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Smart Grocery Packaging System with Novel Rotary Grasping Mechanism and Multi-Interface

Shelf

Thesis Abstract — Idaho State University (2023)

This thesis introduces a groundbreaking mechanism that, in contrast to many contemporary
innovations, prioritizes simplicity alongside novelty. It unveils a novel gripper mechanism,
integrated into a grocery packaging system, equipped with an open-loop system and a
touchscreen interface within a smart shelf. The gripper prototype features a stepper motor for
actuation and a thoughtfully crafted one-third circular pattern, facilitating both the force-closed
and the form-closed grasping of objects with a diameter of five to nine centimeters. Importantly,
this design can be easily adapted to cater to various applications, ensuring versatility and broad
applicability across industries such as food, beverage, and grocery markets. The accompanying
shelf enhances the customer experience through an engaging interface. Rigorously developed,
analyzed, and tested through CAD software and in conjunction with a commercial industrial
robotic arm, this gripping innovation promises to deliver sophisticated simplicity, scalability, and

multifaceted utility to the relevant industries.

Keywords: Minimum Actuation; Scalability; Novel Gripper; Spring Mechanism; Stepper Motor;
Shutter Design; Load Cells; Machine Learning; Grocery Packaging; Human Machine Interface;

Form Closure; Force Closure; Touch Screen Interface

Xi



Chapter 1: Introduction

11 Background and Motivation

“The day science begins to study non-physical phenomena, it will make more progress in one

decade than in all the previous centuries of its existence.”

Nikola Tesla

(July 10, 1856 — January 7, 1943)

Human civilization has evolved as an example of a perfect machine. Things have been rejected,
corrected, developed, presented, and repeat. The process has improved over time. Fortunately,
civilization changed but their discoveries remain. Lifestyle, education, and abilities get better
every day like a complete machine learning model. While every machine is invented out of
necessity or luxury, almost all of them are inspired by some natural phenomena. For instance, the

idea of a belt-pushing gripper design is inspired by the human pole climbing technique [1].

Humans are machines with complex artificial intelligence and learning abilities. While most of
the abilities are governed by the brain via neural networks throughout the body, execution
requires different physical body parts such as hands, legs, and many more. Human beings
operate almost exactly like machines. What separates is the learning ability and artificial
intelligence “till now”. Throughout the development of civilization, humans have learned via
suffering, failure, and sometimes coincidence. To compare, the brain is like a

microcontroller/controller of a machine, wires can be perceived as a neural network that sends



and receives signals, sensory organs are the feedback sensors, and physical organs are the

mechanical components of a machine.

One of the most important organs to humans is the hands. Its primary functions include grasping.
With the ability to learn and control the movement of muscles, humans have achieved the upper
place in the survival chart. Brachiation in our primates, where hands are used to grasp and swing
like a pendulum [2] for locomotion, keeps them safe from fierce ground threats. Experimental
studies have revealed three manipulative abilities that are considered unique to humans such as
precise handling, forceful precision grasping, and power squeezing [2]. These abilities represent

every human activity that brought safety, prosperity, and luxury to human civilization.

With the evolving civilization, human has made their life easier with their knowledge and
abilities, resulting in the industrial revolution. The development of machines led to the idea of
eliminating repetitive actions for efficient production. After almost 100 years of Industrial and
Manufacturing evolution, we are now entering the Robots Revolution [3]. It is believed to have
the potential to radically transform employment and organizations [4], resulting in the most
competitive playground for the world’s great researchers and engineers. In recent years, military
robots have shifted from the realm of science fiction to the reality [5]. As a result, robotic
manipulators have become one of the most sought-after areas for scientists as an applicable and

useful tool for various purposes [6].

Different systems are developed in search of better efficiency and results. There are millions of
things or objects that we may see and use throughout our lifetime. Just a little probability that
they are not mass-produced in a factory. Industry 4.0 has led the demand for novel designs to

increase in every machine. The technology push in industrial practice refers to mechanization



and automation, digitalization and networking, and miniaturization [7]. With the wide range of
opportunities to reduce repetitive actions and to bring facilities to consumers, there have been
many lives-changing inventions. For instance, mass production of motor vehicles brought costs
down to make them affordable to millions of less-earning consumers. Similarly, the application
of smart image processing offered improved accuracy in the rejection of defective products,

robotic bartenders serving drinks in the bar, and many more.

Many production lines rely on robots that are equipped with specific end-of-arm tools to handle
repetitive tasks. Some robots are less sophisticated and can only perform programmed tasks,
while others are highly advanced with features like feedback communication and response
systems. As consumer outlets increasingly adopt smart technologies, customized and precise
services become more readily available to customers. These smart systems are not only
necessary but also provide a fascinating experience. From life-changing inventions to small

details, competition drives constant improvement in everything around us.

1.2 Thesis Goals

This thesis aims to create an intelligent packaging system for groceries and an innovative rotary

end-of-arm mechanism that requires minimal degrees of freedom (D.O.F) and feedback sensors.

A motion conversion-based design is created for a new rotary mechanism to meet the goal. This
design is inspired by the shutter mechanism found in cameras. To enhance the user experience, a
smart shelf with load cells and communication capabilities through an image processing system

is designed and added to the system. Additionally, a touchscreen-based human-machine

interface (HMI) is introduced to enable users to select their desired groceries and weight.



The whole system was designed and tested for its mobility and strength using computer-aided

design (CAD) software.

1.3  Problem Statement and Scope

In the United States, the grocery and convenience store industry is worth $818.6 billion [8] and
serves millions of consumers with various products and services. However, shopping for
groceries can be tiring and time-consuming, from pushing carts to weighing items to staying
within a budget. While some supermarket chains have adopted smart shopping technology,
others remain conventional. There is still a need for technology to make grocery shopping even

smarter, given the variety of items available in stores.

This project involves designing a smart grocery packaging system using a new rotary gripper
mechanism and a smart platform for grocery items. While the focus may seem narrow, the
system has scalability and flexibility that allows for future expansion. The platform provides
consumers with item descriptions to make informed choices and the rotary mechanism facilitates

the pick and place of items.

The initial challenge of this project involves creating a new mechanism that can be easily
adjusted to fit different applications and requires only a few control systems. This task requires
careful planning and the incorporation of innovative mechanical components, such as
compression springs. Once the design is complete, it will undergo analysis to ensure its
effectiveness, strength, and mobility. Finally, the brain of the system is designed, a smart shelf

with a digital communication interface.



To overcome the problems and meet the goals, Chapters 2, 3, and 4 will explain the background

knowledge and resources that were used.
1.4  Thesis Structure

The structure of the thesis is presented in the flowchart below.

Chapter 1
Introduction
Chapter 2

Literature Review
Chapter 3

System Kinematics
Chapter 4

Novel Rotary Mechanism

Chapter 5
Smart Shelf with touchscreen HMI

Chapter 6
Results, Discussions, & Conclusion




Chapter 2: Literature Review

In the literature review section, we will explore previous research on novel grasping mechanisms
and touchscreen-based human-machine interfaces. This will include different models, kinematic
mechanisms, their pros and cons, and their various applications. Since this is a popular topic,

there have been numerous studies in this area, leading to significant technological progress.

2.1 Importance of Universal Grasping Tools

Robotic grippers are one of the most essential components of a robotic manipulator [9]. They are
the difference-making factor in the whole robotic manipulation process. To understand the
importance of robotic grasping tools, we need to understand the importance of the industrial
robot [10] especially for Industry 4.0. Industrial robots in general, are the robots that are planted
in manufacturing facilities that are programmable to perform desired tasks. For instance, robots
in shipping facilities, are programmed to pick up and place packages on desired delivery lines
with the help of high-speed image processing. For Industry 4.0, collaborative industrial robots
have been the most suitable one. When it's collaborative, it is equipped with novel components
most of the time. Otherwise, there is not much human and robot collaboration. Every other
company is moving towards automation whether software-based or hardware. For this reason,
the knowledge of robotic applications is already a vital element in this age of cutting-edge
technology. While comparatively newer manufacturing facilities are already using huge numbers
of robots, older and bigger companies are pouring millions to doing the same. On the other hand,
robotic application has grown into the medical field too. One of the most famous is robotics in
surgery. Vision-based surgery can be viewed as a robotic CAD-CAM system where diagnostic

images from (CT, NMR, US, etc.) are used for off-line planning and robots can be used to make



precision cutting, drilling, or similar tasks [11]. Not only for the surgery, but robotics in
rehabilitation serves the primary objective to fully or partially restore the disabled user’s
manipulative functions typically by placing the robot arm between the user and the environment
[11]. More importantly, space exploration is widely dependent on robotics and grasping tools to
navigate and collect samples from different planets remotely. It remains an interesting topic of

interest how vast robotic applications are.

With the growing application, growth in variety is obvious. Let’s take a car manufacturer as an
example. With billions of dollars invested, the company would want to set up a plant that can
manufacture a maximum number of their models. It would be better if they can produce three or
four models rather than just one. The company would now seek novel machines that are capable
to adjust as per the need and application. The concept of a novel grasping mechanism rose out of
this necessity accordingly in every field. Several design research has been performed and
presented over the years to claim the novelty of end-effectors. As a result, there have been
researchers working to achieve novelty via different types of grippers such as mechanical
grippers, sensory feedback grippers, multiple-fingered grippers, vacuum grippers, adhesive

grippers, clamp grippers, roller grippers, the air hand gripper, inchworm gripper [9].

Novel grippers are end-of-arm tools that are designed to grasp objects of unfamiliar shapes and
sizes. The design of such a gripper is challenging and imposes several problems due to the
differences in target object properties. Most current designs are aimed to look and work like
humans’ multi-fingered hands [9]. It is typical to assume that human hands are one of the most
novel grasping mechanisms out there but designing such a mechanism gets complex with force

sensing, image processing, joint controls, and so on.



2.2 Novel Grippers and Designs Based on Different Applications

Recently, the design and fabrication of a soft robotic gripper have attracted growing attention
from researchers as it has promising features, such as being lightweight, inexpensive, easily
fabricated, and easy to control [12]. The soft gripper is actuated using the pneumatic pressure in
the fingers, typically decreased/negative pressure to bend outwards, atmospheric pressure to
remain neutral, and increased/positive pressure to bend inward to grasp the object [12], as
depicted in the figure below. In the research paper, the authors/researchers have presented their
design of a pneumatic four-fingered soft gripper with a tunable effective finger length [12].
While the ability to adjust the pressure offers a great deal in grasping force application as per the

target object, it allows the user to grasp the object of a wide variety.

—_-40Kpa
——=-30Kpa
—-20Kpa
-10Kpa
—0Kpa

(mm)

0 4
40 30 20 1070 10 20 30 40 So

&
&
=
g
=
)
| S

“ 60

-90

Air prﬁ"s)ure (Kpa)

Figure 1: Kinematics of a single soft finger and the soft gripper exhibition deformation under

different air pressure [12]



Researchers in 2018 proposed a novel mechanical gripper device for the capture of targets in
space such as an aluminum honeycomb panel that covers the major areas of satellites for thermal
insulation [13]. The main purpose of the design was to capture the aluminum honeycomb panel
of non-cooperative satellites. It is claimed to have great significance for satellite service and
space debris removal. Researchers performed the non-vertical piercing experiment on the gripper
to find that it can withstand the destructive force greater than 1000N [13]. According to the
authors (2018), the gripper can complete the whole process of grasping and releasing the object
in four main stages. They are spring compression, preparatory phase, target grasping, and target
release. The first stage begins with a motor rotating the screw. It will eventually have the tray
mesh with the spring moving up while compressing the spring. In this position, the claw-like
structures are open and ready to go to the preparatory phase. After the preparatory phase is
complete the switch mechanism lets go of that spring causing the claws to close to grab the

object. Finally, the compression phase comes in again as a release phase [13].

Figure 2: Prototype of the space debris removal gripper [13]



Along with the pneumatic and spring-based systems, one of the most interesting systems is the
cable-driven one. Researchers, most of the time use cables in their mechanisms for distinct and
specific motions. While soft gripers are trying to become a synonym with novel grippers, Zhang,
Cheng, and Yue claimed that much effort has not been paid to the research on mechanical
grippers [14]. Cable-driven mechanisms are widely used in the biomedical industries for their
versatility in copying human hands. Lots of prosthetic hands follow the concept of the design. It
has more effective gripper manipulation than other mechanical structures. The paper proposes a
similar cable-driven mechanism for different complex manipulations as shown in the figure

below.

13

Figure 3: Closed (left) and Open (Right) state of the cable-driven mechanical gripper.

Even though the design consists of small parts and implications of thin wires, the working
process is simple. Needless to say, the complex design made the working mechanism simpler.

Like lots of grippers, this also calls for the action of rotation of the screw using a motor. The

10



rotation causes the linearly vertical (up and down) motion of those central rods which eventually
causes the cables to stretch and loosen. The kinematic analysis is done to make sure the design

works perfectly under certain parameters.

Mo and Zhang (2019) in [15], introduced the novel gripper to challenge the universal grasp
capability by presenting a design based on meshed pin array. The proposed design is not of the
usual kind, but it is fascinating. The design is inspired by a popular executive toy patented by
Ward Fleming in 1987 [15]. The concept is taking an imprint of the object to finally close the
object for grasping. The proposed design in [15] is based on the meshed pin array actuated on top

with spring columns as depicted in the picture below.
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Figure 4: Meshed pin array gripper mechanism [15]

The working principle of the gripper [15] consists of 4 stages: approaching, adaptation, grasping,
and lift. The first step is to hover over the object to make sure it is at its best grasping position.

The second is the most important one where the pin array adapts to the shape of the object by

11



pushing the pins up. Then, the driving mechanism equipped with springs is actuated to push the
pins closer to each other horizontally to grasp the object. Finally, disengaging the actuation

system and pushing the pins down releases the target object.

Figure 5: Grasp experiment on different objects [15]

While lots of designs are focused on grasping and mechanical techniques, the proposed design in
[1] just left the grasping techniques to ancient climbers. Tavakoli, Marques, and Almeida in [1]
proposed a design that is inspired by the ancient pole/tree climbing technique. The design

combines the caging, and the forced closure approaches to grasp the object.

12



H

i

Figure 6: Gripper design (left), and inspiration from pole climbing technique (right) [1]

The gripper design in [1] also has three stages of grasping, not including the object release. They
are caging, transition stage and flexibility adjustment, force closure, and releasing objects. The
caging is the stage where the gripper belts try to wrap around the object. Then the belt contracts
to adjust the flexibility according to the softness of the object by clipping the magnetic ends of

the belts. Finally, the next step is to grasp/ force closure and release.

Apart from the conventional grippers comprised of different mechanical and pneumatic
components, Okatani and Nishida of Kyusu Institute of Technology in [16] developed a smart
magnetic fluid called Magnetorheological alpha (MRa) fluid. MR fluid can be controlled
instantly between fluidization and solidification states at any shape by applying a magnetic force
under the prevailing constraints [16]. MRa is the developed form of the MR fluid with the

addition of non-magnetic material to increase the hardness of solidification.

Similarly, researchers in [17] presented their design focused on developing a robotic end effector

that can help to climb walls and grasp many other objects. They came up with a novel vacuum

13



pad that can climb uneven surfaces without damaging the surface, named “Universal Vacuum

Gripper” (UVG).

2.3  Review on Smart Shopping

With the increase in the Internet of Things (1oT) and advanced artificial intelligence systems, the
demand for e-commerce, and digital buying has risen by four folds [18]. Not only the technology
industries but others, in general, are getting attracted to the stratification. It is not far that
everything around you knows you [19]. The ease of use and interconnectivity is an obvious

reason to attract every other sector towards smartification.

Through the interconnection of commonplace items, the Internet of Things (I0T) is transforming
how people live. For instance, all the items in a grocery store may be linked to one another to
create a smart shopping system [20]. Each product in such an 10T system might be given a low-
cost radio frequency identification (RFID) tag that, when placed in a smart shopping cart, could
be automatically scanned by a cart fitted with an RFID reader. Because of this, billing may be
completed from the shopping cart, saving clients from standing in line at the register [20]. In
addition to that, smart shelving can be added to the system that is equipped with RFID readers
and can monitor the stock which will make inventory management much easier. As a result, the
manual workload can be reduced to a low [20]. Researchers in [20] proposed the use of

ultrahigh-frequency (UHF) technology in the system as UHF passive tags have a longer range.

Recently, another alternative, the smart cart is gaining popularity in smart shopping relieving
customers with checkout work. There has been an increasing demand for easy and quick

checkout at the grocery and other convenient stores. In [21], researchers proposed the concept of

14



a smart cart that is capable of generating bills by itself on the cart’s monitor. It is also equipped
with a payment system that a customer can pay out more conveniently. With the growing
interest, lots of outlets are already experimenting with the technology. The smart cart uses RFID

technology with AVR controllers for peripheral interfacing and inventory management [21].

In [22], researchers presented a hypothetical but realistic case study of a single product that
reduced food waste and rejected customers, and maximized profit by increasing inventory
turnover which is one of the biggest problems in groceries business model. The paper [22]
explained how groceries market has been affected during and by a global pandemic like COVID-
19 when supply chain management, inventory management, and hygiene maintenance faced the
biggest challenges. The research paper proposed a data-driven decision support system that uses
the smart product-service system to manage the sustainable grocery store supply chain during

outbreaks to prevent food waste as well as frantic buying.
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Chapter 3: Robot Kinematics and Grasping

The importance of industrial robots and their application in different industries are undeniable.
Some of them are discussed in Chapters 1 and 2, but it is important to understand how these
machines are developed. Various technologies are implemented into a machine. Hence, acquiring
knowledge of how robots work is essential because formulating suitable kinematics models for a
robot mechanism is very crucial for analyzing the behavior of industrial manipulators [23]. In
this chapter, we will discuss the basic understanding of kinematics, grasping technology, and

other applied science to build a complete robot.

3.1 Introduction to Kinematics

In general, Kinematics is the study of motion [23]. It deals with the geometric range and
capabilities of a machine disregarding any forces involved. While dynamics deals with the study
of kinetic forces, static studies of machines are also important to ensure the strength of the
machines. Kinematics defines a machine as a set of links and joints to transmit motion or forces
via relative motion. To formulate the kinematic models for the robots/machines, there are two

study processes for any machine. Analysis method and the synthesis method.

Kinematic analysis is basically a way to evaluate the behavior of a machine using the
information about the machine. In this process, information about the physical components of the
robot is known. While kinematic synthesis is the way most of the industry setup uses as robots
have been widely used for handling materials, parts, and tools in the facilities [24]. It deals with

the defined task and studies a way to complete the task using the robot.
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While there are lots of external factors to consider during these studies, kinematics usually
ignores all of those factors and deals with rigid bodies, and assumes conservation of energy for
the force studies. Rigid bodies are not deformable during the motion or the whole study process.
The conservation principle is the well-known one. It is also considered the highest and most
general theorem of natural science that geniuses of different centuries led to [25]. The
conservation of energy suggests that it is impossible to create work or energy out of nothing. It is
commonly denoted as

U1 +V1 = UZ +V2
1)

where U represents the kinetic energy, and V represents the potential energy of any kind. There
could be any mechanism involved such as spring, friction, viscous, etc. that can affect the
potential energy values. Similarly, subscripts 1 and 2 represent the initial and the final states

respectively.

Another important topic for any kinematic study is the degree of freedom (D.O.F). It is the go-to
information to understand any mechanism right away. It is the number of independent
parameters that are required to uniquely define the position of a rigid body at a given instant
relative to the reference frame. For example, in Figure 7, there is an object in the X and Y
reference frame. In order to determine the complete position of the body, it requires 3
parameters: Px, Py, and 0. Px is the horizontal distance and Py is the vertical distance from the
frame, whereas 0 is the angle between the X-axis of the reference frame and the X-axis of the

rigid body. These three pieces of information will define the position as well as the orientation of

17



the rigid but planar case. Similarly, for the spatial case, it requires six parameters in total. Hence,

D.O.F becomes six.

Reference

Frame /
P = (P, F))

7777

xXv

Figure 7: Rigid body in the reference frame

Little different from rigid bodies, robotics deals with the hierarchical forms of a similar study. It
involves mechanisms. A mechanism, in general, is the combination of links and joints that are
assembled to create a desired motion [26]. Degrees of freedom for mechanisms are also called
mobility. Mechanically, it is also perceived as the number of actuators required to create a
motion. Hence, mobility can also be assumed as the number of information required to specify

the position of all the links and the joints.

For the planar and spatial cases, the degrees of freedom (D.O.F)/ mobility of the mechanism can

be calculated using the Chebychev—Griibler—Kutzbach (K.G.C) equations as listed below.

J
M= 3(n—1)—2(3—fi),f0rplanar (2)
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j
M=6(n—-1)-— 2(6 — f.) , for spatial
i=1

(3)

In both Equation 2 and Equation 3, M is the mobility, n is the number of links, j is the number of

joints, and fi is the degrees of freedom of the particular joint. Some examples of the types of

joints and their fi can be referred from the.

fi= f=1 f=1 fi=2
Rigid (no motion) Prismatic Revolute Parallel Cylindrical
fi=2 fi=3 f=3 fi=5
Cylindrical Spherical Planar Edge Slider
P F—] f-=
fl 5 fl 6 1 f]=6
pa e 4
Cylindrical Slider Point Slider Spherical Slider Crossed Cylinder

Figure 8: Joints and their Degrees of freedoms

Needless to say, not everything is perfect. There exist some mechanisms that in reality have

mobility but the Chebychev—Gribler—Kutzbach equation specifies them as immobile.

Mathematically, they have a non-positive integer value as their degrees of freedom but can create
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motion. They are widely known as over-constrained mechanisms. Most of the time, their
mobility comes through the existence of special geometric conditions between the joints and the

axes [26]. One of the examples of the over-constrained mechanism is depicted in Figure 9.

Moving platform

Complex universal joint Revolute joint

Prismatic joint

Prismatic joint
Revolute joint
Spherical joint
Prismatic joint

Base platform

Revolute joint

Figure 9: 3-DOF SPM 2-RPU&SPR over-constrained mechanism [27]

3.1.1 Linkage Analysis

Linkage analysis is the process to determine the position, velocity, and acceleration of any point
in the linkage. The process begins with the kinematic sketch formation. It is the act of creating a
sketch of the mechanisms with respect to their links and joints. The kinematic sketch is shown in
Figure 10. The process is then followed by the mobility calculation using desired Chebychev—
Grubler—Kutzbach equations. Finally, the position, velocity, and acceleration analyses are

performed.
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Figure 10: Kinematic sketch of 3-DOF SPM 2-RPU&SPR over-constrained mechanism [27]

The position analysis requires reference frames, defining variables, parameters, and vector
coordinate points. For a 4-bar linkage mechanism depicted in Figure 11, parameter values can be
determined in two ways: distance constraints method, and the loop equation method. With

known input angle (), the output angle (y) can be calculated as,

(—2ab sinB) 2ag cos® + h? —g? —b? — a?
¥ = arctan ( ) + arccos ( . ) D)
(2b(g — acosh)) V((2b(g — acosB))? + (—2ab sinB)? )
Finally, the coupler angle can be calculated as,
8 = arct ( bsin¥ —asin@ ) 5
—arcan g+bcosW—acosf ©)

With this information, we can determine the position of any points in the 4-bar linkage.
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A Coupler link

Output link
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B A

T\
Ground link

Figure 11: Conventional 4-bar linkage

Similarly, the process is followed by the velocity analysis and the acceleration analysis. The
velocities of the points are obtained by taking derivatives in the loop equations and again the

derivative is taken to obtain the acceleration of different points.

. —asin(¥—0) . . asin@ .
Q)_(hsin(‘P—H—(D)_l)e' & lp_(bsin(9+®—‘l’)>9 ©)

With a similar approach, the linkage analysis for the mechanisms like slider-crank mechanism,

cam-follower mechanism, etc. can be done.
3.1.2 Linkage Synthesis

Linkage synthesis is the approach to design the linkage based on the required position/task. With
the help of linkage selection and synthesis, a conventional linkage like 4-bar can easily be
constructed. Graphical synthesis and algebraic synthesis are two different methods. As it sounds,

graphical synthesis is the method in which perpendicular bisectors are drawn between the two
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desired positions and linkages are formed. It can be done for two or more desired positions by
limiting the freedom of linkage joints. Graphical synthesis is one of the practical ways of
creating 4-bar linkages. Whereas algebraic synthesis is performed by creating the design
equations for the desired positions. It can be done by applying the distance constraints, and the

loop equations.
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Chapter 4: Novel Rotary Grasping Mechanism

This section introduces a new gripper mechanism capable of grasping objects of various sizes
without the need for feedback control. Industries such as food and beverage are seeking grippers
that are innovative, soft, and have a simplified control system. The proposed design utilizes a
rotary mechanism with springs to achieve gentle grasping of objects. The gripper, designed in a
cylindrical shape, is actuated by a stepper motor with a gearbox to enhance torque. Three stacked
curvilinear and linear rails convert the motor's rotational motion into linear motion. The grasping
component consists of three curved parts, each incorporating numerous compression springs.
Currently, the gripper can effectively grasp objects ranging from five to nine centimeters in
diameter, with a maximum height of ten centimeters. Importantly, the design is scalable based on
specific application requirements. A comprehensive CAD model of the mechanism was developed,
and multiple analyses, including motion, topology, and stress analysis, were conducted. Finally, a
functional prototype of the gripper was constructed and successfully tested for grasping objects

within the gripper's size range.

4.1  Parts and Specification of the Mechanism

Traditional end-of-arm designs have historically drawn inspiration from the intricate structure
and functionality of the human hand and fingers. The human hand comprises interconnected
bones and muscles, which are coordinated through neuron signals. In the realm of kinematics,
bones serve as linkages, muscles act as actuators, and nerves establish connections to transmit
voltage signals to control the motion. However, comprehending and creating a robotic hand with
comparable capabilities is challenging. Designing such a robotic hand is more intricate than it

may initially appear. As a result, soft and innovative grippers have emerged as viable
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alternatives, garnering significant interest for their potential to revolutionize hardware

automation in recent years [28].

In this project, the proposed gripper comprises multiple components, as illustrated in Figure 12
and listed in TABLE I. At the core of the mechanism are three shutter components (#5), which
are three equal pieces of a cylindrical extrusion. The shutters contain small holes (cylinders)
intended for the insertion of small pistons (#12) and springs (#13), which together function as
flexible grippers. Also, each shutter contains a small column on the top and bottom faces. Half of
the column on top is rectangular extrude, the other half is a cylindrical extrude, and the bottom
column only has a rectangular extrude (Figure 13). These columns enable the shutter to slide

inside the circular plates above and below.

Two types of circular plates are in the design: a) linear guide circular plates located at the bottom
(#3) and top (#6), featuring rectangular-shaped slots. These plates serve as guides for the
shutters, ensuring they move in a straight path. b) curvilinear guide circular plate (#7) situated on
top of the linear guide circular plate at the top (#6). The curvilinear slot in this plate spans 120
degrees of arc, starting from the bottom of one linear cut and ending at the top of another linear
cut in the linear guide plate (#6). The curvilinear slots transfer torque from the motor to the
shutters. To minimize friction between the plates, grease lubricant is applied, and steel bearing
balls (#4) are incorporated within the designed rails between the circular plates to ensure
smoother motion. Similar rails, with bearing balls, are implemented between the shutter and
linear guide plates (#3 & #6) to facilitate smooth motion. All the components are enclosed within
the outer shells (#1 & #2), which are fastened together to form a box-like structure or outer

cover, allowing space at the bottom for the entry of the target object. The gripper's internal
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components (#3, #5, #6, & #7) are secured together by screws from the top part (#8), which also

houses the motor.

The motion from the motor's rotation, transmit to the curvilinear guide circular plate (#7) through
a shaft hole and key. This rotational motion is then transferred to the shutters, which can only
follow the linear path defined by the linear guide circular plates, converting the motor's rotational
motion into linear motion. The grasping state is achieved when the shutters come into contact

and form a circular shape.

Figure 12: Exploded view of the assembly with part number
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TABLE I: Designed Parts with Dimensions and Part Numbers (O = outer, R =radius, T =

Thickness, H = Heigh; In detail in Appendix D

Part Dimension (cm) Part No.
Outer Shell A H=147,0R=143,T=0.3 1
Outer Shell B H=147,R=143T=0.3 2
Rectangular Slot Plate (Bottom) OR=13.9,IR=8,T=0.75 3
Bearing Ball D=1 4
Shutter OR =11,IR=5,H =15.25 5
Rectangular Slot Plate (Top) OR=139,IR=6.8, T=0.75 6
Curvilinear Slot Plate OR=13.9,IR=6.8, H=54 7
Top OR=148,H=246 8
Top cover 6.3x6.3x7.8 9
Electronics Box 10.2 x 10.275 x 14.7 10
Wire Cap 10.2 x 3.075x 5.19 11
Piston R=0.15H=6 12
Spring R=05T=005H=25 13
Piston Blocker OR=0.6,IR=0.25H=04 14

During the design-to-assembly (DFM) process, meticulous attention is given to each part to
ensure precise assembly and optimal performance. Carefully determined dimensions facilitate
easy assembly and enable the gripper to effectively grasp objects with diameters of 5 cm to 9 cm,
encompassing typical vegetables and fruits in grocery stores. However, this design is fully

scalable to manipulate objects of different sizes based on user requirements and specific
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applications. The gripper's diameter can be adjusted for varying object sizes, while the springs
having different spring constants can be used to accommodate changes in material texture (e.g.,

squeezable, or fragile objects) or maximum weight.

In the current prototype, the overall assembly has a radius of approximately 14.3 cm, which
corresponds to the radius of the outer shells (#1 & 2). The design's total height measures around
34.15 cm (excluding the wire cap), with the top part (#8) housing the motor and gearbox, adding
to its height. The top part is rigidly connected to the outer shells. The motor, housed within the
top part, imparts rotational motion, generating circular movement of the curvilinear-guide plate
(#7), which features a 120-degree slot mechanism that drives the top column of the shutter (#5).
All circular plates have an outer diameter of 27.8 cm and a thickness of 0.75 cm. The shutters
have outer and inner diameters of 22 cm and 10 cm respectively along with the height of

15.25cm.

Figure 13: Shutter CAD model referencing TABLE 1.
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Figure 13 depicts an image of the shutter, showcasing a cylindrical column extending from its
top face. This column maintains contact with two distinct plates: the linear guide circular plate
(#6) and the curvilinear guide circular plate (#7). The linear guide plate incorporates a slider
connection with 1 degree of freedom (D.O.F.), while the curvilinear guide plate features a roller
connection with 2 D.O.F. A hidden rectangular extrusion is present on the bottom face, serving a
similar function as the one on the top face. The motion is initiated when the motor rotates the
curvilinear guide plate (#7), causing the circular column to follow the path defined by the slot.
The linear guide plate (#6) constrains the motion, resulting in the linear movement of the shutter.
The outer face of the shutter contains 12 precisely designed holes, intended for the integration of
springs and pistons to provide grasping force. The springs are allowed to deflect fully, with a
length of 2.5 cm. The pistons are equipped with sticky material at the contact tip to enhance
grasping performance and are made of M3 screws, with a height of 6 cm from top to bottom. As
depicted in the figure above, the piston blocker (#14) blocks the piston from coming out of the
shutter holes. Figure 13 shows the exploded view (numbered in Figure 13) of the piston, spring,
and piston blocker showcasing the state to see how it’s assembled and the assembled state
(bottom). All holes are equipped with parts #12, #13, & #14s, to finally look like the bottom state

(non-numbered in Figure 13).

4.1.1 Mechanical Advantage

This mechanism is based on a kinematic concept that incorporates compression springs and a
piston arrangement within moving shutters for object manipulation. What sets this design apart
from other spring-based grippers is its ability to achieve both force-closure grasping and form-

closure grasping simultaneously, ensuring enhanced safety during grasping operations. The
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design offers scalability through the flexibility to interchange compression springs with varying
spring constants. The application of Hooke's Law allows for the calculation of the force exerted
on the grasped object's surface by each piston, considering the respective spring constant.
Additionally, the implementation of rough material on the grasping tip of the piston head
enhances the friction between the object and the pistons, resulting in more efficient grasping
performance. Initially, a NEMAZ17 Stepper motor with a torque rating of 59 N-cm was deemed
sufficient based on calculations and motion analysis conducted in CAD software. However,
further evaluation of the prototype revealed the presence of additional frictional and bending
factors, necessitating the use of a motor with higher torque. To address this requirement, a
planetary gearbox with a torque transmission ratio of 40:1 [29] was integrated into the design.
Throughout the design process, stress analysis, motion analysis, and topology optimization were
employed to refine the mechanism, resulting in a final design that prioritizes lightweight

construction, reliability, and optimal grasping performance.

4.1.2 Material Selection

The grasping mechanism however is very vulnerable to external factors such as friction, and
imbalanced moments. As it is more of a functional design and is currently in its initial phase of
prototyping, phenomena such as bending, friction, and uneven force distribution make the
material selection a crucial decision. Hence, the material used in this stage is ABS plastic. ABS
plastic filament is mostly used in 3D printing, and it is one of the strongest among other
materials that are light in weight. The material is more feasible for this design in terms of the
geometric structure that the machine must print. It has sufficient tensile strength and can print

with more precision. It can be sanded to desired smoothness without deformation, unlike some
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PLA plastics that tend to melt down on machine sanding. While the whole design is printed with
ABS plastic, the pistons are of steel. They are off-the-market screws [30] that are stiff and

perfect for the size requirement.

The total weight of the gripper with its actuation system is crucial with regard to the maximum
payload of the robotic arm it is attached to. As the prototype of the design is made of ABS
plastic, the weight-to-strength ratio remains decent for the design. However, plastic parts bring
frictional factors to their peak compared to fine-surface machined parts. Also, the use of plastic
restricts the possibility of making it compact leaving the prototype big and less appealing. The
only advantage is that it provides quick prototyping abilities with decent remodeling and 3D

printing. The total weight of the system without the control/electronics system is 3.1 kg.

For the industrial version of this product, among all alternative materials with higher stress
tolerance and lower friction coefficient, aluminum alloy 6061 can be the most appropriate option
based on similar research and material data in [31]. Though, the final choice of material is made
to be aluminum alloy 6061 but only for high friction-prone parts so that the overall weight of the
system remains pretty much unchanged. Some of the specifications for these three materials are

shown in TABLE II.

TABLE II: Material Properties Comparison

Properties Aluminum Alloy 6061 ABS
Yield Strength 276 MPa 29.6 MPa
Ultimate Tensile Strength 310 MPa 40 MPa
Elastic Modulus 69000 MPa 2000 MPa
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Poisson’s Ratio 0.33 0.394

Mass Density 2700 kg/m3 1020 kg/m3

Shear Modulus 26000 MPa 318.9 MPa

4.1.3 Electrical Components

The design presented in the paper consists of some general mechatronic components. These

components are listed in TABLE III.

TABLE III: Electrical Components

Electrical components Quantity Component No.
Arduino Uno R3 1 1
L298N Motor Driver Module 1 2
PKP Series 2-Phase Stepper Motor 1 3
Remote Control Module 1 4
HX1838 VS1838 NEC IR Receiver 1 5
6mm x 6mm x 5mm Tactile Push Button 3 6
10 kQ Resistor 3 7
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Figure 14: Electric circuit diagram [32][33][34][35]

The main electrical component used in most mechatronic projects is microcontrollers. An
Arduino Uno R3 (#1) because of its proper size and enough pins for all electrical components has
been selected for this system. This microcontroller has 14 digital and 6 analog pins with multiple
grounds. It also consists of the voltage-out pin that can be used for powering different components
such as sensors, buttons, motors, and so on. As depicted in Figure 14, Arduino Uno R3 is
connected to all components. It is programmed to incorporate the remote control that
communicates via the HX1838 remote (#4) and VS1838 NEC Infrared Wireless sensor module

(#5). The sensor module is connected to Arduino to its digital pin 2, 3.3V pin, and the ground. It
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is programmed to control the clockwise and anticlockwise rotation of the PKP Series 2-phase

stepper motor (#3).

The motor is connected to the Arduino Uno R3 via L298N Motor Driver Module (#2). The four
wires coming out of the motor are identified with their colors using the description of the motor in
[29]. They are connected as shown in Figure 3. Pinl, Pin2, Pin3, and Pin4 are connected to the
Outl, Out2, Out3, and Out4 of the L298N module respectively. Further, the four wires from
L298N Driver, IN1, IN2, IN3, and IN4 are connected to four digital pins, 8, 9, 10, & 11
respectively of the Arduino board for control purposes. The motor and the controller are powered
using an external power source as shown. For safety and error minimization, 3 push buttons (#6)
are used to bring the program to a stop. These buttons are placed to stop motion at its extreme
positions. This helps the system to eliminate the step motion error in the motor over the long run
and motor and parts damage. These push buttons are connected to each digital pin, 5V pin, and

GND of Arduino with 10kQ resistors (#7) in grounding.

The entire circuit has been tested and programmed to enable the system to achieve a 120-degree
rotation, which is equivalent to one-third of a complete rotation. The programming was carried
out using the Arduino IDE platform, with the Arduino code provided in Appendix A: Motor
control code for Arduino. The motor's speed is set at 60 rpm, resulting in 1.5 rpm when combined
with the 40:1 gear box. The motor can be programmed to operate at speeds of up to 400 rpm,

while still maintaining a higher output torque range.
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4.2 Kinematic Analysis

The side view of the moving parts in the proposed mechanism is shown in Figure 15. The motion
begins with the curvilinear slot plate (Part A), which is rotated by the motor. The curvilinear slot
plate drags the shutter (Part C) which is guided toward the direction of the motion by the
rectangular slot plate (Part B). Because the force from the motor only applies to the top part of the
mechanism, the friction and forces creating torques within the parts cause problems in the smooth
motion of shutters. This problem has been almost solved by minimizing the friction between parts

using the motion slots with bearing balls greased with NLGI Grade 2 Lithium Grease.

D

Figure 15: General study of motion (side views)

The mobility of a mechanism refers to the number of independent degrees of freedom of it, which
determine the number of required actuators. The mobility of a mechanism can be determined
using Equation (7) (Chebychev—Griibler—-Kutzbach equation) for a planar motion. Over-
constrained mechanisms, with zero or negative mobility, are considered structures and they

cannot create any motion. However, some exceptional cases with negative mobility are still
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movable based on their particular geometry (e.g., Bennett linkage [36]). In the current
mechanism, based on the geometry of its axes of motion, the mobility can be considered in the

subgroup of motion and analyzed as a planar motion.

j
M=3(n—1)—2(3—ﬁ-), (7)
i=1

where n is the number of links, j is the number of joints, fi is the degree of freedom for each type

of joint.

Figure 16 illustrates the kinematic sketch of the mechanism, providing a clearer understanding of
the motion. Although the kinematic sketch is not drawn to scale, it accurately demonstrates the
intended motion of the proposed mechanism. Within this sketch, the ground link is denoted as L1,
the curvilinear slot plate (#7) as L2, the extruded column of the shutter (#5) as L3, and the slider
is grounded. The mechanism comprises three joints: J1, which is revolute; J2, a roller; and J3, a
slider. J1 and J3 each possess one degree of freedom, while J2 possesses two degrees of freedom.
By considering the number of joints, links, and degrees of freedom for each joint and applying
them in Equation (7), the mobility of the machine can be determined as one, as indicated by
Equation (8). Consequently, this mechanism requires only one actuator to generate motion, which

is ideal in terms of minimizing the weight of the mechanism.
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M=3GB3-1)-2B3-1)-13-2)=1 (8)

J2 L3
L2 I3

e

L1

Figure 16: Kinematic sketch of the mechanism.

4.3  Force Analysis

The design is based on computer analysis and the forces involved are divided into two main
forces: the force from the actuator and the springs force. The force from the actuator makes the

motion of the shutter mechanisms. The applied torque is calculated using the motor torque curve

in Figure 17.
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Figure 17: Speed (rpm) vs Torque (N-mm) chart for the motor [29].

Based on the relation between torque and speed of the motor in Figure 17 and to have the
maximum torque, this motor is programmed to rotate at a speed of 0-20 rpm. With the maximum
deviation angle of 6 = 38.05 degrees from the tangential torque at a 9.5cm radius, the normal
force being applied is calculated using the free body diagram in planar condition as depicted in

Figure 18.
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9.5cm

Figure 18: Tangential angle between curve path and motor rotation path.

The tangential force (Ft) is calculated using Equation (9) where force is the only unknown

term.

Torque (t) = F; - radius (1), 9)

Using Equation (9) and referring to the free body diagram presented in Figure 18, the tangential
forces acting on the slot curve denoted as (Fst), will be computed according to Equation (10).
These tangential forces serve as the driving force for the actuation of the mechanism. It is
important to emphasize that the centers of rotation and the curve path are different from each

other.

Fy = Fg - cos(6), (10)

Another significant force in this mechanism is the grasping force, generated through the
compression of the springs. From Equation (11), the force exerted by a spring is influenced by

two factors: displacement (x) and the spring constant (k). The spring constant is determined by
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the spring's dimensions (length, thickness) and its material properties. Moreover, the size of the
object being grasped affects the displacement of the spring, with larger-diameter objects

experiencing greater forces.

Fspring = —k-x, (11)

This spring-based grasping mechanism proves highly effective for grasping objects with varying
diameters and shapes, if all objects possess a similar texture (i.e., soft or hard) and proper springs
are selected. Furthermore, the interaction between the target object and the contact fingers (in

this case, the pistons) significantly influences the grasping force.

Like other mechanical designs, the components within this mechanism possess a specific lifetime
and require replacement after a certain period to maintain a reliable grasping system. The
incorporation of springs in this mechanism provides the gripper with the unique capability of
grasping diverse objects. However, the properties of springs gradually diminish over time,

necessitating their replacement.

Grasping analysis is necessary for any robotic gripper. This study has been done on this
mechanism to ensure whether the object is being grasped properly and whether it is stable and
safe inside of the gripper when the robotic manipulator has moved around. The mechanism
presented in this paper includes force-closed grasping with soft fingers. However, because of
using several fingers all around the object, it can be considered as a form closure gripper too. A
complete grasping of the object depends upon three main factors: numbers & positions of the

fingers, types of fingers, and geometry of the object and it can be expressed by Equation (12).
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{Z n;N;, n; € ]R} =se” (12)

i=1

where ‘n’ is the normal force with respect to different axes, ‘N’ is the wrench space, and ‘1’ is the

number of fingers.

The soft fingers provide optimum grasping with a force normal to the surface (Fspring in this
case), frictional forces in the tangent plane, and the frictional moment in the normal direction

resulting in a 4-dimensional wrench subspace, as presented in Figure 19 and Equation (13).

Figure 19: Soft finger & forces related.

(13)
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In the equation above, Fx, Fy, and F: represent the normal forces caused by friction between
contact surfaces in the X, y, and z directions. Additionally, M; is the constraining moment in the
z-axis. Normal forces restrain movement in specific directions, while the moment prevents
undesired rotation around the contact point. This ensures that the object being grasped will not

slip or change orientation, allowing for a secure grip.

4.4  Stress Analysis

The design process of the proposed mechanism has involved iterative simulations within a CAD
software environment to obtain an optimized design. Most components underwent validation
through finite element analysis (FEA) to ensure they met the criteria for maximum allowable
deformation. Due to the intended attachment of the gripper to a high-speed industrial robotic arm
(with speeds of up to 8000 mm/s), a high factor of safety was selected to prevent failures and
ensure safety in the working environment. However, certain parts, such as the boxes for electrical
components and the actuation system, were designed without stress analysis, as they were not
subjected to significant forces. Also, during the stress analysis of various components, it was
observed that the top part (#8) experienced the highest stress compared to others, attributable to
factors such as bearing the weight of the entire mechanism and employing minimal thickness for

this part.

Furthermore, to minimize the total weight of the mechanism, a topology study was conducted to
identify areas of each part where material could be removed while maintaining the same stress and
load capacities. The studies were performed considering a maximum load of 45N, which is 1.5
times the maximum payload of the robotic arm. The results of the topology study were then used

to refine and validate the design through FEA.
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The design process involved creating, analyzing, and improving the design using FEA and
topology studies. The outcomes of these studies for the top part (#8) are presented in Figure 20,

Figure 21 and Figure 22.
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Figure 20: FEA static analysis of the part TOP.
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Figure 21: Topology study of the part TOP.
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Figure 22: Improved TOP considering analytical studies.

45  Motion Analysis

This section of the paper discusses the motion analysis part after the initial design process is
complete. The motion analysis is performed to determine if the design can achieve the desired
range of motion or if there is something that needs to be changed. It is performed also to
calculate the torque required to achieve the motion. With limited ability to facilitate an actual
condition, the simulation for motion study is done using available aluminum contact settings.

The chart below shows the torque required to rotate the mechanism for the desired action.

Motion analysis is performed under two different conditions, the one where the top rotating plate
is not constrained for its vertical motion and vice-versa. The first condition resulted in undesired

vertical motion of the top plates due to imbalanced moments seen on the shutter parts as depicted
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in the figure below. The problem occurred due to the actuation force being applied only to the

top part which created a moment about a point somewhere in the lower portion of the part.

( Driving force
\
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Figure 23: Visual representation of the motion study for non-constrained vertical motion of the

curved plate.

It is concluded that the top plate is needed to be constrained for vertical displacement to maintain
the smooth planar motion of the shutter. Hence, the top plate is constrained to its position for the

second study to replicate more realistic conditions for better results.
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Figure 24: Motion study results for the torque required to actuate the system.
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The chart for the torque applied (Figure 24) showed that the maximum torque required to create
the desired motion is about 575 N-mm. Needless to say, all the existing frictional factors
contribute to high resistance to motion resulting in a high torque requirement. The rise in the
torque at the end shown in the chart above is just because it hit the point where there is no room
for motion. In this paper, the prototyping is done using 3-D printed ABS plastics that don’t have
smooth textured surfaces. Even with sanding, it is very hard to achieve the required smoothness
also at the cost of precision. Hence, a little sanding and NGLI grade 2 grease are used to
minimize friction as much as possible. Also, the motor with a 40:1 gearbox is used to generate

enough torque for achieving the required motion.
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Chapter 5: Smart Shelf with Load Cells and Touchscreen Interface

The smart shelf envisioned in this project is the platform that works as the on-site component of
the system which will incorporate multi-interface with sensor and image processing data. It
should be able to generate and communicate the load cell information and LED light information
for the image processing camera. Users, after completion of this project, would be able to use
VR (Virtual Reality) headsets and communication platforms such as mobile application software
to see, choose, and pick the objects virtually. On implementation of haptic sensors in gripper pins
on-site, and haptic feedback gloves off-site can facilitate users to have an exact feel of grasping
objects in real-time. Not only in grocery object handling, but this technology can also be useful
in space sample collection. With the completed system, users will have three ways to choose the

object,

e Collecting the objects based on the total weight (using an optimization method)
e Collecting the objects based on the number of object (randomly)

e Collecting the specific items (using camera and image processing system)

In this stage of the project, the focus was only on designing the smart shelf with the ability of
displaying the weight of objects placed on it in real-time using load cells allowing the ability to
feed data to the optimization algorithm. The weight is shown on a Thin Film Transistor (TFT)
touch screen, which can also receive touch input for controlling the light-guiding system for
image processing technology. The technology resonates with RFID-based shelves in terms of
some applications, but it can provide more real-time information without any pre-shelf work.
The chapter will cover the part's dimensions, working process, electrical components, and other

related topics.
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5.1 Parts and Specification of the Mechanism

As this part of the system works as the shelf for the object, it is a platform box as it sounds. The
box is designed using CAD software. It consists of the 9 sub-platforms, designed to
accommodate up to 8 different items as well as load cells for the prototype version. Every sub-
platform is equipped with a 1kg load cell intended for any general grocery store items. The shelf
is 36 cm x 36 cm x 6.7cm in dimension. It is a hollow box with a room inside to accommodate
load cells and wiring connections. Each sub-platform has a circular pattern cut on the top for the

load cell to reach out to its object platform. The circular cut is 7.128 cm in diameter.

Other important parts are the base stand for the load cell and the cup as the object platform. The
load cell stand is around 1.85 cm x 4.65 cm x 3.26 cm in dimension whereas the cup is 6.68 cm x
6.68 cm x 2.7 cm. It is carefully considered that the cup on the load cell does not touch the top
face of the respective sub-platform to avoid a false weight reading. The shelf also consists of the

connection brackets and the support columns for the top lid.

TABLE IV: Parts, Dimensions, Part Numbers, and Quantities; In detail in Appendix E

Parts Dimensions (cm) Part Number Quantity
Middle Top 12x12x2.9 1 3
Center Top 12x12x2.9 2 1
Corner Top 12x12x2.9 3 4

Base 18 x18x 2.9 4 4

Load Cell Stand 1.85x4.65 x 3.26 5 8
Load Cells 8x1.27x1.27 6 8
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Object Platform 6.68 X 6.68 x 2.72 7 8

Closed Top 12x12x2.9 8 1
Screen Base 204x139x8 9 1
Screen Cover 204x11.78x1 10 1

Figure 25: Parts assembly (Exploded view)

5.1.1 Mechanical Component — Load Cell

This system is designed to be smart and has only one mechanical component, unlike the grasping
mechanism which has various parts such as springs, bearing balls, and kinematic designs. This

system only utilizes a 1 kg load cell.
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Load cells have long been used to sense and measure force and torque. When properly designed

and used, they are very accurate and reliable sensors [37].

Figure 26: Load cell [38]

A load cell, basically, is a transducer that can translate pressure or force into an electrical signal
[38]. Although there are three main types of load cells: hydraulic load cells, pneumatic load cells,
and strain gauge load cells, the one that is used in this project is the strain gauge one. The strain
gauge load cell senses the force by measuring the deformation of the strain gauge. Strain gauge
load cells are available for different sensing ranges, out of which a 1 Kg load cell is used
following the thumb rule of rated weight to be double of maximum measuring weight as most of

the fruits, vegetables, and other grocery store items are less than or around 500 grams.

In strain gauge load cells, the cell is arranged in a "Z" arrangement so that torque can be applied
to the bar while the cell's four strain gauges: two monitoring compression and two tension,

measure the bending distortion. It is easy to precisely measure the tiny variations in resistance
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from the strain gauges when these four strain gauges are arranged in a Wheatstone bridge

arrangement [38].

N F
Bridge Sensors AP(:’}{(I:EED

R1-R4

| [ — = | |

T = TENSION
C = COMPRESSION

Figure 27: Strain gauge load cell setup [39] Figure 28: Actual load cell setup

A stain gauge is a device that measures the electrical resistance values that vary with changes in
strain values. It has a varying sensitivity to strain that can be expressed by gauge factor (GF). As
accurate as it can be for different applications, its measurement values are hardly a whole
number. For instance, very small changes like 0.12 O are not even detectable by most devices.
This is where an amplifier such as HX711 comes to use. The HX711 Amplifier is a mechatronic
component that amplifies the electrical values to the level where they can be detected and easily

read in numerical values.
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Figure 29: HX711 Amplifier [40]

5.1.2 Material Selection

Examining and scrutinizing this facet of the project proves to be relatively straightforward. As
the various components only experience minimal exposure to external forces, there exists a

plethora of options to select from. Notably, the components within this category are fabricated
using PLA plastic, a material known for its durability and lightness. Nevertheless, the load cell

typically consists of either aluminum, alloy steel or stainless steel [39].

5.1.3 Electrical Components

This section also utilizes a microcontroller, like the grasping mechanism. As this section of the
project is heavier on electronic components, there are other mechatronic components used for
human-machine interface development. Please refer to the table below for a list of electrical

components used in this section.
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TABLE V: Electronics, their Quantities, and Sources

Component Quantity Component No.
1 Kg Strain Gauge Load Cell 8 1
HX711 Amplifier 8 2
Arduino Mega 2560 Rev3 1 3
TFT LCD Mega Shield V2.2 1 4
7” TFT LCD Screen 800x480 1 5
2 - N @ 8333 g
™ ! ® ’
ot - =
‘ = = 10 s
A v<: HO a B
o 1111k

0
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Figure 30: Electrical circuit diagram (only one of the load cells (#1) is shown instead of eight in

total) [41][42]
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The figure above visually represents the electrical/wiring schematic for this section. Load cells
(#1) are connected to the Arduino Mega (#3) via HX711 Amplifiers (#2). It is important to
understand that each load cell is connected to different HX711 Amplifiers. As depicted in Figure
29, HX711 has pins on one end to be connected to the load cell and pins on the other end to the

Arduino.

Before connecting load cells to the amplifiers, they are tested for any defect that might generate
false data/reading. It is done by measuring the input and output impedance. Impedance values
measured should be equal or near to the value mentioned in the datasheet of the load cell. In this
case, it is 1130 Ohm and 1000 Ohm respectively where input impedance is measured between
black and red, while the output impedance is measured between green and white wires coming

out of the load cells.

Finally, load cells are connected to the HX711 Amplifiers as depicted in the figure above. Red,
Black, White, and green wires are connected to E+, E-, A+, and A- respectively. From the other
end, GND and the VCC are connected to the GND and 5V, while DT and SCK are connected to
the A0 and Al (analog pins) of the Arduino respectively. Similarly, the remaining seven load
cells are connected using common GND and 5V of the Arduino while their DTs and SCKs are
connected to A2 through A15 pins on Arduino. With this, the load cell is ready to generate data

by running the program provided in Appendix B: Arduino code for smart shelf.

On the other hand, the TFT LCD Mega Shield V2.2 (#4) is attached to the top of the Arduino
Mega that creates a platform for a 7” TFT LCD Screen 800x480 (#5) physically and electrically.

The screen is connected to the Arduino shield by aligning the bold arrows in Figure 30 in the
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same orientation. After completing the electric circuit, a program is created and implemented to

extract and display load cell data.

5.2 Touchscreen Interface

In this project, the touchscreen interface plays a crucial role as it determines the system's
efficiency and smartness. The electronic components are set up to use the Arduino controller for
programming the screen interface. The process involves iterative program coding to establish the
interface layers. Interface layers refer to the order of display and events that follow a touch
action. The controller board will be used with a touchscreen to send instructions to light up the
LED lights, indicating the user's selection which also will facilitate the image processing system.
The home screen of the touch screen is displayed in Figure 31, which presents eight options to
choose from. The weights of each object are shown in their respective boxes, enabling customers
to make informed decisions. The program allows the customer to submit a touch command,

which the system promptly acts upon. Similarly, the working prototype is displayed in Figure 32.

Touch the one

you want?!

Figure 31: Home screen of the touchscreen interface

55



Figure 32: Prototype of the smart shelf
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Chapter 6: Results, Discussions, and Conclusions

This project uses a novel grasping mechanism with minimum actuation and a smart shelf with a
touchscreen interface. The design is created considering every possible factor that can be
improved. It is completely scalable as per the application which showcases another aspect of
novelty in design. Two sub-sections of the project combined in a system can form an advanced
packaging system that can uplift the back-end business-to-business packaging or front-end
business-to-customer packaging experience. While a cohesive system sounds interesting, both
sub-designs have their essence in separate applications too. The grasping mechanism can further
be used in different sectors such as beverage bottling facilities, autonomous navigation robots
[43], space exploration and sampling robots [44], and so on. Similarly, a smart shelf with a

touchscreen interface can be used in large fruit-shipping facilities, fish markets, and so on.

The grasping mechanism inspired by the camera shutter brought transformed the motion using
slot and slider mechanisms. It transformed circular motion into a linear slide to press against the
target object. Besides, the smart interface system used 10T devices along with the load cell to

allow customers to make informed purchase decisions.

Thus, the prototype of the presented design was created using 3D-printed parts out of ABS
plastic. Besides, all the parts that are engineered to work, some parts are designed to
accommodate the controller, motor driver, and battery for powering the actuation system. The
actuation system is designed and enclosed to hide all messy wire networks & electronics and to

allow the user to use the whole gripper like a sophisticated product off the shelves.
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The grasping test is performed by grasping various-sized and shaped objects to validate the

design. The gripper has two major working stages: closing to grasp & opening to release.

As the motor receives command via IR receiver, the motor rotates to close the shutters so that the

pistons with springs are pressed in by the target object in the closing to grasp stage.

Opening to release is just the stage where motion occurs that is exactly the reverse of the

previous stage.

The final version of the model is depicted in Figure 33 (without electronics), while the real-life

prototype is shown in Figure 34.

Figure 33: Whole design assembly Figure 34: Actual prototype attached to the
(Excluding electronics and actuation robotic arm.
system).
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6.1 Robotic Arm Path Planning for Efficient Task Execution

The initial stage of achieving successful grasping involves ensuring that the gripper possesses the
capability to reach the intended target object. Consequently, a manipulation system becomes
essential for executing the grasping action and subsequently transporting the object across
diverse locations. Additionally, to facilitate the gripper's movement between task points, it
becomes imperative to analyze the robot's kinematics and devise an appropriate path plan for the
end-effector. For this specific project, a small-scale industrial robot, ABB IRB120 has been

selected as the manipulation system based on the project's requirements.

In many cases, grasping operations are performed as part of a series of pick-and-place actions.
To accomplish this, the robotic arm needs to be programmed to move and reach various target
points. However, the robots can have limitations to reach the target points due to the loss of one

or more degrees of freedom, which are referred to as singularities in robotics.

Singularity occurs when the robot's tip is unable to move or generate velocities in specific
directions. This condition is determined by evaluating the Jacobian Matrix, represented as Jeg. In
the case of a serial 6-DOF (Degree of Freedom) robot, singularity arises when the determinant of
the Jacobian matrix becomes zero, as indicated by the condition in Equation (14). It is important
to know that the expression of the Jacobian matrix can be in either the world frame or the body

frame, while the singularity configuration remains independent of the chosen reference frame.

For a serial 6-DOF robotic arm, there exist several cases or conditions of singularity, and this

study focuses on the five most common ones.

det(J5p)) =0 - rank(Js)) < 6 (14)
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Case I: Two collinear joints. In this case, when there are two joints with their z-axis in the same

direction, the robotic end-effector cannot move at least in certain directions.

Case Il: Three coplanar and parallel revolute joints.

Case Il1: Four revolute joints intersecting at a common point.

Case IV: Four coplanar revolute joints.

Case V: Six revolute joints intersecting the common line.

Case 1

N Case HT

1, ]
; s "‘ Case III ,
2

L~}

I h

Case IV

Figure 35: Five cases of singularity for a serial 6-DOF robotic manipulator

During the task definition process for testing the gripper with the robotic manipulator, careful

consideration is given to ensure that none of the tasks fall into the singularity configuration of the
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robotic arm. Additionally, to avoid encountering any singularity positions between consecutive
tasks, an interpolation technique is employed where 10 points are defined. The singularity of
these points is assessed by calculating the determinant of the Jacobian Matrix to verify that none
of them equals zero. This analysis is conducted to identify any potential singular or near-singular

conditions before the final testing phase.

The Jacobian matrices for all the joints and transformations of the ABB IRB120 robot are
already defined in [45]. Furthermore, a D-H parameter table is constructed based on the ABB
IRB 120, as depicted in Figure 36. This information generates rotational Jacobian matrices using

Equation (15).

_ OJwy

Jr = ErS (15)

Where Jr is the rotational Jacobian, mn is the joint angular velocity and q is the joint angle.
Similarly, the translational Jacobian matrix is created using a similar method as the rotational
Jacobian matrices. However, it focuses on the transformation of the joint frames. Using the set of
codes provided in Appendix C: MATLAB code for calculating determinant of Jacobian, the
determinant and rank of the matrices associated with the robot joints are computed for ten
interpolated points configurations along the defined path for grasping. The results are shown in

TABLE VI.
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Figure 36: Robotic-arm joint and links breakdown for D-H parameter.

TABLE VI: Determinant (Det.) & Rank of the Jacobian from MATLAB®

Joint Angle Orientation: g1, g2, q3, g4, g5, g6 in degrees Det. Rank

1.98, 3.10, -9.94, -3.12, 56.79, 6.58 -0.0196 6

-26.19, 20.20, -27.12, 17.75, 59.85, -26.26 -0.0198 6

-26.19, 18.38, 6.15, 30.32, 31.47, -43.63 -0.0152 6

-26.19, 22.05, 12.92, 42.40, 43.01, -57.16 -0.0186 6

-26.19, 19.09, 8.08, 32.67, 29.24, -46.35 -0.0143 6

-26.19, 18.49, -17.33, 19.31, 52.86, -29.06 -0.0118 6

15.60, 12.09, -8.52, 15.09, 48.65, 25.56 -0.0199 6

39.66, 35.63, -39.88, -28.25, 64.97, 48.83 -0.0144 6
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39.66, 34.93, -6.41, -44.15, 38.01, 73.47 -0.0172 6

39.66, 38.77, -2.22, -52.66, 32.66, 83.87 -0.0159 6

The analysis presented in TABLE VI confirms that the selected path for the manipulator is
devoid of singularities. The robotic arm has been programmed based on this path to
autonomously execute pick-and-place tasks for a diverse range of objects. Several distinct
objects were employed during the grasping test, all of which were successfully grasped by the
robot. The successful outcome of the test for grasping various objects with different shapes,

sizes, and textures is visually demonstrated in Figure 37 below.

(a) (b) (c)

Figure 37: Grasping (a) a tomato, (b) a guava, and (c) a hand-sanitizer bottle (all bottom view of

the gripper)

6.2  Weight Data Extraction and Display

This section of the paper discusses the ability of the smart shelf to display the weight data on the
touchscreen display using load sensors. As depicted in the figure below, the object is placed on

the cup-like section of the shelf to display the weight of that object. Load cells are calibrated
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using the tare and load technique. The process also helps to determine the calibration factor that
will help to measure and display the weight values. The values displayed are either zero or close
to zero when no object is placed due to minor measurement errors. As shown in the figure 38, the

hand sanitizer bottle's weight is 109.68 grams in the screen’s bottom left-hand corner.

Figure 38: Smart shelf displaying the weight of the hand sanitizer bottle.

The screen can be re-programmed to desired display and interface layers. As mentioned, the
application of the ring lights around each object holder will allow the system to employ image
processing and machine learning abilities. Finally, the customers will be able to choose in two
different manners. One with the weight information, and the second being the specific object on
the shelf. Furthermore, the vision of embedding virtual reality with tactile sensors in gripper and

tactile feedback gloves off-site will empower the user with virtual shopping experience.
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Appendices
Appendix A: Motor control code for Arduino

#include <IRremote.h> //it requires IRremote to be installed and included in the code
#include <Stepper.h> //Install and include the Stepper library to control the Stepper motor
const int IRpin = 2; // Pin for IR receiver

/lconst int stopButtonPin = 7; // Pin for stop button

const int stepsPerRevolution = 200; // Change this value to match your stepper motor

IRrecv irrecv(IRpin);

decode_results results;

Stepper myStepper(stepsPerRevolution,8,9,10,11); //define pins for the stepper motor (In actual
there is LN298 driver to control the motor)

void setup() {
Serial.begin(9600);
irrecv.enablelRIn();
/lpinMode(stopButtonPin, INPUT_PULLUP);
}
// voidloop below implements the switch cases for the different conditions,
/land contains the IR remote button instructions to rotate the motor in 4 different modes.
void loop() {
if (irrecv.decode(&results)) { //decodes the IR remote instruction (i.e. button press)
switch (results.value) {
case OXFFA25D: // Button "UP"
myStepper.setSpeed(60); //sets the speed to 60 rpm
myStepper.step(1200); //rotates the motor for 1200 steps
break;
case OxFFEO1F: // Button "UP"
myStepper.setSpeed(60);
myStepper.step(150);
break;
case OxFFE21D: // Button "DOWN"
myStepper.setSpeed(60);
myStepper.step(-1200);
break;
case OxFFA857: // Button "DOWN"
myStepper.setSpeed(60);
myStepper.step(-150);
break;
}
irrecv.resume(); //resume to look for the IR instructions after
/limplementing the previous instruction.

¥
k
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Appendix B: Arduino code for smart shelf

/lthe code is written with the help of different insightful videos and implemented to adjust to the
requirement of the project.

/lthe code below creates the HMI using the 7" TFT touchscreen to let the user choose the object
based on the weight data transferred received from Load Cells (they are load sensors used to
measure the weight of

//an object) and displayed on the screen. It draws 9 different boxes on the screen that
accommaodates 8 different load cells and displays data inside the corresponding boxes.

/[ This is C++ based code written for Arduino microcontroller

#include <UTFT.h> //install and include UTFT library

#include <HX711.h> //install and include HX711 library, it is the ampliphier for the load sensor
data.

#include <URTouch.h> //install and include URTouch library

#include <URTouchCD.h> //install and include URTouchCD library

#include <UTFT_Buttons.h> //install and include UTFT_Buttons library

//Remember each and every library included may not be required, they are all included to make
things work just in case. Please check if you require the library.

I/ Define the pins for the LCD screen and HX711 load cells
#define TOUCH_ORIENTATION LANDSCAPE
#define HX711 DOUT 1 A15

#define HX711_SCK_1 Al4

#define HX711_DOUT_2 A13

#define HX711_SCK_2 A12

#define HX711_DOUT_3 Al1l

#define HX711_SCK_3 A10

#define HX711 DOUT 4 A9

#define HX711_SCK_4 A8

#define HX711_DOUT 5 A7

#define HX711_SCK_5 A6

#define HX711_DOUT_6 A5

#define HX711_SCK_6 A4

#define HX711 DOUT _7 A3

#define HX711_SCK_7 A2

#define HX711_DOUT_8 Al

#define HX711_SCK_8 A0

int led = 13;
int buttonlon = 0;
intx,y;

int interval = 1,
unsigned long previousMillis = 0;
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int previoussecs = 0;
int currentsecs = 0;

intbg[] ={
0,0, 255

}

intfg[] = {
255, 255, 255
j3

UTFT myGLCD(CTE70, 38, 39, 40, 41); //ITDB50
URTouch myTouch(6, 5, 4, 3, 2);

extern uint8_t BigFont[];
extern uint8_t SevenSegNumFont[];

/I Initialize the HX711 library with the correct pins and calibration factor
HX711 Loadcell _1;
HX711 Loadcell_2;
HX711 Loadcell_3;
HX711 Loadcell_4;
HX711 Loadcell_5;
HX711 Loadcell_6;
HX711 Loadcell _7;
HX711 Loadcell_8;

float calibration_factor_1 = 1069.0;
float calibration_factor_2 = 1069.0;
float calibration_factor 3 = 1069.0;
float calibration_factor 4 = 1069.0;
float calibration_factor 5 = 1069.0;
float calibration_factor_6 = 1065.0;
float calibration_factor 7 = 1050.0;
float calibration_factor 8 = 1065.0;

void drawButtons() {
/I put your setup code here, to run once:
myGLCD.setColor(bg[0], bg[1], bg[2]);

myGLCD.fillRoundRect(10, 10, 260, 155);
myGLCD.fillRoundRect(270, 10, 520, 155);
myGLCD.fillRoundRect(530, 10, 780, 155);

myGLCD.fillRoundRect(10, 165, 260, 310):
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myGLCD.fillRoundRect(270, 165, 520, 310);
myGLCD.fillRoundRect(530, 165, 780, 310);

myGLCD.fillRoundRect(10, 320, 260, 465);
myGLCD. fillRoundRect(270, 320, 520, 465);
myGLCD.fillRoundRect(530, 320, 780, 465);

myGLCD.setColor(fg[0], fo[1], fg[2]);
myGLCD.drawRoundRect(10, 10, 260, 155);
myGLCD.drawRoundRect(270, 10, 520, 155);
myGLCD.drawRoundRect(530, 10, 780, 155);

myGLCD.drawRoundRect(10, 165, 260, 310);
myGLCD.drawRoundRect(270, 165, 520, 310);
myGLCD.drawRoundRect(530, 165, 780, 310);

myGLCD.drawRoundRect(10, 320, 260, 465);
myGLCD.drawRoundRect(270, 320, 520, 465);
myGLCD.drawRoundRect(530, 320, 780, 465);

[/myGLCD.print(" Cell 1", 20, 70);
[/myGLCD.print(" Cell 3", 20, 235);
[ImyGLCD.print(" Cell 4", 20, 390);

[/myGLCD.print(" Cell 5", 280, 70);
[ImyGLCD.print(" Cell 2", 280, 235);
myGLCD.print(" Touch the one", 280, 390);
myGLCD.print(" you want!!", 300, 420);

[/myGLCD.print(" Cell 6", 540, 70);
[ImyGLCD.print(" Cell 7", 540, 235);
[ImyGLCD.print(" Cell 8", 540, 390);

myGLCD.setBackColor(0, 0, 255);
myTouch.InitTouch();
myTouch.setPrecision(PREC_MEDIUM);

¥

void setup() {
/I Initialize the LCD screen
Serial.begin(9600);
myGLCD.InitLCD();

//nitial Setup
myGLCD.InitLCD();
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myGLCD.clrScr();

myTouch.InitTouch();
myTouch.setPrecision(PREC_MEDIUM);

myGLCD.setFont(BigFont);

myGLCD.setBackColor(0, 0, 255);
drawButtons();

/I Initialize the HX711 load cells
Loadcell_1.begin(HX711_DOUT_1, HX711_SCK_1);
Loadcell _1.set scale(calibration_factor_1);
Loadcell_1.tare();

Loadcell_2.begin(HX711_DOUT_2, HX711_SCK_2);
Loadcell_2.set_scale(calibration_factor_2);
Loadcell_2.tare();

Loadcell_3.begin(HX711 DOUT 3, HX711_SCK_3);
Loadcell_3.set_scale(calibration_factor_3);
Loadcell_3.tare();

Loadcell_4.begin(HX711_DOUT _4, HX711 SCK_4);
Loadcell_4.set_scale(calibration_factor_4);
Loadcell_4.tare();

Loadcell_5.begin(HX711_DOUT_5, HX711_SCK 5);
Loadcell_5.set scale(calibration_factor_5);
Loadcell_5.tare();

Loadcell_6.begin(HX711_DOUT_6, HX711_SCK_6);
Loadcell_6.set_scale(calibration_factor_6);
Loadcell_6.tare();

Loadcell_7.begin(HX711_DOUT _7, HX711 SCK_7);
Loadcell_7.set_scale(calibration_factor_7);
Loadcell_7.tare();
Loadcell_8.begin(HX711_DOUT 8, HX711 SCK_ 38);

Loadcell_8.set_scale(calibration_factor_8);
Loadcell_8.tare();

}
void loop() {
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I/l Read the weight from the load cells

float weight_1 = Loadcell_1.get_units(5);
float weight_2 = Loadcell_2.get_units(5);
float weight_3 = Loadcell_3.get_units(5);
float weight_4 = Loadcell_4.get_units(5);
float weight 5 = Loadcell_5.get_units(5);
float weight 6 = Loadcell_6.get_units(5);
float weight_7 = Loadcell_7.get_units(5);
float weight_8 = Loadcell_8.get_units(5);

I Clear the screen and print the weight on the screen
myGLCD.printNumF(weight_1, 2, 80, 390, ', 3);
myGLCD.printNumF(weight_2, 2, 340, 235, "', 3);
myGLCD.printNumF(weight_3, 2, 80, 235, "', 3);
myGLCD.printNumF(weight_4, 2, 80, 70, "', 3);
myGLCD.printNumF(weight_5, 2, 340, 70, ', 3);
myGLCD.printNumF(weight_6, 2, 600, 70, "', 3);
myGLCD.printNumF(weight_7, 2, 600, 235, "', 3);
myGLCD.printNumF(weight_8, 2, 600, 390, "', 3);

¥

void waitForlt(int x1, int y1, int x2, int y2) {
myGLCD.setColor(255, 0, 0);
myGLCD.drawRoundRect(x1, y1, X2, y2);
while (myTouch.dataAvailable()) {

}
delay(20);

/st all files in the card with date and size

myGLCD.setColor(fg[0], fg[1], fg[2]);
myGLCD.drawRoundRect(x1, y1, X2, y2);
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Appendix C: MATLAB code for calculating determinant of Jacobian

clear all;
clc;
close all;

syms g1 g2 g3 g4 g5 g6 d1 d2 d3 d4 d5 d6 al a2 a3 a4 a5 a6
% According to the DH parameter table, the a, d, and A are defined below.

% Defining link lengths, these are fixed numbers and are a design
% parameter of the robot

d1 = 0.290; % Link lengths as per respective axis
d2 = 0; % Link lengths as per respective axis

d3 = 0; % Link lengths as per respective axis

d4 = 0.302; % Link lengths as per respective axis
d5 = 0; % Link lengths as per respective axis

d6 = 0.072; % Link lengths as per respective axis
al = 0; % Link lengths as per respective axis

a2 = 0.27; % Link lengths as per respective axis
a3 = 0.07; % Link lengths as per respective axis
a4 = 0; % Link lengths as per respective axis

ab = 0; % Link lengths as per respective axis

a6 = 0; % Link lengths as per respective axis

% Al = -pi/2; Angles...

% A2 = 0; Angles...

% A3 = -pi/2; Angles...

% A4 = pi/4; Angles...

% A5 = -pi/2; Angles...

% A6 = 0; Angles...

% Assign g values as per the orientation of the robot.
gl = 39.66 *pi/180

g2 = 34.93 *pi/180

g3 =-6.41 *pi/180

q4 = -44.15 *pi/180

g5 = 38.01 *pi/180

q6 = 73.47 *pi/180

% Defining Rotational Jacobian Matrix for the transformation from frame
% '0' to the frame '6".

JR(1, 1) = ((cos(g6))*(cos(q4))*(cos(q3)) - (sin(q4))*(sin(q6)))*(cos(a2+q3)) -
(sin(g5))*(sin(a2+03))*(cos(q6)); _

JR(2, 1) = -((sin(g6))*(cos(q4))*(cos(g5)) + (cos(q6))*(sin(g4)))*(cos(q2+q3)) +
(sin(g5))*(sin(g2+q3))*(sin(a6));

JR(3, 1) = -sin(g5)*cos(g4)*cos(g2+g3) - cos(g5)*sin(q2+q3);
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JR(1, 2) = -cos(q6)*sin(g4)*cos(g5) - sin(g6)*cos(4);
JR(2, 2) =sin(g4)*sin(q6)*cos(g5) - cos(q6)*cos(q4);
JR(3, 2) = sin(g5)*sin(g4);

JR(1, 3) = -cos(q6)*sin(g4)*cos(g5) - sin(g6)*cos(q4);
JR(2, 3) = sin(g4)*sin(q6)*cos(g5) - cos(g6)*cos(g4);
JR(3, 3) =sin(g5)*sin(q4);

JR(Z, 4) = sin(g5)*cos(g6);
JR(2, 4) = -sin(g5)*sin(g6);
JR(3, 4) = cos(g5);

JR(1, 5) = -sin(g6);
JR(2, 5) = -cos(g6);
JR(3,5)=0;

JR(1, 6) =0;
JR(2, 6) = 0;
JR(3,6)=1;

% Similarly we need translational Jacobian.

% For that, we need to define the link centroid to the corresponding
% attached frame so that, the centroid is later reduced to be w.r.t the
% base frame and use for more precise calculation.

syms xy z
X =0;
y=0;
z=-0.007;

% Now defining the JT translational Jacobian Matrix

JT(1, 1) = -sin(g1)*(((cos(g6)*x-sin(g6)*y)*cos(g5)-sin(g5)*(d6 + z))*cos(q4)-(cos(g6)*y +
sin(g6)*x)*sin(g4)+a3)*sin(q2+q3)-sin(ql)*((d6+z)*cos(g5)+(cos(q6)*x-
sin(g6)*y)*sin(g5)+d4)*cos(g2+g3)-sin(ql)*a2*sin(q2) + ((cos(g6)*y +
sin(g6)*x)*cos(g4)+sin(g4)*((cos(q6)*x-sin(g6)*y)*cos(g5)-sin(g5)*(d6+z)))*cos(ql);

JT(2, 1) = cos(ql)*(((cos(q6)*x-sin(g6)*y)*cos(g5)-sin(g5)*(d6+z))*cos(q4)-
(cos(g6)*y+sin(g6)*x)*sin(g4)+a3)*sin(q2+q3)+((d6+z)*cos(q5)+(cos(q6)*x-
sin(g6)*y)*sin(g5)+d4)*cos(gql)*cos(g2+q3)+cos(gl)*a2*sin(g2)+sin(ql)*((cos(q6)*y+sin(q6)™
x)*cos(q4)+sin(q4)*((cos(g6)*x-sin(q6)*y)*cos(g5)-sin(g5)*(d6+2)));

JT(3,1)=0;

JT(1, 2) = (((cos(g6)*x-sin(g6)*y)*cos(q5)-sin(g5)*(d6+z))*cos(q4)-cos(g6)*sin(g4)*y-

sin(g4)*sin(g6)*x+a3)*cos(gl)*cos(g2+g3)-((d6+z)*cos(q5)+(cos(g6)*x-
sin(g6)*y)*sin(g5)+d4)*cos(gl)*sin(q2+q3)+a2*cos(ql)*cos(g2);
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JT(2, 2) = (((cos(g6)*x-sin(g6)*y)*cos(q5)-sin(g5)*(d6+z))*cos(q4)-cos(q6)*sin(qd)*y-
sin(g4)*sin(q6)*x+a3)*sin(ql)*cos(q2+g3)-((d6+z)*cos(g5)+(cos(q6)*x-
sin(g6)*y)*sin(g5)+d4)*sin(gl)*sin(q2+q3)+a2*sin(ql)*cos(q2);

JT(3, 2) = (((-cos(g6)*x-
sin(g6)*y)*cos(g5)+sin(g5)*(d6+z))*cos(q4)+cos(g6)*sin(q4)*y+sin(q4)*sin(g6)*x-
a3)*sin(q2+q3)-((d6+z)*cos(g5)+(cos(q6)*x-sin(g6)*y)*sin(g5)+d4)*cos(g2+93)-a2*sin(q2);

JT(1, 3) = (((cos(g6)*x-sin(g6)*y)*cos(q5)-sin(g5)*(d6+z))*cos(q4)-cos(g6)*sin(gd)*y-
sin(g4)*sin(q6)*x+a3)*cos(ql)*cos(g2+g3)-((d6+z)*cos(g5)+(cos(q6)*x-
sin(g6)*y)*sin(q5)+d4)*cos(ql)*sin(q2+qg3);

JT(2, 3) = (((cos(g6)*x-sin(g6)*y)*cos(q5)-sin(g5)*(d6+z))*cos(q4)-cos(g6)*sin(g4)*y-
sin(g4)*sin(q6)*x+a3)*sin(ql)*cos(q2+93)-((d6+z)*cos(g5)+(cos(q6)*x-
sin(g6)*y)*sin(g5)+d4)*sin(ql)*sin(q2+q3);

JTE, 3) = (((-
cos(g6)*x+sin(g6)*y)*cos(q5)+sin(q5)*(d6+z))*cos(g4)+cos(g6)*sin(g4)*y+sin(g4)*sin(q6)*x-
a3)*sin(q2+q3)-((d6+z)*cos(g5)+(cos(q6)*x-sin(g6)*y)*sin(g5)+d4)*cos(q2+93);

JT(1, 4) = cos(ql)*((-cos(q6)*y-sin(g6)*x)*cos(q4)+((-
cos(g6)*x+sin(g6)*y)*cos(q5)+sin(q5)*(d6+z))*sin(g4))*sin(g2+93)-(((-
cos(g6)*x+sin(g6)*y)*cos(g5)+sin(q5)*(d6+z))*cos(q4)+(cos(g6)*y +
sin(g6)*x)*sin(g4))*sin(ql);

JT(2, 4) = sin(ql)*((-cos(q6)*y-sin(g6)*x)*cos(qd)+((-
cos(g6)*x+sin(g6)*y)*cos(g5)+sin(q5)*(d6+z))*sin(q4))*sin(g2+q3)+(((-
cos(g6)*x+sin(g6)*y)*cos(q5)+sin(q5)*(d6+z))*cos(g4)+(cos(q6)*y +
sin(g6)*x)*sin(g4))*cos(ql);

JT(3, 4) = cos(q2+g3)*(((-cos(q6)*x+sin(q6)*y)*cos(g5)+sin(g5)*(d6+z))*sin(q4)-
(cos(g6)*y+sin(q6)*x)*cos(q4));

JT(1, 5) = -cos(gl)*((-cos(g6)*x+sin(g6)*y)*cos(g5)+sin(q5)*(d6+z))*cos(q2+q3)-
(cos(gl)*cos(g4)*sin(g2+qg3)+sin(gl)*sin(g4))*((d6+z)*cos(q5)+(cos(q6)*x-
sin(q6)*y)*sin(a5));

JT(2, 5) = -sin(q1)*((-
cos(g6)*x+sin(g6)*y)*cos(q5)+sin(q5)*(d6+z))*cos(g2+g3)+((d6+z)*cos(g5)+(cos(q6)*x-
sin(g6)*y)*sin(g5))*(-cos(q4)*sin(gl)*sin(g2+g3)+cos(gql)*sin(q4));

JT(3, 5) = -((d6+2)*cos(g5)+(cos(q6)*x-
sin(g6)*y)*sin(g5))*cos(g4)*cos(q2+93)+sin(g2+93)*((-
cos(q6)*x+sin(q6)*y)*cos(g5)+sin(g5)*(d6+z));

JT(1, 6) = -cos(gl)*((cos(q4)*cos(q5)*y+sin(q4)*x)*cos(gq6)+sin(g6)*(cos(g4)*cos(g5)*x-
sin(g4)*y))*sin(g2+qg3)-sin(g5)*cos(ql)*(cos(q6)*y+sin(q6)*x)*cos(q2+93)-
(cos(g5)*sin(q4)*y-cos(g4)*x)*sin(gl)*cos(g6)-sin(ql)*sin(g6)*(cos(g5)*sin(g4)*x
+c0s(g4)*y);

JT(2, 6) = -sin(g1)*((cos(q4)*cos(g5)*y+sin(q4)*x)*cos(q6)+sin(q6)*(cos(g4)*cos(q5)*x-
sin(q4)*y))*sin(q2+q3)-
sin(g1)*sin(g5)*(cos(g6)*y+sin(g6)*x)*cos(g2+g3)+(cos(q5)*sin(q4)*y-
cos(g4)*x)*cos(ql)*cos(g6)-cos(ql)*sin(q6)*(cos(q5)*sin(gd)*x +cos(q4)*y);

79



JT(3, 6) = ((-cos(g4)*cos(q5)*y-sin(g4)*x)*cos(q6)+sin(q6)*(-
cos(g4)*cos(g5)*x+sin(g4)*y))*cos(q2+q3)+(cos(g6)*y+sin(g6)*x)*sin(g5)*sin(q2+q3);

Jacobian = [JT;JR]

det(Jacobian)
rank(Jacobian)
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Appendix D: Drawing for gripper parts
Part #1 [Table 1]
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Part #2 [Table 1]
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Part #3 [Table 1]
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Part #4 [Table 1]: 10-millimeter steel bearing balls
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Part #6 [Table 1]
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Part #7 [Table 1]

R50

120°

R10

®160

©278

90

R1 R10

TRUE R10

/

/%
—f

ﬁ; Y 19 %

86




Part #8 [Table 1]
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Part #9 [Table 1]
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Part #10 [Table 1]
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Part #11 [Table 1]
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Part #12 [Table 1]: M3 Screw 6 cm
Part #13 [Table 1]: 5 mm x 0.6 mm x 25 mm spring

Part #14 [Table 1]
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Appendix E: Drawing parts for Smart Shelf parts
Part #1 [Table 4]
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Part #2 [Table 4]
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Part #3 [Table 4]
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Part #4 [Table 4]
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Part #5 [Table 4]
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Part #6 [Table 4]: Load cell

Part #7 [Table 4]
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Part #8 [Table 4]
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Part #9 [Table 4]
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Appendix F: Load cell product specification used.

Product Specifications

Mechanical
Housing Material Aluminum Alloy
Load Cell Type Strain Gauge
Capadcity 20kg
Dimensions 55.25x12.7x12.7mm
Mounting Holes M5 (Screw Size)
Cable Length 550mm
Cable Size 30 AWG (0.2mm)
Cable - no. of leads 4

Electrical
Precision 0.05%
Rated Qutput 1.0£0.15 mv/V
Non-Linearity 0.05% FS
Hysteresis 0.05% FS
Non-Repeatability 0.05% F5
Creep (per 30 minutes) 0.1% FS
Temperature Effect on Zero (per 10°C) 0.05% FS
Temperature Effect on Span (per 10°C) 0.05% FS
Zero Balance +£1.5% FS
Input Impedance 1130+10 Ohm
Output Impedance 1000£10 Ohm
Insulation Resistance (Under 50VDC) 25000 MOhm
Exditation Voltage 5 VDC
Compensated Temperature Range -10 to ~+40°C
Operating Temperature Range =20 to ~+55°C
Safe Overload i 120% Capacity
Ultimate Overload 150% Capacity
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Appendix G: Figures of Grippers from review papers
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Figure 1: Kinematics of a single soft finger and the soft gripper exhibition deformation under

different air pressure [12]
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Figure 37: Prototype of the space debris removal gripper [13]
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Figure 39: Meshed pin array gripper mechanism [15]
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Figure 41: Gripper design (left), and inspiration from pole climbing technique (right) [1]
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Appendix H:

Figures of Kinematic Background
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Figure 7: Rigid body in the reference frame
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Figure 8: Joints and their Degrees of freedoms
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Figure 10: Kinematic sketch of 3-DOF SPM 2-RPU&SPR over-constrained mechanism [27]
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Figure 11: Conventional 4-bar linkage
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Appendix I: Figures from novel grasping mechanism design

Figure 12: Exploded view of the assembly with part number
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Figure 14: Electric circuit diagram [32][33][34][35]
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Figure 15: General study of motion (side views)
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Figure 16: Kinematic sketch of the mechanism.
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Figure 17: Speed (rpm) vs Torque (N-mm) chart for the motor [29].
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Figure 18: Tangential angle between curve path and motor rotation path.
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Figure 19: Soft finger & forces related.
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Appendix J: Stress and motion study results’ figure for mechanism parts
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Figure 20: FEA static analysis of the part TOP.
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Figure 21: Topology study of the part TOP.
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Figure 22: Improved TOP considering analytical studies.
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Figure 23: Visual representation of the motion study for non-constrained vertical motion of the

curved plate.

114



1838

1378 —+

Motor Targuet (newtan-mm)
]
=
|

0.00 020 0.40 051 0.81 1.01 1.2 141 162 182 2.02
Time (sec)

Figure 24: Motion study results for the torque required to actuate the system.
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Appendix K: Figures from Smart shelf design process

Figure 25: Parts assembly (Exploded view)

Figure 26: Load cell [38]
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Appendix L: Figures from Smart shelf design process
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Figure 27: Strain gauge load cell setup [39]

Figure 28: Actual load cell setup
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Figure 29: HX711 Amplifier [40]
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Figure 30: Electrical circuit diagram (only one of the load cells (#1) is shown instead of eight in

total) [41][42]
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Figure 31: Home screen of the touchscreen interface

Figure 32: Prototype of the smart shelf
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Appendix M: CAD and real-life figures of the prototype

Figure 33: Whole design assembly (Excluding electronics and actuation system).

Figure 34: Actual prototype attached to the robotic arm.
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Appendix N: Figures from robotic path planning for task execution
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Figure 35: Five cases of singularity for a serial 6-DOF robotic manipulator
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Figure 36: Robotic-arm joint and links breakdown for D-H parameter.
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(a) (b) (c)

Figure 37: Grasping (a) a tomato, (b) a guava, and (c) a hand-sanitizer bottle (all bottom view of

the gripper)
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Appendix O: Figure of working smart shelf.

Figure 38: Smart shelf displaying the weight of the hand sanitizer bottle.
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Appendix P: Tables from design process
TABLE 1: Designed Parts with Dimensions and Part Numbers (O = outer, R = radius, T =

Thickness, H = Heigh

Part Dimension (cm) Part No.
Outer Shell A H=14.7,0R=143,T=0.3 1
Outer Shell B H=147,R=143T=0.3 2
Rectangular Slot Plate (Bottom) OR=13.9,IR=8,T=0.75 3
Bearing Ball D=1 4
Shutter OR=11,IR=5,H =15.25 5
Rectangular Slot Plate (Top) OR=13.9,IR=6.8, T=0.75 6
Curvilinear Slot Plate OR=139,IR=6.8,H=54 7
Top OR=14.8 H=246 8
Top cover 6.3x6.3x7.8 9
Electronics Box 10.2 x 10.275 x 14.7 10
Wire Cap 10.2 x 3.075x5.19 11
Piston R=0.15H=6 12
Spring R=05T=0.05H=25 13
Piston Blocker OR=0.6,IR=0.25,H=0.4 14
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TABLE 2: Material Properties Comparison

Properties Aluminum Alloy 6061 ABS
Yield Strength 276 MPa 29.6 MPa
Ultimate Tensile Strength 310 MPa 40 MPa
Elastic Modulus 69000 MPa 2000 MPa
Poisson’s Ratio 0.33 0.394
Mass Density 2700 kg/m3 1020 kg/m3
Shear Modulus 26000 MPa 318.9 MPa

TABLE 3: Electrical Components

Electrical components Quantity Component No.
Arduino Uno R3 1 1
L298N Motor Driver Module 1 2
PKP Series 2-Phase Stepper Motor 1 3
Remote Control Module 1 4
HX1838 VS1838 NEC IR Receiver 1 5
6mm x 6mm x 5mm Tactile Push Button 3 6
10 kQ Resistor 3 7
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TABLE 4: Parts, Dimensions, Part Numbers, and Quantities.

Parts Dimensions (cm) Part Number Quantity
Middle Top 12x12x2.9 1 3
Center Top 12x12x2.9 2 1
Corner Top 12x12x2.9 3 4

Base 18x18x 2.9 4 4

Load Cell Stand 1.85 x 4.65 x 3.26 5 8
Load Cells 8x1.27x1.27 6 8
Object Platform 6.68 X 6.68 x 2.72 7 8
Closed Top 12x12x2.9 8 1
Screen Base 20.4x13.9x8 9 1
Screen Cover 20.4x11.78x1 10 1

TABLE 5 Electronics, their Quantities, and Sources

Component Quantity Component No.
1 Kg Strain Gauge Load Cell 8 1
HX711 Amplifier 8 2
Arduino Mega 2560 Rev3 1 3
TFT LCD Mega Shield V2.2 1 4
7” TFT LCD Screen 800x480 1 5
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Appendix Q: Table of determinant calculation

TABLE 6: Determinant (Det.) & Rank of the Jacobian from MATLAB®

Joint Angle Orientation: g1, g2, q3, g4, g5, g6 in degrees Det. Rank

1.98, 3.10, -9.94, -3.12, 56.79, 6.58 -0.0196 6
-26.19, 20.20, -27.12, 17.75, 59.85, -26.26 -0.0198 6
-26.19, 18.38, 6.15, 30.32, 31.47, -43.63 -0.0152 6
-26.19, 22.05, 12.92, 42.40, 43.01, -57.16 -0.0186 6
-26.19, 19.09, 8.08, 32.67, 29.24, -46.35 -0.0143 6
-26.19, 18.49, -17.33, 19.31, 52.86, -29.06 -0.0118 6
15.60, 12.09, -8.52, 15.09, 48.65, 25.56 -0.0199 6
39.66, 35.63, -39.88, -28.25, 64.97, 48.83 -0.0144 6
39.66, 34.93, -6.41, -44.15, 38.01, 73.47 -0.0172 6
39.66, 38.77, -2.22, -52.66, 32.66, 83.87 -0.0159 6
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