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Summary 
 
This article shows the use of some mechanical principles to solve problems in lower-
limb prosthetics, which serves as an example of applying biomechanics in the field of 
rehabilitation. Compensatory walking patterns, structural failure of the prosthesis and 
residual limb pain are commonly seen in people using prostheses. In an attempt to solve 
these problems, computational finite element modeling, theories of optimizing 
mechanical designs, structural tests, and gait analysis were used to evaluate and 
optimize the design of a prosthesis. 
 
1. Introduction 
 
There are at least 3 million amputees globally (Murdoch, 1990). Most amputations 
involve the lower limb at the trans-tibial level. The use of prostheses is one of the most 
important rehabilitation programs for those who lose their limbs. A high-quality lower-
limb prosthesis can restore the locomotive function of the lost limb, and can boost 
functional status, physical appearance, as well as general health. However, it is not 
uncommon that residual limb pain, gait deviation and prosthetic structural failure occur 
when using a lower-limb prosthesis. 
 
A good understanding of biomechanics is required to address these problems. High 
mechanical stress applied to the residual limb from the prosthetic socket is a major 
cause of residual limb pain. A lack of prosthetic ankle motion results in gait deviation. 
While some flexibility and ankle motions could improve gait, high loading can result in 
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structural failure. There is a need for improved mechanical design of a prosthesis to 
enable lower-limb amputees to walk more efficiently, safely and comfortably. 
 
Biomechanics has been widely used for different purposes in rehabilitation engineering.  
As an example, this chapter introduces the use of state-of-the-art biomechanical 
technologies in mechanical design and assessment of a prosthesis and covers gait, the 
relationship between pain and mechanical stress, as well as prosthetic socket-residual 
limb interface stresses (Zhang and Lee, 2006; Lee and Zhang, 2005, 2006,2007, Lee et 
al, 2004a&b, 2005, 2006). The following approaches are used: 
 
- Structural test 
ISO 10328 documents the test specifications for all components of trans-tibial and trans-
femoral prostheses. A single test load is applied to the test prostheses, representing the 
desired combined loads which provide antero-posterior, medio-lateral bending 
moments, as well as torsional moments. The direction, magnitude and point of 
applications of loads, loading rate, as well as alignment of the prosthesis are specified in 
the standard. 
 
There are two different test loading conditions: condition I is related to the instant of 
maximum loading occurring early in the stance phase of walking (heel strike), and 
condition II is related to the instant of maximum loading occurring late in the stance 
phase (toe off). Different load magnitudes are available, taking into account the 
amputees’ physical parameters, such as body weight and locomotion characteristics. 
 
The test comprises of static and cyclic tests. The static test relates to the highest 
anticipated loads generated in any activity. The load can be over three times of the body 
weight. The cyclic test relates to normal walking activities where loads occur regularly 
with each step. A prosthesis fails to comply with the ISO standard in static or cyclic test 
if it structurally fails or is permanently deformed at specified loading conditions. 
 
- Computational finite element modeling 
Commercially-available software packages enable users to build three-dimensional 
model in a computer environment, and compute the mechanical stress upon application 
of loads using finite element (FE) analysis. FE analysis reduces large and complex 
structure into small elements of simple shapes. Equations (using classic mechanics) are 
used to describe force and displacement of each element. The entire structural behavior 
can then be calculated by solving various equations.  
 
FE analysis has advantages over experimental test in that stress/strain can be analyzed 
over the entire structure and parametric analysis can be performed efficiently. The 
accuracy of model computations depends on the geometrical representation, assignment 
of mechanical properties and loads, as well as the simulation techniques for the contact 
between the two structures.  
 
FE analysis can compute the stress and strain within the model. The study of the 
prosthetic socket-residual limb interface stress allows design improvement of the 
socket. Together with the use of some failure criterion theory, in addition, mechanical 
failures of a prosthesis can be predicted. There are different failure criterion theories for 
various types of materials. For example, distortion strain energy theory is used to 
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predict failure of ductile materials in which material failure occurs if the computed von 
Mises stress is above the yield stress of the material. 
 
- Design optimization 
Different design parameters exist in lower-limb prostheses. For example, the choice of 
material, material thickness and shank dimensions are related to the structural strength 
of a prosthesis. There are a number of methods to determine the optimum prosthetic 
design configuration. “Vary-one-factor-at-a-time” is popularly used in which the effect 
of one factor, for example the thickness of the material, is assessed by varying only that 
factor while keeping the other factors fixed at a specific condition. However, this 
method can sometimes lead to wrong results as the effect of the factor can be changed if 
other factors are substituted with different conditions (Phadke, 1989; Park, 1996). 
Another approach is to explore every possible combination of values of each factor. The 
drawback is that total number of experiments or simulations will be very high. A 
statistical approach developed by Taguchi utilizes an orthogonal array, which is a form 
of fractional factorial design containing a well-chosen subset of all possible 
combination of test conditions (Phadke, 1989; Park, 1996). Using Taguchi method, a 
balanced comparison of levels of any factor and significant reduction in the total 
number of required simulations can both be achieved.  
 
- Gait analysis 
Force platforms measure the ground reaction forces during walking, which reflect the 
efficiency and stability of walking. A force platform is usually synchronized with a 
motion analysis system using reflective markers and cameras. A motion analysis system 
allows accurate measurement of movement of body segments. The cameras of the 
motion analysis system obtains the coordinates of the markers by detecting the 
reflection of the infra red light from the markers. 
 
Normal gait is characterized by a high degree of symmetry between both legs in terms 
of temporal, kinetic and kinematics parameters, which allow an energy efficient mode 
of gait (Hirokawsa, 1989; Isakov et al, 1996). Trans-tibial amputee patients using a 
prosthesis, however, usually demonstrate asymmetries between the sound and prosthetic 
limbs. Specifically, the prosthetic limb has a shorter stance phase time, longer step 
length and swing time, lower range of knee flexion and vertical peak forces than the 
sound limb (Isakov et al, 1996; Isakov et al, 1997, 2000; Bateni and Olney, 2002). 
Lower-limb amputees walk with lower speeds and higher energy cost than non-
amputees (Gailey et al, 1994; Molen, 1973). 
 
Previous research (Michael, 1992; Gard and Konz, 2003; Coleman et al, 2001) suggests 
that amputees generally prefer more flexible prostheses with dynamic elastic response 
and shock absorption properties to conventional ones with a Solid-Ankle-Cushioned 
Heel (SACH) foot that is rigidly connected to the prosthetic socket through a metal 
pylon. However, objective gait assessments could not generally reach a conclusion 
whether or not more flexible prosthesis significantly outperformed conventional ones. 
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2. Structural Test and Design Optimization 
 
A trans-tibial prosthesis consists of a prosthetic socket, a shank portion, and a prosthetic 
foot. The prosthetic socket is rigidly attached to the prosthetic foot by means of a metal 
pylon and some adaptors (Figure 1). Lack of ankle motions are believed to be the major 
cause of gait deviation (Winter, 1983; Bowker and Kazim, 1989; Brandell, 1977). 
 
Another approach is to fabricate the socket together with the shank out of one piece of 
high-temperature thermoplastic material (Figure 1). The prosthesis is named 
‘monolimb’, denoting the use of one piece of material. Reducing the material thickness 
and the cross-sectional area of the shank is postulated to increase shank flexibility and 
could therefore potentially compensate for the loss of ankle motions. However, high 
flexibility can compromise structural strength. Structural failures of prostheses can lead 
to serious consequences, such as fall and injuries. This section demonstrates the 
applications of structural tests, using both computational and experimental approaches 
and a statistical-based optimization method for improved monolimb design. Attempt is 
made to develop some guidelines for the shank design, striking the balance between 
flexibility and strength. 
 

 
 

Figure 1. (left) monolimb and (right) conventional trans-tibial prosthesis. 
 
2.1 Static Test Using Computational Modeling 
 
Four design factors of the monolimb were chosen, namely the thickness (T) of the 
thermoplastic material, depth of posterior seam line (S), anteroposterior (AP) and 
medial-lateral (ML) dimensions of the shank (Figure 2). Using a commercial CAD 
software, different monolimb shank geometries were created, as shown in Table 1. Foot 
block, socket filler, extension rod were added (Figure 2) so that the load applied was 
offset from the prosthesis as instructed in ISO10328.  
 
A commercially-available FE software was used to compute the mechanical response 
when specific loadings were applied to the prosthesis. 3D tetrahedral elements were 
used to mesh the parts. The mesh densities of the monolimbs were chosen such that 
convergence of the maximum principle stress was within 3% of that of the previous 
coarser mesh. The Young’s modulus and Poisson’s ratio of the monolimb were 
assigned, based on the polypropylene homopolyer material properties. Foot block, 
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adaptor, screw and extension rod were assumed to be rigid. Loadings were added as 
specified in ISO10328, simulating heel off during normal walking. 
 

 
 

Figure 2. (left) The four design factors considered in the design of monolimbs; (right) 
The foot bolt adaptor and the screw fix the monolimb onto a foot block. 

 

 
 

Figure 3. (a) Von Mises stress distribution and (b) deformation at the monolimb. 
 
Figure 3 shows one typical von Mises stress distribution and the deformation of the 
monolimb.  High von Mises stresses were predicted in the anterior region of the shank. 
Because of the stress shielding effect resulting from the much higher stiffness of the 
foot bolt relative to the thermoplastic material, stress values were low in the foot bolt 
region. The mechanical responses, including peak von Mises stresses, displacement of 
the top load application point, dorsiflexion and inversion angles of the 16 different 
monolimb configurations were computed. 
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