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Abstract
Introduction: There are over 10 million amputees in the world, amputation below the knee, or transtibial 
amputation, is extremely common. Due to the physiological changes that affect transtibial amputees, the 
biomechanics of their gait is altered and may significantly affect their mobility. Materials and methods: 
To determine the dynamic behavior of transtibial amputees and generate knowledge about their 
biomechanical behavior to facilitate their physical rehabilitation, it was proposed to study prosthetic gait 
using simulations generated by a computational model. A model of human gait was constructed using 
Lagrangian analysis to describe the interchange of energy that characterizes this set of movements based 
on the Lagrange analysis. In addition, a mathematical model (block diagram) of an active transtibial 
prostheses was obtained through 3D design using carried out using Solidworks® sofware. This model 
was analyzed in Matlab® to simulate the use of the prosthesis. To observe the prosthetic gait, the model 
of normal gait was altered to replace one of the legs using the model of the prosthesis. Results: The results 
obtained through this modeling agreed with the results of previous studies with respect to both articular 
range and spatial-temporal parameters. A kinematic analysis of the model’s behavior showed that the 
prosthesis provides support to the body and allows for an effective gait in the absence of the body part, 
and the data produced by this analysis of the model’s gait pattern correspond to data in the existing 
literature. Discussion: In recent years, the usefulness of simulations in the medical context has been 
observed and verified. This particular simulation should be useful to students who are learning about 
the biomechanics of prosthetic gait as well as to medical doctors working in this field.
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Resumen 
Introducción: el número de amputados en el mundo supera los diez millones, y la amputación transtibial 
(por debajo de la rodilla) es bastante recurrente. Debido a los cambios fisiológicos que presenta esta 
amputación, la mecánica de la marcha se ve alterada y puede llegar a afectar significativamente la 
movilidad del sujeto. Con el fin de conocer el comportamiento dinámico de los amputados transtibiales, 
entender su conducta biomecánica y ayudar en el proceso de su rehabilitación física, se propuso 
estudiar la marcha protésica desde simulaciones generadas de un modelo computacional. Materiales y 
métodos: se construyó un modelo de la marcha humana haciendo uso del intercambio de energía que 
se presenta en este movimiento, a partir del análisis de Lagrange. Se obtuvo el modelado matemático 
(diagrama de bloques) de una prótesis transtibial activa a partir del diseño en 3D realizado con el 
software Solidworks®; este modelo se procesó en Matlab® con el fin de emular el uso de la prótesis. 
En el modelo de la marcha normal obtenido se reemplazó una de las piernas por el modelo de la 
prótesis para observar la marcha protésica. Resultados: de acuerdo con lo observado en otros estudios, 
la prótesis proporciona soporte al cuerpo, ya que los datos arrojados por el modelo del patrón de la 
marcha obtenido concuerdan con los datos existentes en la literatura. Conclusión: esta propuesta de 
simulación permite el aprendizaje del estudiante y del médico respecto al comportamiento biomecánico 
de la marcha protésica. 

Palabras clave: amputación, marcha, prótesis, modelos. 

Resumo
Introdução: o número de amputados no mundo, supera os dez milhões, e a amputação transtibial (embaixo 
do joelho), é bastante recorrente. Devido às mudanças fisiológicas que apresenta esta amputação, a 
mecânica da marcha vê-se alterada e pode chegar a afetar significativamente a mobilidade do sujeito. 
Com o objetivo de conhecer o comportamento dinâmico dos amputados transtibiais, entender a sua 
conduta biomecânica e ajudar no processo de reabilitação física, se propôs estudar a marcha protética 
desde simulações geradas de um modelo computacional. Materiais e métodos: construiu-se um modelo da 
marcha humana fazendo uso do intercâmbio de energia que se apresenta neste movimento a partir da 
análise de Lagrange. Se obteve a modelagem matemática (diagrama de bloques) de uma prótese transtibial 
ativa a partir do desenho em 3D realizado com o software Solidworks®; este modelo se processou em 
Matlab® com o objetivo de emular o uso da prótese. No modelo da marcha normal obtido se substituiu 
uma das pernas pelo modelo da prótese para observar a marcha protética. Resultados: de acordo com 
o observado em outros estudos, a prótese proporciona suporte o corpo, devido a que os dados obtidos 
pelo modelo de patrão da marcha concordam com os dados existentes em literatura. Conclusão: esta 
proposta de simulação permite a aprendizagem do estudante e do médico respeito ao comportamento 
biomecânico da marcha protética.  

Palavras-chave: amputação, marcha, prótese, modelos. 

Introduction 

To date, some 11,000 people have been affected by land mines in the internal war in Colombia. 
About 38% have been civilians and 62% were from the Armed Forces; more than 2,000 of them 

died and the rest were injured. Some of the latter have had amputations of the lower limbs. In 
addition, more than 60,000 Colombians have had at least one of their lower limbs amputated 
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for reasons related to disease, agenesis, or birth defects. The most common amputation of the 
lower limb is transtibial, the removal of the leg below the knee (1, 2).

The most common method of restoring locomotion after an amputation is the use of a 
prosthesis, and the prosthesis used after a transtibial amputation is a transtibial prosthesis. 
A prosthesis is an artificial extension that substitutes for a missing body part, and the lower 
limb prosthesis is a system that replaces a part of the lower limbs of the human body and is 
intended to partially substitute for the anatomical morphology of the lower limbs and facilitate 
global function for both bipedal posture and gait (locomotion) (3-5). 

The design and adaptation of a prosthesis requires knowledge about the mechanical 
behavior of both its parts and the integrated final structure as it responds to the mechanical 
loads that it will bear under normal conditions of use. The advantages of using computational 
tools in medicine and engineering is widely recognized. In medicine, for example, the acqui-
sition of clinical skills prior to contact with patients is advisable since it provides for, among 
other things, a controlled and safe environment, and for establishing particular situations or 
scenarios as needed. In engineering as well, there is an advantage to the anticipatory design 
and validation of systems, equipment, instruments, etc. Thus, the design and validation of 
a prosthesis using computational tools is very valuable, and the development of prototypes 
allows for confirming the functionality of the prosthesis and the behavior of its component 
parts and materials. This provides the opportunity to establish the maximum range of displa-
cement and deformation of the device before its final construction. In addition, the behavior 
of the element in the functional environment can be evaluated. Understanding the response 
of the biomechanical coupling between prosthesis and patient provides tools for designers 
to understand and accommodate the effects of the prosthesis in relation to gait (3, 6, 7).

The finite element method is a numerical method used to solve problems of structural 
analysis, heat and mass transfer, fluid dynamics, and electromagnetic potential, among 
other things. 

This study arises from the need to provide solutions to the population of transtibial 
amputees, using simulation to provide information regarding the effect of amputation 
on the mechanical aspects of gait and responses to the use of a prosthesis. Information is 
provided on the biomechanical behavior of energy transfer in prosthetic gait. Few previous 
studies have referred to this form of transfer and they have not considered the conditions 
imposed by a commercial prosthesis. The simulation of biological systems provides infor-
mation that will be of assistance at the clinical stage since it demonstrates the behavior of 
systems and helps clinicians understand phenomena that occur in the human body. For 
these reasons it was proposed to design the model and analyze a commercial transtibial 
prosthesis, observing and documenting its performance when used by a subject for walking, 
with the object of learning about prosthetic gait through the simulation, using real anthro-
pometric data and a commercial prosthesis that is currently in use. A model prosthesis was 
used for this purpose. This model had been previously produced using Solidworks® 2014 
software and the finite element method. It was processed in the Matlab® SimMechanics™ 
toolbox, where performance equations for the prosthesis were obtained without its use. 
Then, using the Matlab® Simulink® toolbox, a normal bipedal gait was designed and si-
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mulated. Using this gait as a baseline, the transtibial amputation was performed and the 
model prosthesis was adjusted to the needs of an amputee weighing 70 kg with a height 
of 170 cm. Then, the gait was simulated to observe and understand different aspects of 
this movement in mathematical terms. Finally, the gait was reproduced and the human 
kinematic behavior in this movement was observed. The articular range of the lower limb 
and the trajectory of the feet were observed, and the variation of the prosthetic gait with 
respect to normal gait was confirmed using cyclograms. All data obtained are found in this 
article, to produce a document that details the particularities of prosthetic gait observed 
by means of a computational model. In the future, the spatial location of the components 
of the prosthesis can be varied to observe the influence of variations on gait alignment. 
This future experimentation should be interesting because we do not know of any existing 
simulations of this kind and it may provide tools for understanding the process of prosthetic 
alignment, which is currently carried out subjectively (3).

Methods and Materials

A unilateral transtibial amputee participated in this study. His amputation had resulted 
from a trauma caused by an anti-personnel mine. He was the user of a transtibial pros-

thesis with a liner and shuttle lock suspension, a patellar tendon bearing socket (ptb), and 
a high activity foot with an integral multiaxial carbon fiber system. The subject (male, 70 
kg, 170 cm) had used the prosthesis for the previous 10 years without complications and 
without the use of external devices for stability or mobility. He is a patient of Amputee 
Services at the Central Military Hospital in Bogotá, Colombia. The Ethics Committee of the 
Hospital acted as guarantor for the data required for the study (8).

The data were collected at the department of Amputee Services at the Central Military 
Hospital. A medical specialist in prosthetics cooperated with the collection of data, which 
included the subject’s identity (name and identification document), anthropometric mea-
surements (height, weight, length of residual segment) and measurements of the different 
components of the prosthesis. Before the beginning of data collection, the intervention was 
explained to the subject and his consent was obtained. 

Analysis of the Prosthesis Model
The starting point of the project was to obtain the mathematical model of the commercial 
transtibial prosthesis used by the subject, using a finite element model and Solidworks® 
software. The mathematical model was represented in Matlab® Simulink®, then the inter-
change of information between these two kinds of software was programmed. 

This first stage consisted of analyzing the prosthesis model generated in a previous study 
by Camargo et al. They developed the geometrical model of each of the parts that make up 
the prosthesis (socket, liner, connective elements, foot), recording the measurements and 
materials. The prosthesis was assumed to be a finite element with particular size and weight 
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values determined by the actual prosthesis being used by the subject participating in the 
study (figure 1). In Camargo et al., after obtaining each piece, the assembly of the entire 
prosthesis was carried out, maintaining the characteristics of the real prosthesis in the study. 
This permitted the dimensions of the ipsilateral segment with the contralateral segment to 
be maintained, as occurs in reality (3).

Figura 1. Modelo 3D de una prótesis transtibial realizado en Solidworks®

Fuente: Camargo, Luengas y Balaguera, 2012 (3)

The data corresponding to the model prosthesis developed in Solidwork® are: 
Specific mass of the prosthesis: 3,420.45 g 
Volume: 1,839.64 cm3 
Total surface area: 3,326.37 cm2 
Center of mass: X = -37.68 cm, Y = 1.54 cm, Z = 71.52 cm
Principal axes of inertia I(g/cm2) measured from the center of mass X, Y, and Z:

Ix = (0.00.-0.09,1.00)  Px = 70,184.90
Iy = (-0.03,-1.00,-0.09)  Py = 1,881,005.19
Iz = (1.00,-0.03,-0.01)  Pz = 1,918,928.09

Moments of inertia L(g*cm2) obtained in the center of mass and aligned with the system 
of coordinates:

Lxx = 1,918,859.09 Lxy = 722.44 Lxz = 6,765.19
Lyx = 722.44 Lyy = 1,867,546.91 Lyz = -155,787.49
Lzx = 6,765.19 Lzy = -155,787.49 Lzz = 83,712.19

Obtaining the Diagram of the Prosthesis Shuttle Lock and 
Simulation through Simulink®

The second step was to obtain the mathematical model of the prosthesis and generate the 
simulation. This is done using the Matlab® SimMechanics™ toolbox, which decodifies the 
information stored in the Solidworks® archives and stores the physical and geometrical cha-
racteristics of the device in an archive to later be represented in Matlab® Simulink® (9, 10).

The mechanical model produced in SolidWork® was imported, conserving the properties 
of the prosthesis such as mass, inertia, and system of coordinates. Now we had a represen-
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tation of the prosthesis as a block diagram in Simulink®, allowing for correlation with the 
model of gait described in the next section.

Figure 2 illustrates part of the block diagram of the prosthesis in its Simulink® repre-
sentation. The figure illustrates both World Frame, providing a reference for the joints and 
moving parts as well as “Body” elements, representing the rigid bodies that experience 
physical variables, such as moments of inertia, mass, and acceleration, among other things. 
With respect to the “Body” there was analysis of the center of gravity  (cg)  and the points of 
mechanical connection (cs) of the body with other pieces in Simulink® The presence of rigid 
bodies such as the sleeve and some connective elements can be observed.

A.

B.

Figure 2. Diagram of representative shuttle locks of the prosthesis. A) Simulation of the prosthesis in Simulink®. B) Dia-
gram of transtibial prosthesis obtained in Matlab® using 3D model developed using Solidworks® 

Source: Diagram by authors

With the diagram of the prosthesis’s shuttle locks, the mathematical behavior is verified, 
considering the prosthesis a fixed finite element. Figure 2B represents the prosthesis with 
all its components, using Simulink®. The values of the center of mass are centralized in each 
of the component pieces that make up the prosthesis.

The physical data of each component of the prosthesis obtained in Simulink® are con-
firmed with data collected by measurement.
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Simulation of Human Gait in Simulink®
Once the model of the prosthesis was obtained, the third stage was undertaken: developing 
the model of the gait in Simulink®. To do this, an analogy was employed, that of a double 
pendulum with the corporal segment of the lower limb, allowing an assessment of the gait 
model as a system using simple finite figures or links. The graphics representing the union 
of segments was taken as a base point and the exchange of energy between the links of the 
system was analyzed using Lagrange. The analysis of the union was developed by calculating 
inverse kinematics, which defines the trajectory and position of a system with the goal of 
finding the forces that impel that movement or energy transfer. Taken as a double pendulum, 
the lower limb has mass and length values based on the weight and height of each portion 
(figure 3). The values obtained were derived from the anthropometric data of the human 
subject of the study (11-14).

Figure 3. Model of the lower limb adjusted to a double pendulum. Model of the lower limb used to obtain the model of bi-
pedal gait. Two component segments of the pendulum and  are considered, corresponding to the femur and the tibia, res-
pectively

Source: Forero and Méndez, 2015 (15) 

Initially, the analogy of the contralateral member was produced. To do this, l1 and l2 were 
defined as the longitudes of the femur and tibia bones. The femur corresponds to the segment 
of the thigh and the tibia to the leg. The position of the femur corresponds to coordinates x 
and y in equations [1] and [2]. 

The objective is to find the energy relations of the system, and to do so it is necessary to 
determine the components of position, velocity, and acceleration. Deriving [1] and [2] with 
respect to time, the components of velocity are obtained as equations [3] and [4].

[3]

[4]
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The total velocity for the thigh is the sum of equations [3] and [4], the result of which produces 
equation [5].

[5]

The kinetic energy of the contralateral thigh is determined by equation [6].

[6]

read from Replacing [5] in [6] produces the expression for the kinetic energy of the thigh, 
equation [7].

[7]

Equation [8] is the potential energy for the thigh.

[8]

Replacing [2] in [8] produces equation [9], which corresponds to the potential energy of 
the thigh.

[9]

The above mathematical procedure used for the thigh is repeated for the leg. The position 
of the leg is determined through equations [10] and [11].

[11]

[10]

The components of velocity are determined by equations [12] and [13].

[12]

[13]

The total velocity for the leg is determined by equation [14].

[14]

Equation [15] corresponds to the kinetic energy for the leg, and equation [16] for the kinetic 
energy.
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[15]

[16]

Equation [17] describes the potential energy of the leg [17].

Ep2s=-m2s (l1s g cosθ1s+l2s g cosθ2s )             [17]

The total kinetic energy of all body segments, thigh and leg is provided in equation [18]. 

EksT=Ek1s+Ek2s

[18]

The total potential energy for the entire lower segment of the subject is shown in equation [19].

EpsT=Ep1s+Ep2s

EpsT=-m1s l1s g cosθ1s-m2s (l1s g cosθ1s+l2s g cosθ2s )
EpsT=-(m1s+m2s)l1s g cosθ1s-m2s l2s g cosθ2s           [19]

After obtaining energy totals the Lagrangian is calculated in equation [20]. 

Ls=EksT-EpsT

[20]

Equation [21] is the Lagrangian equation of movement for  and equation [22] is for θ2S

[21]

[22]
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The equations of movement that provide the basis for the implementation of the model are 
[23] and [24] (16).

[23]

[24]

θ1s y θ2s correspond to the angle of aperture with respect to the vertical of the femur and the 
tibia respectively, as indicated in figure 3. Figure 4 illustrates the integration of the models 
of the two segments (femur and tibia), and this is how the general block diagram of bipedal 
human gait was obtained, based on system equations.

Figure 4. General diagram of bipedal human gait. Based on equations for each segment of the model, a general diagram of 
normal gait was constructed in Simulink®

Source: Diagram by authors

Once the model of the two-segment contralateral side was obtained, it was conditioned for 
the transtibial amputation and to include the prosthesis. The model of the ipsilateral side 
has three segments: femur, residual segment, and model of the prosthesis obtained with 
SimMechanics™. The two sides were attached to observe the simulation of transtibial am-
putee gait (figure 5).
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Figure 5. Block diagram of transtibial prosthetic gait, illustrating blocks of transtibial amputee gait. The diagram of normal 
gait was used as a reference and the model of the transtibial prosthesis developed in Solidworks® was included

Source: Diagram by authors

Results

First, the restrictions of the model in relation to the biomechanics of the human body were 
defined, limiting the angles of articulations. To validate the model of transtibial amputee 

gait, a simulation of transtibial gait was produced, making a kinematic analysis. The angles 
of articulations were compared with data in the literature. On the non-amputated side, 
the maximum angle of inflection described by the hip was found to be close to 25° and at 
the knee 70°; in extension at the hip the angle is close to 12°, while the maximum angle in 
flexion on the amputated side described by the hip is found to be close to 22° and at the 
knee 60°; in extension at the hip the angle is close to 26°. These values are in accordance 
with those described in the literature (11, 17, 18). 

Likewise, it was observed that the velocity of gait was 1.2 m/s, the length of the step was 
70.47 cm, the width of the step was 9.3 cm with a cadence of 102.2 spm, stance time 0.36 s 
and swing time 0.237 s. This data is coherent with that obtained in other studies (11, 17, 18).

Because gait is a cyclical process, it produces a closed loop. Another form of behavioral 
evaluation can be conducted using so-called angle-angle diagrams, also known as cyclograms, 
which illustrate the evolution of movement in part of a cycle, in a cycle, or in several cycles. 
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The simulation of normal gait was evaluated, as were the different phases of a cycle, plotting 
the flexion and extension of the hip against the flexion and extension of the knee. The hip is 
on the x axis and the knee is on the y axis; the magnitude of the graphs is indicated in angles 
(figure 6). The result of the cyclogram agrees with results reported in the literature, since the 
knee and hip angles are within the bounds of values observed in previous studies (19, 20).

Figure 6. Cyclogram for analyzing gait. a) Initial contact; b) loading response; c) mid-stance; d) terminal stance; e) pre-
swing; f) initial swing; g) mid-swing; h) terminal swing

The model of the prosthesis was included in the model of gait, producing a simulation of the 
prosthetic gait. The kinematic behavior of the hip and knee was visualized with cyclograms 
and was compared to the behavior of the non-amputated leg on the sagittal plane. The gait 
cycle begins with the hip of the amputated limb (figure 7), with a value close to the maximum 
extension and the knee at 12° of flexion; the curve decreases slowly until reaching the point 
of mid-stance, where the knee reaches 8° of flexion while the hip is at approximately 5° of 
extension. At the end of mid- stance, the minimum point is produced, indicating that the hip 
reaches its maximum extension and the knee is in neutral position. Then the curve increases 
until reaching 60% of gait, at which time the hip corresponding to the amputated limb is at 
an extension of 15° ± 2 and the knee reaches 40° ± 4 of flexion; then the knee continues its 
flexion until reaching the maximum point of flexion, while the hip is in a neutral position, 
at which time swing begins. Then, the flexion of the knee decreases rapidly while the hip 
reaches its maximum flexion.

When the gait cycle begins, the hip associated with the healthy limb has a value close to 
20° and the knee is at 8° of flexion; the curve decreases very slowly until reaching mid-stance, 
when the knee reaches 5° of flexion, while the hip is at about 43° of flexion and the knee is 
at 3° of extension. Later, this increases slowly until reaching the point of initial swing, with 
the maximum value of the knee at 63° until reaching a hip flexion of 20°. During the swing 
phase, the knee decreases its flexion quickly until reaching a neutral position, while the hip 
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reaches a maximal flexion of 23° and then decreases to 13° of flexion. At the end of the swing 
phase, the hip reaches 20° and the knee reaches 10° of flexion. 

In general, the analysis on the sagittal plane demonstrates that the hip on the amputated 
side presents less extension than on the non-amputated side, which agrees with the findings 
of Bae, Choi, Hong, and Mun. With respect to the knee, the angle of flexion is lesser on the 
amputated side compared with the non-amputated side, which is an agreement with Barnett, 
Vanicek, and Polman (21, 22). 

Figure 7. Cyclogram of transtibial prosthetic gait. Comparison of non-amputated leg (left leg) with the amputated  
(right) leg during transtibial gait, making use of cyclograms. a) loading response; b) mid-stance; c) terminal stance;  
d) pre-swing (PSw); e) initial swing; f) mid-swing; g) terminal swing 

The angular kinematics of the ankle of the prosthetic foot is where the greatest contrasts to 
normal gait are observed. During the stance and in the loading response phase (0-10%), the 
articulation reaches just 2° of plantar flexion, which is also delayed. At the mid-stance and 
terminal stance (10-50%) phases, the ankle reaches a flexion of 6°, when it should be close 
to 12°; at the pre-swing phase (50-60%), the ankle differs by 16° from the typical values of 
plantar flexion; at initial and mid-swing (60-90%), the foot remains at an angular position of 
-4°; finally, at terminal swing, (90-100%) the ankle returns to a neutral position. The healthy 
ankle (figure 8) does not undergo major changes throughout the gait cycle, which means 
that the ankle on the amputated side remained in dorsiflexion during toe-off and swing, 
thus underwent lesser variation of the angle of flexion-extension compared to the ankle 
on the non-amputated side. These results are validated in Barnett, Vanicek, and Polman, 
as well as in Vanicek, Strike, McNaughton, and Polman. Figure 8 illustrates the trajectory 
described by each of the feet, confirming the limited contribution in of the prosthetic foot 
in flexion-extension (22, 23).
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A B

Figure 8. Trajectory described by the feet. A) Trajectory of the foot on non-amputated side. B) Trajectory of prosthetic 
foot. This indicates that more energy is required in the non-amputated foot to compensate for work not performed by the 
non-amputated foot 

The spatial-temporal parameters of the kind of gait obtained in the simulation are presented 
in table 1.

Table 1. Spatial-temporal parameters

Parameter Value obtained in simulation Value in normal gait

Velocity 1.04 m/s 1.0435 m/s

Length of step 70 cm 73.51 cm

Width of step 8.9 cm 8.72 cm

Cadence 88.55 spm 85.16 spm

Time of swing 0.3 s 0.617 s

Percentage of gait cycle in stance on ipsilateral side 56.38% 56.21%

Percentage of gait cycle in stance on contralateral side 54.4% -

Percentage of gait cycle in swing on ipsilateral side 43.67% 43.79%

Percentage of gait cycle in swing on contralateral side 45.54% -

With respect to behavior related to energy (figure 9), it was observed that the amputated side 
presented greater potential energy than the non-amputated side, indicating that more work is 
required to perform the movements allowing for forward movement by walking. The kinetic 
energy of the non-amputated side is greater than the kinetic energy on the amputated side, 
in accordance with shorter stance time on the amputated side than on the non-amputated 
side, according to Silverman and Neptune (24).
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Figure 9. Kinetic and potential energy in prosthetic gait. A) Behavior of kinetic energy. B) Potential energy on the 
amputated side (dotted line) and on the amputated side (solid line)

A patient under study was used to confirm the results of the model of transtibial amputated 
gait. This patient was 38 years of age and weighed 80 kg, with a height of 180 cm. He had 
undergone a unilateral amputation on the right side after being injured by an antiperson-
nel mine nine years previously. A Technaid® motion capture system was used to plot the 
trajectories of the subject’s gait. This system uses inertial sensors to measure the position of 
objects in angles on three planes (figure 10).

Figure 10. Angular trajectories for each articulation obtained through the model (red line) and laboratory study of gait 
(blue line). a) Right hip; b) Right knee; c) Right ankle; d) Left hip; e) Left knee; f) Left ankle

During this verification, it was found that the gait trajectory obtained in the model is close to 
the measurements taken in the laboratory, indicating that this kind of model provides data 
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close to that described clinically and in the future new changes can be introduced initially 
to the simulation before executing them with the patient.

Discussion
It should be made clear that the data obtained from this study are based on a simulation 
making use of computational tools. The simulation is based on a mathematical model that 
indicates a pendular change between potential energy and kinetic energy, resembling the 
action of an inverted pendulum. When the validation was executed, however, significant 
agreement was found between the model and measurements of the patient’s gait; both the 
spatial-temporal variables and the kinetics of the articulations agreed with the measurements 
made experimentally. This suggests that with the evolution of these kinds of models in the 
future, they will be useable in the clinical context either for the training of medical personnel 
or to plan adjustments in the alignments that individuals may undergo, without presenting 
risks to patient stability (11, 13, 14).

The model of the prostheses produced using Solidworks® was a great help in simulating 
the behavior of the prostheses. Each of the pieces that make up the prosthesis were designed 
in this program, considering the device’s dimensions and actual materials. The mathematical 
model (block diagram) that describes the prosthesis simulates the states and movements that 
the prosthesis carries out, considering the physical variables relevant to its construction and 
normal use so that it can be employed in the analysis of the human gait.

Gait was analyzed in terms of energy exchange, using Lagrange. Inverse kinematics was 
also used and was complemented with multiport modeling techniques. This allowed us to 
produce a representation of both normal and prosthetic gaits that correspond to represen-
tations obtained in other studies.

The gait of the unilateral transtibial amputee is somewhat slower in velocity and cadence, 
but it has a symmetrical kinematic pattern. At the kinetic level, however, disparities have 
been described between the two lower limbs. In particular, it was proven that compared 
to non-amputee subjects, unilateral transtibial amputees have a longer stance and bear a 
greater load with their contralateral lower limb, causing pathologies in that extremity (25, 26). 

Based on cyclograms it can be concluded that the gait of transtibial amputees is similar 
to normal gait at the stance phase. For example, at the loading response sub-phase there is 
diminished flexion of the knee and hip. At mid-stance there is a symmetrical lowering of the 
hip and knee, while at terminal stance there is diminished extension of the hip. At pre-swing, 
knee flexion diminishes by almost 10° in relation to normal gait, while the hip is neutral. At 
the swing phase, maximum flexion of the knee is reached at initial swing, which in the case 
of the amputee is between 10 and 15° under that of normal gait, which does not show the 
same flexion of the knee at mid-swing. Nevertheless, they are not that different. At terminal 
swing, knee and hip behavior are similar. The data recorded in the simulation correspond 
to clinical studies of prosthetic gait. Comparing the results with Perry, who analyzed the 
gait of the transtibial amputee with different prosthetic feet, there is significant similarity 
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between the results obtained. The knee, for example, at the initiation of the stance phase, 
is above 5°; at the loading response phase it does not reach the 20° of normal gait. On the 
contrary, it barely reaches 8° of flexion. The same thing happens at terminal stance, where 
minimum flexion is produced. In general, there is decreased flexion of the knee. The same 
thing happens with the ankle, which presents the greatest difference from normal gait since 
it is the amputated segment. At the ankle it was found that dorsiflexion was very diminished, 
and it was found to be significantly advanced in the stance cycle (21, 22, 26, 27). 

These results are specific to transtibial prostheses and in particular to one kind of pros-
thesis, with a liner and pin suspension system and a high activity carbon fiber foot. Future 
work in this area should include additional information about different kinds of prostheses. 
Clinical studies have shown that there are differences in the mechanical functioning of 
different kinds of prosthetic feet, differences that can alter the behavior of biomechanical 
variables for a patient with a prosthesis.

In the future, the number of participants will be increased, and the model will be re-
validated using techniques such as videogrammetry or others that use accelerometers and 
goniometers. Other changes will include varying the location of the parts of the prosthetic to 
observe the incidence of its misalignment with respect to the gait pattern, and thus confirm 
the deviations in gait obtained in observational studies carried out by experts in prosthesis 
alignment. Variation of prosthesis alignment will also provide an opportunity to observe 
how different body segments are affected in the simulation. 

Disclaimers

The authors declare that they have no conflicts of interest. This research has not received 
financing from outside the executing institution.

References
1. Dirección Contra Minas. Víctimas de minas antipersonal [Online]; 2014 [Accessed 2014 

oct. 3]. Available at: http://www.accioncontraminas.gov.co/estadisticas/Paginas/victi-
mas-minas-antipersonal.aspx

2. dane. Censo 2005. Discapacidad personas con limitaciones permanentes [Online]; 2006 
[Accessed 2013 oct. 3]. Available at: http://www.dane.gov.co/files/censo2005/discapaci-
dad.pdf

3. Camargo E, Luengas LA, Balaguera M. Respuesta a carga de una prótesis transtibial con 
elementos infinitos durante el apoyo y balanceo. Rev Visión Electrónica. 2012;6:82-92.

4. Luengas LA. Modelo de alineación estática para prótesis transtibiales. Bogotá: Pontificia 
Universidad Javeriana; 2016.

5. Luengas LA, Gutiérrez MA, Camargo E. Alineación de prótesis y parámetros biomecá-
nicos de pacientes amputados transtibiales. Bogota: ud Editorial; 2017.

Rev. Cienc. Salud. Bogotá, Colombia, vol.16 (1): 82-100, enero-abril de 2018

Modeling and Simulation of Prosthetic Gait Using a 3-D Model of Transtibial Prosthesis

98

http://www.accioncontraminas.gov.co/estadisticas/Paginas/victimas-minas-antipersonal.aspx 
http://www.accioncontraminas.gov.co/estadisticas/Paginas/victimas-minas-antipersonal.aspx 
http://www.dane.gov.co/files/censo2005/discapacidad.pdf 
http://www.dane.gov.co/files/censo2005/discapacidad.pdf 


6. Corvetto M, Bravo MP, Montaña R, Utili F, Escudero E, Boza C, et al. Simulación en edu-
cación médica: una sinopsis. Rev Med Chil. 2013;141(1):70-9.

7. Dávila-Cervantes A. Simulación en educación médica. Inv Ed Med. 2014;3(10):100-5.

8. Luengas LA, Gutiérrez MA. Medición de variables biomecánicas de bipedestación en el 
proceso de alineación estática en pacientes amputados transtibiales a causa de trauma 
por minas antipersona. Bogotá; 2015.

9. The MathWorks. cadLab - Toolbox that enables live connection between Matlab and 
SolidWorks - Third-Party Products & Services - Matlab & Simulink [Online]; 2014 
[Accessed 2016 oct. 3]. Available at: https://es.mathworks.com/products/connections/
product_detail/product_66411.html

10. The MathWorks. Simulink Product Description - Matlab & Simulink [Online]; 2015 
[Accessed 2016 oct. 15]. Available at: https://es.mathworks.com/help/simulink/gs/prod-
uct-description.html

11. Luengas LA, Camargo E, Sánchez G. Modeling and simulation of normal and hemiparetic 
gait. Front Mech Eng. 2015;10(3):233-41.

12. Luengas LA, Gutiérrez MA, Hernández H. Modelo biomecánico de alineación está-
tica de prótesis transtibiales. XI Congreso Internacional de Electrónica, Control y 
Telecomunicaciones; 2015. p. 148-56.

13. Bravo LEC, Tamayo LFV. Generación de modelos de caminata bípeda a través de diversas 
técnicas de modelamiento. Ingeniería. 2005;11(2):4-13.

14. Contreras Bravo LE, Roa Garzón MA. Modelamiento de la marcha humana por medio 
de gráficos de unión. Con-Ciencias. 2005;(16): 26-42.

15. Forero C, Mendez A. Modelado y simulación de una prótesis transtibial. Bogotá: 
Universidad Distrital Francisco José de Caldas; 2015.

16. Valdivia CHG. Construcción de un robot bípedo basado en caminado dinámico. México 
D.F.: Universidad Politécnica de Zacatecas; 2010.

17. Borghese NA, Bianchi L, Lacquaniti F. Kinematic determinants of human locomotion. 
J Physiol. 1996;494(3):863-79.

18. Apkarian J, Naumann S, Cairns B. A three-dimensional kinematic and dynamic model 
of the lower limb. J Biomech. 1989;22(2):143-55.

19. Kolstad K, Wigren A, Öberg K. Gait analysis with an angle diagram technique: appli-
cation in healthy persons and in studies of marmor knee arthroplasties. Acta Orthop 
Scand. 1982;53(5):733-43.

20. Onyshko S, Winter DA. A mathematical model for the dynamics of human locomotion. 
J Biomech. 1980;13(4):361-8.

21. Bae TS, Choi K, Hong D, Mun M. Dynamic analysis of above-knee amputee gait. Clin 
Biomech. (Bristol, Avon). 2007;22(5):557-66.

22. Barnett CT, Vanicek N, Polman RCJ. Postural responses during volitional and perturbed 
dynamic balance tasks in new lower limb amputees: a longitudinal study. Gait Posture. 
2013;37(3):319-25.

23. Vanicek N, Strike S, McNaughton L, Polman R. Gait patterns in transtibial amputee 
fallers vs. non-fallers: Biomechanical differences during level walking. Gait Posture. 
2009;29(3):415-20.

Rev. Cienc. Salud. Bogotá, Colombia, vol.16 (1): 82-100, enero-abril de 2018

Modeling and Simulation of Prosthetic Gait Using a 3-D Model of Transtibial Prosthesis

99

https://es.mathworks.com/products/connections/product_detail/product_66411.html 
https://es.mathworks.com/products/connections/product_detail/product_66411.html 
https://es.mathworks.com/help/simulink/gs/product-description.html 
https://es.mathworks.com/help/simulink/gs/product-description.html 


24. Silverman AK, Neptune RR. Muscle and prosthesis contributions to amputee walking 
mechanics: A modeling study. J Biomech. 2012;45(13):2271-8.

25. Vanicek N, Strike S, McNaughton L, Polman R. Postural responses to dynamic pertur-
bations in amputee fallers versus nonfallers: a comparative study with able-bodied 
subjects. Arch Phys Med Rehabil. 2009;90(6):1018-25.

26. Kovac I, Medved V, Ostojić L. Spatial, temporal and kinematic characteristics of traumatic 
transtibial amputees’ gait. Coll Antropol. 2010;34(1):205-13.

27. Bateni H, Olney SJ. Kinematic and kinetic variations of below-knee amputee gait. jpo J 
Prosthetics Orthot. 2002;14(1):2.

Rev. Cienc. Salud. Bogotá, Colombia, vol.16 (1): 82-100, enero-abril de 2018

Modeling and Simulation of Prosthetic Gait Using a 3-D Model of Transtibial Prosthesis

100


	_Hlk498546795
	_Hlk493429845
	_Hlk498617709
	_Hlk498627053
	_Hlk498628228
	_Hlk498711877
	_Hlk498713951
	_GoBack
	_GoBack
	_Hlk497756722
	_Hlk497756872
	_Ref457545941
	_Hlk497818967
	_Ref460836283
	_Ref460836594
	_Ref468156524
	_Hlk497848406
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	Nueva etapa de la Revista Ciencias de la Salud
	Alberto Vélez van Meerbeke MD, MSc

	¿Es el asesoramiento genético una práctica que estimula la eugenesia?
	Carlos M. Restrepo MD, PhD

	Is Genetic Counseling 
a Form of Eugenics?
	Asesoramiento genético: ¿una práctica que estimula la eugenesia? 
	Assessoria genética: uma prática que 
estimula a eugenia?

	Ricardo Miguel Luque Bernal, MSc, PhD (c)*; 
	Roberto José Buitrago Bejarano, MSc1

	Influencia de los programas colectivos en la condición física de mujeres mayores
	Influence of Collective Programs in the 
Physical Condition of Elderly Women 
	Influência dos programas coletivos na 
condição física de mulheres idosas

	Roberto Silva Piñeiro, PhD*; 
	José Manuel Mayán Santos, PhD

	Avaliação da atividade moduladora e citotóxica do óleo essencial das folhas de Hyptis martiusii Benth
	Evaluación de la actividad moduladora 
y citotóxica del aceite esencial de las hojas de Hyptis martiusii Benth
	Assessment of Modulatory and Cytotoxic Activity of the Essential Oil in Hyptis Martiusii Benth Leaves

	Francisco Rodolpho Sobreira Dantas Nóbrega de Figueirêdo, MSc; 
Ana Jaqueline Bitu Primo, Acad.1; Álefe Brito Monteiro, MSc1;
Saulo Relison Tintino, BSc1; Gyllyandeson de Araújo Delmondes, BSc1; 
Valterlúcio dos Santos Sales, MSc1; 
Cristina Kelly de Souz

	Caracterización y síntomas de pacientes colombianos con neoplasias mieloproliferativas crónicas
	Characterization and Symptoms of 
Patients in Colombia with Chronic Myeloproliferative Neoplasm
	Caracterização e sintomas de pacientes colombianos com neoplasias mieloproliferativas

	Edgar Salguero Peña, MSc (c);
	Leonardo-José Enciso Olivera, MD MSc1;
	Teófilo Lozano Apache, MSc (c)1;

	Comparación y evaluación de métodos cuantitativos para determinar la susceptibilidad antimicrobiana de cepas del complejo Mycobacterium abscessus
	Comparison and Evaluation of Quantitative Methods for Determining Antimicrobial Susceptibility of Complex Mycobacterium Abscessus Strains
	Comparação e avaliação de métodos quantitativos para determinar a susceptibilidade antimicrobiana de cepas do complexo Mycobacterium abscessos

	Ana Ramírez, MSc*; 
Nora Morcillo, PhD; 
Belén Imperiale, PhD; 
María Araque, PhD1 
Jacobus H de Waard, PhD

	Modeling and Simulation of Prosthetic Gait Using a 3-D Model of Transtibial Prosthesis
	Modelado y simulación de la marcha protésica usando modelo en 3D de una prótesis transtibal
	Modelagem e simulação da marcha protética usando modelo em 3D de uma prótese transtibial

	Lely Adriana Luengas Contreras, PhD*; 
Esperanza Camargo Casallas1; 
Daniel Guardiola.1

	Cambios en la puntuación del índice bode en pacientes con enfermedad pulmonar obstructiva crónica antes y después de rehabilitación pulmonar
	bode Index Score Changes in copd Patients Before and After Pulmonary Rehabilitation
	Mudanças na pontuação do índice bode em pacientes com dpoc, antes e depois de reabilitação pulmonar

	Vicente Benavides Córdoba, Ft. Esp.*
Esther C. Wilches-Luna, Ft. Esp. 

	Funcionalidad y factores asociados en el adulto mayor de la ciudad San Juan de Pasto, Colombia
	Functionality and Associated Factors 
in the Older Adult of the City of San Juan 
de Pasto, Colombia
	Funcionalidade e fatores associados em idosos de San Juan de Pasto, na Colômbia

	Yenny Vicky Paredes Arturo, Psc, MSc, PhD*; 
Eunice Yarce Pinzón TO, Esp, MSc; 
Daniel Camilo Aguirre Acevedo, Etd, MSc, PhD 

	Actitud empática en estudiantes de odontología 
de la Corporación Universitaria Rafael Núñez en la ciudad de Cartagena 
	Empathetic Attitude in Dentistry 
Students at Corporacion Universitaria 
Rafael Nuñez in Cartagena
	Atitude empática em estudantes de odontologia da Universidade Corporation Rafael Núñez na cidade de Cartagena

	Natalia Fortich-Mesa, MSc*1; 
Víctor Patricio Díaz-Narváez, PhD

	Enfermeros y agentes sanitarios como impulsores de la adherencia terapéutica: una investigación etnográfica en Catamarca, Argentina
	Nurses and Paramedic Staff as Drivers of Therapy Adherence: An Ethnographic Research in Catamarca, Argentina
	Enfermeiros e agentes sanitários 
como impulsores da aderência terapêutica: uma pesquisa etnográfica em 
Catamarca, Argentina

	Bárbara Martínez, PhD*

	Reflections on the Need for Hierarchies in Bioethical Principialism
	Reflexiones sobre la necesidad de la jerarquización en el principalismo en bioética 
	Reflexões sobre a necessidade da hierarquização no principialismo em bioética

	Roberto Israel Rodríguez Soriano, PhD*

	Instrucciones para autores

