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Abstract  
 
 
Mechanical guidance is a common technique to teach patients with lower limb amputation to 

desire movement patterns during motor rehabilitation, but little is known about the effects on the 

patient’s long-term health, especially in her/his musculoskeletal system.  Little is also known about 

the way the patient relearns skills (walking). According to this theory it is possible redefine a 

therapy to prevent these diseases through robot devices.   

 

The project comprises a first approximation of a mechanical design of a robotic device for 

rehabilitation of lower extremities in the case of Lower Limb Amputation (LLA). This device 

supports its and the patient weighs during the therapy time. The system is based on a three 

subsystems (weight support, pelvic and legs systems) which are going to provide the correct gait 

pattern. The pelvic system consists in a parallel platform (Stewart or RPS) that perform pelvic 

movements and leg system is conformed by two planar serial robots that motivate leg moves. In 

consequence the first approximation robot has three degrees of freedom, one from pelvic moves 

and two from hip and knee displacements.  

 

 

Keywords: Movement; Amputee patients; lower limbs function; physical therapy; mechanical 

design
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1. Introduction 
 

 
In the modern days the numbers of victims of landmines have increased (Information 

Management System for Mine Action (IMSMA)). Between 1990 and 2010, 8.998 victims have been 

registered in Colombia alone. These can be subdivided into two groups: the civil population with 

38 percent of victims and some governmental institution like the police or army with 62 percent of 

victims.  As a result in The Land Mine Report of 2006, Colombia was identified as the country with 

the highest number of landmines, in the world. (IMSMA 2010)  

 

On the other hand, Eight-nine per cent of the amputee victims are aged between 15 and 48 years 

old. That is means that they are in a productive state (IMSMA 2010); therefore the rehabilitation is 

relevant for them to recover their physical functions in order to have a normal life. Physical 

therapy can be divided into two stages. Cardio-pulmonary therapy, which aims to help people 

recovering from diseases related with the cardio-pulmonary systems. The second stage is muscular 

control therapy which corresponds with the nervous-muscle system, and its function is to help 

recover muscle control (S. Bircher, 2008). This project is concerned only with the last stage, which 

is also called physiotherapy.  

 

The objective of this project is to purpose an initial mechanical design of a robotic device for the 

rehabilitation of lower extremities in the case of lower limb amputations (LLA).  

 

1.1 Current therapy 
 
Mechanical guidance is a common technique to teach patients to perform movement patterns 

during motor rehabilitation. Currently the most implemented technique is primary therapy. In this 

kind of treatment the exercises have to be done by the patient, this action is classified as active 

therapy for that the therapist only use manually helps to complete the movement, only if the 

patient is unable. For example, a patient may try to reach a target, and the therapist may guide 

the arm, if it is necessary for once or a few times. (J. L. Emken et al, 2004b) 
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According to Noriyuki & Dimitar (2002) mechanical guidance therapy has some disadvantages; the 

fees related with the rehabilitation process are high, also longer periods of time with immobility 

make considerable changes in the muscular mass and forces. The latter results in a longer time 

spent in physical therapy  means more money spent, and usually, patient exhaustion (Noriyuki T. 

& Dimitar S., 2002).  

 

The conventional rehabilitation is labor intensive and, requires at least two physiotherapists; in 

some other cases three of them are necessary. Their functions are to manipulate the limb system, 

in the case of this project the lower limb system, to imitate the natural movements in different 

daily activities, such as walking or going up/down stairs (Hyeon et al, 2005). In addition, the 

assistance provided depends on the therapist’s capacity to replication the movements, which in 

the majority of times can vary greatly between trainers and sessions (J. L. Emken et al, 2004b). On 

the other hand, the number of therapists increases the rehabilitation cost, as a result it reduce the 

number of disabled people who can be treatment and also the frequency of the therapy sessions. 

 

The restrictions on the number of the sessions have considerable effect in the motor 

rehabilitation, because reducing the amount of repetitions can cause a rise in the forgetting factor 

being higher at the start than later on it. This suggests that forgetting is a persistent issue even 

with substantial training (J. L. Emken et al, 2005b). 

 

The treatment location is equally important as the number of therapy sessions. In the case of the 

majority of the developing countries this disaster is present in the capitals or in its principal cities, 

as a result the patient, have limited or not access to it. Under these circumstances the victims who 

do not have enough money are vulnerable to not having a complete rehabilitation or only a small 

part of it.  

 

The result associated with this common technique is the problem of incorrect movement patterns 

(J. L. Emken et al, 2005b).  It produces multiple diseases in the musculoskeletal system. Some of 

them are joint debilitation, injuries in the intervertebral nucleus, and muscular movement 

degeneration (Ramos 2007). Also unsuitable installation forces the patient to have an 

uncomfortable and ergonomically incorrect position during the therapy. It produces to show an 
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excessive patient effort, which has an effect in other areas associated with the gait; for example in 

lumbar vertebras in the spine column (H. Lee et al 2009). 

1.2  Significance of robotic device  
 
The aims for locomotor training devices as a current physiotherapy are: generating stepping 

velocities approximating normal walking speeds, provide normal load patterns on the stance limb, 

maintain an upright and extended trunk and head, approximate hip, knee, and ankle kinematics 

within normative ranges, synchronize the extension of the hip in stance and unloading of one limb 

with simultaneous loading of the contralateral limb, avoid or minimize weight bearing on the arms 

and facilitating reciprocal arm swing, and maintaining symmetrical limb kinematics and kinetics 

(Behrman A. and S. J. Harkema 2000- 2001). 

 

The implementation of robot devices in the rehabilitation process brings some advantages, like 

possibility to start using some techniques to stimulate the motor rehabilitation such as error 

amplification. In this technique the nervous system relearns a transformation between a desired 

movement and the required muscle activations (a process in which the nervous system learns an 

“internal model”). For example, it may be possible to learn how to move the legs again by 

interacting with a robotic device, which with intention amplifies the patient movement errors. J. L. 

Emken (2005a) has already provided evidence that error amplification may help corrects chronic 

trajectory disturbances consequently with a previous injury (J. L. Emken et al, 2005a). 

 

Most of these techniques are looking to accelerate the motor learning. Some of those techniques 

already have been showing results that demonstrate it is possible to increase the rate of motor 

adaptation; one of those is “transient dynamic amplification”. It is formed on the observation of 

error evolution by a process in which the motor command on the next movement is adjusted in 

proportion to the previous movement error. This process induces the nervous system to make a 

larger correction, producing faster adaptation (J. L. Emken et al, 2005a). 

 

But this is not the only way in which it can be possible to stimulate motor learning. Also, as it was 

mentioned before, a repetitive process is being used to assist in the motor rehabilitation. In this 

area implementing a robot can provide the ability to understand the movement recovery process 

(J. L. Emken et al, 2004b) and also make possible a higher intensity therapy, without requiring 

increased amounts of attention from therapists (P. S. Lum et al, 2002).  The therapy intensity also 
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has an important effect in the forgetting dynamic. Before the therapy create “default modes of 

moving” the forgetting rate is higher than at the end of the therapy sessions. Robots can devise 

strategies to reduce forgetting in the nearly future (J. L. Emken et al, 2005b). 

  

Compared with conventional treatment, robot-assisted movements show advantages in terms of 

clinical and biomechanical measures (P. S. Lum et al, 2004). This ability to take measurements 

during the process makes it easier to quantify the amount of training with corrections in the 

movement sequence, and improve motor recovery (J. L. Emken et al, 2004b). It is also useful to 

follow subject performance during training, and improve the feedback of the forces that affect the 

performance of limb system. Several studies have investigated the use of force and kinematic 

measures during robotic treatment to quantify the patient progress more precisely (P. S. Lum et al, 

2002, J. L. Emken et al, 2004a-b).  

 

 

Figure 1: Process model improvements in motor rehabilitation. (J. L. Emken et al, 2004b) 

In addition, implementing robot devices can be an acceptable option for gait training system, 

because it can provide programmable levels of assistance, and automatically modify their output 

based on measurement. (J. L. Emken et al, 2004b). For this reasons the robotic devices are a 

possible way to precisely control and measure therapy (Figure 1). On the other hand, it could 

increase the efficiency and effectiveness of therapists by reducing the labour intensiveness of 
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physical rehabilitation by automating the training technique. As a result the patient can perform 

the movements with minimal or no supervision and consequently this provides a new tool for 

therapists to improve access to therapy for more patients. (P. S. Lum et al, 2002, J. L. Emken et al, 

2004b). 

 

Developing robotic treatments are important not only to increase public health and reduce the 

disability levels in vulnerable population, but currently have other emphasis in the cost reduction 

in health care that has resulted in shorter patient rehabilitation length of process recovery. (P. S. 

Lum et al, 2002). 

 

However, the implementation of mechanical guidance by robotic-assistance is in its first stages. 

For that reason all the research has been focus in the design for future implementation in clinical 

cases (J. L. Emken et al, 2005b). In consequence, it is still unclear what are its long term effects 

compared to traditional movement training techniques (visual demonstration and physiotherapist 

assistance). One of the concerns about the effects, is the possible impacts in the patient motor 

relearning, which can be a complete obstruct in the relearning subject process of any other skill in 

the future (R. D. de Leona al at, 2002). Other cause can be a surface soft tissue trauma, if there are 

not limitations of the robot velocity (Noriyuki T. & Dimitar S., 2002).   

 

Besides the fact that automated motor rehabilitation can offer new fascinating aspects in 

treatment, diagnosis, and acceleration in the recovery process, the robots will not replace the 

human work force. It must be clear right from the beginning of this project that this robot is 

intended to be a tool to increase the intensity and prevent some diseases caused by the current 

therapy (S. Hesse et al, 2003). 

 

1.3 Partial conclusion  
 
Physiotherapists, through mimic functional movement, do the mechanical guidance treatment. 

Some of the disadvantages of this treatment are: it is not possible to have a very intensive training 

and the training time is limited. The gait pattern is not reproducible and not optimal, because it 

produces physical strain in the patient and ergonomically bad positions. Finally, the treatment is 

expensive and sometimes requires the use of up to three physiotherapists. 
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The ergonomically bad positions, in particular, show a considerable correlation with some 

musculoskeletal diseases. The cause of this is the lack in the pressure foot from the missing leg, 

that produce a random weight distribution, for that the patient has an abnormal posture. The 

major effects are localized in the spinal column, especially in the lumbar and cervical areas, which 

to show irritation in the intervertebral tissue.  

 

One possible way to prevent the appearances of those effects is to relearn how to walk with an 

optimal technique using robotic devices. Those machines can improve therapy effect and also 

reduce the costs related with this activity. The rehabilitation can be possible for the neuroplasticity 

theory and learn motor characteristics. These theories suggest that the human brain can relearn 

any ability even after a trauma.  

2. Background 
 
Conventional robot manipulators have been studied for several years, and are utilized in the 

industry to improve the production or reduce the human effort in work activities. In the medical 

world robots have also been used in surgeries; However, in recent years there has been a growing 

interest in robots for rehabilitation therapies. An example of this type of robots is the Lokomat 

(Figure 2), which consists of four rotary joints, driven by precision ball screws that are connected 

to DC motors, which are mounted onto a motorized exoskeleton that manipulate a patient legs in 

gait trajectories (M. Bernhardt et al, 2005).  

 

 

Figure 2: Device Lokomat (M. Bernhardt et al, 2005) and ALEX robot university of Delaware, USA 

The active leg exoskeleton (ALEX) is a robotic assistant (Figure 2) that provided a control gait 

movements by applying force at the ankle of the subject through actuators on the hip and knee 

joints (S. K. Banala et al, 2009). LOPES project (Lower-extremity Powered Exoskeleton) combines a 
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freely translatable and 2-D-actuated pelvis segment with a leg exoskeleton containing three 

actuated rotational joints (Figure 2 right), two at the hip and one at the knee (J. F. Veneman et al, 

2007). Haptic walker is a machine based on a rigid hybrid parallel-serial robot kinematics structure. 

It is equipped with electrical direct drive motors; with six DOF force/torque sensors are mounted 

under each foot platform (H. Schmidt et al, 2005).  

 

 

Figure 3: Haptic Walker, Frauenhofer Institute Berlin, Germany (left) and PAM, pelvic assist manipulator (right) (H. 
Schmidt et al, 2005 and J. F. Veneman et al, 2007). 

 
PAM (pelvic assist manipulator), assist the pelvic motion during the gait training, pam control 

natural motion of pelvic actuated by six pneumatic cylinders. It consists of a pair of three degree-

of-freedom (Figure 3 right) pneumatic robots that attach to the back of a belt worn by the subject. 

Each sub-robot has a tripod configuration with three pneumatic cylinders, whose axes intersect at 

a point through a custom-designed joint structure (D. Aoyagi el at, 2005).  

 

 

Figure 4: WAR walking assistant robot (W.E. Ichinosel el at, 2003). 

 
Walking assistant robot (WAR) showed in Figure 4 was made for the elderly. This WAR system 

assists the user’s seating/stand-up action, and walking (Hyeon et al, 2005). ARTHUR makes use of a 

linear motor and a two DOF mechanism to measure and manipulate leg movement during 

stepping with force control (W.E. Ichinosel el at, 2003).  
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3. Objectives  

General objective: 
 
The project objective is made a preliminary rehabilitation robot design and simulation. The device 

is going to be able to generate and perform trajectories of the human gait for patient in 

rehabilitation.  

Specific objectives: 
 

 Analysis of the human gait  

The early stage of the project will involve collecting information about the human gait, with 

special focus in the unique characterizes of the movement’s patterns. Indeed after time, it 

has more importance emphasis in the differences between normal and abnormal posture. 

This information will be used to redefine the research achievements, if it is necessary. 

 

 Mechanical design 

The second step is to provide a first draft of the mechanical design, which will be modified 

during the project development. This will be built on ergonomic theories and anatomic 

databases. For this model we use the software Autodesk Inventor1.  

 

 Model design:  

Based on this information and all knowledge referenced in the subject of gait patterns, 

postures, the third stage will be developing robot inverse kinematic and dynamic models. In 

this step a mathematical model of the robot will be developed and modelled on matlab 

simmechanics platform. This model will be subdivided into several sub-models, which will 

be modelled independently, meaning that the complexity of the modelling procedure is 

reduced. 

 

 Evaluation  

                                                           
1 Software SolidWorks: SolidWorks is a Windows-based, easy to use 3D Mechanical Computer 
Aided Design Package. 
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The fourth stage is a crucial step in this project, because it provides the possible robot 

behaviour (which can be used as feedback), in terms of power and force, through 

computational simulations of the previous models from the third stage.  

4. Anatomy and movements in Human Gait 
 
Special references system that is utilized throughout the project is the one that has been accepted 

for use in human gait, as can be seeing it forward.  

 
Figure 5: Sagittal plane, Frontal plane and Transverse plane 

 
On the human gait the body make a series of moves by coordinated multiple body parts, which are 

connected with joins (Figure 5). Some of these moves are: hip rotation, knee flexion, pelvic 

rotation, moves on the ankle and foot, some arm balancing moves and shoulders. For simplify the 

dynamic of the system, I do not include moves of arms or upper extremity. 

 

4.1.  Human Gait 
 

Walking is a highly coordinated movement by which the body moves step by step in the required 

direction. The forces that cause this movement are a combination of muscle activity to accelerate 

or decelerate the body segments, and the effects of gravity and momentum. Although it is actually 

complex patterns of movement involving all lower limb joints. In addition, there is movement of 

the joints of the vertebral column, from lumbar to cervical spine and, when unrestricted, the 

upper limbs swing in reciprocal patterns. 

 

The main functions of the lower limb system are to support the body when standing and to enable 

displacement of the body. To be able to walk is a key part of the daily activities in most of the 
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healthy population. The activity of walking is studied thought the analysis of each parts of the gait 

cycle. 

 

4.1.1 Gait cycle: 
 

 

Figure 6: Terminology of the gait cycle (M. Trew and T. Everett, 1996) 

 
The gait cycle is a sequence of motion which occurs from heel-strike to heel-strike of the same 

foot. The gait cycle is divided into two phases: stance phase and swing phase.  The stance phase is 

the most complex and indeed the most important phase of the gait cycle. During the stance phase 

the lower limb has to give semi-rigid support for the body weight to facilitate the balance and 

allow forward propulsion, also it must help the body compensate in cases when the ground has an 

erratic surface or the subject has an unstable position. 

 

The stance phase is 60% of the gait cycle and can be subdivided into double-leg stance and single-

leg stance. Double-leg stance is where both feet are in contact with the ground. Contrary to 

Double-leg stance, the single-leg stance is when only one foot has contact with the floor, this 

comprises up to 40% of the normal gait cycle.   

 

The second phase or the swing phase is described when the limb is not weight bearing and 

represents 40% of a single gait cycle. It is subdivided into three phases: initial swing (acceleration), 

midswing, and terminal swing (deceleration). Acceleration occurs as the foot is lifted from the 
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floor and during this time, the swing leg is rapidly accelerated forward by hip and knee flexion 

along with ankle dorsiflexion. Midswing occurs when the accelerating limb is aligned with the 

stance limb. Terminal swings than occurs as the decelerating leg prepares for contact with the 

floor (J. A. Delisa, 1990). See Figure 6 

 

As can be seeing on the following figures, some of the gait movements are described by the hip, 

knee and ankle behaviour, for that the moves on these parts (joints) are crucial for this project, as I 

going to explain later.  

 

Figure 7: sagittal plane joint angles degrees, during a single gait cycle of right hip, knee and ankle. IC initial contact; OT 
opposite toe off; HR heel rise; OI opposite initial contact; TO toe off; FA feet adjacent; TV tibia vertical (M. Trew and T. 

Everett, 1996) 

 

Figure 8: pelvic right and left lateral tilts on the frontal (B. J. Fregly el. at, 2007) 
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To understand, which movements are going to be controlled, restricted or free, we are going to 

describe the principal movements implicates on the normal human gait: 

 

4.1.2 Movements: 

Pelvis Girdle:  
 

 
Figure 9: hip endoprosthesis description and rotational moves (The pelvis girdle, web) 

 
The pelvis has three rotations and three translations movements. The principal rotational 

movements are anterior and posterior on the sagittal plane (Figure 10), right/left lateral tilt on the 

frontal plane (Figure 11) and right/left transverse pelvic rotation. The three translational moves 

are in the X, Y and Z-axis.  

 

 

Figure 10: pelvic tilts on the sagittal plane (The pelvis girdle, web) 

 

 

Figure 11: pelvic right and left lateral tilts on the frontal plane (The pelvis girdle, web). 
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Hip 
 
Six different movements are present on the hip joints: external/internal rotation/ 

abduction/adduction and flexion/extension.  

 

 Hip external/internal rotation:  It is the rotary movement of femur laterally around its 

longitudinal axis. This move it is away from the midline2 in external rotation and toward to 

the midline in medial rotation.   

 
Figure 12: external (lateral, left) and internal (medial, right) rotation (L. Ruiz Liard, 2004) 

 

 Abduction and Adduction: It is the movement of the femur laterally. In Abduction the 

movement is side away from midline, and Adduction the movement is medially toward 

midline. 

 
Figure 13: Abduction and Adduction (L. Ruiz Liard, 2004) 

 
Flexion and extension:  Flexion is when the movement of femur is straight anteriorly toward the 

pelvis. Extension is when the movement of the femur straight posteriorly away from the pelvis, 

this movement also is called hyperextension of the as.  

 
 

                                                           
2 Midline is a line from an intersection of sagittal plane and frontal plane  
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Figure 14: Extension and flexion (L. Ruiz Liard, 2004) 

Knee: 
 
At the knee the movements are four: Extension/ flexion and lateral/medial rotation. However, the 

lateral and medial rotation movements cannot be performance, when the lateral tendons are 

under tension, this mean when the human stand up these movements cannot be done.   

 

Flexion and extension: Flexion is when the movement of tibia is straight anteriorly toward 

the femur. Extension is when the movement of the tibia straight posteriorly away from the 

femur, the femur and tibia are straight between them, it is better when the hip is under 

extension.  

 
Figure 15: Extension and Flexion (L. Ruiz Liard, 2004) 

Ankle:  
 
The ankle has four movements: dorsiflexion, plantar flexion, lateral and medial portation of the 

foot. 



22 
 

 Dorsiflexion and plantar flexion: Dorsiflexion is when the movement of the posteriorly foot 

is straight anteriorly toward the tibia. Plantar flexion is when the movement of the plantar 

area of the foot straight posteriorly away from the tibia.  

 
Figure 16: Dorsiflexion, planar flexion, medial rotation and lateral rotation of foot (L. Ruiz Liard, 2004) 

 

 Lateral and medial rotation: It is the movement of the foot laterally. In lateral rotation the 

movement is side away from midline, the lateral rotation is also called Eversion. Medial 

rotation the movement is medially toward midline also is called Kuna Inversion.  

4.2  Average ranges of motion  
 
Average ranges of motion for the thoracolumbosacral spine and lower limbs: 
 

Joint  Motion  
AAOS 
(degrees) 

AMA 
(degrees) 

Thoracic spine  
Flexion  - 0-50 

Rotation  0-30 0-30 

Lumbar or lumbosacral 
spine  

Flexion  0 to 45-65 0 to >= 60 

Extension  0-27 0-25 

Lateral flexion  0 to 19-38 0-25 

Rotation  0-21 NM 

Hip 

Flexion  0-120 0-100 

Hyperextension  0-20 0-30 

Abduction 0-40 0-40 

Adduction  0-30 0-20 

Medial rotation  0-45 0-40 

Lateral rotation  0-45 0-50 

Knee Flexion  0-140 0-150 

Ankle and foot 

Dorsiflexion  0-20 0-20 

Plantar flexion  0-50 0-40 

Inversion  0 to 28-37 0-30 

Eversion  0 to 21-28 0-20 

 



23 
 

Table 1: Average ranges of motion from the American academy of orthopaedic surgeons (AAOS) and the American 
medical association (AMA). 

 
The motion ranges3 are the maximum and minimum position of the knee ankle and hip for each 

kind of move. These angles will be use for evaluate the robot move ranges, and to determinate 

maximum safety positions in human-robot interaction.   

 

Average peak torque or force and speed: 
 

This data are useful only for adult patients. These values are chosen based on values of joint 

torques in the slow walking cycle and measurements of forces that therapists apply during 

conventional training. (C. L. Vaughan, et al, 1992) 

 

Joint  Motion  
Maximum torque (force) 
Nm/kg Speed rad/s 

Power 
(Watts/kg) 

Hip 

Extension 1 1 1 

Flexion 0.6 2 1.2 

Abduction 0.28 1 0.7 

Adduction  0.28 1 0.7 

Knee Flexion/extension 0.65 5 2 
Table 2: Average values for torque and speed from Vaughan research (C. L. Vaughan, et al, 1992) 

 
Units of weight divide the force values, because on the Vaughan research, he found these forces 

have a linear relation with the weight. The relation between force and weight only was verifying in 

masculine people with similar age, and with small differences of weight between subjects. General 

values for a man with 80kg and 1.75 m of high can be seeing forwards. 

 

Joint  Motion  
Maximum torque (force) 
Nm Speed rad/s 

Power 
(Watts) 

Hip 

Extension 60 1 80 

Flexion 65 2 96 

Abduction 30 1 52 

Adduction  30 1 52 

Knee Flexion/extension 65 5 150 
Table 3: general values for an adult man with 80 kg and 1.75 m from Vaughan research (C. L. Vaughan, et al, 1992) 

                                                           
3 All are in angles data adapted from: American academy of orthopaedic surgeons (AAOS) 
American medical association (AMA) 2001. 
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Others authors, such a psychology association did not find any connexion between force and 

weight (6), for that the results are the average of multiple experiments: 

 

 Walking 

Flexion Extension 

Hip Angle (deg) 3.4 ± 3.2 0.8 ± 1.0 

Speed (deg/s) -203.2 ± 11.0 -12.5 ± 11.2 

Knee Angle (deg) 17.8 ± 2.6 58.1 ± 3.4 

Speed (deg/s) -317.9 ± 23.9 362.8 ± 21.5 

Ankle Angle (deg) 23.9 ± 4.1 1.3 ± 1.8 

Speed (deg/s) -153.3 ± 32.7 29.1 ± 25.7 
Table 4: Average values for speed and angles (The American physiology association)  

 
But the tensions or forces not always are present on its maximum value. At the figure, can be 

seeing that the maximum tension varies when the holding time increase, for this reason is 

important considerate that the robot maximum power consume is on the first minutes of 

treatment: 

 

 

Figure 17: maximum holding time of maximum strength and force (B. Schottelius and L. Aenay, 1956.) 

Babana Sai a researcher from the University of Delaware resumes his work about the relation 

between walking speed and torque, in stroke patients. In there can be see that torques on the hip 

are around 40 Nm, and on the knee are around 20Nm. This torques are the maximum torques 

necessaries for generate the movement around lower limbs, which they increment their 

dimension when walking speed increase (K. Sai Banala and S. K. Agrawal, 2006).  
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Figure 18: Basai Sai results of Torque with different walking speed (K. Sai Banala and S. K. Agrawal, 2006) 

5. Mechanical design  

5.1  Design objective  
 
The objective of the project is develop a mechanical design of a robot for rehabilitation, which is 

able to generate and follow trajectories for gait treatment on people with lower amputation, in 

stage of rehabilitation. The robot can help in delivering well, controlled and repetitive 

rehabilitation training at a reasonable cost.  

 

The robot’s most important specifications at this point are: 
 

5.1.1 Requirements: 
 

 The robot intent to be a walking assistant, to correct gait abnormalities by stimuli on gait 

patterns with small forces. 

 The robot recognizes some of the user’s walking intentions, such as the final ankle angle 

which the patient contact floor. 

 The robot supports its own weight.  

 The robot has a safety interaction with the patient. 

 The robot can motivate the patient.  

 The robot do not has direct actions over HAT (Head Arm and Trunk) 

 The robot do not has displacement on the sagittal plane: the patient walking on a 

treadmill.  

5.1.2 Selection parameters: 
 

1. Cost: it needs to be low, because one of the goal of this project is delivery a low cost 

treatment  
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2. Simple manufacturing: use as much resources as can be possible from laboratories. 

However, the manufacturing process must be delimited by the  university laboratories and 

Colombian industry capacity.  

3. Number of parts: low number of parts, because this affects costs and manufacturing 

process. 

4. Consume: this robot must consume low level of energy.  

 

5.2  Degrees of freedom (dof): Robot 
 
As it was described before, the human lower system has approximately twelve dof. But on clinic 

cases some of these movements need to be restricted or blocked, and others actuated. As a result 

for simplify design and also for reproduce the current physiotherapy, we assume three dof, they 

are explained on the forward table for movement.  

 

Dof Pelvis Hip  Knee Ankle 

Motivated  Left and right 
rotation (front) 

 Flexion and 
Extension  

 Flexion and 
extension  

- 

Free  Left/ right 
rotation 
(transverse) 

 Translations on 
Y and Z-axis 

 Adduction and 
Abduction 

-  All motions 

Blocked  Left/right 
rotation 
(sagittal) 

 Translations on 
X axis 

 

 External/ 
internal 
rotation 

- - 

Table 5: Robot, Degrees of freedom  

5.2.1 Pelvis: 

Motivated:  
Left and right rotation (front): these moves are essential for human balance and allow 

changes on leg length, especially when feet go forwards or backwards. If these rotations 

are blocked, the patient will dragged his feet as he walked.  

Free 
Left/ right rotation (transverse): it is part of the X-axis displacement, the robot will not 

motivate this move, because it is complicated define an optimal robot behaviour, which 
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can anticipate and motivate the movement for each patient. The complexity on it 

movement is a characteristic of each human, and depends of his way to walk.  

 
Translations on Y and Z-axis: this movement is defined by the gait stage, and most 

important for the walk velocity. This means that it is important this high on the human 

gait, but it is not for a clinical treatment. The translation on Z-axis is relative small compare 

with others translational movements, for this reason it is not relevant for clinical purposes. 

Blocked 
Left/right rotation (sagittal): these movements are blocked, because as it is explained 

early, body stability is better when the pelvis has an optimal position and because this 

movement determine also the mass centre of HAT. 

Translations on X-axis: the translation of the X-axis is blocked for simplify the robot design. 

The human gait displacement on the X-axis could be performance on a treadmill machine.  

5.2.2 Hip 
 

Motivated:  
Flexion and Extension: it is directly linking with leg position.  

Free (limited) 
Adduction and Abduction: these movements determine the position of the leg; also they 

depend of patient behaviour, for that movement are not blocked. However, these 

movements have been associated with atypical knee positions, in consequence these 

movements are limited by a range (maximum and minimum position). 

Blocked 
External/ internal rotation: these are linking with abnormal tibia behaviour. In 

consequence these are connected with atypical lumbar-sacral postures.  

 

5.2.3 Knee 

Motivated:  
Flexion and extension: it is a unique move, which can be motivated on the knee.   
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5.2.4 Ankle  

Free:  
All motions at the ankle are free, because the robot does not control the ankle position or 

movement.  

 

5.3  Robot system subdivision 
 
the complex human gait movement can be devided by four parts:  vertical body rotation, pelvic 

movements, hip Abduction and Adduction movements, knee, ankle and hip movements except for 

Abduction and Adduction moves. Additionally is necesasary a weight support system, not only for 

safety, but also to have a controll over the forces related with patient weight. 

 

Figure 19: (1 and 2) hip and pelvic (3) Knee flexion and extension, (4) Ankle movements, (5) hip Adduction and 
abduction, (6) Hip left and right rotation, (7) Y pelvic translation (F, right), (8) X body translation, (9) Z body 

translation, (10) body rotation.  Modified from (L. Ruiz Liard, 2004) 

Based on this classification, it is also possible create a subdivision to reduce the complexity of the 

robotic system: 

1. Weight system: its function is support patient weight and motivates vertical body 

rotations.  

2. Pelvic system: its function is motivated pelvic movements. 

3. Leg system: its function is motivated leg’s movements, this mean: knee, ankle and hip 

movements except for Abduction and Adduction moves, which depend on a connection 

between the pelvic of this system.  

6.  Possible solutions 

6.1.1  Weight and Pelvic systems: 
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The first movement can be done by the support system (10). The second part can be motivated by 

any of the forward robotic platform: Stewart and RPS. The Stewart robot was chose for its moves 

and position versatility, also its dof, which are useful to this project. Although for manufacturing 

facility the platform is a university robot.  RPS platform also has an adequate number of dof, for 

that reason and also for its low number of parts is an acceptable option for do this work. 

 

 

Figure 20: pelvis and treadmill system Stewart and RPS platforms. 

 

6.1.2 Leg System:  
 
The last part can be done by different designs, by the base of the knee and hip trajectories are 

similar to a circular trajectory: 

Linear  
A. The mechanism has four linear actuators, two on the right side and others on the left side. 

Each pair has the same holding point in the leg. In this device the movement is done on a 

part. One problem on this system is its complexity, and the space relation patient-platform 

is low, as it can be seeing in the following figure.  

  

Figure 21: lineal system A and assemble. 
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B. The second linear system is base of angular relation between tibia and femur in the 

posterior area. The two linear actuators change their distance between them, and at the 

same time they change the angle on the knee. The way that they move is on a rail system.   

 

Figure 22: lineal system C 

Rotational 
 
D. The unique rotational system is based on the similarity of the knee and hip trajectories with a 

circumference. In consequence the system has two rotational actuators on each joint, but the 

move is done on each part of the leg (tibia and femur). However the natural leg movement is 

similar but not exactly the same than a circumference, for that reason length at the tibia and 

femur can change through a damper-spring system. 

 

 

Figure 23: Rotational system  

Linear/rotational: semi-lineal  

 E. This system is a combination between linear and rotational actuators. A rotational actuator 

moves the hip joint between trunk and femur, the knee joint between tibia and femur is actuates 

by a linear system. The last one takes advance of a present angle between tibia and femur as the 

backwards system. 
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Figure 24: rotational and linear system (semi lineal) 

 
Some of the possible systems, which are explained before have not some of selection parameters 

for that reason the simulation process is only for rotational and semi lineal system.  In the next 

charters, four combinations (Stewart and rotational, Stewart and semi lineal, RPS and rotational; 

RPS and semi lineal) are going to be explained and dimensioned for finally select one of the 

combinations in term of the requirements parameters.  

7. Simulations  
 
In this case of study, the problem is determine the forces and torques to produce specific motions 

(final position), through the inverse kinematic and dynamic modes.  First using the inverse kinetics 

mode give us the leg length for each position, and then the inverse dynamic mode give us the 

forces and torques to produce those motions. 

 

7.1   Platforms: Pelvis 
 

7.1.1 Stewart platform 
 
The Stewart platform is a parallel mechanism that consists of two rigid bodies (immobile base and 

mobile base) connected to each other through six linearly actuated legs. The platform provides a 

large amount of rigidity, or stiffness, for a given structural mass, and thus provides significant 

positional certainty, for these project fundamental characteristics, also has six dof.   

 

The Stewart platform used here is part of the mechanical department. It is connected to the base 

at six points by universal joint. Each leg has two parts, an upper and a lower, connected by a 
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cylindrical joint, which emulate the actually system how consist on a step motor and a helicoidally 

screw. Each upper leg is connected to the top plate by another universal joint.  

 

 
Figure 25: Stewart platform parts  

7.1.2 R-P-S Platform (Revolute-Prismatic-Spherical) 
 

Another parallel platform is the RPS platform. The platform consists of three lineal actuators that 

are connected with two bases as the Stewart robot, except that the kind of joint are not the same. 

In RPS platforms the joins are spherical and rotational as can be seeing on the next figure.  This 

gives only three degrees of freedom, vertical displacement and turn on the horizontal plane (Roll 

and Pitch). 

 
Figure 26: RPS platform parts  

 

7.1.3 Inverse kinematic model 

7.1.3.1 Stewart platform 
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First able we need to define the platform geometry. As we explain before the Stewart platform 

has two bases: mobile base (B) and immobile base (A). 6 vectors can divide the bases location.  

The first coordinate system is from immobile base (x,y,z), the second one is from the mobile base 

(w,u,v). (See Figure 27) 

 
Figure 27: Stewart platform geometry (T. Lung-Wen, 1999). 

 

Each position of the bases can be represented by two vectors  (immobile base) 

and  (mobile base). Those vectors conform the coordinated systems x,y,z and 

w,u,v. although those vectors can be organize into matrix A (vectors ) and B (vectors ) 

Solving the equation for a  close loop, the vector dimension AB describes leg length of each linear 

actuator: 

 

 

Where:   is the distance reference between coordinated systems, it can be seeing as a mobile 

base final position.  4 Is a rotation matrix (Euler xyz), how represents all the angular 

displacement on x,y and z-axis (Tsai 1999).  

 

7.1.3.2 RPS platform 
 
The RPS platform has the same mobile base (B) and immobile base (A) and Three vectors can 

divide the bases location.  The first coordinate system is from immobile base (x,y,z), the second 

one is from the mobile base (w,u,v). (See Figure 28) 

 

                                                           
4 See the reference PAPER for more information  
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Figure 28: RPS platform geometry (C. R Rad, S.D. Stan, 2003) 

 

Each position of the bases can be represented by two vectors  (immobile base) 

and  (mobile base). Solving the equation for a close loop, the vector AB 

describes leg length of each linear actuator: 

 

 

 

Where:   is the distance reference between coordinated systems is seeing as a mobile base final 

position.  5is a rotation matrix (Euler xyz), how represents all the angular displacement on x,y 

and z-axis. 

The independent parameters are:  angle (Roll on X-axis), angle (Pitch on Y-axis) and -axis 

translations  

The dependent parameters are:  angle (Yaw on Z-axis), -axis translations and -axis 

translations. 

7.2 LEGS  
 

It is possible simplifies the leg system as a double pendulum system, which is explained on an 

important number of physics and mechanical books. Below, an explanation how the legs system 

was dimensioned is given. 

7.2.1 Leg system results  
 

                                                           
5 See the reference PAPER for more information  
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As can be seeing on the next figures, the maximum knee and hip torque are similar to knee and 

hip torques found it in investigation resources and other organization. The difference between the 

simulation and the real measure can be explained by the kinematic approximation model and its 

simplification.  

 

Figure 29: legs. Knee torque simulation results 

 

Figure 30: legs. Hip torque simulation results 

After obtain this information, the rotational and semi-linear systems can be dimensioned. 

7.2.1 Legs: components dimension  

Rotational leg system: 
 
As it was explained before the rotational leg system consists in two rotational actuators. The 

actuators are servomotors with an additional gear boxes for speed reductions. Initially the servo 

motor for move the tibia body in relation with the femur is selected: 

 

Motor and gearbox characteristics: 
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Table 6: motor knee reference end technical data  

Standard planetary gear heads: Reference is BALDOR MRP 090 

 

Table 7: gear box reference end technical data
6
 

The second stage is simulated the leg system with the knee motor and recalculate hip maximum 

torque.  Below, can be seeing the results: 

 

Figure 31: rotational system. Hip torque simulation results 

Motor and gearbox characteristics which can perform the backwards behaviour are: 

                                                           
6 The rated knee angular velocity is 5 rad/seg or 47.8 rpm  
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Table 8: motor hip reference end technical data  

Standard planetary gear heads: Reference is auger screw MRP 155 

 

Table 9: gear box reference end technical data
7
 

Semi-lineal leg system: 
 
As it was explained before the semi lineal leg system consists in lineal and rotational actuators. 

The lineal actuator is pneumatic and the rotational is servomotors with an additional gearbox for 

speed reductions. Initially the pneumatic actuator for move the tibia body in relation with the 

femur is selected. Also we use an inverse system, taken the knee torque and defined a distance d 

between femur and the initial point of the pneumatic actuator (Figure. 34). 

 

Figure 32: free body analysis  

Where: 

 

And Using d=10 centimetres and L= the half of tibia length we get the next results:  

                                                           
7 The rated knee angular velocity is 1 rad/seg or 9.55 rpm  

Nominal power [kW] 1.5

rated torque [Nm] 4.77

4.2

moment of inertia *kg·m2x10–4+ 2.84

4.4

65

159.5

Reference AC R88M K900 (H/T)

DIMENSIONS

diameter [mm]

width [mm]

mass [kg]

rated current [A]

rated speed (max speed) [rpm] 900(1000)

Rated power [kW] 1.8

rated speed [rpm] 11.3

Rated torque [Nm] 68

mass [kg] 3.6

OUTPUT

INPUT 
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Figure 33: semi linear system. Knee force simulation results 

Pneumatic characteristics: 

 

Table 10: knee pneumatic actuator reference end technical data 

The second stage is simulated the leg system with the knee actuator and recalculate hip maximum 

torque.  Below, can be seeing the results: 

 

Figure 34: semi linear system. Hip torque simulation results 

Motor and gearbox characteristics: 

 

Table 11: motor hip reference end technical data 
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Standard planetary gear head: Reference is BALDOR MRP 090 

 

Table 12: gear box reference end technical data 

Forward can be seeing a table resume for all the pieces references in both cases: rotational and 
semi-linear systems.  
 

System Hip Reference Knee Reference 

Rotational 

Motor AC R88M K900 (H/T) Motor AC M2n006-4/0-3 

Speed reductor MRP 155 Speed reductor BALDOR MRP 090 

lineal 

Motor AC M2n0220-4/1-3 
Pneumatic 

MC 9-20 -160M Speed reductor MRP 090 
Table 13: resume of systems references  

8 Results 
 
As it is explained backwards only four alternatives are selected to forward simmechanics final 

modelling: two from the pelvis system and other two from the leg system. Selected options from 

the pelvis system are the two robotic platforms: RPS and Stewart, and the options from the leg 

system are: Rotational and semi-lineal. 

 

The assembles consist on: one platform which follow the pelvis trajectory, one leg system to 

follow knee and hip angles and finally a pendulum on the robotic platform gravitational centre, 

how represent the patient weight. In consequence of the assemble configuration, it is necessary 

simulate four assembles with the following configurations (see Figure 35 and Figure 36):  

 

 
Figure 35: Assemble configurations: pelvis system (Stewart and RPS), leg system (rotational and semi-lineal)  



40 
 

 

 
Figure 36: Assembles RPS and Stewart platform with Leg system and body weight

8
 

 

8.1 Assembles 
 

Initially for fulfil design requirements and obtain some of decision parameters, the simulations 

assembles results are: Power which is crucial to determinate the total system consumption and 

forces to have an initial actuators dimensions.  

 

The result of the different assembles can be seeing forward 

8.1.1 Stewart and Rotational system 
 

 
Figure 37: Total Power and Power in each actuator. Stewart and rotational system  

                                                           
8 For more information about the simulation see the Appendix B 
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Figure 38: Total Force and Force in each actuator. Stewart and rotational system 

8.1.2 Stewart and semi-lineal system 
 

 
Figure 39: Total Power and Power in each actuator. Stewart and semi-lineal system 

 

 
Figure 40: Total Force and Force in each actuator. Stewart and semi-lineal system 

8.1.3 RPS and Rotational system 
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Figure 41: Total Power and Power in each actuator. RPS and rotational system 

 
Figure 42: Total Force and Force in each actuator. RPS and rotational system 

 

8.1.4 RPS and semi-lineal system 
 

 
Figure 43 Total Power and Power in each actuator. RPS and semi-lineal system 
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Figure 44: Total Force and Force in each actuator. RPS and semi-lineal system 

 
Below partial information of the backward result was used to generate a table with maximum 

operation conditions (Force and Power) in total and in each platform actuator, means that in the 

total measure we obtain the signals summarize from all actuators and in the other we just register 

the maximum value of all signals independent. Also in the forward table are added two columns, 

one is the number of pieces who are motivated in the all assemble and the second one is the 

number of parts who need to be manufacturing or buying.  

 

Platform System  
Max Force 

Actuator[kN] 

Max Power [W] Number 
of  Parts9  

Manufacture 
(Number of  

Parts )10 actuator Total 

Stewart  

Rotational  4.60 21 81 8 2 

Lineal  4.50 20.8 80 8 2 

RPS 

Rotational  7.49 38 105 5 5 

Lineal  7.48 44 116 5 5 
Table 14: Assemble Simulation Results and others parameters of selection  

As it saw in the backward table the units and dimensions of all values differ from each other, in 

consequence there can be compare between them without make a mistake. For that reason is 

applying a method which assigns number from 1 to 4 depending of the evaluation parameter for 

each category (table columns), this method is explained in the next chapter.  

                                                           
9  The number of parts refers on assembles: Stewart 6 parts, RPS 3 parts and in the legs system 2 
parts. 
10 The selection parameter of manufacture refers to the number of part that needs to be 
manufactured in the future, because these parts do not exist in university mechanical department 
at the time.    
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8.2  Decision process  
 
The applied method consists on assign a number from 1 to 4 depending of the parameter in each 

category.  To maximum force and power it is penalize the highest value with 4 and for minimum 

values is 1. In the number of parts and manufacture the bigger number is 4 and the lower one is 1. 

Finally all of these numbers are added up to, resulting in a total.  Consequently with the 

methodology of the method is choosing the system with the minimum total amount that in this 

case is:  pelvis system is the Stewart platform and for leg system is the semi-lineal configuration (a 

rotational and lineal actuators).  

 

Platform System  
Max Force 
Actuator 

Max Power  
Number 
of  Parts   

Manufacture 
(Number of  

Parts ) Total  actuator Total 

Stewart  

Rotational  2 2 2 4 1 11 

Lineal  1 1 1 4 1 8 

RPS 

Rotational  4 3 3 1 4 15 

Lineal  3 4 4 1 4 16 

Table 15: qualitative analysis results for each assemble 

 
 
 

9 Conclusion  
 
Interpreting the results, an assemble who represent the best qualities is the configuration Stewart 

platform and semi-lineal system (a rotational and lineal actuators) for legs motivation. This fulfils 

all the requirements except safety interaction with the patient, because in the project variables 

were not any related with this requirement.  
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11  Appendixes  

A. Biomechanics of walking: patients with LLA 

A.1 Human motor control  
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According with T. Sinkjaer (1997) the human motor system can be seeing as a dynamic system.  He 

develops a schematic block diagram of the human motor control system (see Figure 45: Schematic 

block diagram of the human motor control system (T. Sinkjaer, 1997). This consist of a central 

nervous system, is the controller, which have the function to activate the muscles or motors. 

Owning to the muscles movement there move the plant or skeletal system and generate external 

loads. Finally the feedback system is represented by the physiological sensory system (T. Sinkjaer), 

which gives sensory feedback to controller.  

 

 

Figure 45: Schematic block diagram of the human motor control system (T. Sinkjaer, 1997). 

 

Figure 46: prosthesis or orthotic: structure that acts in the skeletal system (T. Sinkjaer, 1997). 

 
Prosthetic systems can be seeing inside of the human control system like extra information on the 

plant block (see Figure 46), resulted from a strong connexion between the skeletal system and the 

prosthetic device.  A negative feature of this configuration is its strong simplification of reality. A 

closer on the plant block, shows the really complexity of this system and how it is the 

interrelations between muscles in the lower limb system. 

 

The following figure shows the lower limb system muscles apply a moment force around a joint. 

The total moment of force at the joint also depends on the passive properties of the joint. The 

resulting joint angle depends on all joint torques, external forces and mechanical properties of all 

segments, as expressed with the equations of motion. All movements are measured by a sensorial 

system and feedback to the central nervous system (B. Koopman et. al 1999). 
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Figure 47: Normal control of hip and knee angle (T. Sinkjaer, 1997 and B. Koopman et. al 1999). 

 
Be the case of amputee leg, the effect of prosthesis (TF) is a new passive structure in series with 

the segment model block, with a serious drawback, has no sensory feedback. In consequence the 

prosthesis is open-loop controlled. This device has to actuate by muscles that are present and able 

to generate force to compensate lose of muscles.   

 

Exist two extreme situations are then distinguished because these define what it is the 

contribution and limitation in the limbic system. In the first situation all knew muscles are still 

present, although some of them may perhaps generate less force than normal, this kind of 

amputation is called Transtibial amputation (TT). In the second situation some muscles and the 

knee joint are not present any more, this is called Transfemoral amputation (TF). 

 

The following figure illustrate a TF case, where the knee torque is not present (see Figure 48). 

Instead, the segment model on the unaffected joints drives the prosthesis. Since there is not 

sensory feedback of the knee angle and angular velocity, the prosthesis is basically open loop 

controlled. However, the prosthesis does affect the external loads, which are sensed through the 

stump-socket interface, so some sensory feedback is present. The amount and quality of this 

sensory information is smaller than in a normal situation.  
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Figure 48: Effect of prosthesis case of Transfemoral (TF) (T. Sinkjaer, 1997 and B. Koopman et. al 1999). 

 

A.2  Compensatory movements and diseases 
 
People with amputation in the lower limb system shows difficulties be standing or walking. These 

problems are consequences for instability, to preserve stability; patients can compensate for the 

lack of a leg or control by substituted movement, these compensations stretch or exaggerate 

other movements, specifically the movements related in knee extensors, hip extensors and hip 

abductors/rotators (D. Thompson 2006).  

 

The instability has different causes, in the first place can be from the patient or in second place the 

prosthesis. This project will concern on movements and its consequences from the patient. 

 

Firstly, those movements that are related with the patient usually are connected with a lack of 

foot pressure sense. Feedback information from the planar zone (on the foot) plays an important 

role in the control posture and gait.  Individuals with LLA lose this feedback from the amputee leg, 

resulting in a change in the movement limb system control. For this reason, these patients show 

an abnormal inter/external foot rotation. Equally, they perform a considerable trunk inclination in 

the opposite direction of the amputee leg, generating a walk, which is supported by the unharmed 

leg (see Figure 49). In consequence, patients become more cautious to body disequilibrium, also it 

probable they create an uncertainly in feedback from the healthy leg. 
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Figure 49: Posterior view of a subject with a thoracolumbar scoliosis 

 
As has been noted the instability is an important issue for people with LLA, the general reaction, it 

is an exhibition of a considerable amount of body sway during the stance, resulting in excessive 

foot dorsiflexion, excessive socket flexion, weak hip extensors and a prolonged knee extension in 

stance phase. Although they very often counteract this sense of instability, by changed a 

significant proportion of their body weight on their non-amputated side during stance. 

Inappropriate knee flexion is a cause of this knee instability (hyperextension). This happened 

especially for people with TF amputation, which under those circumstances shows a shortening of 

the contralateral step and an increased in the vertical displacement of the centre of gravity  (T. 

Sinkjaer, 1997). 

 

Also in the way that the amputee individuals are more concern for their stability, require more 

time to achieve any task, this can be see in the Craig D. Tokuno study, which show how patients 

with LLA speed more time in the steady state gait and during the single or double limb support11 

(C. D. Tokuno et al. 2002).  

 

Another issue for these patients is the ability to generate enough amounts of forward propulsion 

or horizontal impulse. This movement depends of the ankle planar-flexors, which behaviour is 

complex for that the prosthesis can not imitated it easily. Since the prosthetic ankle is unable to 

generate propulsion as a normal leg, compensation movements, such as an increased contribution 

from the hip joint displacements on the prosthetic side. The hip and knee joints of the non- 

amputee side raise their trajectories, in order to achieve the gait.  

 

                                                           
11  See Appendixes: A. The Human Gait 
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The group of joints and the interaction of each part inside of the leg, also create the horizontal 

impulse. In LLA samples this impulse is less in the prosthetic leg than the able leg. However the 

intact leg compensate this deficit, by increasing its own magnitude of impulse generation. This is 

illustrated by Craig D. Tokuno where he found when patient with LLA are walking, the intact limb 

applied two times a impulse that either without any inability (C. D. Tokuno et al. 2002). 

 

As well as the forward movements the patient can change normal foot position in the gait for 

inadequate side-to-side placement, causing a decreased knee control. This phenomenon is 

frequently in people with TT. Other problem related with foot behaviour, it is an inadequate 

placement of the foot forwards creates an excessive hip and knee flexion.  

 

All the patient compensation strategies generated a smaller amount of force on the prosthetic 

foot; at the same time the non-amputee leg present an applied force significantly higher that 

prosthetic leg. The significant increase in the magnitude in vertical force produce differences in 

impact, in the study of Craig D. Tokuno linked this phenomenon to the incidence of lower back 

pain in the amputee patients (C. D. Tokuno et al. 2002). 

 

But the most important effect is excessive trunk flexion during lordosis12. This has a considerable 

effect in the vascular musculoskeletal system, which, in time, produces damage to the vertebral 

disks. The reason for this is the permanently asymmetrical load in body distribution weight. This 

can be classifying in two stages, depending of the area that is affected, cervical or lumbar 

(Kraemer 2009).  An example is the gait abnormality TF, which is belonging to or occurring on the 

same side of the body trunk bending in stance phase. This indicates a weak hip abductor and 

inappropriately short prosthesis. 

 

                                                           
12 Lordosis: is due to a slight wedge shape in both vertebral bodies and intervertebral discs. 
(Dictionary Medline Plus). 
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Figure 50: principal problematic areas in-patient with amputation (Foot logics access on 3 August 2011) 

 
Another possible explanation of compensational movements is that the locomotor control system 

(nervous system) attempts to minimize a cost function that balances energy consumption and 

kinematic error (J. L. Emken et al, 2003), by means of containing force, stiffness, and position error 

terms in the musculoskeletal system (J. Liu & D. J. Reinkensmeyer, 2004). 

. 

The move restriction behind the use of the prosthesis creates asymmetric length steps, and an 

increment in the stance phase, also it can develop abduction and circumduction13 or the swing of 

the limb in a wide arc, indicates an inadequate suspension of the prosthesis. Result an abnormal 

gait patterns.  

 

Those movement related with the prosthesis length, commonly produce an excessive elevation of 

the heels, and consequently, inconsistencies in the swing phase. It can also present a 

hyperextension 14 in the knee in the amputee leg, this movement is well known as the action of a 

projectile (Krebs H. I. et al, 1999). Locking the knee during the gait cycle requires that the patient 

to use trunk and hip abduction movements to elevate the leg to atypical position (M.C. Kosak et al, 

2000). 

 

With patient asymmetrical posture in mind, it is important to focus attention on the cervical area. 

In figure 42, it can be seen that the area is laterally bent with the convexity on the side of the 

                                                           
13 Abduction: are movements away from the sagittal plane 
 Circumduction: is the combination of movements who made a circular arc. (Dictionary Medline 
Plus).   
14 Hyperextension: Hyperextension is a straightening movement that goes beyond the normal, 
healthy boundaries of the joint (Dictionary Medline Plus). 



56 
 

functional limb (called “idem-scoliosis”). This abnormal posture, in time, generates an abnormal 

curvature of the spine (Figure 51). Symptoms related with this are abnormal loading of the 

shoulders and neck muscles. Also the inside of the intervertebral tissue can produce signs of a 

nerve root irritation (J. Kraemer 2009). 

 

  

Figure 51: lordosis of the spine column (modified Beltina.org access on 3 August 2011) 

On the other hand, a lateral curve in the spine appears inside of the lumbar spine, as an effect of 

uncompensated leg-length between the affected and unaffected leg. Consequently the lumbar 

motion segments are placed under excessive mechanical stress, particularly in the intervertebral 

joints. Incidentally on the cervical area the effect is pain because of the presence of an 

intervertebral irritation (J. Kraemer 2009). 

 

As a result of the high prevalence of symptoms in the cervical and lumbar spine, amputees and 

individuals with a damaged limb will often have such symptoms on a degenerative lumbar disk. 

One possible way to deal with the damage that these diseases cause is prevention which can be 

done by teaching the patient the correct position and the correct movements for walking.   

B. SimMechanics Models 

B.2 Trajectories: 
 
 The trajectories were defined by a polynomial approximation.  

B.2.1 Stewart Platform 
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Figure 52: Stewart platform simMechanics model 

 
 

 
Figure 53: Stewart platform simMechanics model PLANT 
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B.2.2 RPS Platform: 

 
Figure 54: RPS platform simMechanics model 

 

 
Figure 55: RPS platform simMechanics model PLANT 

 

B.2.3 Legs, rotational and semi lineal system: 
 



59 
 

 
Figure 56: leg rotational and semi-lineal simMechanics model 

 

 
Figure 57: leg rotational and semi-lineal model 

          
                           

B.2.4 Stewart Platform Assemble 
STEWART and ROTATIONAL SYSTEM  
 



60 
 

 
Figure 58: Stewart assemble SimMechanics model  

  

 
Figure 59: Plant of the Stewart assemble, the cyan bocks are the leg system and the magenta is the patient weight 

 

B.2.5 RPS Platform Assemble 
 

 
Figure 60: RPS assemble SimMechanics model 
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Figure 61: Plant of the RPS assemble, the cyan bocks are the leg system and the magenta is the patient weight 

 
 






