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Executive Summary
The purpose of this design project was to create a climbing robotic lemur that demonstrates proper mating rituals to adolescent lemurs in hopes of saving the endangered lemur species. The robotic lemur will serve as a prototype, and instead of having to climb real trees, must be designed to climb two columns of wooden pegs mounted on a vertical wall. The pegs are regularly spaced both vertically and horizontally. In order to accurately demonstrate real lemur mating behavior, the robot must climb only with its arms and grasp a plastic egg with its feet.  The robot must also release the egg into a hole at the top of the vertical wall and then cease climbing.  The robot’s climbing motion must be as biomimetic as possible and must not use wheels for propulsion. Additionally, the robot must be the same approximate size and weight of an adult lemur, must be cheap to manufacture, and must run off of battery power.

[image: image1.jpg]



[image: image2.jpg]



[image: image3.jpg]



[image: image4.jpg]



[image: image5.jpg]



[image: image6.jpg]



[image: image7.jpg]



Our final robot proved to be very successful. The robot was able to consistently climb the peg wall and deposit the egg through the hole. There are several key attributes that led to our robot’s success and set it apart from other similar robots. First, our design is reliable and consistent. By choosing to avoid delicate chain drives, and opting to use metal gears instead of plastic ones, we never experienced problems with the strength of our drivetrain.  Our four-bar linkage choice was also a good one. The linkage followed a lifelike motion that allowed our arms to clear the pegs without using flippers. As a result, our robot had fewer moving parts, was more consistent and predictable, and more biomimetic than other robots that used flipping hands. The linkage also provided sufficient torque to propel our lemur up the wall without assistance. While we have received criticism that our lemur robot resembles an owl, we proudly stand by our robot’s masculine looks and believe it to be incredibly attractive to a female lemur.
In arriving at our final design, our team spent many hours performing analysis to test and justify our design choices. We used three major analysis/design tools: MATLAB, Working Model and SolidWorks. We used MATLAB in order to visualize the motion of our four-bar linkage, plot coupler curve paths, and perform force and velocity analysis. The MATLAB code helped us to choose linkage lengths that satisfied the geometric constraints of the peg wall and helped us choose a motor and transmission ratio that could deliver enough torque. Working model was especially useful in the design process, even though it is not particularly suited for iterating designs. It allowed us to test our linkage and overall robot design without having to build a physical prototype. We changed link lengths, hand designs, and tail geometries until our robot could reliably climb in the virtual environment. We used the geometry of our working model to construct a physical model of our robot using SolidWorks. We modeled our fasteners, motor, and other components, so we were able to virtually assemble and visualize the more than 90 parts in our entire robot. With this visualization aid, we were able to identify major flaws in our design, check for fits and tolerances, more easily specify our hardware, and have a clear map of how to assemble the robot. We finally created drawings and DXF files, which we loaded onto a Lasercamm to cut our custom parts.
Despite the rigorous analysis and prototyping we undertook, there were several problems that did not come to our attention until we actually built a physical prototype. The first problem we ran into was the friction between the tail and the pegs, which initially caused our robot to get jammed between the pegs. Secondly, we did not foresee the problem of our hands falling off the front of the pegs. We also did not realize that our fasteners could get stuck on the inside edge of the depository hole at the top of the wall.  We were also unable to fully understand what hand geometry would best suit our robot. And finally, we greatly underestimated the difficulty of getting our gears to mesh and align perfectly. While this list of unforeseeable problems is seemingly long, it would have been much longer had we not fully utilized the design and analytical tools described above.
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Final Robot Design and Design Considerations
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Our final design had two powered arms, two rigid legs, and a long looped tail. The arms consisted of four-bar linkages with hand extensions from the middle link (see figure 2). These arms had several important characteristics. First, the linkage allowed enough vertical range of motion for our lemur to reach the next peg. Second, the linkage allowed the hands of the lemur to move around the pegs while reaching to grasp them.  Lastly, the linkage caused the hand to move slowly during the downward path (while pulling on a peg) and quickly when retracting from the peg. As a result, the arm had maximum torque when pulling the lemur body upward and because the retraction of the arm is so quick, the two arms are often both in contact with pegs, stabilizing the motion of the body. At the beginning of our design process, we experimented with a six-bar linkage that we thought might be able more [image: image10.jpg]


compactly retract the arm and avoid collision with the pegs. Although we prototyped several convincing six-bar linkages using LEGO, we ultimately abandoned the six-bar design because we could not get enough reach with the linkage and the linkage caused the robot to jam (see figure 3). 
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The next design decision we had to make was how to attach our linkages on the body. During the initial design stages we experimented with placing the two linkages side by side, in the same plane. However, because we had to ensure that the arms did not collide with each other, there was a limit to how long we could make the linkages, which consequently limited the range of the arms’ motion. For our final design we placed one linkage on the front of the lemur body and the other is on the back. Placing the linkages in different planes allowed the arms to cross over each other.  This meant that the arm linkages could be longer and have enough range of motion to reach the next peg.
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The driven link of each four-bar linkages was rigidly connected to a shaft which in turn was attached to a worm gear. Because of the small diameter of the shaft and the large torques present, simply bonding the shaft with epoxy through a hole on the end of the driven link would probably not have worked. To solve this problem, we attached a shaft collar to the end of the shaft, cut a hole with an OD of the shaft collar in the driven link, and bonded the shaft collar with epoxy into the hole. Because of the larger surface area and diameter of the shaft collar, the risk of the shaft coming loose was eliminated (see figure 5 on previous page). The worm gears are locked to the shaft with a setscrew, which rests inside a hole on the side of the shaft. The worm gears initially slid on the shafts, but drilling a hole on the side of the shaft eliminated this problem.
The two worm gears reside in the middle of the body and sit side by side in the same plane. A worm rests between the two worm gears (see figure 6), creating a transmission with a 60:1 gear reduction. Using a worm and worm gears had advantages and disadvantages. We chose this design initially because we thought it would be a compact way to eliminate the need for chain drives. While the worm and worm gear combination served this purpose well, it also introduced alignment problems. Unless the spacing between the gears was perfect (within a few thousandths of an inch), the transmission would bind. Because the distance between the bushing holes in the chest was subject to tolerances of hundredths of an inch, our worm gears were initially too close together. To finely adjust the spacing between the gears, we cut a slot in the masonite body, between the two worm gears, and wedged in thin metal spacers (see figure 7).  After several attempts, the material expanded enough to allow proper alignment between the gears. The long shaft that was secured through the middle of the worm gear also had to be perfectly aligned. Initially, the long drive shaft was constrained only on one side by a pillow block. After testing this configuration, we realized that the shaft would bend and cause sloppy engagement between the gears. Thus, we constructed a makeshift pillow block with a bronze bushing to constrain shaft on the top as well (see figure 6). This greatly improved the smoothness and efficiency of our transmission.
This long shaft goes down the length of the lemur body and connects to our 30:1 gear motor, creating an overall gear ratio of 1800:1. Connecting the worm gear shaft to the motor shaft was a challenge because the shafts had different diameters and were not perfectly aligned.  We ended up using an aluminum coupler that was flexible in bending but stiff in torsion. This meant that the coupler would transmit all the power of the motor to the long shaft, but also flexed to compensate for the misalignment of the two shafts. Unfortunately, the inner diameter of one of the coupler ends did not match the outer diameter of our motor shaft. To resolve this, we constructed an adapter out of a wooden dowel (see figure 8). We intentionally mounted the motor vertically and low on the body. Mounting the motor vertically allowed the mass of the motor to be closer to the wall, which meant that the body was less likely to fall off the front of the pegs. The long shaft kept the motor from interfering with the rotating arms. The motor was powered by two 9V batteries connected in series. As a last-minute safety measure to prevent the right hand falling off the front of the pegs, we cantilevered these batteries off the front of the lemur, below the right hand. This created a moment that pushed the right hand back onto the wall when it moved too close to the end of the peg.

The egg is carried between the two feet of the lemur in a small box (see figure 9). When the box reaches the hole at the top of the wall, a door on the front of the box flips open and deposits the egg. A contact lever switch, depressed while climbing the wall, is released when it reaches the hole and shuts off power to the motor.


The final major design element of the robot is the tail and other stabilizing features (see figures 10 and 11). The tail of our lemur was shaped so that it could sit between the lower pegs to prevent over-rotation of the robot body. Without this stabilization feature, the robot would swing and the arms would not be able to reach the next pegs. We also installed a skid plate on the back of the robot (side of the robot in contact with the wall) so that protruding heads of the bolts in our linkages would not get stuck in the hole on the wall.
Matlab Analysis

We modified and expanded the Matlab linkage analysis script that was provided to us and we used this script extensively as a design and analysis tool. We used Matlab for geometric analysis, as shown by figures 12-1 through 12-3. Figure 12-1 animates the coupler curve based on link lengths and angles. Figure 12-2 animates the two arms’ coupler curves simultaneously, given the horizontal distance between the two base links, which is dictated by the size of the worm and worm gears we used for our robot. Figure 12-3 animates the path that the right hand of our lemur takes when the left hand is fixed to a peg at (0,0) and the body is oriented vertically (constrained from rocking by the tail). The figure-eight path of the hand around the pegs is ideal for avoiding collision. This third graph of relative arm position is much more meaningful than the first graph of a single coupler curve, since the instantaneous relative position of the two arms (not the individual coupler curves) determines whether the robot will collide with the pegs when it is climbing.

We also used Matlab for quantitative kinematic analysis, as shown by figures 12-4 and 12-5. We input the speed and torque of our motor, our gear ratio, and our estimated transmission efficiency. Using this data, we calculated the vertical component of the velocity of the hand as a function of crank angle (figure 4) and the corresponding maximum vertical force provided by the hand (figure 5). These graphs demonstrate quantitatively that the hand follows a slow downward stroke and a fast return stroke. The downward stroke provides a consistent force of at least 4 pounds, which can easily push our 1.92-pound robot up the wall.

There are s some discrepancies between our Matlab model and our real device, which are result of assumptions we made in our model. For instance, we assumed in our analysis that the speed and torque of the motor are constant, but the motor characteristics actually vary depending on loading. We also assumed that the hand position is fixed to the peg, but our robot’s hands actually slide as they reach for the pegs. Despite these discrepancies, our robot is still follows the approximate path that we designed in Matlab and is able to climb reliably.
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Figure 12: Visual summary of Matlab analysis
Results from Working Model

We used Working Model as an intermediate step between our initial Lego prototypes and our final design. Working Model allowed us to develop the design ideas we explored in our Lego prototypes and determine whether they would work on a full scale robot. Working Model was a powerful tool in helping us determine the geometry of our linkage and the stabilizing features of our robot.

Working Model was the determining factor in our decision to go with a four-bar linkage instead of a six-bar. In our Lego prototypes, we developed a design that featured a six-bar linkage, which we really liked because it was extremely biomimetic. However, when we tried to use the six-bar in Working Model it became very clear that it was going to be very difficult to make it work properly. As figure 13 shows, the linkage we were working with was very complicated. We realized that it was nearly impossible to predict how the behavior of the linkage would change when we modified the length of just a single link. It seemed as though we were going to have to randomly guess the right dimensions for our 6-bar, otherwise it would never work. We did not want to put the success of our robot in the hands of chance, so we decided to abandon the six-bar design and focus on developing our four-bar concept.

Working model allowed us to iterate through various four-bar designs and develop a linkage geometry as well as stabilizing features that worked very well. We used working model in conjunction with Matlab to develop the dimensions of our four-bar. We would design a linkage in Working Model and then check it in Matlab to make sure it had desirable characteristics. The four-bar we developed has a good path for climbing the pegs, which allows the hand to sweep in and around the peg and then move out and press down on the peg. We used working model to explore different hand and tail shapes. Once we got our four-bar model to work consistently, we transferred all of the dimensions to our SolidWorks model, so that the key dimensions of robot would match our four-bar model.  While we did have to modify some features when we built the actual robot, Working Model helped us avoid having to make any drastic changes when we manufactured the final robot.


Results from Testing
Despite all of the analysis and planning we did before building our Lemur, there were a number of problems with our Lemur that we discovered through testing.  This is due to simplifications and oversights in our analysis and design work.  Despite these problems, much of our analysis proved correct and testing only validated our earlier work.

One major problem we discovered through testing was that our Lemur’s arms were too long. This was likely due to the fact that we used Working Model to determine the length of the arms. Working Model was particularly finicky with the arms because they had springs on them to allow them to clear the pegs on their upswing. The model would act in very bizarre ways and would bounce all over the place, so we needed long arms to make sure the model would catch itself. However, in reality our Lemur did not bounce at all and the long arms simply got in the way.

Another problem was that our Lemur climbed away from the board and off of the pegs. This problem is due to the fact in our design we did not ever consider the slope of the wall to be significant enough to effect how our Lemur climbed.  We just assumed that the wall was close enough to vertical that our Lemur would climb as if it was climbing a vertical wall.  Because of this we did not incorporate any sort of stabilizing features in our original design to keep the Lemur climbing against the wall.

In testing we found that our analysis for the torque requirement of the motor was accurate. In our calculations we found that we needed a lot of torque to make our Lemur climb and this was validated through testing.  Some of the lower-torque motors we tested could not even get our gear train moving.  The motor we ended up using had a torque output very close to the torque we calculated we needed, and the motor had ample torque to power the Lemur up the wall.

Testing also showed that the motion of our linkage was good for climbing the pegs and matched our analysis very closely. Once we got the arm length correct, our linkage worked very well. The arms swept in and around the pegs and then reached out and pushed down on them just as the Matlab and Working Model predicted.
Conclusion

Through our use of design and analysis tools such as MATLAB, Working Model, and SolidWorks, we created a thoughtful first prototype. MATLAB allowed us to trace out a relative coupler curve that would indicate if we could avoid hitting the pegs on the wall, and provided speeds and torque data for our lemur. Working model allowed us to dynamically model the system as a whole and test our hypothesis about linkage length and tail combinations that would actually allow the lemur to climb the wall. SolidWorks allowed us to visualize our assembly, troubleshoot geometry problems we had not foreseen, and map out our lasercamm layout. Prototyping our lemur led to many changes that slowly brought it into working order. We found that no matter how much analysis we did, prototyping was the only way to really see if something will work. After many iterations of testing and small modifications, such as cutting off the extra material in the tail to keep the body from jamming between pegs, cutting the body in half to insert spacers for smoother worm gear assembly, adding a second shaft mount with shaft collar to keep the worm aligned and in place, and also adding the large skid plate to keep the arms from jamming in the delivery hole, we managed to create a successful working lemur that accomplished nearly all of the tasks given to it.

The biggest drawback of ILemurBot is its incredibly slow speed that results from our 1800:1 gear ratio. This problem is easily solved by reducing the weight of our robot and improving our drive train efficiency. The weight of the robot could be reduced by using thinner material, cutting truss structures in the body instead of solid blocks, and using aircraft plywood instead of masonite as the primary structural material. The drive train inefficiency is the result of poor alignment and friction. We can improve alignment by machining the body more precisely, and we can reduce friction by supporting the long shaft with angular-contact ball bearings that can support the heavy thrust load produced by the worm. 

Figure 8: Wooden dowel coupler attached between motor and flexible aluminum coupler.





Figure 4: Close up of configuration of
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Figure 3: Six bar linkage arm design, which we abandoned for the simpler four bar linkage





Figure 2: Final four-bar linkage arm design














Figure 1: Images of final design produced in SolidWorks





Figure 5: Close-up of shaft collar connection


from worm gear to drive link





Figure 6:  Worm Gear Connection with shaft supports (above)





Figure 7: Metal spacer inserted into “chest” to slightly separate the gears (right)








Figure 9:  Lemur “feet” egg release mechanism. You can see the switch on the bottom of the lemur’s left foot.





Figure 10: Tail with white skis at the top of the picture on the right and left.





Figure 11: Large skid plate to prevent the arm from getting jammed in the delivery hole.





Figure 14: 4-bar working model





Figure 13: 6-bar working model








