











The mechanism’s overall dimensions are 149.9 cm long, by 66.0 cm wide and 64.8 cm
high. Figure 5.37 shows progressive shots of a single leg moving. From the figure it can
be seen that the motion of the foot performs similar to that of the computer model, thus
justifying that the model is accurate when compared to reality. Figure 5.38 shows a
progressive still shot of the entire mechanism moving which indicates that the prototype

does function and works correctly.

Figure 5.37: Progressive Still Shot of a Single Leg Motion

After building the prototype certain problems and areas of improvement were found.

Some of the problems are caused by the low precision used to build the prototype. One

77



area of concern is the crank that drives the system. The crank that drives each pair of legs
is comprised of two links. The problem occurs because one of the crank links can lag
slightly due to the low tolerances in the joint. This causes the joint to bind causing a
significant increase in torque. To overcome this, the crank links can be welded to the
joint rod connecting the two. However, this creates a problem when removing any of the
links. Another way is to flatten the one end of the links that attach to the crank, because
then the length of the crank pin is shortened which would aid in reducing the significance
of the binding. One last method is to reconstruct a new prototype. One way is to design a
model that utilizes tight tolerances, bearings in the joints, and a solid crank. This was
undesirable for the first prototype because the cost would increase substantially with
machining costs, bearings, labour costs and higher quality materials. Another way is to
fabricate them by using the methods described by Theo Jansen [28]. Even though the
materials used by Theo Jansen are very cheap, he does mention in his book [28] that he
required specific tools to construct these mechanisms. It would be feasible to acquire
such tools if many mechanisms were going to be built, however for just a few it becomes

very unfeasible.

5.6 Summary

An optimization was applied to the leg mechanism to improve on the leg performance.
The objective problem that describes the optimization is composed of two components:
1) reduction of energy and ii) maximizing the step length. The results were then compared

to a previously achieved trial-and-error solution.
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It was found that there were large improvements on the overall objective function. This
improvement was directly related to the reduction in energy because the performance in
the step length decreased. However, the magnitude at which the step length decreased is
not substantial. To demonstrate the optimized solution, a physical prototype was
constructed to show that it works and that it behaves in a manner that was depicted by the

computer model.
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Figure 5.38: Progressive Still Shot of the Leg’s Motion
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Chapter 6

6. Conclusion and Future Work

6.1 Conclusions

A SDOF leg mechanism used by Theo Jansen was redesigned using mechanism design
theory for the purposes of optimization. The optimization of the leg mechanism required
the following studies to be performed: a) the design of the leg using mechanism design,
b) an initial study on improving the mechanism using trial-and-error ¢) the complete
kinematic derivation describing each link, d) the complete derivation of the dynamics of
each link and e) the creation of the objective functions representing the desired goals of

the optimization.

The design of the leg mechanism was separated into two main design stages. The first is
the design of the two identical four-bar mechanisms (Z,2,Z3724 and Z,72,7Zs7Z¢, Figure 2.2)
and the coupler Z4Z;Z3. The four-bar mechanisms were treated as a function generator
and were designed based on an equation describing their motion. The coupler was
designed by free choices defined by the user. The second design stage is the design of the
Z¢Z37907,0Z11Z1> (Figure 2.2) mechanism, this mechanism was treated as a path
generator. The design was carried out using four precision point synthesis where the path
was specified by the user. After the design was complete, constraints were formulated to

aid in determining if the designed mechanism was acceptable. With the use of these
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methods a trial-and-error manual optimization was performed. The parameters needed to
design the leg were manually chosen and changed by the user until an excellent looking

mechanism was found.

To perform the optimization a complete analysis of the leg mechanism was needed.
Kinematics was the first analysis since the dynamics are dependent on the solved
kinematics. The kinematics was solved by separating the leg mechanism into three loops.
With the use of the loop closure equations the angle, velocity and acceleration was found
for each link. Since the leg is a SDOF, the kinematics of one link needed to be defined to
solve for the remaining. With the derivations of the kinematics, the dynamics of the leg

mechanism can be solved.

The dynamics were derived by analysing each link separately by creating a force diagram
depicting all the forces acting on the link’s body, including inertia forces. As a result
three equations were derived for each link. Two are obtained by summing the forces on
the body and separating them into their respective x and y-components. The third was
derived by summing the moments about the center of mass. As a result, 21 linear
equations were found and with the use of superposition these equations form a matrix
representing the dynamics of the system. However, 23 unknowns were found in the
system making it redundant to solve. Therefore, assumptions had to be made concerning
the ground reaction forces between the foot and the ground, which is a common

occurrence in previous research.

The last and sometimes the most critical step in terms of optimizations are the objective

functions. For this problem, two critical aspects of the leg mechanisms performance were
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chosen to be optimized. First, is minimizing the energy to improve the efficiency of the
leg and lowering the requirement for larger motors. Second, is the maximization of the
stride length, because a leg that travels a longer distance with lower energy is very

desirable. Hence, I want to reduce the amount of energy per unit of travel.

The optimization was performed using Matlab’s optimization toolbox. However, it was
found that many local minimums exist, therefore a coarse exhaustive search was
performed where the optimization was applied to the best found configurations. The
results of this thesis show that a large increase in the performance of the leg mechanism
was found. Therefore, the optimization was a success. However, the goals of this work
was not only the optimization, but to show that mechanism design should be considered
for optimizations of a leg mechanism, because they offer more control over the outcome
of each solution and eliminates the analysis of impossible mechanisms that would
otherwise be analysed. In previous studies, the link lengths were changed directly
[12,14,18,19], thus blindly changing the lengths in hopes that the new configuration will
be valid and have better performance. With the mechanism design theory, the chances
that the new configuration is valid greatly increases since it must satisfy certain precision

points defining the foot path.

The comparison between the trial-and-error and optimization results demonstrates an
excellent improvement in the performance of the mechanism. The mechanism design
theory was found to be an excellent tool for determining the link lengths when
incorporated into the optimization, because it offers a greater control on the outcome of
each solution. The dynamic analysis was utilized in the optimization process to better

simulate the forces in the joints and the torque on the crank. However, the dynamics is
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highly dependent on the assumptions and would need to be tested to increase the
confidence of the dynamic analysis model. Overall, with the combination of the
mechanism design and the dynamics, a very successful optimization was created where

the energy and maximum crank torque were reduced drastically.

6.2 Future Work

Even though the optimization was a success, there was a critical assumption made
regarding the reaction forces seen at the foot. This is a common problem in previous
research as well [11,12,14,19]. However, the actual forces experienced at the foot have
not been studied. This could be due to the fact that previous work utilized the static force
analysis techniques instead of dynamics. As a result, it is being planned to test the
prototype of the leg mechanism with the intentions to physically measure the reaction
forces at the foot. The measured data would then be compared to the ground reaction
assumptions to examine its resemblance to the measured data. Then by examining these

differences it is desirable to try and better simulate reality by adjusting these assumptions.
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