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Table 6: The results for the difference in theoretical and actual position for each fault

undergoing a 90-degree cycle

No Low 2 4
5 Volt - 90 Degree Cycle Normal | Lubrication | Lubrication | Gear | Gear
Average Difference in
Position: 2314 2474 2426 2933 | 3.113
Standard Deviation, sigma: 1.074 1.250 1.237 1.809 | 1.760
Sample Size, n: 1639 1639 1639 1639 | 1639
Number of Adjusted Cells: 52 76 67 108 152

Table 7: The results for the difference in theoretical and actual position for each fault

undergoing a 45-degree cycle

No Low 2 4
5 Volt - 45 Degree Cycle Normal | Lubrication | Lubrication | Gear | Gear
Average Difference in
Position: 2.003 2.080 2.016 2.537 | 2.637
Standard Deviation, sigma: 0.909 0.820 0.831 1.422 | 1.701
Sample Size, n: 739 739 739 739 739
Number of Adjusted Cells: 1 3 3 35 47
Table 8: The speed of the servomotor in degrees per second for each fault
No Low
Normal | Lubrication | Lubrication | 2 Gear | 4 Gear
‘é;;rs)?e Speed at SV (180 Degree | 4 156 | 39,478 40149 | 25540 | 19.581
‘é;;rs)?e Speed at 3.3V (180 Degree |- 15 041 | 39,955 39.966 | 25.419 | 17.849
é;g;gse Speed fora 135 Degree | 3y 476 | 30353 31162 | 32.181 | 30481
é;g;gse Speed fora 90 Degree 20563 | 20.065 20372 | 18.744 | 18.664
é;:lrjfge Speed for a 45 Degree 9.905 9.887 9858 | 9.340 | 8.648
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Figure 11 shows the actual position of the normal servomotor versus the theoretical
position for a 180-degree cycle at 5V for only the first cycle. Figures 21 through 25, in the
Appendix, compare the actual position versus time for each of the faults at each of the 180-
degree cycle 3.3V, 135-degree cycle, 90-degree cycle, and 45-degree cycle. The actual position
is averaged across each cycle for each of these Figures. Figures 21 and 22 show that the 2 gear
and 4 gear fault’s actual position varied greatly from the normal servomotor in the 180-degree
cycle. Figures 23 through 25 show that there is still some variability of the actual position
between the chipped gear faults for the 135, 90, and 45-degree cycles, with a few spikes in
position, but the chipped gears actual position is much closer to that of the normal servomotor
when compared to the 180-degree cycles seen in Figures 21 and 22. In the Appendix, Figures 26
through 30 show the average difference in position versus time for one cycle for the 180-degree

cycle at 5V,180-degree cycle at 3.3V, 135-degree cycle, 90-degree cycle, and 45-degree cycle.

Actual Position Versus Theoretical for the 180 degree at SV
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Figure 14: A graph of actual position versus the theoretical for the 180-degree cycle at 5V.
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The dataset from the robotic arm consists of the frame, the current running time for the
arm in seconds, the current cycle number, and the x, y, and z coordinates of each marker on the
“hand” of the arm. The total distance between the markers was then computed using the distance

formula [23]:

d(P, P;) = \/(xz —x1)% + (V2 —¥1)* + (22 — 71)? (1)
The speed was then computed for each cycle by dividing the total distance traveled
throughout the cycle in meters by the total time for each cycle. This was repeated at three
different speeds for each fault as described in Table 2 above. In the Appendix, Tables 12 through
15 consist of data on the speeds of the normal, low lubricant, no lubricant, and 2 gear chipped
servomotors. Table 9 below has the average speed of the hand at each of the faults. The 4 gear
chipped servomotor data did not output well from the Motive software and thus the speed wasn’t

computed.

Table 9: The speed of the hand with each servomotor in the robotic arm

Low No 2

Normal Lubrication Lubrication Gear
Average Speed (m/s) of 4
Second Cycle: 1.151 1.160 1.108 1.122
Average Speed (m/s) of 2
Second Cycle: 1.142 1.160 1.115 1.094
Average Speed (m/s) of 8
Second Cycle: 1.154 1.157 1.106 1.116
Average Speed (m/s): 1.149 1.159 1.110 1.111
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RESULTS

As seen in Tables 3 through 7 above, at the component level, the normal servomotor had
the lowest difference in position followed by the low lubrication, no lubrication, 2 gear and 4
gear. At the lower cycles, such as the 45-degree cycle, the normal and improperly lubricated
servomotors had very small differences between the average differences in position; however,
the gear teeth faults still had a significant difference in position. As seen in Table 8, the speed
differences were also apparent between normal servomotor and the chipped gear teeth
servomotors at the 180-degree and 135-degree swings. However, at lower degree swings, the
speed differences were not as pronounced. The majority of the error in the 2 gear and 4 gear
servomotors can be attributed to the gears getting stuck in a certain position and not being able to
continue rotating. Another indication of failure as mentioned in the introduction is a higher
temperature, and both chipped gear servomotors were warm to the touch after running. At the
system level the speed at the different faults did not vary much, with the normal servomotor
having a speed of about 1.15 meters per second, and the servomotor with low lubrication having
a slightly higher speed of 1.16 meters per second. The servomotor with no lubrication and the
servomotor with 2 gear teeth chipped both had a slower average speed than the normal
servomotor of 1.110 and 1.111 meters per second, respectively. The 180-degree cycle at the
lower voltage of 3.3V exhibited similar values in terms of speed and difference in position to that
of the 5V test, as seen in Tables 3, 4, and 8, indicating that the 3.3V wasn’t a low enough voltage
to induce any failure.

The number of cells that were adjusted as seen in Tables 10 and 11, in the Appendix,
indicates that the normal servomotor had the least amount of adjusted cells with the low

lubrication and no lubrication not being too far behind, but the 2 and 4 gear tooth chipped
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servomotors had many more cells adjusted for both the difference in position and the difference
between current and previous position, which was likely due to the servo arm getting stuck in

certain positions.
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DISCUSSION

While the faults did not show a large error at the system level, it was evident that at the
component level the faults examined in this thesis showed a sign of some error in both the speed
and the difference in position. If this topic was further researched, many improvements could be
made to get better data. One improvement would be to repeat the experiment multiple times to
ensure the data is precise and consistent. This would include soldering more servomotors in
order to create multiple servomotors with the same fault and being able to test each of these
servomotors to ensure the data from each fault is consistent. Another improvement would be to
test more faults such as a higher voltage, moisture in the servomotor, contaminants in the motor,
chipping a different gear, and a faulty ball bearing. Alterations could also be made in the
Arduino code such as different degree increments, bigger servo arm swings, and more time for
the servomotor to complete more cycles. Better motion tracking would also be better for testing
at the system level since the OptiTrack cameras were not able to focus well at the markers on the
robotic arm. Another improvement would be to test a different type of servomotor, such as one
that is on a joint of the arm that moves more often, such as the “elbow” of the arm. The HS-422
was only used in the hand of the arm, whereas, a different model HITEC Servo would be

compatible with another area of the arm.
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CONCLUSION

The datasets attached to this thesis include both the raw data and the formatted data used
to compare the faults to the normal servomotor. At the component level, the lower voltage, low
lubrication, and no lubrication faults were not significantly different from the normal
servomotor. The servomotors with the gear teeth chipped exhibited failure when compared to the
normal servomotor at higher servo arm cycles. At the system level, however, the faults were not
visible in the data because the speed of the robotic arm’s hand when the servomotors with faults
were placed in the robotic arm did not have any significant difference when compared to the
speed with the normal servomotor in the hand. As a result of this experiment, inducing faults in
the servomotors could be used to create datasets for evaluating component level faults, which
could be incorporated into machine learning algorithms. However, due to the lack of variability
in the data for the system level failures, the faults examined in this thesis would not be easily
detected using machine learning algorithms at a system level. If further testing were to be done,
such as testing new faults, then the servomotors could be used to create datasets that would

evaluate the system level faults.
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APPENDIX

"/ Sweep
// by BARRAGAN <http://barraganstudio.com>

//#include <Servo.h>
#include <VarSpeedServo.h>

VarSpeedServo myservol; // create servo object to control a servo
// a maximum of eight servo objects can be created

//Servo myservoZ;

//Servo myservo3;

int analogpinl = 1; // pot sensor from servo 1
//int analogpin2 = 2; // pot sensor from servo 2
//int analogpin3 = 3; // pot sensor from servo 3

int calval[] = {10, 100}; // initial calibration values
int angle = @;

int pos = @; // variable to store the servo position

int act_pos = @;

unsigned long minutes = 6000@; //Milliseconds in one minute
int pos_swing = 1;

int neg_swing = -1;

void setup(Q)

myservol.attach(2); // attaches the servo on pin 2 to the servo object
// myservoZ.attach(3); // attaches the servo on pin 2 to the servo object
// myservo3.attach(4); // attaches the servo on pin 2 to the servo object

Serial.begin(9600);
analogReference(EXTERNAL); // Use the external analog reference for voltage

Serial.println(“calibrating");
myservol.write(22.5); //Go to 20 degrees
delay(100@); // wait 1 second for servo to reach the position
calval[@] = analogRead(analogpinl); // Calculate the Equivalent Minimum
myservol.write(157.5); //Go to 160 degrees
delay(1000);
calval[1l] = analogRead(analogpinl); // Calculate the Equivalent Maximum
Serial.print("Cal values: "); //Print out the Calibration Values
Serial.print(calval[@]);
Serial.print(",");
Serial.printin(calval[1l]);

void loop()
if (millis() < minutes * 3) //continue for 4 minutes

for(pos = 22.5; pos < 157.5; pos += 2) //goes from 20 degrees to 160 degrees
{ // in steps of 2 degrees

Figure 15: Part 1 of the code for the 135-degree servo arm swing.



{ - ' // in steps of 2 degrees

myservol.write(pos,157.5); // tell servo to go to position in variable 'pos’

act_pos = analogRead(analogpinl);
angle=mapCact_pos, calval[@], calval[l], 22.5, 157.5);

Serial.print(pos);
Serial.print("\t");
Serial.print(angle);
Serial.print("\t");
Serial.print(pos_swing);
Serial.print("\t");
Serial.println(millisQ));

delay(66.67) B // Delay for servo to reach the position

for(pos = 157.5; pos>=22.5; pos-= 2) // goes from 180 degrees to @ degrees
{

myservol.write(pos,157.5); // tell servo to go to position in variable 'pos’

act_pos = analogRead(analogpinl);
angle=map(act_pos, calval[@], calval[l], 22.5, 157.5);
Serial.print(pos);
Serial.print("\t");
Serial.print("\t");
Serial.print(angle);
Serial.print("\t");
Serial.print(neg_swing);
Serial.print("\t");
Serial.println(millisQ));

delay(66.67) ; // waits 15ms for the servo to reach the position

}
}

else

//Servo stops after 3 minutes have been reached

}

-

Figure 16: Part 2 of the code for the 135-degree servo arm swing.

Brown 37



// Sweep
// by BARRAGAN <http://barraganstudio.com>

//#include <Servo.h>
#include <VarSpeedServo.h>

VarSpeedServo myservol; // create servo object to control a servo
// a maximum of eight servo objects can be created

//Servo myservol;

//Servo myservo3;

int analogpinl = 1; // pot sensor from servo 1
//int analogpinZ = 2; // pot sensor from servo 2
//int analogpin3 = 3; // pot sensor from servo 3

int calval[] = {10, 100}; // initial calibration values
int angle = @;

int pos = @; // variable to store the servo position

int act_pos = 0;

unsigned long minutes = 60000; //Milliseconds in one minute
int pos_swing = 1;

int neg_swing = -1;

void setup()
{

myservol.attach(2); // attaches the servo on pin 2 to the servo object
// myservol.attach(3); // attaches the servo on pin 2 to the servo object
// myservo3.attach(4); // attaches the servo on pin 2 to the servo object

Serial.begin(9600);
analogReference(EXTERNAL); // Use the external analog reference for voltage

Serial.println("calibrating");
myservol.write(45); //Go to 20 degrees
delay(1000); // wait 1 second for servo to reach the position
calval[@] = analogRead(analogpinl); // Calculate the Equivalent Minimum
myservol.write(135); //Go to 160 degrees
delay(1000);
calval[l] = analogRead(analogpinl); // Calculate the Equivalent Maximum
Serial.print("Cal values: "); //Print out the Calibration Values
Serial.print(calval[@]);
Serial.print(",");
Serial.printinCcalval[1]);

}
void loop()
{
if (millis() < minutes * 3) //continue for 3 minutes
{
for(pos = 45; pos < 135; pos += 2) //goes from 20 degrees to 160 degrees
{ // in steps of 2 degrees

Figure 17: Part 1 of the code for the 90-degree servo arm swing.
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{ // in steps of 2 degrees
myservol.write(pos,135); // tell servo to go to position in variable 'pos’

act_pos = analogRead(analogpinl);
angle=map(act_pos, calval[@], calval[l], 45, 135);

Serial.print(pos);
Serial.print("\t");
Serial.print(angle);
Serial.print("\t");
Serial.print(pos_swing);
Serial.print("\t");
Serial.println(millisQ));

delay(100) ; // Delay for servo to reach the position
}
for(pos = 135; pos>=45; pos-= 2) // goes from 180 degrees to @ degrees
{
myservol.write(pos,135); // tell servo to go to position in variable 'pos’

act_pos = analogRead(analogpinl);
angle=map(act_pos, calval[@], calval[l], 45, 135);

Serial.print(pos);

Serial.print("\t");

Serial.print("\t");

Serial.print(angle);

Serial.print("\t");

Serial.print(neg_swing);

Serial.print("\t");

Serial.println(millisQ));

delay(100) ; // waits 15ms for the servo to reach the position
}
}
else
{
//Servo stops after 3 minutes have been reached
}

}

Figure 18: Part 2 of the code for the 90-degree servo arm swing.



¥/ Sweep
// by BARRAGAN <http://barraganstudio.com>

//#include <Servo.h>
#iinclude <VarSpeedServo.h>

VarSpeedServo myservol; // create servo object to control a servo
// a maximum of eight servo objects can be created

//Servo myservol;

//Servo myservo3;

int analogpinl = 1; // pot sensor from servo 1
//int analogpin2 = 2; // pot sensor from servo 2
//int analogpin3 = 3; // pot sensor from servo 3

int calval[] = {10, 100}; // initial calibration values
int angle = @;

int pos = @; // variable to store the servo position

int act_pos = 0;

unsigned long minutes = 60000; //Milliseconds in one minute
int pos_swing = 1;

int neg_swing = -1;

void setup(Q)

myservol.attach(2); // attaches the servo on pin 2 to the servo object
// myservoZ.attach(3); // attaches the servo on pin 2 to the servo object
// myservo3.attach(4); // attaches the servo on pin 2 to the servo object

Serial.begin(9600);
analogReference(EXTERNAL); // Use the external analog reference for voltage

Serial.println("calibrating");
myservol.write(67.5); //Go to 20 degrees
delay(1000); // wait 1 second for servo to reach the position
calval[@] = analogRead(analogpinl); // Calculate the Equivalent Minimum
myservol.write(112.5); //Go to 160 degrees
delay(1000);
calval[l] = analogRead(analogpinl); // Calculate the Equivalent Maximum
Serial.print("Cal values: "); //Print out the Calibration Values
Serial.print(calval[@]);
Serial.print(",");
Serial.printinCcalVval[1]);

void loop()
{
if (millis() < minutes * 3) //continue for 3 minutes
{
for(pos = 67.5; pos < 112.5; pos += 2) //goes from 20 degrees to 16@ degrees
{ // in steps of 2 degrees

Figure 19: Part 1 of the code for the 45-degree servo arm swing.
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{ ' ' // in steps of 2 degrees

myservol.write(pos,112.5); // tell servo to go to position in variable 'pos’

act_pos = analogRead(analogpinl);
angle=map(act_pos, calval[@], calval[l], 67.5, 112.5);

Serial.print(pos);
Serial.print("\t");
Serial.print(angle);
Serial.print("\t");
Serial.print(pos_swing);
Serial.print("\t");
Serial.println(millisQ));

delay(200) N // Delay for servo to reach the position

for(pos = 112.5; pos>=67.5; pos-= 2) // goes from 180 degrees to @ degrees
{

myservol.write(pos,112.5); // tell servo to go to position in variable 'pos'

act_pos = analogRead(analogpinl);
angle=map(act_pos, calval[@], calval[l], 67.5, 112.5);
Serial.print(pos);
Serial.print("\t");
Serial.print("\t");
Serial.print(angle);
Serial.print("\t");
Serial.print(neg_swing);
Serial.print("\t");
Serial.println(millisQ));

delay(200) ; // waits 15ms for the servo to reach the position
}
}
else
{
//Servo stops after 3 minutes have been reached
}

}

Figure 20: Part 2 of the code for the 45-degree servo arm swing.
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Table 10: The number of adjusted cells in the difference in position for each fault due to the data

being “noisy”.

No Low 2 4

Normal | Lubrication | Lubrication | Gear | Gear
Number of Adjusted Cells at 5V (180
Degree Cycle): 149 206 184 2254 | 2371
Number of Adjusted Cells at 3.3V (180
Degree Cycle): 130 212 170 2300 | 2366
Number of Adjusted Cells for a 135 Degree
Cycle: 96 128 112 394 | 488
Number of Adjusted Cells for a 90 Degree
Cycle: 52 76 67 108 | 152
Number of Adjusted Cells for a 45 Degree
Cycle: 1 3 3 149 | 149

Table 11: The number of adjusted cells in the difference between the current and previous

position to compute the total degrees traveled for each fault due to the data being “noisy”.

No Low 2 4

Normal Lubrication | Lubrication | Gear | Gear
Number of Adjusted Cells at
5V (180 Degree Cycle): 330 425 374 465 522
Number of Adjusted Cells at
3.3V (180 Degree Cycle): 336 425 353 374 559
Number of Adjusted Cells for a
135 Degree Cycle: 176 264 202 474 515
Number of Adjusted Cells for a
90 Degree Cycle: 70 118 97 124 145
Number of Adjusted Cells for a
45 Degree Cycle: 2 6 8 42 51




Brown 43

Actual Position Versus Time for the 180 degree at 5V
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Figure 21: A graph of the actual position versus time with each of the faults for the 180-degree

cycle at 5V.
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Figure 22: A graph of the actual position versus time with each of the faults for the 180-degree

cycle at 3.3V.
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Actual Position Versus Time for the 135 degree at 5V
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Figure 23: A graph of the actual position versus time with each of the faults for the 135-degree

cycle at 5V.

Actual Position Versus Time for the 90 degree at 5V
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Figure 24: A graph of the actual position versus time with each of the faults for the 90-degree

cycle at 5V.
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Actual Position Versus Time for the 45 degree at 5V
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Figure 25: A graph of the actual position versus time with each of the faults for the 45-degree
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Figure 26: A graph of average difference in position versus time for the 180-degree cycle at 5V.
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Figure 27: A graph of average difference in position versus time for the 180-degree cycle at
3.3V.
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Figure 28: A graph of average difference in position versus time for the 135-degree cycle at 5V.
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Figure 29: A graph of average difference in position versus time for the 90-degree cycle at 5V.
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Figure 30: A graph of average difference in position versus time for the 45-degree cycle at 5V.
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Table 12: The speed of the hand with the normal servomotor in the robotic arm.

4 Second Cycle

2 Second Cycle

8 Second Cycle

Time | Distance Speed Distance Speed Distance Speed

Cycle | (s) (m) (m/s) Time(s) (m) (m/s) Time(s) (m) (m/s)
1 4 4.620 1.155 2 2.288 1.144 8 9.208 1.151
2 4 4.604 1.151 2 2.279 1.140 8 9.294 1.162
3 4 4.612 1.153 2 2.280 1.140 8 9.213 1.152
4 4 4.596 1.149 2 2.273 1.136 8 9.222 1.153
5 4 4.636 1.159 2 2.288 1.144 8 9.235 1.154
6 4 4.607 1.152 2 2.296 1.148 8 9.230 1.154
7 4 4.597 1.149 2 2.280 1.140 8 9.228 1.154
8 4 4.590 1.147 2 2.288 1.144 8 9.231 1.154
9 4 4.596 1.149 2 2.280 1.140 8 9.238 1.155
10 4 4.613 1.153 2 2.280 1.140 8 9.239 1.155
11 4 4.611 1.153 2 2.280 1.140 8 9.235 1.154
12 4 4.597 1.149 2 2.296 1.148 8 9.222 1.153
13 4 4.607 1.152 2 2.288 1.144 8 9.247 1.156
14 4 4.597 1.149 2 2.280 1.140 8 9.189 1.149
15 4 4.587 1.147 2 2.280 1.140 8 9.223 1.153
16 4 4.610 1.153 2 2.280 1.140 8 9.183 1.148
17 4 4.597 1.149 2 2.280 1.140 8 9.244 1.156
18 4 4.610 1.152 2 2.303 1.152 8 9.236 1.154
19 4 4.607 1.152 2 2.288 1.144 8 9.239 1.155
20 4 4.620 1.155 2 2.287 1.144 8 9.264 1.158
Average: 1.151 Average: 1.142 Average: 1.154
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Table 13: The speed of the hand with the low lubricant servomotor in the robotic arm.

4 Second Cycle

2 Second Cycle

8 Second Cycle

Time | Distance Speed Distance Speed Distance Speed

Cycle | (s) (m) (m/s) Time(s) (m) (m/s) Time(s) (m) (m/s)
1 4 4.639 1.160 2 2.300 1.150 8 9.251 1.156
2 4 4.653 1.163 2 2.331 1.165 8 9.297 1.162
3 4 4.661 1.165 2 2.300 1.150 8 9.269 1.159
4 4 4.661 1.165 2 2.329 1.165 8 9.268 1.158
5 4 4.614 1.154 2 2.263 1.132 8 9.255 1.157
6 4 4.651 1.163 2 2.315 1.157 8 9.279 1.160
7 4 4.622 1.156 2 2.366 1.183 8 9.272 1.159
8 4 4.642 1.161 2 2.358 1.179 8 9.234 1.154
9 4 4.628 1.157 2 2.320 1.160 8 9.271 1.159
10 4 4.656 1.164 2 2.271 1.135 8 9.243 1.155
11 4 4.641 1.160 2 2.338 1.169 8 9.242 1.155
12 4 4.639 1.160 2 2.323 1.161 8 9.242 1.155
13 4 4.641 1.160 2 2.330 1.165 8 9.263 1.158
14 4 4.633 1.158 2 2.350 1.175 8 9.233 1.154
15 4 4.641 1.160 2 2.300 1.150 8 9.240 1.155
16 4 4.640 1.160 2 2.291 1.146 8 9.238 1.155
17 4 4.628 1.157 2 2.337 1.169 8 9.284 1.160
18 4 4.653 1.163 2 2.300 1.150 8 9.268 1.158
19 4 4.624 1.156 2 2.360 1.180 8 9.230 1.154
20 4 4.648 1.162 2 2.316 1.158 8 9.282 1.160
Average: 1.160 Average: 1.160 Average: 1.157
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Table 14: The speed of the hand with the no lubricant servomotor in the robotic arm.

4 Second Cycle

2 Second Cycle

8 Second Cycle

Time | Distance Speed Distance Speed Distance Speed

Cycle | (s) (m) (m/s) Time(s) (m) (m/s) Time(s) (m) (m/s)
1 4 4.447 1.112 2 2.238 1.119 8 8.862 1.108
2 4 4.415 1.104 2 2.231 1.115 8 8.860 1.107
3 4 4.396 1.099 2 2.240 1.120 8 8.837 1.105
4 4 4.451 1.113 2 2.227 1.113 8 8.836 1.104
5 4 4.443 1.111 2 2.232 1.116 8 8.835 1.104
6 4 4.439 1.110 2 2.207 1.104 8 8.841 1.105
7 4 4.432 1.108 2 2.278 1.139 8 8.839 1.105
8 4 4.377 1.094 2 2.246 1.123 8 8.836 1.104
9 4 4.459 1.115 2 2.239 1.119 8 8.882 1.110
10 4 4.418 1.105 2 2.207 1.103 8 8.838 1.105
11 4 4.386 1.096 2 2.231 1.115 8 8.837 1.105
12 4 4.426 1.106 2 2.232 1.116 8 8.867 1.108
13 4 4.449 1.112 2 2.230 1.115 8 8.832 1.104
14 4 4418 1.104 2 2.231 1.116 8 8.862 1.108
15 4 4.440 1.110 2 2.182 1.091 8 8.862 1.108
16 4 4.441 1.110 2 2.231 1.115 8 8.850 1.106
17 4 4.472 1.118 2 2.272 1.136 8 8.838 1.105
18 4 4.457 1.114 2 2.222 1.111 8 8.840 1.105
19 4 4.448 1.112 2 2.208 1.104 8 8.827 1.103
20 4 4.417 1.104 2 2.232 1.116 8 8.840 1.105
Average: 1.108 Average: 1.115 Average: 1.106
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Table 15: The speed of the hand with the 2-gear tooth servomotor in the robotic arm.

4 Second Cycle

2 Second Cycle

8 Second Cycle

Time | Distance Speed Distance Speed Distance Speed

Cycle | (s) (m) (m/s) Time(s) (m) (m/s) Time(s) (m) (m/s)
1 4 4.511 1.128 2 2.221 1.111 8 8.925 1.116
2 4 4.484 1.121 2 2.139 1.069 8 8.978 1.122
3 4 4.498 1.124 2 2.220 1.110 8 8.903 1.113
4 4 4.502 1.126 2 2.204 1.102 8 8.960 1.120
5 4 4.484 1.121 2 2.180 1.090 8 8.932 1.116
6 4 4.484 1.121 2 2.165 1.083 8 8.879 1.110
7 4 4.483 1.121 2 2.171 1.086 8 8.957 1.120
8 4 4.491 1.123 2 2.212 1.106 8 8.947 1.118
9 4 4.479 1.120 2 2.213 1.107 8 8.873 1.109
10 4 4.468 1.117 2 2.171 1.085 8 8.952 1.119
11 4 4.490 1.122 2 2.195 1.098 8 8.879 1.110
12 4 4.474 1.118 2 2.204 1.102 8 8.872 1.109
13 4 4.478 1.119 2 2.180 1.090 8 8.877 1.110
14 4 4.474 1.119 2 2.183 1.092 8 8.875 1.109
15 4 4.490 1.123 2 2.205 1.103 8 8.948 1.119
16 4 4.496 1.124 2 2.156 1.078 8 8.953 1.119
17 4 4.495 1.124 2 2.212 1.106 8 8.957 1.120
18 4 4.472 1.118 2 2.198 1.099 8 8.960 1.120
19 4 4.495 1.124 2 2.139 1.070 8 8.960 1.120
20 4 4.476 1.119 2 2.205 1.102 8 8911 1.114
Average: 1.122 Average: 1.094 Average: 1.116




