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1 Scope

This document provides the test plan for verifying the design of the Mechanical Arm Exoskeleton (M.A.X.) as a product of BME 496: Capstone Design 2. It provides the necessary procedures for the validation test of the device.
2 [bookmark: _19hpek34p4wy]Reason for Re-Issue

	ISSUE
	
	REASON FOR RE-ISSUE

	1
	MR # MAX.TP.03
	This is the first time the plan has been issued.


3 [bookmark: _s9s6cqevtep6]Introduction
[bookmark: _y3uiu6tnz7u3]3.1. 	Description:
The following tests will be performed:
	Test Case
	Direct Requirement
	Test

	010
	REQ130
	Dimension Measurements

	011
	REQ110 - REQ125, REQ140
	Mass Measurements

	020
	REQ141 - REQ160
REQ210 - REQ260
REQ310 - REQ330
REQ410 - REQ460
REQ510 - REQ585
REQ610 - REQ630
	System Functionality



3.2. 	Strategy:
The Mechanical Arm Exoskeleton (M.A.X.) device is a new product. All tests will be conducted.
4 [bookmark: _3pu81wayveqr]Applicable Documents

This plan is based on requirements from MAX.05 M.A.X Functional Requirements for the Mechanical Arm Exoskeleton (M.A.X.).
5 [bookmark: _exwudcxkds7n]Definitions

The following are defined as how they are applied in the report and system requirements

➢ GUI: Graphical User Interface.
➢ Frontal Plane: A vertical plane running from side to side. 
➢ Deltoid: A thick triangular muscle that covers the shoulder joint and raises the arm. 
➢ Abduction: Raising of a part on the body along the frontal plane.
➢ Adduction: Lowering of a part on the body along the frontal plane.
6 [bookmark: _9b01kf1mebxb]Setup

The testing requires the following unit as a minimum: A Dial Caliper, the Mechanical Arm Exoskeleton (M.A.X.) device, a 12 Volt battery, and an Android Smartphone.

[image: ]
Fig. 1: Overview of M.A.X. controller system. 

7 [bookmark: _3awk2pozlbwx]Equipment Record

The following test equipment, or equivalent, is needed to execute the tests in this plan.

	Item
	Model Number(s)
	Calibration Required?

	Digital Calipers
	ASIN: B09QMLRW9L
	Yes

	Digital Scale
	ASIN: B0007GAWRS
	Yes

	Goniometer 
	ASIN: B07ZCVJXVD
	No

	M.A.X. Body Support
	
	No

	M.A.X. Motor-Exoskeleton Complex
	
	No

	M.A.X. Arduino for Motor-Complex
	
	No

	M.A.X. Arduino for Bluetooth-Complex
	
	

	M.A.X. Arduino Case
	
	

	M.A.X. IMU Case
	
	

	NIMH battery 12V 2800 mAh
	SL-NM-08
	No

	Android Phone
	Android 6.0 or higher
	No

	EMG Electrodes
	50707387463255
	No

	Isopropyl Alcohol Prep Pads
	S-16183
	No

	Rescue Randy - Dummy Model
	Part #: 1478
	No

	Dell Desktop Computer
	Dell THC41
	No

	Arduino IDE
	Arduino IDE 2.3.2
	No























8 [bookmark: _iueqxmqw0q3o]Test Cases

[Test Case 010] Dimension Measurements

Purpose: To verify the proper dimensions of components in the M.A.X. device.

Specification: The following are the requirements deemed necessary to evaluate
[REQ130]

Test Architecture:

[image: ]
Figure 2: Digital caliper diagram with labels for each component. 

[image: ]
Figure 3: The figure above illustrates the dimensions of the velcro strip connection on the chest.

flat thick: 0.138 in
front thick right: 0.124
front thick left:0.125
flat width: 2.183
flat length: 2.676
right width flat: 2.083
left width flat: 2.083
top hold diam: 0.224
top hole dist from front:0.796
top hole dist from side: 0.264
right hole front 1: 0.233
right hole front 2: 0.233
right hole front 3: 0.234
left hole front 1: 0.244
left hole front 2: 0.238
left hole front 3: 0.243
left hole1-2: 0.276
left hole2:3: 0.283
right hole1-2:0.273
right hole 2-3:0.276
right hole1-edge:0.394
right hole3-edge:0.386
left hole1-edge:0.375
left hole3-edge:0.391
right hole1-bottom:0.625
right hole2-bottom:0.627
right hole3-bottom:0.628
left hole1-bottom:0.620
left hole2-bottom:0.620
left hole3-bottom:0.628

[image: ]
Figure 4: The figure above illustrates the dimensions of a flexible and durable chest and back extension of the velcro strip. 

[image: ]
Figure 5: The figure above illustrates the dimensions of the front connector component of the chest pieces to the shoulder. 

[image: ]
 Figure 6: The figure above illustrates the dimensions of the TPU shoulder platform connection of the chest and back components to the gearbox. 


 [image: ]
Figure 7: The figure above illustrates the dimensions of the lid to the gearbox.


[image: ]
Figure 8: The figure above illustrates the dimensions of the bottom portion of the IMU case. 

[image: ]
Figure 9: The figure above illustrates the dimensions of the top portion of the IMU case.












[image: ]
Figure 10: The figure above illustrates the dimensions of the Motor Gear 
[image: ]

Figure 11: The figure above illustrates the dimensions of the Middle Gear
[image: ]
Figure 12: The figure above illustrates the dimensions of the End Gear

[image: ]
Figure 13: The figure above illustrates the dimensions of the Inner Arch Truss Piece
[image: ]

Figure 14: The figure above illustrates the dimensions of the Outer Arch Truss Piece
[image: ]

Figure 15: The figure above illustrates the dimensions of the Overarching Truss Connection
[image: ]
Figure 16: The figure above illustrates the dimensions of the Shaft



Equipment:
1. Digital Calipers
2. M.A.X. Motor-Exoskeleton Complex

Test Procedure:
1. Turn the digital caliper on by clicking the power switch. Refer to Figure 2.
2. Close the measuring jaws to calibrate the unit by pressing the zero-clearing button. Calibration is complete when zero is read on the display. Refer to Figure 2.
3. Take measurements of the internal and external diameter as well as the depth of each component of the M.A.X.
a. Use the outside jaws for external dimensions.
b. Use the inside jaws for internal dimension.
c. Use the dipstick for measurements of depth
4. Read the unit and record the results in Table 1 below 

Expected Results:
Test passes if all of the following occurs:
1. The measurements of the items should be within acceptable tolerances as described in the Test Results Table of Test Case 010 Dimension Measurements, Table 1. 

Test Results:
	Item
	Expected Results (in)
	Test Results (in)
	Pass / Fail

	Chest and Back 1
(Refer to Figure 3)
	A = 3.23
B = 2.08
C = 0.14
D = 0.25
E = 1.14
F = 0.47
G = 0.33
H = 0.33
I = 0.395
J = 0.79
K = 0.225
L = 0.1
	              A = 3.241
B = 2.088
C = 0.137
D = 0.245
E = 1.144
F = 0.468
G = 0.344
H = 0.344
I = 0.38
J = 0.794
K = 0.23
L = 0.1
	Pass

	Chest and Back 2
(Refer to Figure 4)
	A = 2.02
B = 0.52
C = 2.08
D = 1.04
E = 0.24
F = 0.35
G = 0.52
H = 1.04
I = 2.08
J = 5.00
K = 5.58
J = 0.13
	A = 2.011
B = 0.519
C = 2.079
D = 1.038
E = 0.244
F = 0.355 
G = 0.515 
H = 1.035
I = 2.075
J = 5.015
K = 5.577
J =0.129
	Pass

	Box-Chest
(Refer to Figure 5)
	A = 5.04
B = 1.53
C = 1.02
D = 0.51
E = 1.90
F = 0.52
G = 0.56
H = 0.25
I = 2.04
J = 0.73
K = 1.46
L = 0.24
	A = 5.037
B = 1.524
C = 1.019
D = 0.511
E = 1.891
F = 0.515
G = 0.556
H = 0.249 
I = 2.039
J = 0.725
K = 1.457
L = 0.233 
	Pass

	Platform-Shoulder
(Refer to Figure 6)
	A = 2.08
B = 3.81
C = 6.54
D = 0.13
E = 0.241
F = 0.71
G = 1.45
H = 0.94
I = 0.43
	A = 2.083
B = 3.807
C = 6.542
D = 0.125
E = 0.248
F = 0.711
G = 1.447
H = 0.942
I = 0.427
	Pass

	Gearbox Lid
(Refer to Figure 7)
	A = 2.36
B = 0.35
C = 0.25
D = 0.16
E = 6.64
F = 0.20
G = 0.64
H = 1.16
I = 1.70
J = 0.16
K = 1.27
L = 1.37
M = 1.97
N = 0.88
O = 0.79
P = 0.40
Q = 1.35
R = 0.95
S = 2.05
T = 0.38
U = 1.37
V = 1.55
W = 0.40
X = 1.06
Y = 0.96
Z = 0.76
AA = 2.09 
BA = 1.79
CA = 0.44
DA = 0.50
EA = 0.60
	A = 2.359
B = 0.347 
C = 0.246
D = 0.164
E = 6.636
F = 0.119
G = 0.642
H = 1.161
I = 1.703
J = 0.164
K = 1.272
L = 1.371
M = 1.974
N = 0.884
O = 0.785
P = 0.404
Q = 1.356
R = 0.955 
S = 2.053
T = 0.387
U = 1.364
V = 1.552
W = 0.402
X = 1.064
Y = 0.957
Z = 0.754
AA =  2.088
BA = 1.784
CA = 0.445
DA = 0.49
EA = 0.61
	Pass

	IMU Case Bottom
(Refer to Figure 8)
	A = 1.58
B = 0.13
C = 0.09
D = 1.33
E = 0.06
F = 0.15
G = 0.79
H = 0.44
I = 0.06
J = 0.87
K = 0.47
L = 1.14
M = 0.36
N = 0.18
O = 0.07
P = 0.06
	A = 1.59
B = 0.127
C = 0.088
D = 1.329
E = 0.057
F = 0.149
G = 0.787
H = 0.441
I = 0.063
J = 0.874
K = 0.474
L = 1.139
M = 0.357 
N = 0.184
O = 0.072
P = 0.064
	Pass

	IMU Case Top
(Refer to Figure 9)
	A = 1.28
B = 0.34
C = 0.08
D = 0.28
E = 0.22
F = 0.59
G = 1.03
H = 0.39
I = 0.30
J = 0.06
K = 0.07
	A = 1.281
B = 0.335
C = 0.08
D = 0.276
E = 0.217
F = 0.594
G = 1.032
H = 0.385
I = 0.025
J = 0.057
K = 0.073
	Pass

	Motor Gear
(Refer to Figure 10)

	A = 0.32
B = 0.24
C = 1.09
D = 1.18
E = 0.118
F = 0.4
(counterbore) 0.32
	A = 0.322
B = 0.242
C = 1.088
D = 1.179
E = 0.116
F = 0.4 
(counterbore) 0.317
	Pass

	Middle Gear
(Refer to Figure 11)

	A = 1.5
B = 0.59
C = 0.96
D = 2.25
E = 1.07
F = 0.39
	A = 1.505
B = 0.585
C = 0.940
D = 2.251
E = 1.069
F = 0.392
	Pass

	End Gear
(Refer to Figure 12)
	A = 2.1
B = 0.89
C = 1.34
D = 0.915
E = 0.325
F = 1.25
G =0.19
	A = 2.106
B =0.881 
C = 1.33
D = 0.912
E = 0.328
F = 1.247
G = 0.192
	Pass

	Inner Arch Truss
(Refer to Figure 13)

	A = 5.69
B = 2.576
C = 1.688
D = 1.55
E = 1.25
F = 0.25
G = 4
	A = 5.71
B = 2.579
C = 1.691
D = 1.55
E = 1.26
F = 0.26
G = 4.01
	Pass

	Outer Arch Truss 
(Refer to Figure 14)

	A = 5.675
B = 1.55
C = 1.25
D = 0.157
E = 0.25
F = 1.55
G = 0.5
H = 2
	A = 5.681
B = 1.552
C = 1.258
D = 0.156
E = 0.245
F = 1.55
G =0.504
H = 2
	Pass

	Overarch Truss Connection
(Refer to Figure 15)

	A = 1.4
B = 2.45
C = 1.5 
D = 3.2
E = 5.25
F = 0.25
G = 0.907
H = 10.63
I = 0.35
J = 0.54
K = 0.25
	A =1.408
B = 2.451
C = 1.499
D = 3.19
E = 5.25
F = 0.249
G =0.909
H = 10.629
I =0.348 
J = 0.537
K = 0.249
	Pass

	Shaft
(Refer to Figure 16)

	A = 0.188
B = 0.315
C = 5.005
	A = 0.187 
B = 0.319
C = 4.998
	Pass


Table 1. Test results for test case 010.


[Test Case 011] Mass Measurements

Purpose: To verify the proper mass of components in the M.A.X. are less than 5 pounds. 

Specification: The following are the requirements deemed necessary to evaluate
[REQ110 - REQ125, REQ140]

Test Architecture:
[image: ]
Figure 17: Digital scale diagram with labels for each component. The value reads zero until an object of substantial weight is placed on the platform. 

Equipment:
1. Digital Scale
2. M.A.X. Motor-Exoskeleton Complex
3. M.A.X. Arduino Motor-Complex
4. M.A.X. Arduino Bluetooth-Complex
5. M.A.X. Arduino Case
6. M.A.X. IMU Case
7. NIMH battery 12V 2800 mAh

Test Procedure:
1. Turn on the scale by holding the on button until the display reveals a value. Refer to Figure 17.
2. Press the tare button to set the reading of the scale to zero. Refer to Figure 17.
3. Place the first component represented in Table 2. onto the platform. Refer to Figure 17.
4. Read the mass presented on the display and record the data in Table 2. Refer to Figure 17.
5. Remove the component from the platform. 
6. Repeat steps 3-6 for all components to be weighed in Table 2.

Expected Results:
Test passes if all of the following occurs:
1. The measurements of the items should be within acceptable tolerances as described in the Test Results Table of Test Case 011 Mass Measurements
2. The total measurement of the Mechanical Arm Exoskeleton is less than 5 pounds or 2267.96 g. 

Test Results:
	Item
	Expected Results (g)
	Test Results (g)
	Pass / Fail

	I. (Figure 3)
	13.59
	7
	Pass

	II. (Figure 4)
	30.72
	34
	Pass

	III. (Figure 5)
	34.06
	14
	Pass

	IV. (Figure 6)
	46.06
	47
	Pass

	V. (Figure 7)
	49.13
	25
	Pass

	VI. (Figure 8)
	3.22
	3
	Pass

	VII. (Figure 9)
	2.54
	3
	Pass

	VIII. (Figure 10)
	25.32
	15
	Pass

	IX. (Figure 11)
	28.28
	14
	Pass

	X. (Figure 12)
	17.21
	15
	Pass

	XI. (Figure 13)
	14.25
	30
	Pass

	XII. (Figure 14)
	17.89
	22
	Pass

	XIII. (Figure 15)
	32.33
	36
	Pass

	XIV (Figure 16)
	45
	47
	Pass

	Total with electronics
	Less than 2267.96
	2382
	Fail


Table 2. Test results for test case 011.




























[Test Case 020]

Purpose: To verify the functionality of the hardware and software components within the M.A.X.

Specification: The following are the requirements deemed necessary to evaluate.
[REQ141 - REQ160, REQ210 - REQ260, REQ310 - REQ330, REQ410 - REQ460, REQ510 - REQ595, REQ610 - REQ630]

Test Architecture:
[image: ]
Figure 18: Goniometer diagram with labels for each component, ensuring that the arm is raised at different angle intervals. 

[image: ]
Figure 19: Goniometer at 30 Degrees place on the Body in Shoulder Abduction

[image: ]
Figure 20: Goniometer at 60 Degrees place on the Body in Shoulder Abduction

[image: ]
Figure 21: Goniometer at 90 Degrees place on the Body in Shoulder Abduction

[image: ]
Figure 22: All mechanical and electrical attachments to the M.A.X. All of the components will be pre-assembled for testing.

[image: ]
Figure 23: Lowered positioning at the side for testing

[image: ]
Figure 24: 30 Degree, 60 Degree, and 90 Shoulder abduction for testing


[image: ]
Figure 25:The Dynamixel Shield is set at the “Upload” side, toggle the switch from the “Upload” side to the “Dynamixel” side

[image: ]
Figure 26: Estimation of the Graphical Output from the Mobile Application

Equipment:
1. Goniometer
2. M.A.X. Body Support
3. M.A.X. Motor-Exoskeleton Complex
4. M.A.X. Arduino Motor-Complex
5. M.A.X. Arduino Bluetooth-Complex
6. Arduino-Motor Algorithm
7. NIMH battery 12V 2800 mAh
8. Android Phone
9. EMG Electrodes
10. Isopropyl Alcohol Prep Pads
11. Dummy Model
12. Arduino IDE
13. Computer

Test Procedure:
Equipping M.A.X.:

1. Open the Arduino IDE on the Computer Monitor itself. 
2. Ensure the Dynamixel Shield is set at the “Upload” side, then toggle the switch from the “Upload” side to the “Dynamixel” side as shown in Figure 25.

Preparing Mobile Application

1. Open the Android Phone to the app selection GUI as shown in Figure 27.

[image: ]
Figure 27: App Selection GUI for Mobile Phone

2. Click the mobile application icon of the M.A.X. mobile application as shown in Figure 28.
[image: ]
Figure 28: Mobile Application Icon of the M.A.X. mobile application

3. Once the mobile application icon is clicked, the GUI should appear on the screen, as shown in Figure 29.
[image: ]
Figure 29: Connection GUI of the M.A.X. mobile application

4. Once the text underneath the graphs reads “HC-05 Found”, click the “Start” button as shown in Figure 29.



Running M.A.X. Hardware Trial

1. Ensure that the sensors are properly attached.
2. Ensure that the dummy is wearing the M.A.X.
3. Instruct the user to lift their arm along the frontal plane until they reach 30 degrees from the vertical direction from the axis of the shoulder as shown in Figure 24. Use the goniometer to confirm the angle on the M.A.X as shown in Figure 19.
4. Pause the user’s arm movements at 30 degrees until the M.A.X. reaches the same position and ceases rotation of the motor. 
5. Instruct the user to lower their arm to their side as shown in Figure 23.
6. Instruct the user to lift their arm along the frontal plane until they reach 60 degrees from the vertical axis  as shown in Figure 24. Use the goniometer to confirm the angle on the M.A.X  as shown in Figure 20.
7. Pause the user’s arm movements at 60 degrees until the M.A.X. reaches the same position and ceases rotation of the motor.
8. Instruct the user to lower their arm to their side as shown in Figure 23.
9. Press the “Start” button on the mobile application as shown in Figure 29.
10. Instruct the user to lift their arm along the frontal plane until they reach 90 degrees from the vertical axis as shown in Figure 24. Use the goniometer to confirm the angle on the M.A.X  as shown in Figure 21.
11. Pause the user’s arm movements at 90 degrees until the M.A.X. reaches the same position and ceases rotation of the motor.
12. Instruct the user to lower their arm to their side as shown in Figure 23.
13. Once the arm has returned to the user’s side, press the “Stop” button as shown in Figure 29.
14. Press the “Export” button as shown in Figure 29.
15. Press the “Clear” button as shown in Figure 29.

Expected Results:
The hardware test passes if all of the following occurs:
1. The motor of the M.A.X. stops moving once it reaches 30 Degrees of elevation.
2. The M.A.X. is positioned at 30 Degrees within 5 degrees.
3. The motor of the M.A.X. stops moving once it reaches 60 Degrees of elevation.
4. The M.A.X. is positioned at 60 Degrees within 5 degrees.
5. The motor of the M.A.X. stops moving once it reaches 90 Degrees of elevation.
6. The M.A.X. is positioned at 90 Degrees within 5 degrees.
7. The motor of M.A.X. stops moving once it reaches 0 Degrees of elevation.
The Mobile application test passes if all of the following occurs:
1. The GUI from Figure 29 is displayed when the mobile application icon from Figure 28 is pressed.
2. The text “HC-05 Found” appears underneath the graphs as shown in Figure 29.
3. The graphs begin plotting data once the “Start” button is pressed as shown in Figure 29.
4. The graphs stop plotting data once the “Stop” button is pressed as shown in Figure 29.
5. The graphs are exported to external storage once the “Export” button is pressed as shown in Figure 29.
6. The graphs are cleared of data once the “Clear” button is pressed as shown in Figure 29.

Test Results:
	Item
	Expected Results
	Test Results
	Pass / Fail

	30 Degree Shoulder Abduction Elevation
	The M.A.X. stops moving once it reaches 30 Degrees
	The M.A.X. was unable to stop moving at 30 Degrees
	Fail

	30 Degree Shoulder Abduction Position
	30 Degrees ± 5
	The M.A.X. was unable to stop moving at 30 Degrees
	Fail

	60 Degree Shoulder Abduction Elevation
	The M.A.X. stops moving once it reaches 60 Degrees
	The M.A.X. was unable to stop moving at 60 Degrees
	Fail

	60 Degree Shoulder Abduction Position
	60 Degrees ± 5
	The M.A.X. was unable to stop moving at 60 Degrees
	Fail

	90 Degree Shoulder Abduction Elevation
	The M.A.X. stops moving once it reaches 90 Degrees
	The M.A.X. was able to stop moving at 90 Degrees
	Pass

	90 Degree Shoulder Abduction Position
	90 Degrees < 5 deg
	87 Degrees
	Pass

	0 Degree Shoulder Abduction Elevation
	The M.A.X. stops moving once it reaches 0 Degrees
	The M.A.X. was able to stop moving at 0 Degrees
	Pass

	0 Degree Shoulder Abduction Position
	0 Degrees > 5 deg
	2 Degrees
	Pass

	Press Application Icon
(Figure 28)
	GUI Appears on Screen
(Figure 29)
	The GUI appeared 2 seconds after the icon was pressed
	Pass

	HC-05 Detected 
(Figure 29)
	Text “HC-05 Found” appears beneath graphs
	The text “HC-05” was seen beneath the graphs
	Pass

	Press the “Start” Button
(Figure 29)
	Graphs begin plotting data once the “Start” button is pressed
	The graphs started updating 5 seconds after the button was pressed
	Pass

	Press the “Stop” Button
(Figure 29)
	Graphs stop plotting data once the “Stop” button is pressed
	The graphs stopped updating within 1 second of the button being pressed
	Pass

	Press the “Export” Button
(Figure 29)
	The data are exported to an external storage once the “Export” button is pressed
	The data appeared as a CSV file in the local device storage
	Pass

	Press the “Clear” Button
(Figure 29)
	The plots are cleared of data once the “Clear” button is pressed
	The graphs cleared within 1 second of the button being pressed
	Pass






9 [bookmark: _kqv4mlm3io6h]Attachments

Cover Sheet for QUALITY RECORDS
	Test Plan Name
	M.A.X. Final System Test

	Test Engineer
	Prajit Dhuri, Alysabeth Gaito, Juan Ramirez

	Test Date
	4/26/24

	Version
	MAX.TP.03

	System Name
	Mechanical Arm Exoskeleton (M.A.X.)

	Tests Covered
	010, 011, 020

	MRs Written?
	Yes      or      No

	Data Attached?
	Yes      or      No

	Old Results Appended?
	Yes      or      No

	Record Type
	System Test Results

	Data Filed
	04/29/2024

	Storage Location (Room #)
	Google Drive

	Approval Signature(s)
	PD, AG, JR



TEST STATUS
	Test Case
	Test Passed?
	If Test Failed, MR#
	If Test Failed, MR Not Entered Reason
	Comment

	010
	Yes
	N/A
	N/A
	

	011
	Yes
	N/A
	N/A
	MAX slightly heavier than 5 pounds

	020
	Yes
	N/A
	N/A
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