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Abstract 
 

Knee ankle foot orthoses (KAFOs) are used by paraplegia patients with low level spinal cord injury and having well control of the stem 

muscles. Four layers of carbon fiber with C- orthocryl lamination resin are used for manufacturing the knee ankle foot orthoses in this 

work. The mechanical properties of most of the components materials were estimated with the aid of fatigue and tensile test machines. 

Results of the tensile tests showed that the mechanical properties: yield stress, ultimate strength and modulus of elasticity were 92MPa, 

105.7MPa and 2GPa respectively. The value of amidst pressure between the patient limb and the manufactured KAFO was measured using 

(F-socket) Mat scan sensor and these values of pressure were (663kPa) and (316kPa) for the thigh and calf regions respectively. 
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1. Introduction 

KAFOs are considered as good a treatment for patients with ham-

string weakness, severe knee extensor, knee flexion spasticity and 

structural knee instability. The KAFO's components are foot, thigh 

upright, a proximal thigh band, ankle and knee joint. The KAFO's 

are manufactured of metal-metal, plastic-metal and composite ma-

terials designs.[1]. Many articles dealt with patients suffering from 

cerebral vascular accidents, neuromuscular deficiencies, quadriceps 

weakness and other cases [2-6]. Other articles studied the biome-

chanical effects, rehabilitations and engineering design of stance 

control knee-ankle-foot orthosis [7-16]. 

In general the KAFOs part are manufactured usually of composite 

materials, due to their high strength to weight ratio specification, 

[17-21], therefore, the composite materials are modified through the 

years by adding of different components, variable number of lami-

nated layers, [22-23], reinforcement types and volume fraction, [24-

26], in addition to, variable number of reinforcement materials 

(powder and fiber reinforcement), [27-30]. Then, due to the modi-

fication of the mechanical properties of composite materials, the 

applications are multitasked with various engineering parts, one of 

its application is Prosthetic and Orthotics, [31-40]. Where, at 2012, 

Muhsin J. Jweeg et. al, [31], investigated the creep and fatigue char-

acterizations of Prosthetic Socket Below Knee with various layer 

laminated materials effect. Then, at same year, Bashar A. Bedaiwi 

et. al, [32], investigated the vibration behavior of its part with vari-

ous laminated layer effect. At 2013, Ayad M. Takhakh et. al, [33], 

studied the vibration behavior of knee ankle foot orthosis with ef-

fect of different materials, as plastic and metal materials. Therefore, 

at 2014, Jumaa S. Chiad, [34], investigated the impact behavior of 

prosthetic lower limb with different laminated effect. After this, at 

2017, Muhsin J. Jweeg et.al, [35], investigated the effect of cutout 

on the stress behavior of Syme’s Prosthetics with different compo-

site materials layers types. Also, at same year, Zainab Yousif Hus-

sien et. al, [36], studied the Ultraviolet Radiation effect on the fa-

tigue characterizations of below-knee sockets with and without heat 

influence. In addition, at same year, Mohsin Abdullah Al-Sham-

mari et.al, [37], presented study of mechanical properties for com-

posite materials used in manufactured of Knee Prosthsis Sockets, in 

addition to, studied the stress analysis of its parts with various com-

posite materials properties. Finally, at 2018, Ayad M. Takhakh, 

[38], and Jawad K. Oleiwi et. al, [39], studied the partial foot pros-

thetic with different parameters effect. 

Therefore, from presented researchers it can be concluded that the 

reinforcement types effect on the mechanical behavior of the parts, 

then, can be modifying the straight and mechanical behavior of 

KAFO by variable reinforcement types of composite material used. 

In addition, from presented papers it can be shown that the numer-

ical techniques or experimental techniques can be used to evaluate 

the mechanical behavior of KAFOs part with different effects, due 

to an agreement of results evaluated by its technique, [41-47].  

Thus, since the experimental technique is perfect tool, therefore it 

can be used to evaluate the mechanical properties and behavior of 

application mechanical parts, [48-49]. The main objective of this 

experimental study is manufacturing of KAFO using composite 

material reinforced by carbon fiber and comparing of the mechani-

cal properties with the traditional Polypropylene metal - plastic 

KAFO type. Also an assessment of the manufactured KAFO with 

measuring of the interface pressure by F-Socket device will be 

done. In addition, evaluating the fatigue characterizations of com-

posite materials manufactured to application of KAFO part. 

2. Experimental work 

Carbon fiber composite materials orthosis, as shown in the Fig. 1, 

will be made of four layers carbon fiber and the C-orthocryl lami-

nation resin which is the matrix. The thigh section, shank and foot 

are made of composite materials, while the uprights side bars was 

made of stainless steel then it will be covered by single layer of 
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carbon fiber. Knee joint system, ankle joint system are made from 

stainless steel.  

The patient age, height and weight were 31 years, 1.85 m and 86 

Kg respectively. Previously he used a KAFO manufactured of car-

bon fiber-metal in his left lower extremity suffering from Poliomy-

elitisas, as shown in the Fig. 2. The tensile and fatigue tests samples 

were made using vacuum device, Fig. 3. These samples was manu-

factured of 4 layers of carbon fiber and the C-orthocryl lamination 

resin as a matrix.  

The composite materials used in this work are compared with con-

ventional material used in the manufacturing of KAFO and other 

orthoses i.e. Polypropylene in metal - plastic type which has good 

physical properties and kind of poor mechanical properties [50], 

while Carbon fiber composite material has better mechanical and 

environmental properties. 

 

 
Fig. 1: The Manufactured KAFO. 

 

 
Fig. 2: The Patient Wearing KAFO. 

 

 
Fig. 3: Vacuum Method. 

 

The tensile test specimens were made according to the ASTM 

standards ; the tensile specimen’s geometry and dimensions for 

standard ASTM D638-I were specified for composites material 

(four layers of carbon fiber with C-orthocryl lamination resin) as 

shown in Fig. 4. 

An alternating bending fatigue machine was used with constant am-

plitude in order to perform the fatigue test. Fatigue test specimen 

before test is presented in Fig. 5, it was 10 mm width and 100 mm 

length, [51]. The fatigue performance of a material is determined 

by testing a number of similar test specimens at different levels of 

maximum stress. Eight level stresses are used to apply the fatigue 

test with stress ratio (R = −1). 
 

 
Fig. 4: The Tensile Specimens, 3.5 Mm Thick. 

 

 
Fig. 5: The Fatigue Specimen. 

 

The pressure between the thigh and calf regions was measured us-

ing F-Socket sensor. The used sensor was linked into a multi-meter 

to measure the pressure magnitudes resulted from the response 

through the stance phase. F-Socket sensors are interfaced with the 

computer in order to record the required data. Interface pressure test 

for patient wearing a KAFO at the calf and the bands of the thigh is 

shown in Fig. 6. 

 

  
Fig. 6: Interface Pressure Test. 
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3. Results and discussion 

The mechanical properties of four layers carbon fiber with C-or-

thocryl lamination resin are listed in Table 1. Fig. 7 showed the 

stress-strain curve of carbon fiber. 

 
Table 1: Mechanical Properties of Composite Material KAFO 

KAFO Mate-
rial 

t 
(mm) 

σy 

(MPa) 

σult 
(MPa) 

E 
(MPa) 

ρ 

(g/cm3) 

Carbon fiber 

(4-layer) 
3.5 92 105.7 2 1.9 

Polypropylene, 
[52] 

/ / 28-41 1.3 0.9 

𝑡: Thickness (mm) for sample. 

 

 
Fig. 7: Stress-Strain Curve of Carbon Fiber Composite Material. 

 

Table I and Fig. 7 showed that there are large differences in the 

values of ultimate stresses and modulus of elasticity between the 

carbon fiber composite and polypropylene plastic materials, which 

were increased by more than 156% and 54% respectively as com-

pared with Polypropylene.  

These values if increments ware attributed to the presence of the 

carbon fibers that have higher mechanical properties and stiffness 

than polypropylene (which its tensile resistance depends on the 

time, temperature, and loading).  

The fatigue failure of the flat specimens occurs when the specimen 

fractures under alternative loading. The fatigue tester machine giv-

ing the number of cycles when the specimens were fractured rec-

orded the readings. The S - N curve of carbon fiber composite ma-

terial is shown in Fig. 8. Fig. 9 explained the S-N curve for Poly-

propylene, [50]. The samples fatigue life is corking in composite 

materials reinforced by carbon fibers comparing with that using 

polypropylene. The increase in the life time will reduces the cost of 

KAFO worn by the patient who used the orthosis permanently. The 

endurance limit of the composite and polypropylene materials were 

65 MPa and 24.8 MPa at 106 cycle respectively, which was in-

creased by about 162%. This results were attributed to the enhance-

ment of mechanical properties due to using carbon fiber instead of 

the polypropylene. 

 

 
Fig. 8: S-N-Curve for (4 Layers of Carbon Fiber Composite Material). 

 

 
Fig. 9: S-N-Curve for Polypropylene. [50]. 

 

The interface pressure magnitude between the patient leg and the 

manufactured KAFO was measured by the F-Socket sensor. The 

sensor was connected with a computer program (F-Scan) to obtain 

the pressure curve applied to the sensor. The pressure was estimated 

in calf and thigh regions at the posterior side of the leg. The results 

showed that the maximum magnitude of muscles pressure on the 

orthosis is shown at the top region and it goes slightly to a lower 

value on going to the bottom as listed in Table 2 and shown in Figs. 

10 and 11.The reason of this behavior is that the thigh muscles have 

more activity as compared with the calf one. This is due to the dis-

ability of the patient BK region and the weakness of his leg (upper 

region). Area and force distribution of the thigh region are shown 

in Figs. 12 and 13. The area and force distribution of the thigh re-

gion are shown in Figs. 14 and 15. 

 
Table 2: Values of Interface Pressure for KAFO 

KAFO Regions Thigh Calf 

Interface Pressure kPa 563 316 

 

 
Fig. 10: Interface Pressure vs. Time at Thigh Region. 

 

 
Fig. 11: Interface Pressure vs. Time at Calf Region. 

 

 
Fig. 12: Area vs. Time at Thigh Region. 
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Fig. 13: Force vs. Time at Thigh Region. 

 

 
Fig. 14: Area vs. Time at Calf Region. 

 

 
Fig. 15: Force vs. Time at Calf Region. 

4. Conclusion 

1) The results of the mechanical properties (σult and E) showed 

that the KAFO made of 4 layers of carbon fiber with C-or-

thocryl lamination resin were increased by 156% and 54% 

respectively as compared with that made of Polypropylene. 

This increment was attributed to the inclusion of the carbon 

fibers which have higher mechanical properties and stiffness 

than polypropylene.  

2) The endurance limit of carbon fiber composite is increased 

by about 162%. The reason was attributed to the mechanical 

properties of the used composite material which are higher 

than those of the polypropylene. 

3) The results showed that the maximum interface pressure is 

recorded at the thigh region with a value of 563 kPa and it is 

decreased gradually in the calf region with a value 316 kPa. 
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