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Abstract 

 

A Framework for Manipulating the Sagittal and Coronal Plane 

Stiffness of a Commercially-Available, Low Profile Carbon Fiber Foot 

 

Courtney Elyse Shell, M.S.E. 

The University of Texas at Austin, 2012 

 

Supervisor:  Richard R. Neptune 

 

While amputee gait has been studied in great detail, the influence of prosthetic 

foot sagittal and coronal plane stiffness on amputee walking biomechanics is not well 

understood. In order to investigate the effects of sagittal and coronal plane foot stiffness 

on amputee walking, a framework for manipulating the stiffness of a prosthetic foot 

needs to be developed. The sagittal and coronal plane stiffness of a low profile carbon 

fiber prosthetic foot was manipulated through coupling with selective-laser-sintered 

prosthetic ankles. The carbon fiber foot provided an underlying non-linear stiffness 

profile while the ankle modified the overall stiffness of the ankle-foot combination. A 

design of experiments was performed to determine the effect of four prosthetic ankle 

dimensions (keel thickness, keel width, space between the ankle top and bottom faces, 

and the location of the pyramid connection) on ankle-foot sagittal and coronal plane 

stiffness. Ankles were manufactured using selective laser sintering and statically tested to 

determine stiffness. Two of the dimensions, space between the ankle top and bottom 

faces and the location of the pyramid connection, were found to have the largest 
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influence on both sagittal and coronal plane stiffness. A third dimension, keel thickness, 

influenced only coronal plane stiffness. A number of prosthetic ankle-foot combinations 

were created that encompassed a range of sagittal and coronal plane stiffness levels that 

were lower than that of the low profile carbon fiber foot alone. To further test the 

effectiveness of the framework to manipulate sagittal and coronal plane stiffness, two 

ankle-foot combinations, one stiffer than the other in the sagittal and coronal planes, were 

used in a case study analyzing amputee walking biomechanics. Differences in stiffness 

were large enough to cause noticeable changes in amputee kinematics and kinetics during 

turning and straight-line walking. Future work will expand the range of ankle-foot 

stiffness levels that can be created using this framework. The framework will then be 

used to create ankle-foot combinations to investigate the effect of sagittal and coronal 

plane stiffness on gait mechanics in a large sample of unilateral transtibial amputees. 
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Introduction 

From 2005 to 2050 the amputee population in the United States is expected to 

grow from 1.6 million to more than 3.6 million. Of that population, 39% are major lower-

extremity amputees (Ziegler-Graham et al. 2008). Transtibial amputees lack muscles 

associated with the ankle-foot complex (Hsu et al. 2006), which are important 

contributors to body support, forward propulsion, leg swing initiation and mediolateral 

balance during walking (Allen and Neptune 2012; Anderson and Pandy 2003; Neptune et 

al. 2001; Pandy et al. 2010). In order to compensate for the absence of the ankle muscles, 

adaptations in muscle activity (e.g., Fey et al. 2010; Winter and Sienko 1988) and joint 

kinetics (e.g., Sanderson and Martin 1997; Silverman et al. 2008) have been observed. 

However, amputee walking is less metabolically efficient (e.g., Czerniecki 1996; Gailey 

et al. 1994) and is characterized by an increased difficulty with maneuvering tasks such 

as turning, which are common in daily living activities (Hsu et al. 2006; Segal et al. 

2011). Previous studies have identified successful mobility as the second best predictor of 

quality of life in amputees (Asano et al. 2008), in addition to mobility and restoration of 

normal function being important factors for amputee satisfaction with a prosthesis (Klute 

et al. 2001).  

Previous studies have investigated the influence of prosthetic foot type on 

amputee mobility and found differences in ground reaction forces (GRFs) (Lehmann et 

al. 1993; Schneider et al. 1993) and energy expenditure (Casillas et al. 1995; Colborne et 

al. 1992; Hsu et al. 1999) across different feet. Other studies have investigated the 

influence of specific prosthetic foot design characteristics during walking. For example, 

sagittal plane foot and ankle stiffness have been shown to influence walking mechanics, 

leg loading and prosthetic foot energy storage and return characteristics (Fey et al. 2011; 

Ventura et al. 2011; Zelik et al. 2011). While the energy storage and return properties of 



2 

prosthetic feet have been shown to play an integral role in providing body support and 

propulsion in straight-line walking (Fey et al. 2011; Zmitrewicz et al. 2007), little 

analysis of prosthetic function during turning has been performed despite its prevalence 

in daily living activities (Segal et al. 2011).  

Turning is influenced by mediolateral GRFs as well as ankle kinematics and 

kinetics (Glaister et al. 2008; Orendurff et al. 2006; Segal et al. 2011). Thus, altering 

prosthetic foot coronal plane stiffness may enable amputees to more effectively alter their 

line of progression during turning. Previous analyses of turning have shown that non-

amputees rely on sagittal plane ankle joint work and coronal plane hip joint work while 

amputees rely primarily on sagittal plane hip joint work (Ventura et al. 2011). The lack of 

coronal plane work in amputees suggests that prosthetic feet provide little mediolateral 

energy storage and return. In addition, amputees exhibit a decreased inward radial GRF 

impulse, suggesting a desire to minimize the center-of-mass (COM) excursion beyond the 

base of support during single-leg support and push-off (Ventura et al. 2011). Decreasing 

coronal plane stiffness may provide added stability by allowing amputees to more easily 

regulate COM excursion. However, studies investigating the influence of coronal plane 

stiffness on amputee gait are needed to provide rationale for the design and prescription 

of appropriate coronal plane foot stiffness. 

In order to facilitate studies of the influence of sagittal and coronal plane stiffness 

on mobility in straight-line walking and maneuvering tasks, the first step is to develop a 

manufacturing framework that allows for the stiffness manipulation of a patient’s 

clinically prescribed prosthetic foot. While commercial feet are made in a variety of 

stiffness levels, ranging from least stiff (category 1) to most stiff (category 9), controlled 

manipulation of the stiffness of commercially-available carbon fiber prosthetic feet is 

difficult due to their complex geometry and manufacturing techniques. In contrast, 
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selective laser sintering (SLS), which is an advanced additive manufacturing process, is 

well-suited for design parameter modification of functional prototypes that can be created 

directly from a computer-generated solid model. These advantages facilitate custom 

device generation (Gibson et al. 2010). SLS has been previously used to manufacture 

custom transtibial prosthetic sockets (Faustini et al. 2006), ankle-foot orthoses (Faustini 

et al. 2008), prosthetic feet (Fey et al. 2011; South et al. 2010) and ankles (Ventura et al. 

2011). While prostheses of varying sagittal plane stiffness levels have been created using 

SLS (Fey et al. 2011; Ventura et al. 2011), no study has successfully modified coronal 

and sagittal plane stiffness levels simultaneously. 

Thus, the purpose of this study was to develop a framework for manipulating the 

stiffness level of a commercially-available, low profile carbon fiber prosthetic foot 

through coupling with SLS-manufactured prosthetic ankles. Prosthetic ankles were 

generated, coupled with the low profile carbon fiber foot and worn by a transtibial 

amputee in a case study to verify that stiffness levels produced using the framework 

caused noticeable effects on gait kinematics and kinetics during straight-line walking and 

turning. 
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Methods 

To create a framework to manipulate the stiffness of a commercially-available 

carbon fiber foot, the following four steps were performed. First, a compression test was 

developed to characterize the sagittal and coronal plane stiffness of prosthetic feet. 

Second, a SLS prosthetic ankle was designed to manipulate the sagittal and coronal plane 

stiffness of a commercially-available, low profile carbon fiber foot (Category 9, LP Vari-

Flex® with EVO
TM

, Össur, Reykjavik, Iceland) when the carbon fiber foot was combined 

in series with the SLS ankle. Third, a design of experiments was performed to determine 

the influence of four ankle design parameters on the ankle-foot stiffness. Fourth, to test 

the effectiveness of the framework, a case study was performed in which one subject 

wore two different ankle-foot combinations during straight-line walking and turning tasks 

while differences in body segment kinematics and kinetics were quantified. 

STIFFNESS CHARACTERIZATION OF PROSTHETIC FOOT 

An abbreviated stiffness test was developed to emulate compression tests 

previously performed using a custom robotic gait simulator mimicking straight-line 

walking (Aubin et al. 2008). This test simulated gait from heel-strike to toe-off, which 

loaded the prosthetic foot according to a mass-matched physiologic loading profile 

obtained during straight-line walking from healthy, non-amputee control subjects. For the 

abbreviated test, the low profile carbon fiber foot and ankle-foot combinations were 

loaded to 1000 N in compression at foot flat (0° sagittal plane angle) in two coronal plane 

configurations: 0° and 5° eversion (Figure 1) (Instron Model 3345, Norwood, MA). The 

stiffness value obtained at 0° eversion represented the sagittal plane stiffness of the 

prosthetic foot while the value obtained at 5° eversion represented the coronal plane 

stiffness. Full engagement of the carbon fiber foot with the load plate (as opposed to 
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engagement of only the cosmesis) was assumed to have occurred once a 10 N threshold 

load had been reached. Stiffness was determined from the measured load that most 

closely matched the target load divided by the difference between the displacement at the 

target load and that at 10 N (Figure 2). The target load was determined by multiplying the 

mean suggested mass for a category 5 carbon fiber foot (Vari-Flex® with EVO
TM

, Össur, 

Reykjavik, Iceland) by the load at foot flat from the bodyweight-normalized physiologic 

loading profile obtained from healthy, non-amputee control subjects. 

 

(a)                (b)  

Figure 1.  In an abbreviated stiffness test performed at UT-Austin, the feet were loaded 

to 1000 N in compression at foot flat with the foot at (a) 0° eversion and (b) 

5° eversion. A front view (main image) and a right side view (inset top right 

image) of the test setup are shown. 
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Figure 2.  The stiffness of a prosthetic foot (k) was determined by the load closest to 

the target load (800 N, green dashed line) divided by the difference between 

the displacement at the target load and that at 10 N. Full contact between the 

foot and the load plate was assumed to have occurred once a 10 N threshold 

load (red dotted line) had been reached. 

 

CREATION OF MODULAR ANKLE CAD MODEL 

A prosthetic ankle was designed to couple with and manipulate the stiffness of the 

low profile carbon fiber foot. Attachment of the prosthetic ankle to the low profile foot 

was achieved by bolting to holes originally meant for attaching a pyramid to the 

prosthetic foot. A CAD model was created (SolidWorks, Dassault Systèmes SolidWorks 

Corporation, Waltham, MA) and finite element analysis (FEA) (SolidWorks Simulation 

Premium, Dassault Systèmes SolidWorks Corporation, Waltham, MA) was used to 

estimate the stiffness of the ankle-foot combination under physiologic loads. FEA 
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simulations emulated loading at foot flat with 0° eversion and at foot flat with 5° eversion 

(Figure 3).  

 

 

Figure 3.  Finite element analysis load (purple arrows and purple highlighted faces), 

fixture (green arrows) and mesh used to simulate the (a) 0° and (b) 5° 

eversion stiffness tests. The bottom face of the ankle was fixed while an 800 

N load was applied to the indicated top face(s).  

 

For the FEA simulation, the face of the ankle that interfaced with the low profile 

foot was fixed and a physiologic load (800 N) was applied to the face of the ankle that 

attached to the pyramid. For the 0° eversion simulation, the load was distributed across 

the entire top face of the ankle (Figure 3, panel 3). For the 5° eversion simulation, the 

load was distributed across the area enclosed by the intersection of the curves forming the 

(a) 0° Eversion Simulation 

Front View Isometric View Load Faces 

(b) 5° Eversion Simulation 
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top face of the ankle with a line parallel to and offset 0.10” from the right side of the 

ankle (Figure 3, panel 3). Parabolic tetrahedral elements were used with a mesh size of 

0.25” ± 0.0125” and the large displacement feature was activated. The material properties 

of Nylon 11 (PA D80-ST, Advanced Laser Materials, Temple, TX; Table 1) (South et al. 

2010) were used in the analysis. 

 

Table 1.  Material properties of Nylon 11 used for FEA simulation. 

Density 
Poisson’s 

Ratio 

Young’s 

Modulus 
Yield Strength 

Ultimate 

Tensile 

Strength 

1040 kg/mm
3
 0.39 1540 MPa 35 MPa 50 MPa 

 

Vertical displacement of a point on the top face of the ankle was determined for 

each of the two simulations. The stiffness of each ankle design was predicted by dividing 

the target load (800 N) by the simulated displacement. The low profile carbon fiber foot 

and SLS-manufactured ankle were treated as linear springs to determine a predicted 

stiffness value for the ankle-foot combination according to Hooke’s Law using the 

measured stiffness of the low profile foot and the FEA-predicted stiffness of the ankle. 

The ability of these simulations to predict ankle-foot combination stiffness was assessed 

by comparing FEA-predicted stiffness levels with the stiffness levels measured using the 

abbreviated stiffness test. 

In order to better understand the effects of design characteristics on the stiffness 

of the ankle-foot combinations, a four-variable, full-factorial design of experiments 

(DOE) study was used to determine the relationship between the stiffness characteristics 

of the combined ankle-foot prosthesis and four ankle model dimensions – 1) keel 

thickness (t), 2) keel width (w), 3) space between the ankle top and bottom faces (s), and 
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4) location of the pyramid connection (h). This yielded a total of 16 ankle designs (Figure 

4, Table 2). The overall height of the ankle was held constant. Two prototypes of each 

design case were fabricated out of Nylon 11 (PA D80-ST, Advanced Laser Materials, 

Temple, TX) using SLS (Vanguard HiQ/HS Sinterstation, 3D Systems Corporation, Rock 

Hill, SC), yielding a total of 32 prototypes. Nylon 11 was selected due to its low 

mechanical damping and high ductility compared to other materials available for use in 

SLS manufacturing (Faustini et al. 2008).  

In the SLS process, the computer-generated model was sliced into thin cross-

sections that were sequentially laser-sintered on a bed of pre-heated Nylon 11 powder. 

After a cross-section was sintered, the part bed lowered by one layer thickness (0.004”), a 

counter-rotating roller added new powder on top of the sintered layer, and the next cross-

section was sintered in the new layer. This process was repeated until the entire part was 

sintered. The parts were allowed to cool and removed from the build chamber. Excess 

powder was then removed by brushing and bead-blasting. The stiffness levels of the 32 

ankle-foot combinations were determined using the abbreviated stiffness test described 

above and the standard deviation of experimental error was calculated. Linear regressions 

were used to model the interaction effects between the four variables as well as the main 

effects of each variable for both the sagittal and coronal plane stiffness. The fit of each 

model was determined both with and without inclusion of the interaction effects and 

compared to the standard deviation of experimental error for the respective plane 

stiffness.  
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(a) (b)  

Figure 4.  (a) Four model dimensions were varied in the design of experiments study. 

(b) The final prosthetic ankle design included features to accommodate 

attachment of the pyramid and low profile foot. 

 

Table 2.  Design cases fabricated for the design of experiments study. 

 Dimension Variable 

D
es

ig
n

 C
a
se

 N
u

m
b

er
 

 
t (in.) w (in.) s (in.) h (in.) 

1 0.8 (-) 1.0 (-) 1.2 (-) 0.8 (-) 

2 1.8 (+) 1.0 (-) 1.2 (-) 0.8  (-) 

3 0.8 (-) 1.8 (+) 1.2 (-) 0.8  (-) 

4 1.8 (+) 1.8 (+) 1.2 (-) 0.8  (-) 

5 0.8 (-) 1.0 (-) 1.6 (+) 0.8  (-) 

6 1.8 (+) 1.0 (-) 1.6 (+) 0.8  (-) 

7 0.8 (-) 1.8 (+) 1.6 (+) 0.8  (-) 

8 1.8 (+) 1.8 (+) 1.6 (+) 0.8  (-) 

9 0.8 (-) 1.0 (-) 1.2 (-) 1.2 (+) 

10 1.8 (+) 1.0 (-) 1.2 (-) 1.2 (+) 

11 0.8 (-) 1.8 (+) 1.2 (-) 1.2 (+) 

12 1.8 (+) 1.8 (+) 1.2 (-) 1.2 (+) 

13 0.8 (-) 1.0 (-) 1.6 (+) 1.2 (+) 

14 1.8 (+) 1.0 (-) 1.6 (+) 1.2 (+) 

15 0.8 (-) 1.8 (+) 1.6 (+) 1.2 (+) 

16 1.8 (+) 1.8 (+) 1.6 (+) 1.2 (+) 
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CASE STUDY 

One unilateral amputee (male, age 45 years, height 1.78 m, mass 79  kg, 18 years 

post-amputation, prescribed a Category 5 Vari-Flex®, Össur, Reykjavik, Iceland) free of 

musculoskeletal disorders and pain participated in a case study to determine if the 

stiffness changes created using this framework produced noticeable differences in gait 

kinematics and kinetics. Two ankle-foot combinations – case 7 of 16 (compliant) and 

case 12 of 16 (stiff) – and three tasks – clockwise and counterclockwise turning and 

straight-line walking – were tested. Prior to data collection, the subject was allowed to 

acclimate until comfortable with each ankle-foot combination, which took less than five 

minutes for each combination. The subject walked around a 1-meter radius circle at self-

selected speed both clockwise and counterclockwise, traversing four force plates (three - 

Advanced Mechanical Technology, Inc., Watertown, MA; one - Kistler Instrument 

Corporation, Amherst, NY) (Figure 5). Straight-line walking at self-selected hallway 

speed, determined prior to testing while the subject was wearing his clinically prescribed 

prosthetic foot and verified during testing using infrared timing gates, was performed 

overground on a 10-meter walkway with five embedded force plates (four - Advanced 

Mechanical Technology, Inc., Watertown, MA; one - Kistler Instrument Corporation, 

Amherst, NY). Repeated trials were collected for each ankle-foot combination to obtain 

four force plate strikes per foot. 

GRF and kinematic data were captured at 1200 Hz and 120 Hz, respectively, 

using a 12-camera motion capture system (Vicon Nexus, Vicon Motion Systems, Oxford, 

UK). Fifty 14-mm reflective markers were placed on the head, C7 vertebrae, T10 

vertebrae, right scapula, right clavicle, xiphoid process, and bilaterally on the acromion, 

lateral epicondyle, radial and ulnar styloid processes, third metacarpal head, anterior and 

posterior superior iliac spine, greater trochanter, lateral and medial knee joint center, 



12 

lateral and medial malleoli, first and fifth metatarsal heads, dorsal foot, and heel (Figure 

6). Clusters of four markers were also placed bilaterally on the thigh and shank. Residual 

limb markers were placed symmetrically with the intact limb markers.  

Kinematic and kinetic data were low-pass filtered with a 4th-order Butterworth 

filter with cutoff frequencies of 6 and 20 Hz, respectively. All data were normalized to 

the gait cycle and kinetic data were normalized to the subject’s body weight. Joint angles, 

moments and powers were calculated using standard inverse dynamics techniques and 

temporal gait characteristics were determined using Visual 3D (C-Motion, Inc., 

Germantown, MD). Joint angles were normalized to the joint angle during quiet standing 

for each foot. Positive and negative joint work was calculated as the time integral of the 

positive and negative joint power, respectively (MATLAB, The MathWorks, Inc., Natick, 

MA). For the turning trials, the GRFs were defined with respect to a rotating reference 

frame with the origin located at the center of the 1-meter circle, positive x-axis through 

the subject’s center-of-mass projected on the floor, y-axis tangent to the circular path, and 

z-axis extending upward out of the floor. To assess the influence of foot stiffness on the 

GRFs, positive and negative GRF impulses (GRFis) were calculated as the time integral 

of the positive and negative GRFs, respectively (MATLAB, The MathWorks, Inc., 

Natick, MA). Peak joint angles and moments across one full gait cycle were determined 

for each trial and then averaged across trials for each ankle-task combination. 

Spatiotemporal gait characteristics were also averaged across trials for each ankle-task 

combination. 
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Figure 5.  Subject walking in a 1 m circle, highlighted by orange dots, traversing four 

force plates (grey rectangular squares). 
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Figure 6.  Sixty-six markers were placed on amputee subject. The thigh and shank 

wands were not used for kinematic tracking. 
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Results 

ANKLE FABRICATION AND DESIGN OF EXPERIMENTS 

The finite element analysis did not accurately predict the stiffness of the ankle-

foot combinations as the predicted sagittal plane stiffness level ranged from 15% to 45% 

greater than the actual stiffness while the predicted coronal plane stiffness level ranged 

from 2% to 38% greater than the actual stiffness (Appendix A). Thus, there was no 

correlation between the stiffness predicted by FEA and the actual ankle-foot stiffness.  

Despite the lack of predictive FEA capability, ankles were fabricated in a DOE 

study that successfully modified both the sagittal and coronal plane stiffness of the low 

profile carbon foot. Across the 16 design cases, the addition of the various ankles 

decreased the stiffness of the low profile foot 19% to 41% in the sagittal plane and 13% 

to 41% in the coronal plane. The estimated standard deviation of experimental error was 

4.33 N/mm for the sagittal plane and 3.09 N/mm for the coronal plane. Main and 

interaction effects of the dimension variables on the sagittal and coronal plane stiffness 

were determined individually using two separate linear regression models (Excel 2010, 

Microsoft Corporation, Redmond, WA) (Table 3). Including the interaction effects 

improved the fit of both the sagittal and coronal plane stiffness regression models over 

that of the simple main effects model as the standard error of the residual improved from 

4.09 N/mm to 1.80 N/mm for the sagittal plane and from 2.69 N/mm to 1.77 N/mm for 

the coronal plane.  

The space between the ankle top and bottom faces (Figure 4: s) and the location 

of the pyramid connection (Figure 4: h) had the greatest influence on both the sagittal and 

coronal plane stiffness. The main effects of keel thickness (Figure 4: t) and width (Figure 

4: w) for coronal plane stiffness were greater than those for sagittal plane stiffness. The 

interaction effects were greater for the sagittal plane stiffness than for the coronal plane 
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stiffness with the exception of the interaction between the space between the ankle top 

and bottom faces with the location of the pyramid connection. Of the main effects, only 

the space between the ankle top and bottom faces had a negative influence on the sagittal 

and coronal plane stiffness level, and thus the potential to decrease stiffness with an 

increase in value. The interaction effects on sagittal plane stiffness were all negative 

except for the interaction between the space between the ankle top and bottom faces with 

the location of the pyramid connection while only three of the interaction effects had a 

negative influence on coronal plane stiffness.  

 

Table 3.  Main and interaction effect coefficients (β) for the linear regression 

describing the influence of the four ankle dimension variables (subscripts) – 

keel thickness (t), keel width (w), space between the ankle top and bottom 

faces (s), and location of the pyramid connection (h) – on the sagittal and 

coronal plane stiffness of the ankle-foot complex. 

 Sagittal plane Coronal plane 

β0 90.882 76.895 

βt 1.828 1.915 

βw 1.182 1.444 

βs -3.841 -3.118 

βh 3.257 3.449 

βtw -1.351 -0.353 

βts -2.068 1.262 

βth -1.589 0.164 

βws -0.843 -0.693 

βwh -0.812 0.350 

βsh 0.353 -0.848 
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CASE STUDY 

For the two ankle-foot combinations used in the case study, the stiff ankle-foot 

(case 12 of 16) was 14% and 26% stiffer in the sagittal and coronal planes, respectively, 

than the compliant ankle-foot (case 7 of 16). The subject provided subjective feedback 

that he could feel a difference between the compliant and stiff ankle-foot combinations. 

For all tasks, bilateral and individual limb spatiotemporal gait parameters only displayed 

minor differences with an increase in stiffness. However, GRFis and peak joint angles, 

moments and work all exhibited some observable differences with ankle stiffness. The 

average traces across all trials normalized over the gait cycle for the GRFs (Figure B1), 

joint angles (Figure B2), moments (Figure B3) and powers (Figure B4) can be found in 

Appendix B. Below the specific spatiotemporal, kinematic and kinetic variables analyzed 

are discussed in detail.  

Spatiotemporal Gait Parameters 

During straight-line walking, stride width was 6% greater while double-limb 

support time was 10% shorter for the stiff relative to the compliant ankle-foot 

combination (Table 4). When stiffness increased, residual step length decreased 9% and 

increased 16% when the residual limb was on the inside and outside of the turn, 

respectively (Table 5). As stiffness increased, the intact step length decreased 16% and 

36% when the intact limb was on the inside and outside of the turn, respectively (Table 

5). Intact swing time was 6% shorter when the intact limb was on the inside of the turn 

and intact step time was 7% longer when the intact limb was on the outside of the turn as 

stiffness increased (Table 5).  
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Table 4.  Bilateral spatiotemporal gait parameters during the three walking tasks – 

turning with the residual limb on the inside (R In) and outside (R Out) of the 

turn and straight-line walking (Str) – for both the compliant (C) and stiff (S) 

ankle-foot combinations. Differences greater than 5% are shaded. 

  
Speed 

(m/s) 

Stride 

Width (m) 

Stride 

Length (m) 

Double-limb 

Support Time (s) 

R In 

C 0.741 0.157 1.031 0.500 

S 0.718 0.160 1.030 0.506 

% S to C -3% 2% 0% 1% 

R 

Out 

C 0.790 0.154 1.063 0.443 

S 0.810 0.161 1.065 0.440 

% S to C 3% 5% 0% -1% 

Str 

C 1.296 0.079 1.416 0.294 

S 1.350 0.084 1.450 0.264 

% S to C 4% 6% 2% -10% 
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Table 5.  Spatiotemporal gait characteristics for the residual and intact limbs during 

the three walking tasks – turning with the respective limb on the inside (In) 

and outside (Out) of the turn and straight-line walking (Str) – for both the 

compliant (C) and stiff (S) ankle-foot combinations. Differences greater 

than 5% are shaded. 

  Residual Intact 

  
Step 

Length 

(m) 

Step 

Time 

(s) 

Stance 

Time 

(s) 

Swing 

Time 

(s) 

Step 

Length 

(m) 

Step 

Time 

(s) 

Stance 

Time 

(s) 

Swing 

Time 

(s) 

In 

C 0.199 0.749 0.938 0.490 0.285 0.639 0.908 0.448 

S 0.181 0.734 0.938 0.495 0.240 0.631 0.899 0.421 

% S 

to C 
-9% -2% 0% 1% -16% -1% -1% -6% 

Out 

C 0.232 0.713 0.874 0.463 0.236 0.654 0.985 0.437 

S 0.268 0.691 0.847 0.460 0.151 0.702 0.985 0.449 

% S 

to C 
16% -3% -3% -1% -36% 7% 0% 3% 

Str 

C 0.747 0.564 0.685 0.408 0.672 0.526 0.698 0.392 

S 0.762 0.551 0.658 0.419 0.690 0.521 0.677 0.394 

% S 

to C 
2% -2% -4% 3% 3% -1% -3% 1% 

 

Ground Reaction Force Impulses 

The residual vertical and lateral GRFi increased (5% and 129%, respectively) and 

medial GRFi decreased 74% with an increase in ankle-foot stiffness when the residual 

limb was on the inside of the turn (Figure 7). For straight-line walking in the intact limb, 

the medial GRFi increased 16% while the lateral GRFi increased 28% with ankle-foot 

stiffness (Figure 7). For the two ankle-foot combinations in both the residual and intact 

limb, the magnitude of the inward-directed mediolateral GRFi (medial when the 

respective limb was on the outside of the turn and lateral when the respective limb was on 

the inside of the turn) was greater when the respective limb was on the outside of the turn 

(Figure 7). The greatest increase between the magnitudes of the inward-directed 



20 

mediolateral GRFi for a limb on the outside as compared to the inside of the turn (310%) 

occurred in the residual limb while the subject was wearing the compliant ankle-foot 

combination. 

 

 

Figure 7.  Vertical and mediolateral (M/L) ground reaction force impulses (GRFis) as 

a percent of subject body weight for the residual and intact limb of the case 

study subject performing the turning and straight-line walking tasks – 

respective limb on the inside (In) and outside (Out) of the turn and straight-

line walking (Str) – with two different ankle-foot combinations – compliant 

and stiff. Green and purple arrows (weighted by magnitude) indicate medial 

and lateral GRFis, respectively. 
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Joint Angles 

In all walking tasks, peak residual and intact ankle dorsiflexion, residual knee 

flexion, and intact hip extension decreased while peak intact knee flexion and intact hip 

flexion increased with an increase in ankle-foot stiffness (Figure 8). In the residual limb, 

peak ankle dorsiflexion exhibited the largest differences for all three walking tasks and 

was on average 21% lower when ankle-foot stiffness increased. In the intact limb, peak 

hip extension exhibited the largest differences in all three walking tasks and was on 

average 31% lower when ankle-foot stiffness increased.  

In the coronal plane, peak intact ankle eversion, residual knee adduction and 

intact hip adduction decreased while peak intact ankle inversion and residual hip 

adduction increased with an increase in ankle-foot stiffness in all three walking tasks 

(Figure 8). In the residual limb, peak hip adduction exhibited the largest differences for 

all three walking tasks and was on average 15% higher when ankle-foot stiffness 

increased. In the intact limb, peak ankle inversion exhibited the largest differences in all 

three walking tasks and was on average 41% higher when ankle-foot stiffness increased. 

During straight-line walking and when the respective limb was on the outside of the turn, 

peak residual ankle eversion decreased 14% and 18%, respectively, while peak intact hip 

abduction increased 100% and 61%, respectively, with an increase in ankle-foot stiffness 

(Figure 8).  
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Figure 8.  Normalized peak joint angles of the residual and intact limb for the case 

study subject performing the turning and straight-line walking tasks – 

respective limb on the inside (In) and outside (Out) of the turn and straight-

line walking (Str) – with two different ankle-foot combinations – compliant 

and stiff.  

  



23 

Joint Moments 

For all walking tasks, peak residual leg plantarflexion, dorsiflexion and hip 

extension moments increased when ankle-foot stiffness increased (Figure 9). Peak 

residual leg dorsiflexion, on average 74% higher when ankle-foot stiffness increased, 

exhibited the greatest increase across walking tasks. During turning tasks, when ankle-

foot stiffness increased the peak residual knee extension moment decreased 25% and 9% 

when the residual limb was on the inside and outside of the turn, respectively (Figure 9).  

In the coronal plane, peak residual ankle inversion, intact ankle eversion and 

residual hip adduction moments decreased while peak residual ankle eversion and intact 

ankle inversion moments increased with an increase in ankle-foot stiffness for all walking 

tasks (Figure 9). In both limbs, the peak ankle eversion moment exhibited the greatest 

differences in all three walking tasks and was on average 54% higher in the residual limb 

and 24% lower in the intact limb when ankle-foot stiffness increased. With an increase in 

ankle-foot stiffness, the peak residual knee adduction moment increased 10% during 

straight-line walking and decreased 17% and 30% when the residual limb was on the 

inside and outside of the turn, respectively (Figure 9). The peak residual and intact knee 

abduction moment decreased 41% and 36%, respectively, with an increase in stiffness 

when the residual limb was on the inside (intact limb on the outside) of the turn (Figure 

9). Peak residual and intact hip abduction moments decreased 21% and 19%, 

respectively, with an increase in ankle-foot stiffness when the residual limb was on the 

inside (intact limb on the outside) of the turn (Figure 9).  
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Figure 9.  Normalized peak joint moments of the residual and intact limb for the case 

study subject performing the turning and straight-line walking tasks – 

respective limb on the inside (In) and outside (Out) of the turn and straight-

line walking (Str) – with two different ankle-foot combinations – compliant 

and stiff.  
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Joint Work 

For all walking tasks, residual ankle, residual knee and intact hip negative sagittal 

plane joint work decreased while intact hip positive sagittal plane work increased as 

ankle-foot stiffness increased (Figure 10). Intact hip negative sagittal plane work 

exhibited the largest difference, decreasing on average 46% with an increase in ankle-

foot stiffness. When the residual limb was on the outside of the turn and during straight-

line walking, a 5% decrease in residual ankle positive sagittal plane work was observed 

for both walking tasks when ankle-foot stiffness was increased (Figure 10). 

Residual ankle positive and negative coronal plane work, residual knee negative 

coronal plane work, and intact hip negative coronal plane work decreased while residual 

knee positive coronal plane work increased as stiffness increased in all walking tasks 

(Figure 10). Residual ankle negative coronal plane work exhibited the largest difference 

across the three walking tasks, decreasing on average 48% with an increase in stiffness.  
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Figure 10.  Normalized joint work of the residual and intact limb for the case study 

subject performing the turning and straight-line walking tasks – respective 

limb on the inside (In) and outside (Out) of the turn and straight-line 

walking (Str) – with two different ankle-foot combinations – compliant and 

stiff. 
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Discussion 

ANKLE FABRICATION AND DESIGN OF EXPERIMENTS 

The objective of this study was to develop a framework for manipulating the 

sagittal and coronal plane stiffness of a low profile carbon fiber prosthetic foot through 

coupling with SLS-manufactured prosthetic ankles. The low profile version of the 

prosthetic foot provided an underlying non-linear stiffness profile typical of 

commercially-available carbon fiber feet while the ankles of varying stiffness levels were 

used to manipulate the sagittal and coronal plane stiffness of the ankle-foot combination.  

The finite element analysis did not predict stiffness values accurately enough to 

provide confidence that the manufactured parts would exhibit specific sagittal or coronal 

plane stiffness levels within 5% of the predicted stiffness values. The inability of 

simulations to predict the sagittal and coronal plane stiffness level of the ankle-foot 

combinations necessitated the development of a model mapping the effects of dimension 

variables on sagittal and coronal plane stiffness using a DOE. 

The simple main effects model for both the sagittal and coronal planes had 

standard errors of the residual that were less than the standard deviation of experimental 

error. Thus, the simple main effects model was comprehensive enough to capture 

stiffness changes outside of random error caused by the variability within the SLS 

manufacturing process and stiffness test method. In addition, for both sagittal and coronal 

plane stiffness the maximum variations in stiffness caused by each interaction effect 

across the entire design space were all lower than the standard deviation of the 

experimental error, confirming that the interaction effects were not critical. Of the main 

effects, the space between the ankle top and bottom faces and the location of the pyramid 

connection had an influence on stiffness greater than the standard deviation of 

experimental error for the sagittal and coronal plane stiffness levels. The main effect of 
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keel thickness on the coronal plane stiffness was also greater than the coronal plane 

stiffness standard deviation of experimental error. Thus, only these dimensional variables 

could be expected to impact sagittal or coronal plane stiffness. 

While the location of the pyramid and keel thickness had a positive influence on 

stiffness, the space between the ankle top and bottom faces had a negative influence on 

sagittal and coronal plane stiffness. The location of the pyramid influences the length of 

the moment arm of the top face relative to the main body of the ankle. Due to the 

definition of the pyramid location, an increase in this dimension causes a decrease in the 

moment arm, necessitating greater loads to produce a given displacement, and thus 

increases stiffness. In the coronal plane, increasing the keel thickness increased the 

amount of material in the main ankle body, thereby increasing stiffness. Due to the 

definition of the space between the ankle top and bottom faces, an increase in the 

dimension resulted in a decrease in material in the top and bottom faces and an 

elongation of the curve connecting the two surfaces, thereby decreasing stiffness. 

In previous work the keel and heel thickness were used to modify the sagittal 

plane stiffness of an SLS-manufactured prosthetic foot (South et al. 2010). In the current 

framework, the heel of the ankle-foot combination is part of the low profile carbon fiber 

foot and thus its thickness is held constant. Similarly, the thickness of the body of the foot 

could not be modified, minimizing the influence of keel thickness on sagittal plane 

stiffness. The use of SLS ankles coupled to a low profile carbon fiber foot instead of a 

full SLS foot altered the effect of design variables previously used to control sagittal 

ankle-foot stiffness, necessitating identification of other control variables using the DOE. 
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CASE STUDY 

Since the coronal plane stiffness of the ankle-foot combinations showed a greater 

range of values than the sagittal plane stiffness, the two ankle-foot combinations chosen 

for the case study were selected based on their coronal plane stiffness. The case 12 ankle-

foot combination was chosen because it had the greatest coronal plane stiffness of all the 

cases. It was also about 25% stiffer in the coronal plane than the case 7 ankle-foot 

combination. Since a 25% change in stiffness is desired for future studies investigating 

the effect of coronal plane stiffness on amputee gait biomechanics, the case 7 ankle-foot 

combination was chosen for the compliant ankle-foot combination.  

Few changes were seen in bilateral and individual limb spatiotemporal gait 

parameters with an increase in stiffness, indicating that the subject was able to 

compensate for the change in stiffness without altering basic spatiotemporal gait 

parameters (Tables 4 and 5). This is consistent with previous studies that have shown 

amputees are adept at maintaining consistent spatiotemporal gait parameters across a 

variety of prosthetic foot conditions, including different prosthetic foot types (e.g., 

Torburn and Perry 1990) as well as alignments (e.g., Beyaert et al. 2008). In straight-line 

walking, the relationships between spatiotemporal parameters of the residual and intact 

legs (increase in step length, step time and swing time as well as the decrease in stance 

time of the residual leg compared to the intact leg) were generally similar to those in 

previous studies for both ankle-foot stiffness levels (e.g., Beyaert et al. 2008; Isakov et al. 

2000; Sanderson and Martin 1997; Torburn and Perry 1990).  

Despite the consistency in spatiotemporal gait parameters between the stiff and 

compliant ankle-foot combinations, changes were seen in the gait kinetics and 

kinematics. When the residual limb was on the inside of the turn, the residual limb 

provided more body support and inward-directed (lateral) force to complete the turn, as 
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indicated by the vertical and lateral GRFis, respectively, with the stiffer ankle-foot 

combination (Figure 7). These increases in GRFis were accompanied by increases in the 

peak residual ankle eversion and intact ankle inversion joint angles and moments, 

indicating that the subject was leaning into the turn more with the stiffer ankle-foot 

combination (Figures 8 and 9). Previous work has shown that amputees walking on their 

prescribed foot have lower lateral GRFis for the inside limb than non-amputees during 

turning and suggested that the difference might be due to amputees maximizing stability 

by not leaning into the turn (Segal et al. 2011; Ventura et al. 2011). However, in this case 

study, the stiff ankle-foot combination caused a lateral GRFi similar to those previously 

found in non-amputee legs on the inside of the turn (Ventura et al. 2011). For this subject, 

the change in coronal plane stiffness was able to bring the turning force closer to that of 

non-amputees, which may be a step toward restoring a natural gait pattern post-

amputation and an indication of greater stability. While this ankle-foot stiffness was the 

higher of the two stiffness levels tested, it was lower than the subject’s clinically 

prescribed foot stiffness. In future studies, an ankle-foot combination with stiffness 

matching that of the clinically prescribed foot should also be included. For both ankle-

foot stiffness levels, the increase in magnitude of the inward-directed mediolateral GRFi 

when the limb is on the outside (medial GRFi) compared to the inside (lateral GRFi) of 

the turn for both the residual and intact limbs was consistent with previous studies (Segal 

et al. 2011; Ventura et al. 2011).  

When ankle-foot stiffness was increased, the ankle provided more resistance to 

compression, and therefore provided less residual ankle dorsiflexion and greater residual 

leg plantarflexion and dorsiflexion moments (Figures 8 and 9). These results are similar 

to those seen when the sagittal plane stiffness of a SLS-manufactured foot was modified 

in previous work (Fey et al. 2011). When the residual limb was on the outside of the turn 
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and during straight-line walking, the stiff ankle resisted compression more and did not 

allow as much eversion as the compliant ankle. Similarly, a study in which lateral shoe 

stiffness was increased compared to the medial side found that ankle eversion decreased 

with an increase in stiffness during straight-line treadmill walking in healthy, non-

amputee subjects (Boyer et al. 2012). Alterations in joint angles and moments were not 

isolated to the ankle, however, as the nature of dynamic coupling across joints (Zajac and 

Gordon 1989) also led to compensations in knee and hip kinematics and kinetics. For 

example, a decrease in residual ankle dorsiflexion angle and moment led to a decrease in 

residual knee flexion angle and moment. These trends in both joint angles and moments 

indicate that the increases in ankle-foot sagittal and coronal plane stiffness levels were 

sufficiently large to influence gait kinematics and kinetics. 

Decreases in residual ankle positive and negative work in both the sagittal and 

coronal planes with an increase in stiffness indicate that the stiff ankle-foot combination 

did not store and return as much energy as the compliant ankle-foot combination (Figure 

10). This finding is consistent with previous work investigating prosthetic foot sagittal 

plane stiffness during straight-line walking (Fey et al. 2011; Zelik et al. 2011). For both 

ankle-foot combinations, the decrease in intact ankle positive coronal plane work when 

the intact limb was on the inside compared to the outside of the turn was similar to the 

trend seen for the intact limb in a previous study of turning in amputees (Ventura et al. 

2011). Otherwise, trends in positive and negative sagittal and coronal plane ankle work 

differ from previous studies in amputees and non-amputees (Orendurff et al. 2006; 

Ventura et al. 2011). A larger subject sample is needed to determine if differences in 

observed trends are the result of changes in stiffness.  

Overall, there were noticeable differences between residual and intact sagittal and 

coronal plane kinematics and kinetics, suggesting that exploring the sources of these 
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differences and reducing them could improve amputee mobility. Future work will explore 

effects of stiffness changes in greater depth across more stiffness values and a larger 

group of amputee subjects. 

LIMITATIONS AND FUTURE WORK 

All ankle prototypes were manufactured together in the same build to control for 

powder properties, fabrication parameters, and inter-build variability, which have been 

shown to influence SLS-manufactured part material properties (e.g., Caulfield et al. 2007; 

Cooke et al. 2011; Gibson and Shi 1997). However, due to constraints of the build 

chamber volume, prototypes were manufactured in different layers. As fabrication 

position has been shown to influence material properties (e.g., Cooke et al. 2011; Gibson 

and Shi 1997), manufacturing the ankle prototypes in different layers may have 

introduced variability in the SLS manufacturing process that could account for 

inaccuracies in the FEA-predicted stiffness levels. Similarly, variability in the SLS 

manufacturing process may have reduced the power of the relationships elucidated by the 

DOE. If the variability of the manufacturing method were reduced, the power of the 

dimension variables to modify ankle-foot stiffness could be increased. Future work could 

investigate if a more accurate finite element model can be constructed using a dedicated 

finite element software package, such as ANSYS Workbench (ANSYS, Inc., 

Canonsburg, PA), and taking changes in material properties caused by fabrication 

position into account. Methods of reducing variability in the SLS manufacturing process 

should also be explored. 

The eventual goal of this work is to use this framework to create ankle-foot 

combinations that mimic the stiffness of subjects’ clinically prescribed prosthetic foot as 

well as create combinations that are 25% more stiff and 25% less stiff in the coronal 
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plane. Members of the target group of community-ambulatory amputees weighing 69-100 

kg are generally prescribed carbon fiber feet with category 4-6 stiffness levels (Vari-

Flex
® 

with EVO
TM

 Catalog Page  2011). Although the ankles developed manipulated the 

stiffness of the low profile carbon fiber foot and could support a patient who was 

prescribed a category 5 carbon fiber foot, the range of stiffness levels created were all 

more compliant than the stiffness levels of category 5 and 6 feet. Thus, the stiffness of the 

ankle-foot combination will be increased in future work in order to generate ankle-foot 

combinations with coronal plane stiffness levels up to 25% more stiff than that of a 

category 6 foot. 

Due to design constraints necessary to enable attachment of the ankle to the low 

profile foot, the space between the ankle top and bottom faces could not be decreased 

beyond the lowest value used in the DOE. Thus, to develop stiffer ankles, future 

iterations of the ankle design should focus on the location of the pyramid connection to 

manipulate sagittal and coronal plane stiffness as well as keel thickness to manipulate 

coronal plane stiffness. Future work should investigate the influence of the keel 

thickness, keel width and location of the pyramid connection outside of the range tested 

in the DOE. The effects of alternate design variables on the sagittal and coronal plane 

stiffness of the ankle-foot combination should also be explored. 

With the improvements outlined above, this framework can be used in subsequent 

studies to investigate the effects of altering sagittal and coronal plane prosthetic foot 

stiffness on gait mechanics in a large subject sample of unilateral transtibial amputees 

during turning and straight-line walking. 
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Appendix A 

Table A1. Ankle-foot stiffnesses predicted by the FEA compared to those determined experimentally for all 16 cases. 

 
Sagittal Coronal 

Case 

FEA-Predicted 

Stiffness 

(N/mm) 

Experimental 

Stiffness 

(N/mm) 

% Difference 

Predicted to 

Experimental 

FEA-Predicted 

Stiffness 

(N/mm) 

Experimental 

Stiffness 

(N/mm) 

% Difference 

Predicted to 

Experimental 

1 113 81 39% 91 72 25% 

2 123 97 27% 100 75 33% 

3 118 89 33% 96 79 22% 

4 124 101 23% 102 77 34% 

5 106 82 29% 85 66 29% 

6 120 83 45% 97 76 27% 

7 113 85 33% 93 70 33% 

8 122 84 45% 101 73 38% 

9 108 94 16% 85 83 2% 

10 120 99 21% 98 81 20% 

11 115 100 15% 93 83 12% 

12 123 98 25% 101 90 13% 

13 103 89 16% 81 72 13% 

14 118 93 27% 95 78 22% 

15 111 93 20% 91 75 20% 

16 121 88 38% 100 80 24% 
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Appendix B 

In the graphs that follow, the GRF (Figure B1), joint angle (Figure B2), moment 

(Figure B3) and power (Figure B4) curves are normalized to the gait cycle. GRFs are 

presented as a percent of subject body weight, joint angles are normalized to quiet 

standing configuration and joint moments and powers are normalized to subject mass. 

The shape and timing of the GRF as well as joint angle, moment and power curves were 

generally consistent between the compliant and stiff ankle-foot combinations. Notable 

exceptions include the residual M/L GRF (Figure B1), residual coronal plane ankle 

moment (Figure B3) and residual sagittal and coronal plane ankle power (Figure B4) 

curves.  

 

Figure B1.  Vertical and mediolateral (M/L) ground reaction force (GRF) curves as a 

percent of subject body weight for the residual and intact limb of the case 

study subject performing the turning and straight-line walking tasks – 

respective limb on the inside (In) and outside (Out) of the turn and straight-

line walking (Str) – with two different ankle-foot combinations – compliant 

(C) and stiff (S). 
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Figure B2.  Normalized (a) sagittal and (b) coronal plane joint angle curves for the 

residual and intact limbs during turning and straight-line walking tasks – 

respective limb on the inside (In) and outside (Out) of the turn and straight-

line walking (Str) – with two different ankle-foot combinations – compliant 

(C) and stiff (S). 

(a) 

(b) 
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Figure B3. Normalized (a) sagittal and (b) coronal plane joint moment curves for the 

residual and intact limbs during turning and straight-line walking tasks – 

respective limb on the inside (In) and outside (Out) of the turn and straight-

line walking (Str) – with two different ankle-foot combinations – compliant 

and stiff. 

(a) 

(b) 
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Figure B4. Normalized (a) sagittal and (b) coronal plane joint power of the residual and 

intact limbs during turning and straight-line walking tasks – respective limb 

on the inside (In) and outside (Out) of the turn and straight-line walking 

(Str) – with two different ankle-foot combinations – compliant (C) and stiff 

(S). 

(a) 

(b) 
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