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ABSTRACT 

During the process of manufacturing the prosthesis sockets in the lamination process, a chemical reaction occurs 

between the mixture of materials used in the lamination process after being placed inside a mold covered with layers of 

PVA, Perlon stockinet and with the existence of materials to strengthen the socket or not. This chemical reaction causes the 

emission of heat from within the sample. The emission continues until the sample is cooled by natural convection, which 

lasts for 30 minutes or less depending on the amount of hardener material used in the laminating process. The current work 

focused on observing the thermal distribution occurring on the surface of the hot sample during the cooling period, in order 

to see areas with high thermal concentration from other regions. Then put the thermal gradient map for the whole sample 

that helps to understand thermal stress which is used to evaluate the stresses induced by some thermal load, which is in the 

form of thermal images that's taken by using a thermal camera known as FLIR i7, which shows thermal distribution on 

each side of the sample. For more results, three molds were made for different levels of amputation (above knee 

amputation (AK), below knee amputation (BK) and Syme amputation. Then use the thermal camera to obtain thermal 

distribution images for each sample.   

 
Keywords: heat diffusion, prosthetics, thermal stresses. 

 

INTRODUCTION 

Above knee amputation or (AK) amputation it's 

can be at proximal (short stump), mid-femur (medium 

stump) or supracondylar (long stump) Figure (1). 

The long-length stump has better muscular 

balance, best lever while preserving the strength of the 

adductors, candidate for ischial tuberosity bearing 

prosthesis, and best energy efficient while medium-length 

stump has reduced strength of the adductors, increased 

energy expenditure, increased flexion and abduction. 

Short-length stump has weak adductor muscles, leading to 

severe imbalance, the position of the stump often ends up 

in flexion and abduction, results in massive energy 

expenditure and prosthesis can be heavy[1]. 

Above-Knee prosthetics includes a custom made 

socket combined with a supportive frame, pylon knee, 

unit, and foot. A harness or suspension sleeve may also be 

necessary [2]. Below knee amputation or (BK), tibia cut (2 

to 3 cm) proximal from anterior skin edge with sagittal 

saw perpendicular to bone and fibula cut (1 cm) proximal 

and bevel distal tibia cut at (45°) then rasp edges with saw 

or rasp [3]. 

The advantages of this amputation include  a 

preservation of the knee joint in addition to a candidates 

for patella tendon bearing prosthesis, although 

disadvantages limited in risk of knee flexion contractures 

and may require ‘bone bridge’ surgery due to distal fibula 

pain[1]. BK prosthesis will sure consist of a custom made 

pylon, socket, and foot. Note that sometimes a suspension 

sleeve or harness may also be necessary [2]. 

At last Syme amputation, it's one of partial foot 

amputations. The advantages of this amputation include a 

range of prosthetic options such as toe fillers, insoles, or 

ankle foot orthosis (exception for ankle disarticulation). 

The disadvantages from this case may need further surgery 

in future and may lead to skin breakdown in addition to 

joint pain and cosmetic that might be not approved by the 

patient [1]. Symeprosthesis options contains no prosthesis; 

rigid footplate with arch support combined with a rocker 

bottom shoe sole; custom-molded foot orthosis/ prosthesis;  

custom-molded shoes; modified ankle-foot orthosis with a 

toe filler; foot prosthesis (a custom-molded socket 

attached to a semi-rigid foot plate with a toe filler) [4]. 

 

 
 

Figure-1. Levels of above-knee amputation. (a):Long 

stump. (b): Medium stump. (c): Short stump. 

 

Vacuum-formed sockets  

In 1966, the New York University Prosthetics 

and Orthotics group carried out a comprehensive study to 

introduce a practical method of manufacturing a 

transparent socket using newer materials and fabrication 

techniques. Two basic techniques were explored: vacuum 

forming and casting [5].   

Biomaterials and the construction of prosthetic: 

Limbs created from specific materials are important for 

their fabrication because of two reasons: 

 

1. Degree of comfort of the socket.2. Strength 
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Plastic polymer laminates 
Laminates start as a liquid and are then mixed 

with a catalyst. Lamination occurs under vacuum pressure 

that applied to this combination and make it lightweight 

and strong. The amount of resin can be adjusted in order to 

make this combination more flexible and rigid. As an 

examples for these cases are acrylic, epoxy, and polyester 

while the benefits is that the designer can easily control 

strength and thickness. Disadvantages can also be 

summarized by saying that difficult to remodel if 

uncomfortable. Reinforcement Textiles represented by 

fabrics used in the laminate for strength such as fiberglass, 

nylon, Dacron, carbon, and Kevlar. 

 

Making the socket by lamination process 

This process is basically done, by saturating the 

reinforcement textiles (fiberglass, nylon, dacron, carbon, 

Kevlar) with a resin of plastic polymer and apply vacuum 

pressure to their combination [6]. 

 

Thermal residual stresses  

Stresses occurring with the absence of any 

thermal gradient or external loading can be known as 

residual stresses. Moreover, residual stresses induced 

within structure of material or component are defined as 

stresses which exist in the any object without the existence 

of any external loads or service. In any mechanical 

structure, residual stresses can be utilized due of many 

causes. It's may be due to processes related to technology 

which are used to make the component. Manufacturing 

processes are the prime common factors that lead to 

occurring of residual stress. All fabricating and 

manufacturing processes such as welding, casting, 

molding, plastic deformation during bending, machining 

heat treatment, rolling or forging introduce residual 

stresses into the manufactured object. Local yielding of the 

material could lead to formation of residual stress, because 

of certain surface treatments like shot peening or surface 

hardening or sharp notch. One prospective for residual 

stresses can be summarized and related to the 

developments of different gradients of deformation which 

appeared in various sections of the specimen with the 

development of volumetric changes, thermal gradients 

appeared during solidification process or can be induced 

from the transformation of solid state which cause 

differences in the values of thermal coefficient of 

expansion within pieces made from different materials. 

When a metal is heated or cooled then thermal residual 

stresses are considered primarily due to appearance of 

differential expansion. Thermal treatment (heating or 

cooling) and restraint are the two factors that control this 

generation of residual stresses [7]. 

 

WORK MOTIVATION 

A thermal stress study is used to evaluate the 

stresses induced by some thermal load. For example, will 

the part warp as a result of some change in temperature 

and can the components still be assembled as designed 

after experiencing the thermal load. Therefore, it is more 

convenient to use thermal stress analysis to explore how 

the stresses from these loads can impact the life of the 

socket therefore present study is aimed to: 

 

a) Investigate the process of heat dissipation during the 

cooling of selected specimen by targeting the 

curvature spots and corners in comparison with the 

plane region in order to obtain a complete thermal 

gradient map for the proposed cases of study. 

b) A complete thermal gradient map help to understand 

thermal Stress which is used to evaluate thermal load 

and whether the part warp as a result of some change 

in temperature or the components still be assembled 

as designed after experiencing the thermal load. 

c) Use the Thermal gradient map to explore how the 

stresses from these loads can impact the life of the 

part. 

 

LITERATURE SURVEY 
S.N. White [8] has mentioned that a Empirical 

judgment is the base for Cantilever lengths that is based 

for fixed implant-supported prostheses. A photo elastic 

model was constructed for a moderately resorbed-

edentulous human mandible with five 13 mm Brȧnemark 
implants. 

The highest stresses were located at the ridge 

crest on the distal surface of the distal implant for all 

cantilever lengths. In addition, the effect of cantilever 

length on maximal stress are also illustrated through 

curves. Adjacent implants gain little load transfer also, 

disproportionate increases in maximum stress with 

increasing cantilever length was occurred. Finally, Author 

referred that minor variations in implant angulation had a 

distinct effect on overall stress magnitude. 

Barbu D. Daniela Mariana [9], manufactured 

materials and devices have been developed very fast and 

intelligently at which they can be used successfully to 

replace parts of living systems in the human body. These 

materials can used with minimum severe reaction or 

rejection from the body while it is in intimate contact with 

living tissue. Such materials are called biomaterials. All 

engineering devices that uses biomaterials and designed to 

perform specific functions in the body are generally 

named to as biomedical devices or implants. 

Another mentioned that many of the failures are 

directly attributable to poorly chosen or badly used 

materials. For use in the body, za material must be 

completely non-toxic and any wear debris must also be 

non-toxic. 

S. Portnoy [10] illustrated that most critical stage 

in the rehabilitation process for any amputation patient is 

the fitting of a prosthetic socket because any misfit may 

lead to pressure or injury at deep tissue in the residual 

limb. Until now, the skills of the prosthetics that is not 

related to biomedical instrumentation which lead to 

evaluation of the quality of fitting are the key points for 

the evaluation of prosthetic fitting. In general, no 

technology is available at present time to provide 

continuous valuable information on the distribution of 

internal mechanical stresses within the residual limb 

during process of fitting the prosthesis, or while using it 
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and this minimize the limits patient evaluations. Therefore, 

a finite element (FE) model of the residual limb was 

introduced through using of a simplified yet clinically 

directed patient specific for on time stress analysis have 

been conducted. For this goal, a force sensors, located at 

the limb prosthesis interface is used to continuously 

estimate internal stresses in the residual limb, based on 

boundary conditions obtained in real time from. 

Sensors were placed between the residual limb 

and the prosthetic liner which counts for seven sensors and 

subjects walked on a treadmill during analysis. In general, 

stresses under the shinbones were found much higher than 

stresses located at the soft tissues behind the bones. 

Moreover, the stresses estimated during the trial of a case 

who complained about discomfort and pain were the 

highest, confirming that case socket was not properly 

fitted. A real time patient specific finite element analysis 

of internal stresses within deep soft tissues of the residual 

limb in patients is feasible and have been conducted. This 

method is good for enhancing the fitting of prostheses in 

the clinical setting and for protecting the residual limb. 

 

EXPERIMENTAL SETUP 

Any thermal exchange of thermal energy between 

physical systems is known as heat transfer. The amount of 

heat transfer rate is dependent on the temperatures 

difference between systems and the properties of the 

medium through which the heat is exchanged.  Three 

sample of above knee, below the knee and Syme 

amputation prosthesis sockets were exposed to heat 

transfer after the lamination process. This chapter displays 

the materials that used in experiments,  designing and 

manufacturing process, and how the heat is transferred by 

convection that is also known as diffusion of heat on the 

surfaces of the three samples by using thermal camera 

known as (FLIR i7 Thermal Camera ). 

 

Materials used in experiment 

he materials that used for manufacturing the 

sockets for AK, BK and Syme molds are: 

a) Perlon Stockinet white Item#: 623T3. 

b) PVA Bags Item#: 99B81. 

c) Hardening Powder Item #: 617P37=0.150. 

d) Orthocryl Lamination Resin 80:20 PRO.[14]. See 

Figure-2. 

 
 

Figure-2. Lamination materials. (1) Perlon, (2) PVA, 

(3) Hardener, (4) Lamination Resin. 

In the experimental work, carbon fiber or 

fiberglass materials that used for Strengthening or 

reinforcing socket's structure are not important because the 

heat will diffuse anyway and the absence of these 

substances does not effect on it.  

 

Designing and manufacturing socket procedure 
Making and manufacturing the molds for each 

level of amputation, that's done by wrapping the residual 

limb with plaster bandage then fills it with casting material 

and let the mix drying out, that is called Casting process. 

The casting step is extremely important in the manufacture 

of an adequate lower limb prosthetic socket. Success or 

failure in prosthetic-orthotic fitting is directly related to 

the cast taken and the modifications incorporated in the 

positive mold. After manufacturing and designing the 

molds of the three samples of amputations (AK, BK and 

Syme amputations ), the socket making process begins for 

each mold, Severally and in the same sequence of 

manufacturing steps as shown in Figure-3. 

 

 
 

Figure-3. (a) Syme amputation patent. (b) mold for above 

knee amputation patent. (c) mold for below 

knee amputation patent. 

 

Lamination manufacturing stages 

1st Stage: putting the positive mold (any one of 

the three models) at the laminating stand and completing 

the connection with the vacuum forming system through 

the pressure tubes and pulling the inner (PVA) bag after 

moisturizing it with water and covered the positive mold 

with it, and opening the pressure valves, Figure-4 to value 

of approximately 60 mm Hg at room temperature.   

 

 
 

Figure-4. Pressure valve reading device. 

 

2nd Stage: Put the Perlon stockinet (6 layers for 

each model) without adding fiber glass or Carbone fiber, 
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and pull the outer (PVA), making the PVA cover the 

bottom nozzle of the pressure valve by using strips of 

Perlon. Figure-5. 

 

 
 

Figure-5. Perlon stockinet (6 layers for each model) 

without adding fiber glass or Carbone fiber. 

 

3rd Stage: Mixing the lamination resin with the 

hardener powder. About (500-600) ml of resin mixed 

with(1-2) part of hardener and then putting the resulting 

matrix mixture inside the outside (PVA) bag and distribute 

the mixture to all sample areas then maintaining the 

vacuum constant until the composite materials cold. 

4th Stage: During the time it takes for the model 

to cool down, the heat begins to transfer in a different area 

of the sample, using the thermal camera (FLIR i7 Thermal 

Camera) for taking a thermal image for the hot model to 

show heat diffusion in all areas of it. Figure-6. 

 

 
 

Figure-6. FLIR i7camera. 

 

Experimental procedure 
The study was concentrated on tracking changes 

in thermal gradient which accompany with the heat 

diffusion process during the cooling of different selected 

prosthetics samples that was mentioned before as the 

solidification process throughout the manufacturing 

process. Experiments were conducted inside the 

laboratories of Al Nahrain college of Engineering / 

Prosthetics and Orthotics Department according to the 

following procedure:-    

a)  Using camera of model FLIR i7 which is a 

thermal imaging camera which deal with the temperature 

range as an intervals in the form of color scheme that 

varies according to the real melting and solidification 

temperatures of prosthetics material and the emissivity 

was taken to have a value of  (ε = 0.95). 
b) It is important to monitor observe the available 

range of thermal imaging camera so later. It can be seen 

that there is a temperature increase of a certain range 

observed during capturing of images. This temporary 

increase of temperature appeared and followed by cool 

down period lead the prosthetic part temperatures to reach 

thermal equilibrium with its surroundings. 

c) The experiment is illustrated by thermal 

images that will be discussed later. It can be seen that 

there is a temperature increase of a certain range observed 

during capturing of images. The increase period is 

temporary, after a while the prosthetic part comes to 

thermal equilibrium with the surroundings. 

d) Different angles were selected to capture the 

proper image that will be discussed later for the purpose 

of the present study. 

e) A certain time frame was also chosen in order 

to track the proper change in heat dissipation process that 

will lead later to mark the important spots in prosthetics 

manufactured part which needs to be discussed later. 

f) Three groups were created for the purpose of 

the present study and distributed into one category for 

each sample used in the experimental work. 

 

Categories for experimental data 

All data gathered from experimental tests through 

using of FLIR i7 Thermal Imaging Camera were 

categorized in a set of figures according to the time frame 

selected for the purpose of the present study. These 

categories were also identified by three groups according 

to the samples of prosthetics part used in the present study 

which are Syme, above knee, and below knee amputation 

mold. These samples are shown in Figure-7 below. 

 

 
 

Figure-7. Categories for samples used in the study. 
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Note that not all the image captured will be 

presented later in these categories since the number of 

them may exceed (80 pictures) and therefore they will sort 

within each group as was said before according to the time 

frame adopted in this study.      

 

RESULTS AND DISCUSSIONS 
Thermal stress can be defined as the stress results 

from the differences in specimen temperature or their 

thermal expansion. Thermal stress generated lead to the 

formation of a crack which generated due to rapid cooling 

from a higher temperature level. No stress or load within 

structure will be appeared if temperature deformation is 

allowed to occur freely. In some cases where deformation 

due to temperature is not allowed, an internal stress is 

enhanced. This internal stress generated is termed with 

thermal stress. 

The experimental data obtained in this study was 

classified into three different categories with respect to the 

type of sample used. The gap of time that taken between 

the pictures was (1 min) from 3 sides of the sample, that 

make a lot of results for each sample and this is the reason 

for repeated time in it. 

First category: In this section a discussion for 

Syme socket which is conducted and was manufactured 

according to standard procedure. The third and fourth 

stage of lamination manufacturing steps was conducted 

here in the discussion as the major part since it includes 

the final steps of forming these prosthetics parts which are 

the stem of the chemical reaction of lamination and the 

solidification process. Figures (8), (9) and (10) represent 

the captured images obtained from using of Thermo 

graphic camera known as FLIR i7, Since the 

manufacturing procedure will accompanied with an 

elevated level of temperature which may not easy to be 

detected by temperatures probe that can only detect point 

source temperatures rather than regimes scan that can be 

done by the thermal imaging camera which is more 

convenient for the present study. It can be noticed that the 

trend of temperature distribution varies from a range of(16 
o
C to 57 

o
C), (17

o
C to 71 

o
C), (13 

o
C to 87 

o
C), (17 

o
C to 

87 
o
C), (17 

o
C to 89

o
C),(17 

o
C to 90 

o
C), (17 

o
C to 92 

o
C), 

(17 
o
C to 94 

o
C), (17 

o
C to 96 

o
C), (17 

o
C to 123 

o
C),(17 

o
Cto 132 

o
C),(17 

o
Cto 133 

o
C) after that, the range 

oftemperature occurred decreasing (17 
o
Cto 128 

o
C), (17 

o
Cto 126 

o
C), (17 

o
Cto 125 

o
C), (17 

o
Cto 117 

o
C), (17 

o
Cto 

112 
o
C), (17 

o
Cto 105 

o
C), (16 

o
Cto 114

o
C), (16 

o
C to 99 

o
C) respectively. These ranges illustrate that during the 

solidification process the material start to cool down 

gradually with a trend in which the minimum temperature 

value for the coldest region is remained constant with 

(17
o
C) except for the equilibrium stage in which it turned 

into (16
o
C). This socket was tested during the 

manufacturing process by use of Thermographic camera 

and the main purpose was to obtain a complete thermal 

gradient map that helps orthotics manufacturer to 

understand thermal stress which is used to evaluate the 

stresses induced by some thermal load. The most 

important regimes to be discussed is the upper or the 

highest temperature range for the sample which reflect the 

distribution of the temperatures from the minimum value 

to the highest one in form of a thermal image map. A 

strategy for the time delay between the captured pictures 

was adopted in order to simulate and track the heat 

dissipation by natural convection from the sample utilized 

in present work. This strategy represented by taking a time 

gap around (2 min.) between each captured picture that 

makes it 20 picture during 30 min which the maximum 

time for the laminated mixture to interact and cool within 

the layers of Perlon, that for minimize the number of 

result. This behavior gives a close idea about the region 

that should be analyzed for thermal stress concentration 

which may by lead to some defects without certain 

methods for stress relief. 

 

 

 
 

Figure-8. Captured images obtained from using of 

thermographic camera known as FLIR i7 for 

Syme sample. 

 

Second category: illustrated in Figures (11), (12) 

and (13) for an above-knee sample in which the same 

trend for the thermal image map was also conducted here 

in order to track another part of amputation. It can be 

noticed from Figure-11 that there are many area that 

reveal an elevated temperatures located near the top of the 

sample in the entry region for the lamination material 

where the shape of the mold appear as a cone in addition 

to the flat surfaces and the base of the sample since the 

area that will be cooled by natural convection is smaller 

than the Syme amputation mold and won't let the heat 

generated within the mold to dissipate with a higher rate 

due to their small surface area. As a solid material 
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experiences an increase in temperature, the volume of the 

structure is ultimately impacted by increasing, a 

phenomenon known as thermal expansion. 

 

 

 

 
 

Figure-9. Captured images obtained from using of 

thermographic camera known as FLIR i7 for 

Syme sample. 

 

 
 

Figure-10. Captured images obtained from using of 

thermographic camera known as FLIR i7 for 

Syme sample. 

 

This phenomena results due to kinetic energy that 

increased with aid of heat's ability. Molecules in general 

are distributed in close proximity to each other within 

solids and complete the predefined shape of the structure. 

With the increasing of temperature level, molecules start at 

rapid speed to vibrate and displaced away from eachother. 

Therefore, solid expand due to the increasing of separation 

between the individual atoms. Thus volume of the 

structure accordingly increased also and high levels of 

stress due to the enlargement of structure volume. Same 

results were repeated here for the corner and edges 

regimes in comparison to the plan area which almost has a 

lower scale for the temperature level. Figures (11) and 

(12) show the results of each aspect of the sample within 

one minute, making three images at the same time. By 

selecting (two minutes) between the three images taken 

and the next third, the number of the image becomes large. 

Therefore, there was a reduction in the number of images 

in the results. In addition, there are magnifying images of 

some regions; this was to show all the heat distribution in 

the sample that has curvature in each side. Note that the 

sequence of images is similar to the previous sample.  

 

 

 

 
 

Figure-11. Captured images obtained from using of 

thermographic camera known as FLIR i7 

for AK sample. 

 

Third category: this is the category for below 

knee amputation patient sample which can be shown in 

Figures (14), (15) and (16) respectively. The Same trend 

shown for the above knee amputation patient sample was 

repeated here due to the low portion of the surface area 

exposed to natural convection note that the density and the 
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specific volume of multiple phases is different, and that 

leads to make local phase changes can also results into  a 

lot amount of stress and strain. Now, if the entire selected 

sample has altered into a different phase. This means that 

there will be no stress and strain existence. That’s mean if 

cooling of the lower part become more quickly than the 

"upper" part and cooling process is starting. During 

cooling the upper (thicker) part is always hotter than the 

lower (thinner) part with the edge. The stress produced by 

the temperature gradient then always bends or wrap until 

the temperature is the same everywhere. The larger the 

gradient, the larger the bending or the wrapping. This is 

shown in the upper segment of the figure mentioned 

above. Note that the sequence of images is similar to the 

previous sample too. 

 

 

 
 

Figure-12. Captured images obtained from using of 

thermographic camera known as FLIR i7 

for AK sample. 

 

 
 

Figure-13. Captured images obtained from using of 

thermographic camera known as FLIR i7 for 

AK sample. 

 

 

 

 
 

Figure-14. Captured images obtained from using of 

thermographic camera known as FLIR i7 

for BK sample. 
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Figure-15. Captured images obtained from using of 

thermographic camera known as FLIR i7 

for BK sample. 

 

 
 

Figure-16. Captured images obtained from using of 

thermographic camera known as FLIR i7 

for BK sample. 

 

CONCUSIONS AND RECOMMENDATIONS 

a) It was concluded that the regimes of high 

temperature level concentration my lead to a weak points 

due to stresses concentrated on such regimes especially if 

their unsteadiness in heat dissipation which lead to such 

case. 

b) It was concluded that there are many area that 

reveal an elevated temperatures located near the top of the 

above knee amputation sample in the entry region for the 

lamination material where the shape of the mold appear as 

a cone in addition to the flat surfaces and the base of the 

sample since the area that will be cooled by natural 

convection is smaller than the Syme sample and want let 

the heat generated within the mold to dissipate with a 

higher rate due to their small surface area. 

c) It was concluded that as the temperature rises, 

molecules begin to vibrate at a more rapid speed and push 

away from one another. This will enhance separation 

between the individual atoms leads the solid to express 

expansion, therefore lead to the increase for the volume of 

its structure. With this increase in volume, solid elements 

will express greater stress levels which can have a 

remarkable effect on a structure's strength and its stability. 

This inherently led to cracks or breaks inside a given 

components. 
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