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Major that often associated with prosthetic leg are poor comfort and 
high cost. The study is conducted to construct custom-made passive 
below knee prosthesis and to analyse the response to applied load in 
different gait condition. The scope of the study is the utilization of three-
dimensional printing material, acrylonitrile butadiene styrene (ABS) in 
the manufacturing of prosthetic leg socket and pylon whereas the foot 
made from polyurethane. By using the Sense three-dimensional 
scanner, the subject's residual leg was scanned. SolidWorks and 
Meshmixer were the software used for the three-dimensional designing 
of prosthetic leg parts. By using 3-Matic, aligning and meshing were 
carried out. von Mises stress and displacement of model applied with 
axial load were obtained from simulation using Marc Mentat. The load 
applied for midstance, heel strike and toe off phases were 350 N, 1545 N 
and 2450 N, respectively. The constraints position was different for 
each phase. The peak stress of the model was reported during toe off 
(20.86 MPa) followed by heel strike (13.41 MPa) and midstance (4.89 
MPa). The stress during all three phases not exceeding the yield of 
respective materials. In displacement, the model experience highest 
displacement (54.95 MPa) during toe off and the lowest during 
midstance (6 mm). In conclusion prosthetic leg with ABS components 
shows acceptable durability during different gait. 
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1. Introduction 
Amputation of a limb is a physical impairment that affects physical structures and restricts everyday activities. 
Diabetes Mellitus (DM), trauma, and peripheral vascular disease are several causes of lower limb amputation. In 
Malaysia, DM is the most reported cause of amputation, accounted for 63 % of all cases of amputation [1]. For 
lower limb amputation, transtibial amputation being the most prevalent amputation type [1]. When compared to 
non-amputees, amputees move slower and have less stability. Amputee frequently utilize a lower-limb 
prosthetic to reinstate their aesthetic and impaired functions [2]. The prosthesis creates a composite 
biomechanical system whose behaviour is impacted by a number of circumstances when used by amputee [3]. 
The impact of different prosthetic components on individual with lower extremity amputation walking has been 
researched. For instance, prosthetic socket that not fit well to stump and failure suspension system can cause 
pistoning, that affects the gait patterns [4]. The only definite restrictions to particular prescriptions for a patient 
who is an applicant for a prosthesis are size and expense. Almost all parts are made in adult sizes, but children’s 
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selections are significantly more restricted. Besides, expensive components may be prohibited by medicare 
restrictions or other insurance reimbursement regulations. 

To re-establish as much normal gait as feasible is the fundamental objective of lower limb amputee 
rehabilitation. The proper mechanisms should be utilized in prosthetic devices to permit normal gait function 
[4]. To properly assess the gait characteristics of patients who have had lower limb amputations, the clinician 
must be familiar with both normal gait and the ‘typical gait abnormalities’ that are commonly seen in those who 
have had limbs amputated [5]. Gait anomalies in below-knee amputees include higher energy consumption, 
slower walking speeds and asymmetries between unilateral amputees’ legs in the stance phase cycle, maximum 
vertical force, and step length [6]. Skin damage and pain may be experienced by amputee if the load 
inappropriately distributed on the residual limb during gait.  In lower-limb prostheses, FEA is the most 
commonly used numerical analytical approach. During crucial stages of the gait cycle, the stress experienced by 
soft tissues over the residual leg were generally measured [3]. FEA has the potential to provide understanding 
into soft tissue load magnitudes and distributions, thus providing a verification foundation to aid prosthetists in 
designing socket, permitting rehabilitation to be hastened with treatment cost and less discomfort [7]. The 
failure of prosthetic leg components can also be predicted via FEA by comparing the peak stress to the elastic 
limit of material.  

While the need for effective prosthetic legs is growing, the technology is still too expensive for many 
individuals. a number of developers have created prosthetic devices at a lower cost fabrication method to solve 
the problem such as implementing three-dimensional printing. From previous research, Rohjoni et al., 
developed a low-cost active prosthetic leg by utilizing 3D printer for prosthetic leg parts such as foot, pylon and 
ankle. The strength of the parts was evaluated via finite element analysis (FEA). They found out that the model 
FEA findings can be improved by increasing the pylon diameter [8]. Research conducted by Rochlitz and Pamer 
where their goal was to create a new low-cost energy store and return (ESAR) foot with innovative design and 
fabrication technologies. The tensile strength and modulus of the Acrylonitrile Butadiene Styrene (ABS) were 
utilized in simulation in terms of mechanical characteristics. Each of the three support stages of the walking 
cycle (powered plantar flexion/push-off, controlled dorsiflexion and controlled plantar flexion phase) was 
evaluated in the FEA [9].  

The purpose of this study is to construct a low budget and patient specific design prosthetic leg to cater the 
problems in cost and design of prosthetic leg. Prosthesis components design was constructed by using 
SolidWorks and Autodesk Meshmixer. The end design was simulated in Marc Mentat to analyse the von Mises 
stress and displacement. Simulation results gave the insight on the potential of low-cost, three-dimensional 
printing materials which is Acrylonitrile butadiene styrene (ABS) to be implemented in prosthetic leg parts 
fabrication. The end design of prosthetic leg is simulated in three different gait phases which are during 
midstance, toe off and heel strike with varied magnitude of load applied and position of constraints region 
respectively. 

2. Material and Methods 
Before final results were obtained, several steps involving three-dimensional scanning, designing, meshing, 
aligning and analysis were performed. 

2.1 Materials Three-Dimensional Scanning of Patient’s Stump 
An amputee aged 50 years old who fulfilled the required criteria such as transtibial amputee, experience 
prosthetic leg user who able to walk independently and possessed good pulmonary condition was recruited. His 
weight and height were 70kg and 167 cm respectively. Before his involvement in the whole study, the patient 
was given the consent form as proof for voluntarily participating in the scanning process and given approval for 
his residual leg 3D model to be used for designing and simulation (ethical approval no: UTMREC-2023-25). 
Before the 3D scanning procedure initiated, the subject was placed at a position where the scanner operator can 
access 360 degrees around the residual leg. The right residual leg of the patient was three-dimensional (3D) 
scanned as shown in Fig. 1 utilizing the handheld and portable, optical Sense 3D scanner (Sense 3D, 3D Systems, 
Inc., USA). The 3D scanner was moved with slowly and steady motion surrounding the stump of the subject to 
prevent the sensor from loss tracking of the residual leg structure [10]. The distance between the scanner and 
the residual leg was adjusted accordingly to ensure that the residual leg can be detected by the scanner. The 
scanned leg was modified using 3-Matic (Materialise N.V., Belgium) software as shown in Fig. 2 to eliminate 
unnecessary parts and noise before proceeding to prosthetic socket designing.  
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Fig. 1 Three-dimensional scanning of patient’s residual leg 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 3D model (a) pre-processed; (b) post-processed 

2.2 Three-Dimensional Scanning of Patient’s Residual Leg 
The socket, pylon, foot and adapters were designed in computer aided design (CAD) software for finite element 
analysis (FEA) simulation purpose. The socket was constructed utilizing Autodesk Meshmixer (Autodesk, Inc., 
USA,) software with the 3D scanned residual leg model as the reference for accurate size and structure. To begin 
with, the region of interest was marked on the residual leg model surface by referring to the bony prominences 
of the residual leg. Then, the marked region was thickened to 6 mm referring to the thickness of the subject’s 
conventional socket. In SolidWorks (Dassault Systèmes, France), a circular base was created and positioned 
below the thickened entity and were merged together to form a complete socket. The base served as the site for 
pylon attachment. SolidWorks (Dassault Systèmes, France) software was used to construct the pylon, adapters 
and the foot. The pylon was a tube with thickness of 5 mm and outer diameter 35 mm. Other components that 
were designed in SolidWorks were three adapters with different design and function which the design and 

  
(a) (b) 
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structure were improvised from conventional adapters. One of the adapters was for the socket and pylon 
connection and another two adapters were built to connect the foot and the pylon. To reduce the number of 
body and the complexity of the simulation, all adapters were merged together with the pylon as one body. The 
end design of the assembled prosthetic leg was shown in Fig. 3. 

2.3 Meshing 
STL files of all 3D models were imported into 3-Matic (Materialise N.V., Belgium) after designing steps were 
done. The parts comprised of residual leg, socket, pylon, and foot. They were appropriately aligned before 
remeshing process was done as seen in the Fig. 4. All components were then meshed with maximum element 
edge length of 5 mm. Then, the parts were solidified with mesh size of 5 mm using standard linear tetrahedral 
element. The total number of elements and nodes produced from remeshing process for the residual leg, socket, 
pylon, and foot were tabulated in Table 1. 

Table 1 List of parts, elements, and nodes of meshing 
Parts Elements Nodes 
Stump 605010 8886 
Socket 194723 14731 
Pylon 62002 4326 
Foot 408616 7954 
 

  
Fig. 3 End design of prosthetic leg Fig. 4 Meshed model of prosthetic leg 

2.4 Analysis Between Different Gait 
The loading experienced by the prosthetic leg was simulated during phases in gait cycle which included the heel 
strike, midstance, and toe off [11]. The magnitude of load and the fixed region were different for each of the gait 
phases. The load for midstance was equivalent to half times the body weight of the subject which was 350 N. 
Whereas, the load applied during heel strike is correspond to 2.25 times the body weight which was 1575 N 
[12]. For toe off, the load applied was 3.5 times the body weight which was 2450 N [12]. The load applied for 
each of the phases was directed normal to the proximal surface of the clipped residual leg. The loading condition 
was adapted from prosthetic leg structural testing protocol complied with ISO 10328 [13]. The fixed regions for 
each gait phase in all axis were shown in Fig. 5 depending on the foot placement in contact with ground during 
gait cycle [14]. The materials assigned for each part were tabulated in Table 2 together with the Young’s 
modulus and Poisson’s ratio. For simplification purpose, all the finite element models were assumed to be 
isotropic, linearly elastic and homogenous [13]. The contact interactions set between all the finite element 
models were glued. All the models were set as deformable bodies to mimic real life circumstances. In addition, 
the selected method in controlling the contact was segment to segment because this method suitable to be used 
for fixed joint or contact [15]. 
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Fig. 5 Placement of load and fixed region 

Table 2 List of parts, materials, Young’s modulus and the Poisson’s ratio 
Parts Materials Young’s modulus (MPa) Poisson’s ratio 

Residual leg Skin 20 [17] 0.48 [18] 
Socket ABS 2000 [19] 0.30 [19] 
Pylon ABS 2000 [19] 0.30 [19] 
Foot Polyurethane 1600 [20] 0.40 [20] 

3. Results and Discussion 
The results of von Mises Stress and the displacement of model with three different gait phases were discussed. 

3.1 Von Mises Stress 
The results von Mises Stress of the parts enabled to estimate the potential of yielding in all gait phases were 
discussed. The results obtained were illustrated in form of contour plot as shown in Fig. 6 and magnitudes were 
tabulated in Table 3. The results of each part were analysed for each of the sub-phase. During midstance, the 
peak stress at residual leg (0.24 MPa) was concentrated at the distal area of the residual leg. The peak stress of 
ABS socket was located at the base with 3.23 MPa magnitude. The ABS pylon experienced peak stress (4.89 MPa) 
at the posterior part of the foot adapter. Whereas, the part of the foot that experienced the highest stress was at 
the top surface in contact with foot adapter with 2.70 MPa. During heel strike, the maximum stress was observed 
to be situated at posterior compartment of the residual leg. The peak stress of the ABS socket (3.24 MPa) 
concentrated at the base. At the ABS pylon, the peak stress (13.41 MPa) was visible on the posterior shaft of the 
pylon. The foot experienced the peak stress at the top. During toe off, the peak stress of the residual leg (0.84 
MPa) located at the posterior compartment. The peak stress of the socket (3.81 MPa) was concentrated at the 
base. The ABS pylon experienced the peak stress (20.86 MPa) at posterior pylon shaft. Whereas, the foot peak 
stress (18.77 MPa) was located at the lateral of the sole.  
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Fig. 6 Von Mises stress distribution for residuum (first row), socket (second row), pylon (third row) and foot (forth 

row) for midstance (left), heel strike (middle) and toe off (right) gait phase 
 
In Table 3 the von Mises stress of each part were compared with yield stress of respective materials. For 

socket, pylon and foot, none of the maximum stress of these parts exceeding the yield stress of respective 
materials. 

Table 3 List of parts, gait phases, materials, maximum stress, and the yield 
Part Gait Phase Material Maximum Stress 

(MPa) 
Yield Stress 

(MPa) 
Leg Midstance Skin 0.24 - 

Heel strike Skin 0.55 - 
Toe off Skin 0.84 - 

Socket Midstance ABS 3.23 32 [20] 

Heel strike ABS 3.24 32 [20] 

Toe off ABS 3.81 32 [20] 

Pylon Midstance ABS 4.89 32 [20] 

Heel strike ABS 13.41 32 [20] 

Toe off ABS 20.86 32 [20] 

Foot Midstance PU 2.70 25 [21] 

Heel strike PU 3.49 25 [21] 

Toe off PU 18.77 25 [21] 
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3.2 Displacement 
The displacement analysis during gait shown in Fig. 7 was very crucial because the stability of user can be 
estimated. From the contour plot, the deformation can be seen clearly during heel strike (54.95 mm). The load 
transfer from body weight to the prosthetic leg cause slight bending towards back. Whereas, during toe off phase 
the maximum displacement was 30.55 mm and the direction of the bending is towards back. During midstance 
phase, the prosthetic leg seems to have very low displacement (6 mm). 

 

 
Fig. 7 Displacement contour plot for midstance (left), toe off (middle) and heel strike (right) 

3.3 Discussion 
Material selection is one of the crucial considerations for developing prosthetic components. The conventional 
socket usually made from polypropylene due to its lightweight properties [22]. Despite the advantage, the 
process of conventional socket fabrication was tedious, laborious and time consuming [23]. Besides, steel was 
replaced by aluminium and titanium as the material for conventional pylon [22]. However, the cost of the pylon 
made by these metals were considered high to low-income amputees. The overall cost of prosthetic leg can be 
reduced by implementing lower cost materials for fabricating the components. For instance, International 
Committee of the Red Cross (ICRC) introduced the usage of polypropylene material for developing the socket, 
pylon, adapters, and the cosmetic that offers acceptable quality and acknowledged by International Society for 
Prosthetics and Orthotics (ISPO) [24]. In this study, ABS material was implemented for the prosthetic socket and 
pylon to evaluate the potential of this material to replace existing material. In another study done by authors, 
prosthetic socket and pylon assigned with ABS material outperformed PLA material in mid stance phase hence it 
was selected for this study. 

For von Mises stress analysis, during midstance phase, the residual leg experienced maximum stress that 
not surpassed the ultimate tensile stress (27.2 MPa) of the skin [25]. The maximum stress concentrated at the 
distal, pressure intolerant region of the residual leg that incapable of enduring high stress [26]. The socket and 
pylon assigned with ABS material were predicted to be able to sustain with the load applied as the result showed 
that the maximum stress of both parts not exceeded the yield strength of ABS material (32 MPa) [27]. Besides, 
the foot that was transferred with compressive, axial force from the pylon able to withstand the loading and not 
experiencing structural failure or yield. During heel strike, the posterior compartment of the residual leg 
experienced the maximum stress and was still able to tolerate with pressure from wall of the socket and no 
yielding was expected to occur. Meanwhile, the ABS socket able to sustain loading from residual leg. Besides, the 
axial loading from socket cause the posterior shaft of the pylon experienced high stress. However, the load was 
not adequate to yield the pylon as it was still in elastic deformation. Similarly, the foot was able to withstand the 
applied load without yield. Thus, the material and structure of the foot was durable enough to accommodate 
subject’s load. During toe off, the maximum stress concentrated at the pressure tolerant area, the posterior 
compartment of residual leg. The ultimate tensile strength of skin was not exceeded thus no irreversible damage 
was expected. The ABS socket not experienced stress that can cause permanent damage or deformation. 
Likewise, the ABS pylon also has low possibility to deform permanently because the experienced maximum 
stress below the yield strength (32 MPa). Eventually, the foot maximum stress was quite high compared to other 
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phases. However, the loading was not adequate to destruct the foot and still able to return to original form once 
the load was removed. 

The stability of the user during gait can be estimated by analysing the displacement of overall prosthetic leg. 
The alignment of prosthetic leg parts can affect the loading distribution hence the displacement also will be 
affected. From the contour plot, during toe off phase the maximum displacement was quite high. The loading 
causes the prosthetic leg pylon bends backwards. The bending can increase the pressure exerted to the back of 
the residual leg as shown in von Mises stress result. Nevertheless, the high pressure accumulated at pressure 
tolerance area which expected to not or gave little discomfort towards user. In addition, the stability of the user 
might be interrupted during toe off. During heel strike, there is slight bending of prosthetic leg. However, the 
bending is not very critical and acceptable because the flexibility enables natural body movement [28]. Since the 
maximum stress is still under allowable limit or yield strength (32 MPa) of respective material, the prosthetic leg 
can return to original state after unloaded.  

In comparison with previous study, Mubarak et al. performed a simulation to study the influenced of 
different material: PLA, ABS and PP to the strength and displacement of the socket. In contrast to our socket 
design, their socket was designed with holes to reduce overall prosthesis weight. Similar to our study, the finite 
elements model consists of residual leg, socket, pylon and foot. The loading and boundary condition that 
represent the loading during mid stance of gait cycle were set. From the result, the ABS socket experienced the 
lowest peak von mises stress followed by PLA socket and finally PP socket. Next, the maximum displacement of 
ABS socket (0.206 mm) was lower than PP socket (0.262) but higher PLA socket (0.197 mm) [29]. In another 
study related to usage of ABS material for prosthetic component, Wan Fadzil et al. performed a simulation to 
compare the performance of different material of socket. Two common 3D printing material: PLA and ABS were 
compared. The base of the socket was fixed in all axis and entire inner wall of the socket was applied with load 
(600 N). According to the result, it was observed that maximum stress of ABS sockets lower than PLA socket, 
plus it did not exceed the yield strength of ABS material thus not yielding was expected [30].  

The results obtained are acceptable for understanding the loading response in different gait phase and how 
the prosthetic leg components made from ABS behave. However, the study had several limitations that affect the 
reliability of load distribution throughout whole finite element models. The first limitation is the residual leg 
model which only consist of skin. The 3D model of the residual leg was obtained from 3D scanner which only 
provide the structure of external stump. The skin, soft tissue, and fat were assumed as one solid body similar to 
previous study [33]. Besides, tibia, femur tibia, patella and cartilage were excluded because there was no 
imaging data were acquired for the volunteer. Exclusion of the bone structures affect the loading distribution as 
the load was applied directly to the residual leg. In contrast to the previous studies, the load was applied to the 
bone [32-35]. In addition, the model of the stump was constructed using single volunteer’s stump; thus, our 
study only limited to one morphology of stump [36]. Previous study proved that different morphology of stump 
affected the socket-residuum interaction [37]. For future study, population-representative can be instigated by 
implementing statistical shape model (SSM) [37]. Moreover, the residual limb was assumed to be assigned with 
linear material [38]. Nevertheless, it is acceptable as previous study found that there was no significant 
difference between hyper-elastic and linear model in pressure distribution plus computational time for linear 
model is shorter with linear model [38]. Lastly, there was no experimental validation done for the finite element 
models [39]. In previous study, Balaramakrishnan et al. conduct a study to validate the finite element model for 
role-over shape prosthetic foot evaluation with experimental analysis [40]. They fabricated a customized jig to 
position the prosthetic foot respected to simulation [40]. Due to time and budget limitations, we were forced to 
ruled out the experimental validation [40]. However, we did compare our study to previous study to verify the 
results. 

4. Conclusion 
From the overall finite element results, ABS have potential in development of physical prosthetic leg 
components as the initiative to lower the cost and provide better comfort to the user during gait. The results 
showed that socket and pylon made from ABS can withstand the load applied from the subject in different stance 
phase in gait cycle. The stress magnitude showed no possibility of yield for both parts. However, from the 
displacement result, the bending was quite high during heel strike that can cause imbalance to the user. To 
increase the stiffness of the three-dimensional printed parts the infill percentage should be increased 
accordingly, hence can reduced the bending. The precision of the results was acceptable but overall study still 
possessed some of limitations that can reduce the accuracy of the results. The 3D model of the stump is one of 
the limitations. The residual leg model only consists of skin and did not include all hard and soft tissues such as 
muscle and bone. Thus, the loading towards prosthetic leg did not mimic the loading of natural leg. Besides, the 
Young’s modulus and Poisson’s ratio for ABS was general and not specified for particular 3D printing setting. For 
future research, different infill percentage should be compared to verify the appropriate and acceptable value. 
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