coronal and axial plane. Subject 2. 

The hip kinematic graphs in the sagittal plane for both legs don’t present significant differences 

between barefoot and AFO-footwear trials, however they are deviated from the control range 

around 5-7 degrees more than control population. Hip abduction-adduction movement is close to 

the normal range and therefore it can be concluded that circumduction is not one of Subject 2 

compensations for spasticity. Finally, the axial graph shows for the left leg that the hip presents a 
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high internal rotation for some trials, which can be a possible compensation for gait spasticity. 

The MAP for left hip rotation is presented next. 

 
Graph 43- Hip Rotation (Int-Ext) RMS difference – Movement Analysis Profile. Subject 2. 

There was a RMS difference of 6.2 º between the black and the blue shoes in hip rotation, being 

the blue and white shoes the most deviated from control population gait.  

 

Knee Kinematics: 

 
Graph 44-  Kinematics for right  and left knee in the sagittal plane. Subject 2. 

The knee is an important compensation mechanism for drop foot gait, because it is frequently 

hyperflexed during the swing phase to compensate for ankle spasticity. If we look at the right leg 

during the mid- swing and terminal swing (80-100%), the barefoot trial presents a hyperflexion 

to avoid foot dragging; this hyperflexion is decreased when the subject uses AFO and footwear 

combinations. There is also a higher knee flexion during the initial contact and the loading 

response phases (0-15%). Furthermore, during the initial swing (60-70%) there is a considerable 

difference between footwear types, which could be related to footwear’s rigidity. 
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Graph 45- Knee Flexion-Extension RMS difference – Movement Analysis Profile. Subject2. 

 

The MAP graph implies that the footwear type 4 (Gray) allows a knee flexion-extension profile 

closer to the control group.  

Ankle kinematics: 

 

Graph 46- Kinematics for right and left knee in the sagittal plane. Subject 1. and foot in axial plane. Subject 2. 

Drop foot can be identified because during the swing phase there is an extreme plantarflexion. Which 
is improved when using any AFO-Footwear combination, it is also important that the initial contact 
happens as close as cero as possible, consequently the black and white shoes are very close to cero in 
this gait phase, and closer to control group range, as confirmed by the MAP graph. 
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Graph 47- Ankle Plantar-Dorsiflexion RMS difference – Movement Analysis Profile. Subject 2. 

 

Foot kinematics: 

Graph 48- Foot progression in axial plane. Subject 2.  

Left foot progression is very different from control profile. The general RMS difference is around 

5.6 degrees, but in this case differences range from 9.3 to 13.2 degrees in all trials. 

 
Graph 49 – Foot Int-Ext rotation -RMS difference – Movement Analysis Profile. Subject 2. 
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6.2.2 Kinetics 

Ankle Moments and Powers for right leg (spastic) are presented next. 

  
Graph 50- Right leg ankle moments (left) and powers (right). Subject 2. 

 For the moments in the right leg we can find an anticipated plantiflexor moment in the barefoot trial, which 

is a sign of spasticity, because the gastrocnemius shouldn’t be contracting during the loading response phase. 

For ankle’s power graph, we can see that there’s a decreased propulsive plantarflexion activity during 

preswing (power generation) when using white shoes compared to barefoot graph, but it is not significant 

and it shows us that the subject is not significantly loosing propulsion capacity when using the AFO. 

 

Knee Moments and Powers for left leg (spastic) are presented next. 

 

Graph 51- Right knee moments and powers. Subject 2. 

For the knee power it is possible to identify a lower eccentric knee extensor activity during 

loading response (0-15%) for barefoot gait compared to the other AFO-shoe trials, which 

corresponds to the first section of the data in the power graph. This happens again in the second 

negative section of the power graph which corresponds to the eccentric activity in the rectus 

femoris during preswing. 
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6.2.3 Gait Indexes and other measurements 

The following results allow to compare the kinematics of affected leg with two global indexes  

(Gait Profile Score and Gait Deviation Index) as proposed by (Baker et al., 2009)(Schwartz & 

Rozumalski, 2008). 

GPS and GDI for right leg: 

 
Graph 52- Gait deviation index and gait profile score for left leg. Subject 2. 

In both graphs barefoot and blue shoes bring the subject closer to the control population gait ranges, 

the biggest difference in the gait profile score graph is 1.02º of RMS difference. However, from the 

medical analysis it was concluded that, in some cases it is better to look at specific joint kinematics 

indexes, because this global index takes into account marker positioning mistakes or accuracy 

mistakes from the equipment in planes such as the coronal plane. 

 

 

Graph 53- Cushioning, vs. Rigidity vs. GPS. 

The previous graph presents the distribution of GPS for each rigidity and cushioning combination. 
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Other measurements: 

Other important time, distance and velocity measurements are presented next. 

Table 11- Time, Length and Velocity measurements 

 

 

6.2.4 Statistics Discussion 

The barefoot time, length and velocity results that lay outside the 95% confidence interval of AFO-

Footwear trials are presented in the following table. 

Table 12 - Barefoot parameters outside AFO-Footwear CI. Subject 2. 

 

Box plots illustrate the previous table, confirming that besides the kinematics and kinetics 

differences between intervention trials and barefoot results, the stride length, step width and 

swing velocity are significantly improved when using any of the AFO-Footwear combinations.  
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Graph 54- Box plot Barefoot and AFO-FC trials. A) Right step width B) R Stride Length C) L Step Length D) L 

Swing Velocity. 

 

The following results intend to measure the main effects that the variables of rigidity, cushioning 

and inclination can have in the gait parameters and kinematics. Accordingly, an ANCOVA analysis 

was performed using STATA v.13. Each of the dependent variables was compared by modelling 

the rigidity, cushioning and inclination as continuous input variables, the values used are shown 

next. 

Table 13- Rigidity, Cushioning and Inclination input variables. 

  Rigidity Cushioning Inclination 

SHOE TYPE 1- WHITE 0,1463 17,7 4 

SHOE TYPE 2- BLUE 0,1416 27,84 4 

SHOE TYPE 3- BLACK 0,18 30,42 0 

SHOE TYPE 4- GRAY 0,0792 26,2 0 

 In order to analyze the principal effects and the interactions between the input and output 

variables, the results should be compared with a Fisher distribution (1, 2) degrees. 

Table 14- Fisher 90% and 95% value for) 1, 2 degrees. 

 Fisher Distribution Value 

Probability 0.95 18.5128 

Probability 0.90 8.5263 
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The next four tables show the Fvalue for the main effect of the input variable (rigidity, cushioning 

or inclination) over the output variable, this value should be higher to any of the values from the 

previous table (18.5 , 8.5), to conclude that there is a significant effect over the output variable. 

Similarly the probability should be lower than 0.05 or 0.01 to conclude there is a significant effect. 

Table 15- ANCOVA results for rigidity main effects. 

    Rigidity 

    Fvalue Probability  Adjusted R^2 

% 
%   L Stance  3,97 0,1845 0,498 

%   R Stance  0,14 0,7428 -0,401 

time 
R   Swing time 0,06 0,8385 -0,458 

R   Stance time 0,01 0,9164 -0,490 

Step R   Step length 0,05 0,8487 -0,466 

Velocity 

L Swing velocity 2,12 0,2831 0,270 

L   Velocity 0,09 0,7977 -0,439 

R   Velocity 0,18 0,7096 -0,370 

Cadence Cadence 4,76E-04 0,9846 -0,500 

Kinematics 

R   ankle contact angle 2,25 0,2724 0,294 

R   knee contact angle   0,01 0,9191 -0,490 

R   max. ankle plantarflexion angle  0,2 0,6994 -0,365 

R   knee flexion peak angle 0,03 0,8881 -0,481 

GPS 
R   GPS 0,23 0,6777 -0,344 

Overall   GPS 1,99 0,2934 0,249 

For this subject rigidity doesn’t present a significant effect over the output variables; however the 

highest Fvalue observed was for the left stance percentage.  

Table 16- ANCOVA results for cushioning main effects. 

    Cushioning  

    Fvalue Probability  Adjusted R^2 

% 
%   L Stance  0,33 0,6215 -0,285 

%   R Stance  15,63 0,0584 0,830 

time 
R   Swing time 0,16 0,7286 -0,390 

R   Stance time 1,72 0,3204 0,193 

Step R   Step length 0,22 0,6858 -0,352 

Velocity 

R Swing velocity 1,28 0,3754 0,085 

L   Velocity 2,63 0,246 0,353 

R   Velocity 3,64 0,1967 0,468 

Cadence Cadence 1,01 0,4207 0,003 

Kinematics 
R   ankle contact angle 3,04 0,2236 0,224 

R   knee contact angle   33,15 0,0289 0,915 
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R   max. ankle plantarflexion angle  0,47 0,5636 -0,214 

R   knee flexion peak angle 0,32 0,6301 -0,295 

GPS 
R   GPS 17,94 0,0515 0,850 

Overall   GPS 0,03 0,8855 -0,480 
 

Cushioning has a main effect over the knee contact angle with an alpha=0.05; from data we can 

see that if the cushioning is low, then the contact angle is higher.  

Cushioning [J]  R Knee contact angle  [deg] 

17,7 22,5 

26,2 17,4 

27,84 17,4 

30,42 16,9 
 

Additionally with an alpha=0.1; the Right stance percentage is affected by the cushioning, when 

the energy absorption is high, the stance phase of gait takes a longer time than the swing phase. 

This can be related to Owen’s considerations on cushioning where she said that typically a high 

cushioning reduces angular velocity. 

 
Graph 55- Cushioning vs Stance Percentage for Right Leg. 

Finally it was very important to find a main effect of the variable cushioning in the overall right 

gait profile score, a higher GPS is was found with the higher cushioning values. 

Cushioning [J] Right GPS (deg. RMS) 

17,7 8,71 

26,2 9,20 

27,84 9,70 

30,42 9,70 
 

Table 17- ANCOVA results for cushioning and rigidity interaction effects. 
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    Rigidity # Cushioning  Interaction 

    Fvalue Probability  Adjusted R^2 

% 
%   L Stance  4,64 0,1642 0,548 

%   R Stance  2,17 0,2786 0,281 

Velocity 
L   Velocity 0,17 0,7203 0,078 

R   Velocity 1,69 0,323 0,188 

Cadence Cadence 0,29 0,6465 -0,313 

Kinematics 

R   ankle contact angle 32,78 0,0292 0,914 

R   knee contact angle   0,58 0,5259 -0,163 

R   max. ankle plantarflexion angle  0,63 0,5095 -0,139 

R   knee flexion peak angle 0,04 0,8548 -0,468 

GPS 
R   GPS 2,7 0,2419 0,362 

Overall   GPS 0,51 0,5508 -0,197 
 

For the interaction between Cushioning and Rigidity, the ankle contact angle was affected by the 

combination of both rigidity and cushioning over an alpha of 0.05.  

 

Graph 56- Cushioning vs. Rigidity vs. Ankle contact angle. 
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The ankle contact is an important parameter, because AFOs intend to reduce this angle to avoid 

excessive plantarflexion, but it is also influenced by footwear characteristics as found in the 

previous results.  

Table 18- ANCOVA results for inclination main effects. 

    Inclination (Wedges) 

    Fvalue Probability  Adjusted R^2 

% 
%   L Stance  0,36 0,6085 0,153 

%   R Stance  2,67 0,2436 0,358 

time 

R   Swing time 13,44 0,067 0,806 

L   Swing time 4,57 0,166 0,543 

R   Stance time 22,73 0,0413 0,879 

L   Stance time --- 1 1,000 

Step R   Step length 0,54 0,5373 -0,179 

Velocity 

L Swing velocity 1,96 0,2967 0,242 

R Swing velocity 50,99 0,0191 0,943 

L   Velocity 28,44 0,0334 0,934 

R   Velocity 5,33 0,1474 0,591 

Cadence Cadence 39,23 0,0246 0,927 

Kinematics 

R   ankle contact angle 0,05 0,8397 -0,462 

R   knee contact angle   1,19 0,3886 0,061 

R   max. ankle plantarflexion angle  4,98 0,1552 0,571 

R   knee flexion peak angle 22,81 0,0412 0,879 

GPS 
R   GPS 0,2 0,7 -0,360 

Overall   GPS 3,32 0,2102 0,436 
 

Finally the inclination effects were also included in the analysis; inclination has a main effect on 

many of the gait parameters. 

The following graph shows that for both legs if inclination increases, stance time decreases.  
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Graph 57- Inclination and Stance time correlation for both legs. 

 

Furthermore, for Subject 2, cadence increases for higher inclinations, similarly, the swing velocity 

for the affected leg (right) also increases with inclination and the swing time decreases also for 

the right leg with a higher inclination. 

7. BIOMECHANICAL MODEL 

The biomechanical model for this project intended to simplify the stance phase of gait, 

illustrating the effects of changing torsional rigidity and cushioning. In this model the pelvis 

trajectory is determined and the leg moves around the second and third rockers, as a compound 

inverted pendulum. Minimal muscle activity occurs during midstance, and in this model it was 

represented only as a force to follow the pelvis trajectory. 

 

 
Figure 28- Activated muscles during stance phase. (Goldberg, Õunpuu, & Delp, 2003) 

The main idea was to evaluate the different outcomes in terms of: time, knee flexion angle, ankle 

flexion angle, pelvis and foot velocities. Working Model 2D Software was used to develop the 

model. 

 

To create this model two other biomechanical models were important, first of all (Pitkin PP52-70, 

2010) created a model where the heel rocker was simulated in working model, that principle was 

used in this model to simulate the ankle rocker and MTP joint rocker. Additionally the second 

article (Goldberg et al., 2003) was used to understand how they used a prescribed hip trajectory 
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as the initial conditions for the swing phase of a model, and in this case Subject’s 2 barefoot pelvis 

trajectory was used for the model. 

 

7.1 Model  

The model was built based on subject’s 2 anthropometry, weight and movement. The model is 

composed of 5 main segments. The first one attaches the model to the prescribed pelvis trajectory, 

the second segment represents the thigh and its weight is 3.6 kg based on subject’s 2 weight, 

according to the average body weight percentage distribution (Tözeren, 2000). The third segment 

represents the shank and weights 1.8kg. The foot is composed of two main parts, one is the rear 

foot posterior to the MTP joint, and the second one is the forefoot anterior to the MTP joint, their 

weights are 0.6kg and 0.12kg respectively.  

          

Graph 58- Biomechanical model. A) Parts B) Lengths and initial condition angles C) Clinical trial real data for 
initial position. 

The distance between the markers and the initial angles are presented in the previous graph, 
these were reproduced from the clinical trial information, the initial condition is when the 
opposite foot is about to rise (Single Support) in the stance phase, typically 15% of the whole gait.  

The rocket mechanisms were geometrically built to match the subject´s range of motion. For the 

ankle in the barefoot trial, the initial thigh angle is 91.63° and the final thigh angle before lifting 

the ankle is 70.54°, in addition, the MTP joint movement ranges 40° from initial to final position 

during stance. 

 

Graph 59- Rocker mechanisms in the biomechanical model. 
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Building the model with this limit angles allowed it to move around the ankle and the MTP joint 

until the required ranges. The foot also has in the rear part, an element connected to 4 linear 

springs that represents the heel cushioning.  

For the Pelvis trajectory, a slot element (curve) was built using the coordinates of 10 points from 

the subject 2 experimental pelvis trajectory. The pelvis trajectory from clinical trial is presented 

next. 

 
Graph 60- Clinical trial, pelvis trajectory. Subject 2.  

The model has 3 torsional springs located at the knee, ankle and MTP joint. And 4 Linear springs 

at the heel. The ankle and knee springs constants remained unchanged for all of the trials. The 

ankle torsional spring constant was chosen from the experimental AFO results and was set to be 

0.143Nm/° or 8.2 Nm/rad. The knee’s torsional spring constant was 2 Nm/rad only to avoid knee 

flexion in the contrary direction. 

The MTP joint was ranged from cero to 10.31 Nm/rad=0.18Nm/°, with a working model spring 

constant control. The cushioning was modeled as linear springs, the highest spring constant was 

calculated from the Shoe type 3 load vs. deformation curve, at a 50mm/min loading rate, the 

constant was 480000 N/m, and it was divided by four and assigned to each of the linear heel 

springs. 

Finally, a constant propulsive force was placed in the 1st element, to displace it along the pelvis 

trajectory and it was constant for all of the simulations. The force has a 6N horizontal component, 

and a 3N vertical component, the force values permit the model to displace in a range of time 

similar to the clinical trials. 

7.2 Results  

The following results present the four simulations performed, where high cushioning was 

approximated to rigidity in the heel of (480000N/m), and low cushioning was set to be 4.8N/m. 

For shoe rigidity, high rigidity was (10.31 Nm/rad) and low rigidity was 0. The following graphs 

show each of the final preswing positions (lowest pelvis position), and the resulting time, foot 
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velocity, and angles, right. The angle between the heel and the floor was called foot elevation 

angle, or arch height. 

 

Figure 29- Biomechanical Model Results. High cushioning was approximated to rigidity in the heel of 
(480000N/m), and low is (4.8N/m). For shoes MTP rigidity, high rigidity was (10.31 Nm/rad) and low rigidity 
was 0. 

The high rigidity conditions compared to the low rigidity conditions have a first clear difference, 
which is the foot elevation angle or arch height, higher rigidities don’t easily allow MTP joint 
bending, and therefore when the stance phase is ending the foot is still close to the ground. 
Another footwear rigidity consequence is the knee flexion angle; in this case this angle increases 
around 17° with increasing rigidity.  
 
Regarding the cushioning, the knee flexion angle is also affected by this parameter; there is a 6° to 
10° reduction in the angle when changing from high to low cushioning for the same rigidity. Also, 
the velocity in the horizontal direction increased when using low cushioning parameters, this 
could be happening because a higher stiffness can absorb more energy from the movement and 
reduce its speed.  
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7.3 Discussion 

 

The model results showed that the torsional rigidity of the MTP joint limits hallux dorsiflexion 

during push off, affecting the final arch height and knee angles of preswing phase. This is 

important because initial conditions for swing phase can be a key factor in propulsion for drop 

foot or stiff knee gait in CP children, since wrong initial conditions can cause patients to trip or to 

adopt energy-inefficient compensatory movements (Goldberg et al., 2003).  

In this model, lower MTP rigidity allowed the knee to be closer to the control flexion angles, also, 

the heel was lifted higher from the ground, this arch height is very important during the 

propulsive period, therefore, if the MTP rigidity is too high the subject would require higher input 

energy to rotate the MTP joint and avoid toe dragging, and also higher input energy for knee 

flexion, which can be harder for CP children due to spasticity. In consequence, in medical 

diagnostics there should be a more detailed prescription when determining if AFOs end line 

should be anterior to the MTP joint and when recommending shoe sole rigidity for patients. 

Regarding the cushioning parameter, as it also affected the preswing knee angles, it changes swing 

phase initial conditions, which as explained before can affect propulsion and gait’s energy 

efficiency. Additionally the horizontal velocity increase of the foot is important to reduce swing 

phase time, in the model lower cushioning produced higher velocities as initial conditions for the 

swing phase, which corresponds with the results found in the clinical trials where higher 

cushioning increased the stance percentage. However the doctors have to decide whether for a 

particular patient it is better to increase swing velocity with low cushioning, or to reduce impact 

forces at heel-strike with high cushioning. 
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8. CONCLUSIONS 

For subject one it was found that the AFO is not the best treatment because there is no excessive 

plantarflexion to correct, for this subject it would have been better to assess the effects of 

footwear combinations without AFO. In subject two case, AFO-FCs have a positive effect in gait.  

To assess the effectiveness of a treatment in a single patient, it is important to first look at the 

kinematic data and indexes of the joints with the most significant gait deficiencies and 

compensations, rather than the global indexes. In this case the global GPS didn’t reflect the best 

outcomes and videos of the gait test were very important to analyze the results. 

AFO MTP joint stiffness can be higher than a very rigid shoe and it could over restrict an adequate 

mobility and push-off of a patient that has a good MTP mobility.  The interaction between 

cushioning and rigidity had important effects over the ankle contact angle, a relevant parameter 

to assess improvements in drop foot. The biomechanical model showed that wrong initial swing 

conditions can cause patients to trip or to adopt energy-inefficient compensatory movements. 

Therefore, in medical diagnostics there should be a more detailed prescription for determining if 

AFOs end line should be anterior to the MTP joint and there should be more guidelines for 

selecting the optimal shoe sole rigidity for CP patients. 

Cushioning was found to affect knee contact angle and ankle angle, which are relevant angles for 

improving drop foot symptoms. The model showed that low cushioning increases foot swing 

velocity. Doctors have to decide if it is optimal to increase swing velocity with low cushioning, or 

to reduce impact forces at heel-strike with high cushioning. 

Doctors should include footwear characteristics in their prescriptions, as it was found as 

important as proper AFO prescriptions. Additionally, the results show that further studies need to 

be developed to better understand the influence of footwear characteristics.  
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