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PROPOSED
SYSTEM

* Main Components,
* Mobile Base
* Robotic Arm
* Gripper
* Sensor Units

* User Interface




DESIGN PARAMETERS
FOR THE ROBOT ARM

Work Envelope = 0.5m3

Maximum Reach = 50cm

Payload = 2kg

Package Size to Grip =
8x8x8 cm

Degrees of Freedom = 4




KINEMATICS OF 4 AXIS ROBOT ARM

Shoulder

0, = Base rotation (Joint 1)

0, = Shoulder rotation (Joint 2)
05 = Elbow rotation (Joint 3)

0, = Wrist rotation (Joint 4)

." ! 1‘ s \ 3

|4— Link2 —0|4— Link3 —b‘d—Link4—.|

L, = Length from base to shoulder (Link 1)

L, = Length from shoulder to elbow (Link 2)

L; = Length from elbow to wrist (Link 3)

L, = Length from wrist to end ef fector (Link 4)



KINEMATICS OF 4 AXIS ROBOT ARM CONTD.

0; = Joint angel

d; = of fset along the previous z axis
a; = Link Length

a; = Angle between z axes




FORWARD KINEMATICS OF 4 AXIS ROBOT ARM

Transformation Matrices:

sin(8;) —cos(8;)cos(a;) —cos(6;)cos(a;) a;sine(6;)
0 sin(a;) cos(a;) d;

cos(8;) —sin(6;)cos(a;) sin(6;)sin(e;)  a;cos(a;)
0 0 0 1

Overall Transformation Matrix:

T = Tl' Tz.T3.T4
Final Forward Kinematics Equation:
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INVERSE KINEMATICS OF 4 AXIS ROBOT ARM

End ef fector position = (x,y, z) Where:
0, = atan2(y, x) r= Jx2 + y2
L5+ L% — 13
0, = atan2(z — dy, ) + acos(—2 %) L= 12+ (z—do)?
21,1
@ = Desired orientation
L5 + L5 — L

65 = acos( 2L,

0, = 00— (6, +86,)



ROBOT ARM LINKLENGTH SELECTION

Defined the required
workspace

Chose an arbitrary
set of values for link
lengths

Finalized the DH
table for a 4-axis
robot arm

Analyzed the defined
workspace with
different set of link
lengths

Developed a Gui
using peter corke
toolbox to perform
inverse and forward
kinematics

Finalized the link
lengths

Validated the
developed Gui




INITIAL DH PARAMETER TABLE
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SIMULATION TEST RESULT OF FORWARD
KINEMATICS

Input Angle (degree)

Output Coordinate (cm)
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Z
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ATION TE —SULTS OF INV
ATICS

Output Coordinate (cm) Input Angle (degree)

0, 03

55 57

90

70




FINALIZED SET OF LINK LENGTHS AND FINALIZED

DH TABLE

L, = Length from base to shoulder = 22.5cm

L, = Length from shoulder to elbow = 27cm

L; = Length from elbow to wrist = 22.5cm

L, = Length from wrist to end ef fector = 15cm
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WORKSPACE ANALYSIS

Workspace of the Robot Arm (Z > 0)

Obtained workspace of the robot-arm for the finalized link lengths



= JUSTIFICATION

Duter Points of the 3-Link Robot Arm Works pace with 50 cm Radius Upper Half-Sphers Outer Points of the 3-Link Robot Arm Works pace with 50 cm Radius Upper Half-Sphere




SIMULINK MODEL FOR THE ROBOT ARM




EMIATICS
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EMATICS
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v, = Longitudinal Body Velocity
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vy, = Lateral Body Velocity

w, = Angular velocity aroung the center of robot

CL+L L+l L+l L+l

w; = Angular velocity of the wheels
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Symbol Explanation Value
Length of the Chassis 600mm
Width of the Chassis 420mm
Distance between right and left 240mm
wheel
Distance between front and 300mm
back wheel
Radius of the wheel 150mm
Chassis height 113mm
Ground Clearance 50mm
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PAC

= VISULIZATION WITH TH

CHASSIS DIMENSIONS

Duter Points of the 3-Link Robot Arm with Chassis

Outer Points of the 3-Link Robot Arm with Chassis




INITIAL SOLIDWORK DESIGN — ROBOT ARM
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MATERIAL SELECTION — ROBOT ARV

CHOSEN MATERIAL — PATYPE 6

 Lightweight: Ensures ease of movement and
efficiency in the manipulator arm.

 Strength and Toughness: Provides high tensile
strength and impact resistance, suitable for
handling loads.

3D Printability: Compatible with FDM and SLS

methods, allowing precise and durable 3D prints.

Nylon Extruded 6 Black

Material Data Sheet

B0695-11-10

23



Py
=
E

:
=
=
@
=

=

S
©
3
o
L5,
=

'_
=
=

2
=1

=

er

000

0.50

1.00

1.50

2.00

2.50
Time (zec)

3.00

3.50

4.00

450

5.00

ION - SHOU|




—CTION - SHOUL R JOIN'T

Selected Motor: GXServo X150

' ® = -
( GXservo X120

Fuise Width 500us-2900us =180°
OperatingSpee (12V).0.165ect0”
OperatingSpeed. (13V).0.155ecG0
Operatingspeed: (14V)0.14zec60”
atall Torque(12V). 150kg.cm
=lallT orque{13V).160Kg.Cm

Motor-brushless Dead band 3us
Ball Bearing: 2 BBWorking

Frequence:1520us/330hz
Dimensions: 6530 58mm
Weight 220q
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=CTION -

—LBOW JOINT

Selected Motor: GXServo X100

A10U

Puise Width:300ps-2500us =180°
Operating Speed (6Y):0.13552c60°
OperatingSpeed(7 4V)0.11sechl

Operaling Speed: (8 4V)0 1sectl”
stall Torque{oV):BiKg.cm

stall Torque(7.4V): 100Kg.cm

Stall Torque(B.4V) 112kg.cm
Molor-orusnless LDead band 3gs
Ball Bearing: 2BBWorking
Frequence:1520usi330hz
Limensions 62" 30 " 5a8mm

Weight 2200




=S TIMATION - W

Motar Torqued (newton-mm)
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RIST JOINT

item value
Warranty 3months-Tyear

Place of Origin Guangdong China

Mode Compatible
Sanwa SSR,

NB4 and

Futaba mode

Brand Name Flash Hobby

Model Number CLS4050RP

Usage BOAT, Car, Electric Bicycle, FAN, Home Appliance
Type Brushless Motor

Torgue 38.0/50.0

Construction Permanent Magnet
Commutation Brushless

Protect Feature Waterproof

Speed(RPM) 011015

Continuous Current{A) custom

Efficiency IE4

Size: 40%20=40.50mm

Weight: B0g£10g(without serve horm)

Gear: Steel Gears

Operating speed: 0Msec/60° @8.4V

Stall torgue: 50.0kg-cmfB94 oz-in @8.4V

Diamond Cut
Aluminum

" Case Material: CMC ALBOG1 Aluminum Case
Heat Sink Shell
Connector Wire Length: 300MM JR Plug

Motor Type: Coreless Motor

torgquelkg-cm) 38.0/50.0

Valts G~8.4V
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Item Type: Motor Servo

Material: Metal, plastic

Model: D533218MG

Colour: Black

Weorking Voltage: 4 8-68V DC

Torsion (BV): 19kg/fcm

Torsion (6.8V): 21 5kg/cm

Speed: 0.146s/60° (5V), 0.14s/50%(6.8V)
Reduction Ratic: 310:1

Rudder Specification: 25T /580

Gear Ratio: 275

Pulse Width Range: 500-2500 psec
Woerking Frequency: 50-330Hz
Meutral Position: 1500us

Contrellable Angle: 270°

Angle: 90°

Dead Time: Jus

Drive Mode: PWM

Moter Type: DC Motor

Gear Type: Plastic, Aluminum Alloy, Electronic Compeonents
Size: Approx.41x40x20mm1.6x1 57x0 8in

Wiring:

Red: Positive

Black and Brown: Megative

Yellow and White: Signal wire

Compatible: Suitable for 1/10 1/8 RC Car Truck Beat Airplane Robot




INITTIAL ST SUTION
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POLOGY OPTIMIZATION FOR LINK 1
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OPTIMIZED DESIGN FOR LINK 1
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OPTIMIZED DESIGN FOR LINK 3

36



SUTION

waah Mises (N/ma2)
BE11e+06
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ROTATIONAL BASE DESIGN - TOP
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ROTATIONAL BASE DESIGN — BOT TOIWVI




ROTATIONAL BASE DESIGN - COVIPLETE




ROTATIONAL BASE DESIGN - MIECHANISIV
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ROTATIONAL BASE DESIGN — STRESS
DISTRIBUTION

won Mises (W/m*2)
1.9894e +04
1.795e +04

_ 1.586e+04
_ 1.3%e+04
_ 1.187e+04

97 2e+03

1.89895e+03
.32 1e-01

— P Vield strength: 1.0362 +08




SOLIDWORK DESIGNS — GRIPPER

44



GRIPPING FORCE ESTIMATION

O Used motor torque = 10 kgcm

O Gripping Force = 39N

[ Obtained Vertical Force on the Object = 39 x 0.4 x 2 = 31.2N (Assumed the fricetion coef fient of material as 0.4)
O Justification = 20N < 31.2N — 10 kgcm motor is enough.

45



MOTOR SELECTION - GRIPPER

Selected Motor: SURPASS S1500M

cuppace

15KG DIGITAL oo

Gear: Metal

METAI. GEA“ SHW“ Horn gear spline: 25T

Model Rated Torque Max. Torque Voltage No Load Speed Size{mm) Weight(g)
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UPDATED ROBOT ARM
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MOBILE PLATFORM DESIGN- INITIAL MODEL
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MATERIAL SELECTION — CHASSIS

CHOSEN MATERIAL — ALUMINIUM 6061

O Lightweight: Offers a strong yet lightweight structure, ——— - . —
enhancing mobility and efficiency. Eﬂ:‘:ﬁ m - :::WE::E
O High Strength: Provides good mechanical strength, Em:“ — “"" Mmm“‘i
suitable for supporting the robot's components. mm“«w :m m mmmimnHMELMi

d Corrosion Resistance: Naturally resistant to corrosion, o ——

w1 ik in sl Al alioyn
T ahgue Strength SR MEY HIH pai AN 500 D06 060 cyches complstely imvemed siresy, IR

L R ]
. . . . ] Fracins Tosghniss 59 MPa-mly 264 - Ky TL onevslabon
making it durable in various environments. o = T A
Shatia Midehis 26 GPe 3T ksl Exfimabed from similas Al alioys
Ehex Shengh 20T MPy B0000 i AR Ty
O Machinability: Easy to work with, allowing for precise A
Llechical Resmtrety LUSe 006 ghmgm 3 9%e-0046 obym-om Al Typical o 68°F
cutting and shaping during fabrication. i e

GTE. lnear BIF Z3.6 A 131 e F AR Typead, Awnings oves B8-212°F ranga
CTE, imear 250°C 252 umim-"C 14 gone"T Esdmated from nends n similar &1 alioya. 72030000

Spocir Hosl Capacy PR Xy B 0214 BTUSSF
Themitnal Ciondochry 18T Wl i 1060 BT inf. 1F-°F A Typical o 7757
beilng Painl 583 - 652 T WS- 1205 F  j8 Typecsl tungs besed on hypicsl composiion bor wenogi
products 1714 nch heckness: or greser, Cuieche mmefng can
ba crmglmlely elrminabad by enalson
Eotidus 587 "0 1080 °F A4 Typcsl
Linpusttus 652 °C 1205 °F AA, Typaal
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MOBILE PLATFORM DESIGN- MIOTOR TOROUE
ESTIMATION ANALYSIS
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MOBILE PLATFORM DESIGN- MIOTOR TOROUE
ESTIMATION ANALYSIS

Slope — 10 Degrees
RPM — 100

51



MOBILE PLATFORM DESIGN- MIOTOR TOROUE
ESTIMATION

Metor Torque18 (newton-mm)
Motor Torque20 (newton-rmm)

t
0.37 : | X i . . 0.37
Time (sec) Time (sec)

i

(neswton-mim)
3

Motor Torquel19 (newton-mm)

Mator Torque2
!
]

| V| BN

0.37
Time (sec)

0.37
Time (sec)

Motor Torque Required per Wheel — 25kgecm




CHIHAI MOTOR
CHR-GM3T-3428 DC Photoalectnic coding matar

21mm

DC 6V-24V

PH2.0-EPIN (Standard connection cable output
DuPont or XH2 54 head)

= 448CPR

About 200g

‘Model: CHR-GM37-3429S DC Photoelectric coding motor
Voltage: DC 24.0V max power 11W

Rnted spessdirpm]
Rt cistraniiA) | = i £
Bl torguefkg.om) | ) =z

Stall torgueiig.cm)

MOBILE PLATFORM DESIGN-
MOTOR TOROUE ESTIMATION

SELECTED MOTOR: CHR-GM37-3429E
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UPDATED MOBILE PLATFORM DESIGN
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SUTION

Equivalent Stress -
Type: Equivalent (von-Mises) Stress
Unit: Pa '

Time:ls

0/29/2024 7:35 PM

7.8069e6 Max
6.9399:6
6.0728:6
5.2058e6
4.3388e6
347170
2.6047e6
1.7377e0
8.7064e5
3609.7 Min

|
|




RMATION OF THE CHASSIS

Type: Total Deformation
Unit: m

Time: 1 s

9/29/2024 7:34 PM

0.00013978

0.00012231
0.00010484
B8.7364e-5
6.9891e-5
5.2418e-5
3.4946e-5
1.7473e-5
0 Min

il
=
e]
L
g
B
B

0.400 (rn)

Maximum Deflection: 0.17mm




UPDATED MOBILE PLATFORM DESIGN
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Symbol Explanation Value
Length of the Chassis 600mm
Width of the Chassis 420mm
Distance between right and left 240mm
wheel
Distance between front and 300mm
back wheel
Radius of the wheel 150mm
Chassis height 113mm
Ground Clearance 50mm
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STABILITY ANALYSIS & OPTIMAL MOUNTING

LOCATION

sImportance: Optimal arm placement ensures system stability, efficiency, and safety, reducing risks like tipping and

operational inefficiencies.

*Simulation: MATLAB-based optimization evaluates stability, torque, and reachability to determine the best mounting

position.

Key Components:

|.Parameters:
|. Platform: Dimensions, wheelbase, chassis height.
2. Arm: Mass, link lengths, end-effector.
3. Environment: Gravity.

2.0ptimization:
I. Objective: Minimize torque, penalize rear/edge positions, and maximize reach.
2. Constraints: Ensure stability and workspace within platform boundaries.

59



STABILITY ANALYSIS & OPTIMAL MOUNTING
LOCATION

Findings:
*Optimal Mounting:
* On a 60%43 cm chassis with a 45 cm wheelbase, the arm should be mounted in the front half for balance and
reach.
* Placement minimizes tipping risk while maintaining stability and operational efficiency.

ﬁmlmllwrﬁrgpﬂm_lnwﬂmﬁmhnﬂh




MOBILE MANIPULATOR DESIGN
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POWER MANAGEMENT

L MSDS UN38.3
2-3 days
O High-torque servo: 10A MR 5552 time

O Servos (total): 5A (average per servo) x 3 = 15A

O DC Motors (CHR-GM37-3429E x 4): 1.5A x 4 = 6A

'],

L Microcontroller, cameras, and sensors: 2A

U Total current: 15A + 10A + 6A + 2A = 33A

B

Assuming a 7.4V or 11.1V LiPo battery,
O For a 7.4V LiPo: 7.4Vx33A = 244.2W

i

Continuous use of |h,

O 7.4V LiPo: 244.2W/7.4V = 33Ah
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0
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PROTOTYPE DESIGN — ROBOT ARV

O Reduced Link Lengths by 25%
. NS N dLink 1 —15cm
o N Qlink 2 - 18cm
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PROTOTYPE DESIGN — GRIPPER

(J Reduced the size by 25%
(J Reduced the payload to 100g
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PROTOTYPE DESIGN — CHASSIS

[ Chassis Dimensions — 300 x 180 mm
J Wheel Size — 80mm

66



MOTOR TOROUE ESTIMATION FOR SHOULDER
JOINT - SOLIDWORKS
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MOTOR TOROQUE ESTIMATION FOR SHOULDER
JOINT - ADAMS

ohewton-meter—

9y

0.0
0.0 5.0 10.0

Analysis: Last_Run 2024r66Gs28)03.37:21

Torgue Required: 12kgcm
Selected Motor: MG996R (20kgcm)
Obtained Safety Factor: 1.6

Lazt Bun  Time= 15600 F

rarme=
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MOTOR TOROUE ESTIMATION FOR ELBOW
JOINT - SOLIDWORKS
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MOTOR TORQUE ESTIMATION FOR ELBOW JOINT
- ADANMS

Last Bun Time= 36600 Frame=184

| EA_1

0.0
00 10 20 30 40 50 60 70 80 9.0 100

Analysis: Last_Run 207406=28:P3:59:28

Torque Required: 22.7kgcm
Selected Motor: Futaba 30kgcm Digital Servo
Obtained Safety Factor: 1.3



SIMULATIONS USING ROS2 - ARV

- Franer wrdf a3 - myTekar - 4 il oo Code

@eF POl s S

™

- Dnzbayn e TF &

fialling

Fmvire

EERz:e

71



SIMULATIONS USING ROS2 - CHASSIS

—

| Successfully launch the robot chassis on the gazebo environment. But | was unable to perform further simulations due to
time problems.
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PROTOTYPE DESIGN — GRIPPER




PROTOTYPE DESIGN — GRIPPER




FINAL LOOK
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CONTROL SYSTEM

&

ULTRASONIC
SENSORS

ENCORDERS

MOTOR
CONTROLLERS

MOTORS
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CONTROL SYSTEM — DATA FLOW

* Perception:
* Depth Camera + LiDAR + IMU: Feed processed data to High-level controller.
= Use sensor fusion to increase the accuracy.
* Navigation:
= Use SLAM algorithms to map the environment and determine the robot's position.
* Combine wheel odometry (from encoders) and IMU data for accurate localization.

= Actuation:

= High level controller sends high-level commands (e.g., direction, speed) to the Arduino.

= Low level controller executes commands via motor controllers.
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PROTOTYPE CONTROL SYSTEM

WEB PAGE

5 MOTORS OF THE
ROBOT ARM

MOBILE APP

FRONT
MOTORS

REAR

MIORNON
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CONTROL SYSTEM — NAVIGATING

Object Detection:
* Uses a camera and HSV color filtering to detect blue objects in real-time for a fixed sized object.

Position Estimation:
* Calculates object depth (Z) and lateral offset (X) using camera calibration.
* Since the real-world height of the object is constant, the apparent height in the image (h) directly
correlates with the distance.
* As the object moves closer, it appears larger in the frame, and h increases, resulting in a smaller
calculated Z.
* Smooths values with Exponential Moving Average (EMA) for stability.

Motion Control:
* Commands the robot to move forward, turn, or stop based on the object's position.
* Implements proportional control for precise movement and alignment.

Actuation:

* Sends movement commands to the robot via Arduino for execution.
79



CONTROL SYSTEM — NAVIGATING
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CONTROL SYSTEM — ROBOTIC ARM

Camera Setup:

Captures live video to detect objects, with resolution optimized for performance.

Object Detection:

Identifies blue objects using HSV color filtering.

Validates objects based on size and shape.

Depth and Position Estimation:

Calculates the object’s 3D position (X,Y, Z) using the object's size, camera calibration, and known object height.

Applies offsets for camera position relative to the robot base.

Buffering and Stabilization:

Collects object positions in a buffer for 2 seconds to stabilize the detection.

Inverse Kinematics:

Computes joint angles to reach the averaged position.

Sends calculated angles to Arduino for robotic arm movement.

Visualization:

Displays the robot arm's position using a 3D plot after executing the motion.

8l



CONTROL SYSTEM — ROBOTIC
ARM

IKPy Usage in the Robotic Arm:

Robot Model Loading: Reads the arm's structure from a URDF file to create

a kinematic chain. -

Target Position Calculation: Converts detected object's coordinates (X,Y, Z) e
LT
e | —
into joint angles using inverse kinematics. A
S

Joint Angle Computation: Ensures realistic movement by adhering to physical

constraints and joint limits.

Servo Control: Sends computed angles to the Arduino to move the servos

and position the end effector accurately.
Visualization: Plots the arm's 3D position for debugging and validation.

IKPy simplifies complex kinematics, ensuring precise and smooth arm

movement to the target location.



CONTROL SYSTEM — ROBOTIC ARM

=
e
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CONTROL SYSTEM — MOBILE MANIPULATOR

Chassis Mode:

* Object Tracking: Detects the object's position relative to the robot.

* Navigation: Commands the base to move forward, align left, or right, based on object position.

* Switches to manipulator mode if the object is within a predefined range and aligned laterally.
Manipulator Mode:

* Computes the object's 3D position (X,Y, Z) using camera parameters and object height.

 Buffering: Stabilizes the target position by averaging multiple frames.

* Inverse Kinematics: Uses IKPy to calculate joint angles for the manipulator to reach the target.

* Execution: Sends calculated joint angles to Arduino for precise arm movement.
State Transitions:

* Returns to chassis mode after the manipulator completes its task, enabling seamless integration between

navigation and manipulation.

Visualization and Feedback:

* Displays live video feed with bounding boxes, depth, and target coordinates for real-time monitoring. g4

*  WWaits for Arduino's confirmation after completing each action.



CONTROL SYSTEM — MOBILE MANIPULATOR

85



CONTROL SYSTEM — WEB PAGE

Control Buttons for Manual Movement:

* Buttons to control the base movement in different directions (forward, backward, left, right).

* Stop button for halting all movement.

* Dedicated buttons for Clockwise (CW) and Counter-Clockwise (CCW) rotations for fine angular adjustments.

* Use Case: Enables the user to manually maneuver the robot base when precise or direct control is required.
Sliders for Manipulator Control:

* Individual sliders to adjust the angles of the manipulator's joints (e.g., base, shoulder, elbow, wrist).

* A sslider for controlling the gripper position.

* Real-time display of the current slider values.

* Use Case: Provides intuitive control of the robot arm's joints, allowing users to manipulate the arm into desired

positions.
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CONTROL SYSTEM — WEB PAGE

* Streams live video from the robot’s camera.

Visualizes the robot’s field of view in real-time.

Use Case: Helps the operator monitor the environment and adjust actions based on visual feedback.

* Forward Kinematics (FK) Plot:

Displays a 3D plot of the robot arm's current configuration using IKPy and Matplotlib.
Automatically updates when sliders are adjusted or during autonomous operations.
Use Case: Offers a visual representation of the arm's state, aiding in precise adjustments and verification of

manipulator actions.

e Switch to Autonomous Mode:

A toggle button to enable or disable autonomous mode.

Transitions from manual control to fully autonomous operations, where the robot navigates and manipulates
objects on its own.

Use Case:Allows switching between manual and autonomous functionalities, providing flexibility for diverse

87
scenarios.



CONTROL SYSTEM — WEB PAGE
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MOBILE APPLICATION

CONTROLLER : CONTROLLER

CONNECT BLUETOOTH

SHOULDER

ELBOW

WRIST

GRIPPER




MOBILE APPLICATION CONTROLLING




MOBILE APPLICATION CONTROLLING
' 2 j r */ \
_ 77 T4 _u A




ERRORS ENCOUNTERED

|.Fabrication Misalignments:

|. Slight inaccuracies during assembly caused imperfect alignment of the chassis, which negatively affected the

performance of the mecanum wheels.

2. Resulted in inefficient omnidirectional movement due to suboptimal contact between wheels and the

surface.

2.Heavy Chassis Design:

|. The increased weight of the chassis led to uneven weight distribution, further reducing the ideal traction

required for the mecanum wheels to function properly.

2. Affected smooth and precise movement, especially during rotations or transitions between directions.

3.Inconsistent Current Draw from Motors:

|I. Soldering and wiring inconsistencies caused variations in current drawn by the motors, leading to uneven

motor speeds.

2. Resulted in unpredictable behavior during manual and autonomous movement, especially during fine maneuvers.



LIMITATIONS

Camera Calibration Issues:

Limited calibration accuracy affected the depth estimation and real-world coordinate mapping.

Reduced the precision of object detection and manipulator positioning.

Low Processing Power of Raspberry Pi:

The limited computational capacity of the Raspberry Pi led to slower processing of real-time image data.

Contributed to a delay in decision-making during autonomous operations.

Low FPS (Frames Per Second):

The low FPS from the camera resulted in slower response times for object detection and navigation.

Made the robot less effective in dynamic environments with fast-moving objects or obstacles.
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KEY TAKEAWAYS

Fabrication and electrical inconsistencies need to be addressed for better mechanical and electrical reliability.
Upgrading hardware like the Raspberry Pi to a more powerful controller (e.g., NVIDIA Jetson or equivalent) can
improve processing power and FPS.

Enhanced calibration techniques or using a depth sensor and lighter chassis materials could significantly improve system

performance.
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