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ABSTRACT

A GAIT GENERATION MECHANISM FOR LEG
REHABILITATION THERAPY

by
Yazan Ahmad Manna

While most take their ability to walk for granted, some are unable to walk secondary to

any number of pathologies, such as traumatic brain injury (TBI), spinal cord injury (SCI),

cerebrovascular accidents (CVA), cerebral palsy (CP), multiple sclerosis (MS),

Parkinson's disease, as well as various orthopedic conditions. Decreased activity has

been shown to be associated with rapidly deconditioning and other co-morbidities.

Rehabilitation techniques that afford patients the ability to begin reconditioning through

walking sooner may ultimately enhance their return to a better quality of life.

The overall goal of this study is to design a gait generation mechanism for

rehabilitation of paralyzed legs. This mechanism should provide an appropriate afferent

input to the spinal cord by moving the legs in a physiological way.

This thesis focuses on the dimensional synthesis of a four-bar linkage to reproduce

the desired ankle trajectory in the sagittal plane.

The data of sagittal flexion/extension at the hip and knee joints from healthy people

are used to define the desired ankle trajectory during normal gait cycle. A path generation

four-bar mechanism is then synthesized to obtain proper link and coupler dimensions.

The resulted coupler curve matches well with the desired ankle trajectory.
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CHAPTER 3

DESIGNING A FOUR-BAR MECHANISM

3.1 Introduction

In this chapter, suitable ratios of link lengths of a four-bar mechanism will be found to

generate the desired trajectory discussed in chapter 2. Section 3.2 talks about

displacement trajectory charts. Section 3.3 talks about designing the four-bar mechanism.

3.2 Displacement Trajectory Charts

One of the methods to design a four-bar mechanism which will give the desired

trajectory, is trying to match this desired trajectory with an atlas of coupler curves in

which a displacement trajectory of a network of points on coupler of a four-bar linkage

are accurately reproduced for a wide variety of link ratios [6]. In this atlas, the charts are

reproduced with the driving crank length link in all cases the same. Changing the actual

link lengths but maintaining the same link length ratios does not alter the motion

characteristics of the linkage. It merely introduces a scale change [6]. Thus if a linkage is

designed twice the size of that shown the trajectory of a given point will be twice as large

but unchanged in shape [6]. This feature means that once a trajectory is found by

choosing a suitable links ratio, the scale can be changed according to the height of the

person to produce the trajectories shown in Figure 2.7 in chapter two.
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All the charts in this atlas are from Crank-Rocker type linkage. In this type of

linkage, the input link (crank) is capable of rotation through a complete revolution while

the output link (rocker) will oscillate between two positions. An example of a trajectory

chart is shown in Figure 3.1. This is a schematic drawing that shows four motion

trajectories, shown in dashed line, for four coupler points on the coupler link, for a certain

link ratios.

Figure 3.1 Schematic drawing that shows four motion trajectories, shown in dashed line,
for four coupler points.

As shown in Figure 3.1, each coupler point will produce a different motion

trajectory in shape and size. The atlas has many charts with different link ratios and

different locations of the coupler points. This gives a wide range of motion trajectories.

Choosing another set of link ratios, for Figure 3.1, will give different motion trajectories

for the same coupler points.
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3.3 Designing the Four-Bar Mechanism

As mentioned in section 3.2, there is a wide range of motion trajectories for different

coupler points with different link ratios. Visual inspection to the charts can help in

selecting different trajectories which are close in shape to the desired trajectory. After

that, we need to plot these selected trajectories and the desired trajectory in the same

figure and compare between them and choose the suitable trajectory, and hence the

suitable link ratios. Fine tuning of the link ratios can then be performed to produce better

match in the shape of the trajectory.

To do this comparison, we need first to draw the coupler curve (motion trajectory)

of a given coupler point in a given four-bar mechanism. There are six parameters needed

to draw the displacement trajectory or coupler curve of a coupler point. These are: frame

length, frame angle, coupler length, rocker length, coupler point radius (length), and the

angle from the coupler line to the coupler point. A four-bar mechanism with these

parameters is shown in Figure 3.2.

Figure 3.2 A four-bar mechanism
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A MATLAB m-file taken from reference [7] is used to plot a coupler curve. This

m-file is called "fourbar_analysis". Originally, this m-file is used to analyze a crank-

rocker mechanism for position, velocity, and torque, and coupler curves [7]. Since our

interest is only in the position of the crank-rocker mechanism and the coupler curve at the

moment, the command lines of the program dealing with velocity and torques of the

mechanism are deleted and only those command lines relevant to the position and the

coupler curve are kept. The command lines in the "for_kinm" m-file are plugged into the

modified "fourbar_analysis" m-file with a few command lines added to them.

The nomenclature used in the "fourbar_analysis" m-file is shown in Figure 3.3,

where r1 is the frame length, Q1 is the frame angle, r2 is the crank length, r3 is the

coupler length, r4 is the rocker length, cr1 is the coupler point length or radius, and Betal

is the angle from coupler line to coupler point.

Figure 3.3 Nomenclature used in the "fourbar_analysis" m-file.
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Now, once a coupler point trajectory of a certain links ratios in the atlas is to be

plotted, the five parameters, mentioned at the beginning of this section, must be measured

from the atlas and plugged in this m-file. Many trajectory curves, in the atlas, are close in

shape to the trajectories shown in Figure 2.7. However, many of these curves are

different in their size from the size of the desired trajectory and different in their

orientations. To handle the size issue, we need to scale the link ratios and thus the size of

the trajectory as was mentioned in the beginning of section 3.2. So, a parameter is

plugged into the "fourbar_analysis" m-file to change the scale of the link ratios. Another

issue needs to be resolved in the orientation of the trajectory. Figure 3.4 shows how

different mechanisms having different link ratios produce different orientations of

coupler trajectories.

Figure 3.4 Different orientations of coupler trajectories for different link ratios.



22

The trajectories in Figure 2.7 look like shape # 2 in Figure 3.4, i.e., the tail of the

shape lies to the right of the trajectory and points towards up direction, and so the

orientation is the same. If any trajectory in the atlas is found to have an orientation like

any of the other three shapes in Figure 3.4, then we need to map the trajectory in Figure

2.7 to the same orientation of the trajectory selected from the atlas. This can be done

using transformation matrices, as was done in chapter two.

First, the orientation matrix part is derived then the whole transformation matrix

is used. If we have shape # 3, then we can reach this shape by rotating shape # 2 about

X S3 by 180 degrees. Substituting this angle into the following orientation matrix [5]:

The transformation matrix becomes:

S3Carrying out the multiplication of equation 3.3 and 2.12 will give	 T3



The position part of this transformation matrix will give the desired trajectory in an

orientation similar to that of shape # 3. The values of S3X base and S3 Y base can

be chosen to adjust the position of the desired trajectory so that it coincides with the

coupler curve resulting from a certain four-bar mechanism. As noticed, only the position

part of 3.4 is used in plotting the desired trajectory and the generated trajectory from a

four-bar mechanism. The orientation part is not important to us in this stage.

Similarly, if we have shape # 4, then we can reach this shape by rotating shape # 2

about Z S4 by 180 degrees. If we have shape # 1, then we can reach this shape by rotating

shape # 2 about Y Si by 180 degrees. The orientation matrices needed for these two

rotations are:

Using the same procedure used above and taking only the position parts, we get

equations 3.7, 3.8, 3.9, and 3.10. Equations 3.7 and 3.8 are used if we have shape # 4 and

3.9 and 3.10 are used when we have shape # 1.
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The position part of 3.4 and equations 3.7 and 3.8 are plugged into the

"fourbar_analysis" m-file. Once a shape is identified, the number of the shape is entered

into the program and the program will plot the desired trajectory in the desired

orientation. Many four-bar mechanisms with different link ratios, form the atlas, were

tested using the "fourbar_analysis" m-file. The best trajectory found is shown in Figure

3.5. The dashed line represents the trajectory generated by the four-bar mechanism,

while the continuous line represents the desired trajectory. Figure 3.6 is a zoom figure of

Figure 3.5. The desired trajectory is plotted for a height of 1.75 meters. And so, this four-

bar mechanism is suitable for this height. The link ratios, coupler point angle and length

are shown below. The "x" represents a scale factor to scale the link ratios and thus the

trajectory generated to be suitable with a given trajectory of a certain height. For a height

of 1.75 meters, "x" is 2.83.

(frame length)

(frame angle)

(crank length)

(coupler length)

(rocker length)
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cr1= 18/ (6.3*x)	 (coupler point radius)

Betal=11 degrees (coupler point angle)

Figure 3.5 The desired trajectory compared with the trajectory generated by a four-bar
mechanism for a person's height of H = 1.75 meters.

Figure 3.6 A zoom figure of Figure 3.5 for a person's height of H = 1.75 meters.

For heights of 2 and 1.37 meters, the desired trajectories and the generated

trajectories are shown in Figures 3.7 and 3.8, respectively.
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It is noted that the size of the trajectories differs depending on the height of the

person used. However, these trajectories have the same shape. A scale factor that scales

the profile according to the height was found and embedded into the "fourbar_analysis"

m-file to give the required link dimensions along with the profile once a height is given.

Figure 3.7 The desired trajectory compared with the trajectory generated by a four-bar
mechanism for a person's height of H= 2 meters.

Figure 3.8 The desired trajectory compared with the trajectory generated by a four-bar
mechanism for a person's height of H= 1.37 meters.



CHAPTER 4

CONCLUSION

4.1 Results

A path generation four-bar mechanism was synthesized to obtain proper link and

coupler dimensions. The resulted coupler curve matches well with the desired ankle

trajectory. This gait generation mechanism can be used for rehabilitation of paralyzed

legs. It should provide an appropriate afferent input to the spinal cord by moving the legs

in a physiological way. Figure 4.1 shows a typical four-bar mechanism to be used for

rehabilitation therapy with a profile generated for a person's height of 1.75 meters.

Figure 4.1 A typical four-bar mechanism with a profile generated for a person's
height of 1.75 meters.
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4.2 Future Research

Future research of this Gait Generation Mechanism includes:

• Using the inverse kinematics to find the flexion/extension at the hip and knee

joints resulting from applying this mechanism and compare it to the

original data.

• Finding the orientation of the ankle joint and adding a degree of freedom to

obtain this orientation during a normal gait cycle.

• Building a gait trainer that along with this mechanism will form a complete gait

trainer that can be used in rehabilitation therapy.



APPENDIX A

ANGLES DATA

The young people's data for Hip Flexion and Extension (hfe) angles, Knee Flexion and

Extension (kfe) angles, and Ankle Plantar Flexion and DorsiFlexion (apd) angles are

shown, along with their standard deviations, in Tables A.1, A.2, and A.3, respectively.

Table A.1 Data for Hip Flexion and Extension (hfe) angles.
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Table A.2 Data for Knee Flexion and Extension (kfe) angles.
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Table A.3 Data for Ankle Plantar Flexion and DorsiFlexion (apd) angles.

31



APPENDIX B

FOR KINM M-FILE

A MATLAB m-file is used to generate the trajectory of a human's foot or the ankle joint.

This m-file is called "for_kinm" which stands for forward kinematics. The program is

shown below by italic.

% This function computes the position of the Ankle joint or relative to the base frame
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Figure, hold on, axis([0 1.5 0 )

for j=1:1:3 % for loop is used to generate different trajectories corresponding to

% different heights.

11=0.245 *h; % Length of upper leg (meter)

12=0.246*h; % Length of lower leg (meter)

i=1:1:51;	 % Number of data samples

% The data angles are in degrees and are converted to radians in the x and y

% relations. A plot for the position of the ankle joint will be plotted relative to the

% base frame. This is the absolute frame that the four-bar mechanism will be

% working according to its coordinates.

x0b=1;	 % x0b and y0b locate the origin of frame zero relative to the base

y0b=1.5;	 % frame, these are arbitrary and can be changed

xab= x0b+ 11 *sin (hfe*pi/180) +l2 *sin ((hfe-kfe)*pi/180);

yab= y0b+ -1*(11*cos (hfe*pi/180) +12* cos ((hfe-kfe)*pi/180));

% xab and yab relations locate the position of the Ankle Joint relative to the base

% frame

plot(xab,yab),grid, title('Yab vs. Xab)

h=h+.38;	 % Increment of h. The profile will be plotted at three values of h

% which are: 1.37, 1.75 and 2.13 meters

end	 % End of for loop
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