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Abstract- Abnormal gait has been an issue for post-stroke patients and several types of ankle-foot orthosis have been 
developed. However, only a few non-active ones focused on energy-storage function and actually presented the enhanced 
performance. Therefore, this study intends to design a new energy-storage ankle-foot orthosis to improve the gait 
performances of post-stroke patients. A prototype consisting of the foot sole, joint structure and calf support was designed and 
built to provide limited plantarflexion and unrestrained dorsiflexion of ankle joint as well as energy-storage function. An actual 
model was test-printed by using 3D printer and comfortably fitted to the subject. Moreover, finite element analysis was 
performedon the joint structure to prove the safety and feasibility of our design concepts. Future studies will be conducted to 

investigate the mechanical strength and fatigue endurance as well as whether improvements regarding gait patterns and energy 
generation can be made on patients wearing the ankle-foot orthosis. 
 

Index Terms- Ankle-foot orthosis, Energy-storage,3D printing, Stroke, Gait. 

 

I. INTRODUCTION 

 

Post-stroke gait disturbancehas been commonly seen 

clinically. Most scenarios may include increased ankle 

plantarflexion angle in swing phase and lateral 

stability during stance leading to drop-foot and 

inversion abnormal walking. In addition, from a 

kinetic point of view, ankle plantarflexion moment 

and power generation in pre-swing are also decreased 

compared to the normal. This could disable patients to 

have sufficient momentum and energy for push-off, 
therefore unhealthily compensating it by using other 

parts of the lower extremity [1-3].  

 

Currently, a great number of studies have been 

conducted to design a proper ankle-foot orthosis 

(AFO) to assist walking of stroke patients [4,5]. 

Nearly all of them have the ability to restrict ankle 

joint angle. As for improving kinetic weakness, most 

of the studies focused on utilizing active elements such 

as motor, pneumatics or magnetorheological fluid to 

provide extra energy. However, these designs are 
often bulky and heavy, thus it is difficult to implement 

them clinically. On the other hand, those using only 

non-active elements are usually light weighted and 

able to fit into the shoes. Ordinary spring and carbon 

composite spring were used as an energy-storage part. 

However, only a few of the designs were proved to 

generate extra power. Moreover, 3D printing has been 

a very strong tool in customizing and personalizing 

products, but no study has used this technology in 

energy-storage AFO.  

 

Therefore, this study intends to design and 
manufacture an energy-storage AFO that contains the 

ability to not only improve joint angle instability but 

also store more energy in pre-swing to help push-off. 

II. DESIGN CONCEPTS 

 

2.1 Overall Structure and Manufacturing 

The AFO in this study is composed of 3 parts: foot 

sole, joint and calf support. These parts are rigidly 

connected by plug and screws. In addition, to test 

individual design, a commercialized 3D printer was 

used to print out the prototype (ATOM 2.5EX, Layer 

One, Taipei, Taiwan). Details of the each part are 

shown in the following paragraphs.  

2.2 Body Dimensions Measurement 

To begin with, several body dimensions were 

measured to make a more comfortable AFO that fits 

the patient. These included circumference of calf and 

relative locations of bony landmarks. In addition, the 

whole target foot was scanned with a hand-held 

scanner (SENSE, 3D Systems Inc., Rock Hill, South 

Carolina, USA) and it was transformed into a 3D 

drawing that was compatible with CAD software 

(Solidworks, Waltham, Massachusetts, USA) for 

further design (Fig. 1).  
 

 
Fig. 1 3D scanning and capture of foot contour 
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2.3 Foot Sole  

Based on the scanning of the foot contour, a sole with 
a thickness of 0.5mm that fits the patient was 

designed. Distal part of the sole was slightly curved 

dorsally (20 degrees) to match the normal gait and 

guide the patient to walk more naturally. Moreover, 

for all the materials tested so far, we have decided to 

use titanium alloy as the sole material. The slightly 

curving feature and the elastic property of titanium 

would enable the patient to store energy by bending 

the sole dorsally when the center of gravity gradually 

shifts forward during stance phase. At pre-swing, the 

energy would then be released by the natural response 

of the sole to recoil back to the original shape, 
generating extra plantar moment and energy for final 

push-off.  

 

2.4 Joint Structure 

The joint structure placed on both sides of the ankle 

joint was made to provide lateral stability as well as 

improve the sagittal dysfunction. Posterior side of the 

joint structure was a double-E configuration with tiny 

cylinders in each space connecting only to the bottom 

end and leaving a 0.5mm gap on the top end (Fig. 2). 

When it experienced plantar rotation of ankle joint, 
this structure would restrict the rotation thus 

preventing foot-drop. On the other hand, anterior side 

of the joint structure and the non-connectivity of the 

posterior side were designed to allow buffered but 

unrestrained ankle dorsiflexion. Elastic nylon was 

chosen to be the material of this part. Theoretically, 

this joint structure would serve as a plantarflexion 

inhibitor and dorsiflexion buffer in pathological gait.  

 

 
Fig. 2 Ankle rotation mechanism of the joint structure 

 

2.5 Calf Support 

Single support frame was designed on the lateral side 

instead of both sides to reduce the weight of the AFO. 

Two semi-circular rims were placed around the middle 

and distal part of the calf. Velcro tape was used to 

secure it on the calf. Polylactic acid (PLA) was chosen 

to be the material of this part due to its stronger 

mechanical property to provide adequate support.  

2.6 Finite Element Analysis 

Joint structure being the weakest spot of the AFO 

especially during ankle dorsiflexion as well as the 

energy storing capacity of the foot sole, they were 
simulated and tested using the software ANSYS® 

Workbench™ Ver.18. Finite element models were 

developed to analyze the von Mises stress, 

deformation and strain energy. Elastic nylon, a 

thermoplastic silky material for the joint structure was 

used with the following characteristics: density 1.13 

g/cm3, tensile modulus of elasticity 2300 MPa, yield 

strength 65 MPa, Poisson’s coefficient ν = 0.35. In 

addition, titanium alloy of Ti-6Al-4V was chosen for 

foot sole with the following properties: density 4.41 

g/cm3, tensile modulus of elasticity 111 GPa, yield 

strength 930 MPa, Poisson’s coefficient ν = 0.3. The 
joint structure and foot sole were both mashed using 

solid element type, with free mesh. 

 

To simulate the responses in gait cycle, we assign the 

boundary conditions according to previous studies 

[6,7]. A fix support was set on the top surface of the 

joint structure. The joint moment during gait cycle was 

usually normalized by body weight. For the joint 

structure, the body weight was set at 50 kg. Therefore 

the moment was set at 5 N-m (0.2N-m / kg * 50kg / 2 

pieces) for maximum ankle dorsiflexion. In addition, 
for the foot sole, a fix support was set at the plantar 

surface distal to the metatarsal-phalangeal joint. A 

force of 750N was applied to the plantar side of the 

calcaneus to simulate the tension of Achilles tendon. 

Distribution and maximum values of stress, 

deformation and strain energy were calculated in these 

two parts.  

 

III. CURRENT RESULTS AND DISCUSSION 

 

3.1 Prototype Design 

Each part of the designed AFO has been successfully 
drafted in CAD software (Fig. 3). Actual prototypes of 

them have been constructed through 3D printing for 

preliminary tests individually. Connecting each part 

altogether and placing cushion pads on the inner 

surface, the printed prototype fitted comfortably on the 

test subject.  

 

 
Fig. 3 the overall structure of the AFO design 



International Journal of Advances in Science Engineering and Technology, ISSN(p): 2321 –8991, ISSN(e): 2321 –9009 

Vol-6, Iss-1, Spl. Issue-1 Feb.-2018, http://iraj.in 

Development of Energy-Storage Ankle-Foot Orthosis Using 3D Printing Technology 

 

53 

3.2Finite Element Analysis 

Stress and total deformation distribution were shown 
in Fig. 4. The maximum value of stress and 

deformation were calculated to 82.2 MPa and 0.57 cm, 

respectively. Stress was found to be concentrated 

around the inner part of the double-E structure, 

indicating breaking might occur at these spots if too 

large of a torque was applied or experiencing too many 

cycles of stress. Further analysis should be conducted 

to find out the safety thresholds. However, in this 

study with simulating the torque of a normal gait, the 

outcome seemed to be fine. In addition, in terms of 

deformation, it showed good flexibility in dorsiflexion 

without restricting the joint angle like traditional 
AFOs. 

 

 
Fig. 4 Simulation of the stress distribution at plantarflexion of 

foot. 

 

3.3 Limitations & Future Directions 

Current prototype was still using non-metal material 

for foot sole, metal material should be carried out in 

the future to better provide extra energy. In addition, 

actual strength and fatigue endurance of the AFO have 
not been tested. Moreover, our AFO design has not yet 

been applied to post-stroke patients. Therefore, further 

confirmation on the mechanical properties and on-site 

gait improvement should be investigated.  

CONCLUSIONS 

 
A proof of concept and preliminary prototype of an 

energy-storage AFO was successfully designed and 

manufactured by using 3D printing that possessed the 

potential of improving gait dysfunction. Furthermore, 

the locations of stress concentration were investigated 

as well as the dorsal flexibility using finite element 

analysis. Most importantly, the energy stored in the 

foot sole to potentially help push-off was preliminarily 

simulated.  
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