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ABSTRACT 

DESIGN, DEVELOPMENT, AND CONTROL OF A ROBOTIC GRIPPER FOR 

ACTIVITIES OF DAILY LIVING (ADL) ASSISTANCE. 

by 

Jaime Hernandez 

The University of Wisconsin-Milwaukee, 2022 

Under the Supervision of Professor Mohammad Habibur Rahman 

  

This research contributes to developing a robotic gripper designed to improve the object-

handling capabilities of assistive robots manipulators. As developed in this research, the 

gripper for assistive robots (GAR) can be an alternative solution to the existing robotic 

grippers increasing the benefits in different ways, including the cost/benefits ratio and the 

range of graspable objects.  

The GAR has been designed with simplicity in mind with a minimum viability approach. 

The design, construction, control, and operation of this robotic gripper have been simplified 

with a minimal number of custom-made components, resulting in better performance. In 

addition, GAR's rigidity allows it to hold objects weighing up to 5 kilograms without 

deforming or compromising its internal mechanism. 

Various experiments mimicking real-world application scenarios have been performed to 

measure in quantitative and qualitative ways the performance of GAR to evaluate the 

proposed design.  

 

Keywords:  Gripper, Robotic hand, Assistive Robot, Rigid links, Design. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Statement of the Problem: 

 

The human hand is an essential extension available to perform the activities of our daily lives. 

The human hand's capability to perform complex motion and tasks with high precision and 

control enable humans to perform most of the functions necessary for living. The human 

hand has approximately 38 muscles comprising its intricate musculoskeletal system, which 

controls its movement [1]. With this system, the hand can grab objects in particular ways, 

such as: cylindrical, tip, hook, palmar, spherical, and lateral grips [2]. Unfortunately, many 

live with full or partial loss or impairment of their arms, hands, or general mobility [135]. 

Movement impairments can range from minor deficiencies in motor control of the body to 

complete mobility loss. Various geriatric disorders, stroke, and trauma are the primary reason 

behind such impairments [7]. Apart from stroke, trauma from sports injuries, workplace 

accidents, and other orthopedic injuries result in the loss of mobility of the upper limb [8]. In 

the US, there are 61 million persons who live with a disability, of whom 3.6% have trouble 

getting dressed or bathing and 13.7% have mobility issues [147]. Over 6.8 million Americans 

use mobility devices to aid in their mobility; 1.7 million of these people use wheelchairs, and 

over one-third of those using mobility aids require assistance from another person for one or 

more ADLs[148]. The number of people who use wheelchairs has expanded [149] and is 

continuing growing at an average yearly rate of 5.9%. Users using wheelchairs report 

significant limitations in both instrumental and basic ADLs (BADLs) [150]. The inability to 
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do necessary ADLs may result in dangerous situations and a low quality of life. ULED 

sufferers must be capable of doing things on their own without major assistance from others. 

1.1.1 Current Solutions 

 

For this reason, focusing on dependent people with highly reduced mobility, an attempt has 

been made to help them through robotics with well-known assistive robots [9]. In order to 

perform activities of daily living, robots need to generate human-like movements, including 

the ability to grasp and carry objects with different shapes and weights from one side to 

another [9]. Inspired by the human hand, multiple mechanisms have been developed (Table 

5) like the Kinova gripper GEN3 [139], that try to recreate, simulate, or enhance the 

abovementioned capabilities [136].  Those kinds of mechanisms are called Grippers or 

Manipulators [3] which will be discussed in the chapter reviewing the state of the art. The 

ability to grip and manipulate objects has been central to the advancement of robots. 

Manufacturers can use end-effector tooling for picking, placing, and packing objects using 

advances in gripper technology to reap the benefits of precision, performance, and 

productivity [4]. Different types of grippers are also classified depending on their design, 

power supply, and application [5], as explained later. Some of these grippers have been 

specially developed for activities of daily living, increasing their performance in tasks such 

as feeding, changing shoes, and taking objects from a shelf [10, 137, 138].  

1.1.2 Limitations 

 

However, a single type gripper cannot perform all the tasks of daily life. For example, some 

grippers perform better in holding square objects (like Kinova Gen3 lite gripper [140]) than 

spherical objects, and others can handle only light weights [3] like the gripper presented on 
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[141]. Thus, some recent research focuses [10, 137, 138, 142, 143, 144, 145, 146] on increase 

the number of tasks (Table 2) a gripper can perform (Like Picking/ Placing objects from 

Table or Opening & closing drawers), the number of differently shaped objects it can grasp 

(Table 5), and the maximum weight it can hold [11]. However, grippers are insufficient for 

active tasks like opening doors and refrigerators or working close to the users' faces [29]. In 

addition, reasonably performing grippers are highly intricate and bulky, making them 

difficult to manufacture, assemble, and repeat laboratory test findings; for example, the 

gripper found in [30]. Furthermore, their expenses make them unavailable to most individuals 

who need them the most [31]. 

1.1.3 Proposed solution: 

The research under this project contributes to developing a robotic gripper for activities of 

daily living assistance. In order to contribute to this field, this research focuses on developing 

a three-finger, simple robotic gripper with a minimally feasible design that can grasp various 

objects of different shapes and weights. Furthermore, the gripper for assistive robots (GAR) 

is designed to increase the general performance of assistive robotic arms and provide users 

with a better experience when using them.  

The GAR is comprised of three fingers.  Each finger has two degrees of freedom. One of 

these degrees of freedom is active, and the other is passive. It is also designed to be mounted 

in any assistive robotic arm with a standard protocol. This thesis focuses mainly on the GAR's 

mechanical design, development, and control. However, the kinematic and dynamic model 

of the GAR is also included and developed based on a quasi-static analysis, especially 

proposed for underactuated systems. During the modeling, gripper parameters, such as 



4 

mechanism link lengths, masses of different link segments, and inertia, were estimated 

according to the CAD model made during the design stage. This research concentrated only 

on the mechanical design, been the mechatronic design, instrumentation, and control 

algorithm a secondary part of this research. 

Therefore, as a first step, a state-of-the-art review was performed to understand better the 

advantages and disadvantages of most of the recent robotic grippers. As the second step, to 

compare the existing robotic grippers for assistive robots with the proposed research, a search 

of current commercial grippers was conducted, classifying their characteristics and 

evaluating their performance.  

We conducted our study on the most recent developments and studies done in the academy 

regarding grippers. We analyzed the mechanisms, pros, and cons of the existing grippers to 

identify the best possible mechanisms, actuation, and control. Finally, proceed to design and 

mathematically analyze the selected mechanism before creating a prototype and evaluating 

its functionality.  The proposed GAR is designed to handle essential activities of daily living 

(ADL) as criteria. Objects of various sizes and shapes are parameterized, and this information 

is used to design and select the optimal components that meet the proposed requirements.   

After preparing the theoretical bases, the modeling, construction, and assembly of the gripper 

proposed in this thesis were carried out, and finally, according to the activities of the daily 

living list, the GAR was evaluated, first through simulation using 3D models, and then, 

through a series of experiments on expected environments. 
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1.2 Specific Aim: 

 

The specific aim of this research project is to develop a simplistic and minimum viable 

robotic gripper to handle essential ADL objects.  

 

1.3 Contribution: 

 

A study is conducted on the most recent developments and studies done in the academy 

regarding grippers. Then, the mechanisms, pros, and cons of the existing grippers on the 

market are analyzed. Next, the possible best mechanisms, actuation, and control types are 

cataloged based on these two investigations. Finally, proceed to design and mathematically 

analyze the selected mechanism before creating a prototype and evaluating its functionality.  

 

To make the suggested GAR concept more feasible and replicable, GAR is designed based 

on activities of daily living as criteria. In that order, objects of various sizes and shapes are 

parameterized, and this information is used to design and select the optimal components that 

meet the proposed requirements. 

 

This thesis is organized into chapters as described below: 

 

 

 

CHAPTER 2: BACKGROUND AND THEORETICAL FRAMEWORK 

This chapter overviews how the human hand works, how humans grab objects, and how 

current grippers do those tasks.  
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CHAPTER 3: LITERATURE REVIEW  

This chapter provides a comprehensive overview of the research undertaken on robotic 

grippers, covering earlier advances in assistive robot-based grippers. 

 

CHAPTER 4 DESIGN OF THE GRIPPER  

This chapter addresses the first design processes for the proposed robotic gripper based on 

simplicity and adaptability. Along with the gripper's specs, design details, and physical 

limitations, the gripper's design restrictions and innovations are described. 

 

CHAPTER 5: KINEMATICS AND DYNAMIC MODELING 

This chapter shows how kinematic and dynamic models of the proposed robotic gripper were 

developed. Kinematic modeling employs quasi-static modeling, especially for underactuated 

systems.  

 

CHAPTER 6: EXPERIMENTS AND RESULTS  

This chapter discusses the experimental setup and process used to assess the performance of 

the Robotic Gripper, as well as its mode of operation and control approach. This chapter also 

contains a graphical depiction of the test results and thorough explanations, as well as 

particular remarks on how each set of tests evaluates the performance of the gripper base on 

ADLs. 

CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
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In this chapter, a summary of the study's findings is offered, along with a discussion of 

prospective future research areas. Finally, the future horizons section shows the possibilities 

of this specific study when it is developed further. 
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CHAPTER 2: 

BACKGROUND AND THEORETICAL FRAMEWORK 

 

 

2.1 How Do Humans Grab Objects? 

 

In order to design and construct a gripper that can manipulate objects in a manner comparable 

to the human hand, it is crucial first to comprehend how people interact with, hold, and move 

objects during everyday tasks. 

For this, a study by the Max Planck Institute for Intelligent Systems trained computers to 

understand, model, and synthesize human grasping [12]. The study includes in its analysis 

complex 3D object shapes, detailed contact information, hand pose and shape, and 3D body 

motion. Similar analyses were conducted in [13] and [14], where grips are classified 

according to the object's nature, form, and weight. The categorization is proposed as follows: 

The suggested taxonomy has three categories at the highest level: power, intermediate, and 

precision grasp. In addition, circular and prismatic varieties of power and precision grasp 

exist. Finally, additional classes are discussed in more depth, bringing the total to 15  (Table 

1) 
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Figure 1 Grips modes classification. 

 

Table 1 How humans grab objects 

Grabs Type  Shape 
Wrap 

Type 

Geometrical 

Condition 
Description 

Power Prismatic 

Heavy 

Wrap 

I. Large 

Diameter 

Cylindrical or prismatic-shaped 

objects with a diameter greater than 50 

mm. 5-finger grip. Orient the object 

horizontally. 

II. Small 

Diameter 

Cylindrical or prismatic-shaped 

objects with a diameter of less than 50 

mm. 5-finger grip. Orient the object 

horizontally 

Palmar 

Wrap 

III. Palmar 

Disc-shaped objects with a thickness-

to-diameter ratio are more than 1/20. 

The 4-finger grip is on one side of the 

disc. Object orientation: Z axis facing 

down. 

IV. Extension 

Type  

Disc-shaped objects with a thickness-

to-diameter ratio are more than 1/20. 

4-finger grip under one side of the 

Disk. Horizontal object orientation. 
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V. Parallel 

Extension 

Objects shaped like a disk or prism, 

with a thickness-diameter ratio greater 

than 1/20. 5-finger grip, pressure on 

both sides of the disc. The orientation 

of the object parallels the fingers 

downwards. 

Medium 

and 

Light 

Wrap 

VI. Medium 

wrap 

Cylindrical or prismatic object with a 

diameter less than 50 mm and greater 

than 100 mm. 4-finger grip and thumb 

on the same surface. Portrait object 

orientation 

VII. Adducted 

thumb 

Cylindrical or prismatic object with a 

diameter of less than 50 mm and 

greater than 100 mm. 5-finger grip. 

Thumb in a vertical orientation, 

pointing up. Portrait object 

orientation. 

VIII. Light tool 

Cylindrical or prismatic object with a 

diameter between 10 and 15 mm. 5-

finger grip. Thumb in a vertical 

orientation, pointing up. Portrait 

object orientation. 

IX. Ring 

Cylindrical or prismatic object with a 

Diameter between 30 mm and 70 mm. 

The grip of 2 fingers, index, and 

thumb, in the form of a ring around the 

object. Horizontal object orientation. 

Circular 

Disk X. Disk 

Disc-shaped object with an 

approximate radius-diameter ratio of 

1/8. Diameter between 90 and 120 

mm. 5-finger grip with the palm on 

one of the flat surfaces of the object. 

Horizontal object orientation, 

downwards. 

Sphere 

XI. 5 Fingers 

sphere grab 

Sphere-shaped object with an 

approximate diameter of 60mm. 5-

finger grip. 

XII. 4 Fingers 

sphere grab 

Sphere-shaped object with an 

approximate diameter of 60mm. Four 

finger grip. 

XIII. 3 Fingers 

sphere grab 

Sphere-shaped object with an 

approximate diameter of 60mm. 3-

finger grip. 

Intermediate - Lateral XIV. Pinch 

A Flat, rectangular prism-shaped 

object. Grip with two fingers, index 

and thumb, squeezing both flat faces 
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of the object—orientation of the 

object: parallel to the thumb. 

stick 

XV. Stick 

A cylinder-shaped object of small 

diameter. 4-5 Finger Grip, Object 

Orientation Parallel to Thumb, 

Vertical.   

XVI. Ventral 

A cylinder-shaped object of small 

diameter. 4-finger grip, object 

orientation parallel to the thumb, 

horizontal orientation. 

Writing 

XVII. Writing 

Tripod 

A cylinder-shaped object of small 

diameter. 3-finger grip with an object 

resting on the palm, Portrait 

Orientation. 

XVIII. Lateral 

Tripod 

A cylinder-shaped object of small 

diameter. 3-finger grip with the object 

resting on the palm, Object 

orientation: horizontal. 

Presicion Prismatic 

4-

fingers 

XIX. Thumb-4 

fingers 

Cylindrical or prismatic-shaped object 

with a small diameter; 4-finger grip 

along the object's surface and the 

thumb on top of the surface. Portrait 

object orientation. 

3-

fingers 

XX. Thumb-3 

fingers 

A cylindrical or prismatic-shaped 

object of small diameter; 3-finger grip 

and thumb on top of the surface. 

Portrait object orientation. 

2-

fingers 

XXI. Thumb-2 

fingers 

Cylindrical or prismatic-shaped object 

with a small diameter; 2-finger grip 

along the object's surface and the 

thumb. Portrait object orientation. 

1-finger 

XXII. Tip Pinch 

A cylindrical or prismatic-shaped 

object, such as a needle. The grip of 2 

fingers, index, and thumb, in the form 

of a ring holding the object. 

Orientation of the object 

perpendicular to the thumb. 

XXIII. Thumb-1 

finger 

A flat, rectangular, cylindrical, or 

prismatic object. The grip of 2 fingers, 

index, and thumb, in the form of 

clamps holding the object. Orientation 

of the object parallel to the thumb. 

XXIV. Inferior 

pincer 

Prismatic object. The grip of 2 fingers, 

index, and thumb, in the form of 

clamps holding the object around its 
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surface. Orientation of the object 

parallel to the thumb and index finger. 

Circular 

Disk 
XXV. Precision 

disk 

Disc-shaped object with an 

approximate radius-diameter ratio of 

1/8. Diameter between 70 and 100 

mm. 5-finger grip with the palm on 

one of the flat surfaces of the object. 

Object orientation is horizontal and 

downward. 

Sphere 

XXVI. Precision 

sphere 

Object in the form of a sphere with an 

approximate diameter of 60mm. Grip 

with the tips of the five fingers. Object 

orientation is vertical, downwards. 

XXVII. 

Quadpod 

Sphere-shaped object with an 

approximate diameter of 30mm. Grip 

with the tips of the three fingers and 

the thumb. Object orientation is 

vertical, downwards. 

Tripod XXVIII. Tripod 

Sphere-shaped object with an 

approximate diameter of 30mm. Grip 

with the tip of 2 fingers and the thumb. 

Vertical object orientation, 

downwards. 

 

 

Based on the Grips modes classification, gripping modes are also categorized according to 

the shape of the object to be held, bringing them all into three large categories [15]. Those 

three large categories are Parallel or flat gripping mode, cylindrical gripping mode, and 

spherical gripping mode [16]. Other categories are derived from these three, such as Tip 

mode, Hooke mode, and Lateral mode, which are presented as specific cases of the main 

categories. For example, Lateral mode is a particular case of parallel mode, where the object's 

thickness is hundreds of times less than its perpendicular area. 

The following image (Figure 2) shows the three main grip types:  
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z 
Figure 2 Robotic grip types 

 

2.2 Robotic Grippers  

 

Grippers are one of the most often utilized end-effector equipment for robots. Depending on 

the application, numerous kinds of robotic system grippers are required. Therefore, picking 

the appropriate one is a crucial component of the design process [17]. In addition, there are 

a variety of meanings for manipulating and grasping, depending on the context and intended 

use. In general, mechanical manipulation applies force or torque to an item to cause motion 

or deformation, while grasping is holding an object [18]. 

 

Multiple materials are used to construct grippers. Recent gripper research has focused on soft 

materials, microelectromechanical systems, and synthetic sheets. In addition, modern 

materials, such as piezoelectric, shape-memory alloys, intelligent fluids, carbon fiber, and 

many others, are being used to increase the functioning of grippers [19]. 
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2.2.1 Types of Robotic Grippers  

 

Multiple criteria may be used to classify robotics grippers. For instance, they may be 

classified according to their uses, actuation, mechanism type, and material. To begin with, a 

first categorization based on applications is made, and then other classifications are delved 

into to delimit all the characteristics used for the proposed design. [19] 

 

• Grippers for Industry:  Initially, grippers were designed for factory usage. They are 

grippers used in mass production coupled to a stationary platform. Regarding 

industrial grippers, several conditions may be investigated, such as the geometrical 

condition of grabbing, position and orientation of gripping, static equilibrium of 

grasped objects, and dynamic conditions [20]. 

 

• Grippers for Known Environments: Most grippers used in controlled environments 

are used for manipulating prefabricated parts. When the parts are in their specified 

orientations, it is simpler for grippers to hold the object. These grippers may employ 

servos, non-contact sensors, contact sensors, or a combination of the three to receive 

input. Hall sensors, accelerometers, ultrasonic and photoelectric detectors are 

examples of sensors used for this kind of grippers. This device can detect a variety of 

variables, including position, force, torque, speed, or/and acceleration [21].  

 

 

• Grippers for Unknown Environments: Frequently, grippers may be assigned pick-

and-place tasks without knowledge of the surrounding environment. Various designs 
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and methods have been developed to enhance the flexibility of grippers in unfamiliar 

environments, including the use of machine-vision systems, sensory feedback, and 

innovative grasping mechanisms with increased flexibility. Object detection is also 

performed using camera systems [19]. 

 

• Grippers for Fragile Objects: Most grippers in this category include underactuated 

and compliance mechanisms. These mechanisms are achieved by replacing rigid 

joints with a framework composed of hyper-elastic materials that flex continually in 

reaction to external or internal forces. Due to the structure of their mechanism, they 

can securely pick up and handle delicate goods such as eggs and food [22].  

 

• Grippers for Medical Applications: Regarding the usage of robotic grippers in 

surgery, the absence of force feedback and tissue damage are two of the primary 

concerns. Soft-bodied grippers are well suited for use in the medical industry because 

of their inherent safety and self-limiting properties, which allow for safe contact with 

biological tissues [19]. 

 

• Grippers for ADLs: This type of gripper is used in assistive robots, whose primary 

function is to carry out daily living activities. 2 or 3 finger grippers with underactuated 

mechanisms are commonly used for these applications [138]. 

 

• Micro and Nano Grippers: Thanks to the growing field of nanotechnology, various 

designs, and technologies of micro and nano grippers have been developed. These 

grippers, used to manipulate micro assemblies and bio and nanomaterials, are 
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composed chiefly of semiconductor materials. Some of those can even manipulate 

objects smaller than 10 micrometers [23]. 

 

• Soft Fabric Grippers: Fabric selection remains an unresolved issue in the gripper 

development process. Ingressive grippers, also known as piercing grippers, have been 

designed for this purpose. Because suction cups cannot vacuum porous substances, 

they are used to maintain textiles in the textile industry. In contrast to other materials, 

textiles may be perforated during transport without damaging their underlying woven 

structure [19].  

 

2.2.2 Nottable Grippers:  

 

Salisbury Hand:  

 

The Salisbury hand [33] was the first humanoid robot hand to be built successfully as a 

sophisticated end-effector for grasping investigations. Since then, numerous robot hands 

have been designed and implemented, serving in various industrial, hazardous, and remote 

environments, from power plants to outer space [32]. 

Each of the fingers has three joints in this design, allowing it to mimic the human hand's 

dexterous gripping somewhat. Steel wires activate the fingers via flexible tubes coated with 

Teflon. A DC brush-type motor, functioning through a gear reducer, provides tension to each 

cable (Figure 3). The actuator package may be mounted on the robot's forearm thanks to the 

flexible conduit that allows the wires to be routed around the wrist [33]. 
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Figure 3 Salisbury hand Mechanism 

 

Barrett Hand: 

 

Barrett's hand is one of the most famous examples of hands used in industry and for grasping 

and manipulating research. In order to make the robot hand more effective in grasping tasks, 

this research investigates its modeling and contact control [33] inside of the hand; one motor 

power each finger, responsible for powering two joint axes. These joints receive torque 

through a TorqueSwitch mechanism (Figure 4). When a fingertip first makes contact with an 

object, it locks both joints, deactivates motor currents, and waits for further instructions from 

the microprocessors [34]. 
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Figure 4  Barrett hand Mechanism 

 

 

DLR Hand: 

 

The DLR Hand [35] is an aluminum and steel open skeleton hand that can manipulate various 

objects with great dexterity and accuracy. In each finger, three separate joints are driven by 

their actuators. All actuation systems are built by brushless dc-motors, tooth belts, harmonic 

drive gears, and bevel gears at the base joint. As can be seen in Figure 5, the base joint is a 

differential bevel gear type, allowing for two independent motions. In addition, the two 

actuators may be used to their utmost potential, allowing the joint to flex or extend as needed. 
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Figure 5 DHL Hand Differential Mechanism 

 

Schunk Gripper:  

 

The Schunk SVH hand [36] is one of the most compact designs ever. All the humanoid 

SCHUNK hand motors are housed in the wrist, saving a good amount of space for the 

mechanisms. This robotic gripper hand has 20 individual joints, and most of the SVH's joints 

are operated by leadscrew mechanisms that transform linear motion into rotational motion. 

There are a total of 22 joints. However, only nine are fully actuated, converting this hand into 

an underactuated mechanism (Figure 6). 
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Figure 6 SVH Hand Distribution 

 

2.3 Robotic Grippers in Assistive Robots:  

 

One of the most important uses of robotics is the employment of assistive robots in healthcare 

settings. Assistive robotics help those who need special attention, such as people with 

reduced mobility, the elderly, and people with disabilities.  

The field of study of assistive robots is expanding quickly. Assistive robots are generally 

categorized as interactive robots [24], which means that, like Co-bots, they interact directly 

with the users who control them. Moreover, Grippers specially designed to be used in assisted 

robots have their categorization. The design and materials used in these grippers vary over a 

wide range. For example, some grippers can handle fragile objects and grasp a wide range of 
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shapes, while others can carry more than 10 kilograms of weight, open doors, and grasp 

objects placed on tables and shelves [25]. In general, grippers designed for assistive robots 

should be able to perform a minimum of tasks effectively, such as those shown in Table 2:  

 

Table 2 Minimum Task list for assistive robots 

 

2.4 Activities of Daily Living (ADLs) 

 

activities of daily living (ADLs) are a set of essential activities that we commonly carry out 

in our day to day. The list of ADLs represents the minimum tasks a person should be able to 

perform to be independent of another person's care [26]. According to a user study with six 

participants, the most frequently requested activities involved personal hygiene (washing 

face and hands, brushing teeth, combing hair, or applying cosmetics), lying in bed (bringing 

goods close), in a wheelchair (eating, drinking, and bringing objects close), and in the kitchen 

No. Task  

1 Picking/ Placing objects from Table, book, pen 

2 Picking/ Placing objects from Ground, shoe 

3 Picking/ Placing objects from Man reach, Upper shelf 

4 Holding objects (up to 10 lbs) 

5 Opening & closing drawers 

6 Push-pull, Swing open-close doors 

7 Holding cup near month 

8 Gradual upward positioning of the cup during drinking 

9 Holding spoon/fork 

10 Maneuvering spoon/fork to take food from bowl to plate 

11 Maneuvering spoon/fork to put food in mouth 

12 Holding credit cards, Swipe credit cards at market, ATM booth 

13 Putting pills/medicine in mouth 

14 Holding medicine 

15 Opening/ closing Refrigerator, oven Door 

16 Opening/ closing lid of jar, box, paper box, cap of bottles 

17 holding the phone near ear or put in speaker mode 

18 Holding Pen, Maneuvering on paper or surfaces 

19 Holding printed books, turning pages 
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(opening cupboard doors and moving utensils) [27]. In that order, ADLs are classified into 

seven broad categories (Table 3): 

 

Table 3 [28] Activities of daily living categories 

 

 

A list of objects organized according to their dimensions and weights emerges from the 

previous categories. During the design stage, this data will be used to define the proposed 

gripper's parameters. 

 

Table 4 List of objects used to design the GAR 

Objects Min Diam Min 

Height 

Min 

Length 
Min 

Depth 

Min 

Weight 

Max 

Diam 

Max 

Height 

Max 

Length 

Max 

Depth 

Max 

Weight 
Glass of 

water 

41 mm 87 mm - - 112 gr  

empty  

93 mm 164 mm - - 607 gr 

full  
Apple 62 mm 62 mm - - 107 gr 92 mm 62 mm - - 396 gr 
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Pen - 8 mm 8 mm 45 5.2 gr - 9 mm 9 mm 235 

mm 

5.2 gr 

Tablet - 142 mm 115 mm 9.6 

mm 

286 gr - 262 mm 159 

mm 

9.8 

mm 

504 gr 

Shoe - 74 mm 200 mm 45 

mm 

110 gr - 102 mm 302 

mm 

58 

mm 

161 gr 

Smart 

phone 

- 75 mm 158 mm 9,2 

mm 

192 gr - - - - - 

Pill 

bottle 

25,4 mm 61 mm - - 3.71 gr - - - - - 

book - 130 mm 190 mm 14 

mm 

172 gr - 205 mm 260 

mm 

38 

mm 

1072 gr 

Pair of 

glasses 

- 125 mm 140 mm 30 

mm 

60 gr - - - - - 

Stylus 10 mm 134 mm - - 6 gr - - - - - 

Single 

pill 

8 mm 4 mm - - 250 mg 8 mm 17 mm - - 500 mg 

Cereal 

box 

- 254 mm 196 mm 88 

mm 

370 gr - - - - - 

Pringle 89 mm 125 mm - - 65 gr 89 mm 380 mm - - 158 gr 
Coffee 

jar 

- 254 mm 158 mm 107 

mm 

1088 gr  

empty 

- 254 mm 158 

mm 

107 

mm 

2588 gr 

Bread - 52 mm 96 mm 37 

mm 

33 gr - 115 mm 225 

mm 

85 

mm 

395 gr 

2L Milk - - - - - - 152 mm 102 

mm 

82 

mm 

2120 gr 

Drawers - 145 mm 120 mm 46 

mm 

145 gr 

empty 

- 230mm 143 

mm 

80 

mm 

248 gr 

empty 
Knob 48 mm 48 mm 48 mm 48 

mm 

192 gr - - - - - 

Credit 

cards 

- 88 mm 78 mm 2 mm 10 gr - - - - - 

 

 

Additionally, it is essential to understand the performance of commercial grippers and 

compare it with the proposed gripper regarding grasping objects from Table 4. For a better 

understanding, factors such as the maximum weight each gripper can support and the 

maximum size of the objects it can grasp is also presented in the following list (Table 5), 

along with the number of objects each gripper can correctly manage. 
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Table 5 Commercial grippers comparison 

Gripper 
Actuators 
Used 

Weight 
[kg] 

Precision 
[mm] 

Payload 
[kg] 

Max 
Stroke 
[mm] 

Objects Can Handle Fingers Sensors 

GAR  
electrical: 
linear 

0.67 0.50 5.00 110.00 

glass of water; pill 
bottle, book; smart 
phone; pringle; shoe; 
cereal box; apple; 
bread; 

3 - 

Hand-E Adaptive 
electrical: 
linear 

1.00 0.40 5.00 50.00 
glass of water; pen; 
book; pill bottle; knob 

2 - 

3-Finger Adaptive 
Robot 

electrical: 
rotary 

2.30 0.05 10.00 150.00 
glass of water; pen; 
book; smart phone; pill 
bottle; Pringle; knob 

3 Tactile 

2F-85 Gripper 
electrical: 
rotary 

0.90 0.40 5.00 85.00 
glass of water; pen; 
book; pill bottle; knob; 
shoe 

2 - 

2F-140 Gripper 
electrical: 
rotary 

1.00 0.60 2.50 140.00 
glass of water; pen; 
book; smart phone; pill 
bottle; Pringles; knob 

2 - 

Vacuum Grippers 
EPick 

pneumatic 0.71 0.00 10.00 0.00 

tablet; smart phone; 
book; cereal box; 
credit cards 

1 
Camera; 
Torque 

Vacuum Grippers 
AirPick 

pneumatic 0.48 0.00 10.00 0.00 

tablet; smart phone; 
book; cereal box; 
credit cards 

1 
Camera; 
Torque 

HRC-01 
electrical: 
linear 

1.60 0.05 50.00 80.00  - 2 - 

OnRobot 2FG7 
electrical: 
linear 

1.10 0.10 7.00 59.00 
pen; stylus; knob; 
eyeglasses 

2 - 

OnRobot RG6 
electrical: 
rotary 

1.25 0.10 6.00 130.00 
glass of water; pen; 
book; smart phone; pill 
bottle; Pringles; knob 

2 - 

OnRobot RG2-FT 
electrical: 
rotary 

0.98 0.10 2.00 100.00 
glass of water; pen; 
book; smart phone; pill 
bottle; Pringles; knob 

2 - 

OnRobot 3FG15 
electrical: 
linear 

1.15 0.10 10.00 152.00 
pen; shoe; smart 
phone; pill bottle; 
Pringles 

3 - 

OnRobot Soft-
Gripper 

electrical: 
linear 

0.17 0.10 2.20 40.00 apple; bread - - 

Gentle Duo Mini 
Soft Gripper 

electrical: 
linear 

0.80 - 1.50 175.00 apple; bread 2 - 
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Finally, to narrow down the scope of this thesis:  

This research focuses on the mechanical development of a simple robotic gripper with a 

minimally feasible design that can grasp various objects of different shapes and weights. 

Based on Table 3 and Table 4 (The tasks/objects tables mentioned before), the design target 

is to perform those tasks in the range of 80% effectiveness for all the objects presented.  
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CHAPTER 3  

LITERATURE REVIEW: 

 

The capacity to grasp and manipulate objects has been indispensable to the development of 

robots [37-46]. Utilizing advancements in gripper technology, manufacturers can use end-

effector tooling for picking, placing, and packing objects to gain precision, performance, and 

productivity [47]. Gripper's classification is based on its design, power source, and 

application. For instance, one of the most straightforward designs for industrial grippers is 

the parallel motion two-jaw gripper, commonly used to lift objects [48] – [51].  The bellows 

gripper, the O-ring gripper, and the needle gripper are three additional design types. 

Depending on the application requirements, industrial grippers can be hydraulic, pneumatic, 

or electric [54] – [56]. However, even though the number of grippers currently available on 

the market has increased over the years, there are still many complex tasks that robots cannot 

perform. Robotic grippers have difficulty grasping delicate items with the proper force [39, 

42, 44, 46]. For instance, a gripper handling fruit or food must hold it firmly enough to 

prevent it from slipping out of their hands yet gently to prevent the item from being harmed. 

Human fingers are soft and can adapt to different situations, but this is not a characteristic of 

robotic grippers, which are often constructed of metal or other hard materials. To address this 

challenge, designers created grippers made from softer materials, enabling robotic grippers 

to manipulate delicate items and establishing the field of soft robotics. Soft robotics is a 

subfield that focuses on robots constructed from soft materials resembling those of biological 

animals, such as the tentacles of an octopus or a human's fleshy finger. Recent advancements 

in soft robotics make it possible for robots to overcome previous barriers and join new 

industries [57, 58]. 
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Dexterity is another problem for gripper design. Many conventional gripper designs consist 

of two or three stiff fingers. While they are successful at pick-and-place tasks, they are only 

suitable for some simple manipulation tasks [59], [60]. In order to be practical and effective 

during picking and placing tasks, the gripper must adapt itself to the shape of the item 

grasped. Specialize in grasping and manipulating objects using ultra-sensitive touch sensors 

and having low power consumption, resembling a human hand [61]. 

 

This chapter investigates the most recent industrial and research designs of grippers to answer 

the question: which gripper design can handle the majority of items regardless of their 

fragility, form, or weight?  

 

Consequently, Grippers are categorized based on their mechanical design, the degrees of 

freedom (DOF), the type of actuation, and the shape of the graspable objects, focusing the 

research on determining which gripper has the best handling capabilities. 

 

The Chapter structure is as follows:  

 

• The process for choosing and structuring the selected articles for the analysis is 

presented in Section II.  

 

• The classification of grippers in Section III is based on their degrees of freedom and 

design.  
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• Sections IV, V, and VI successively cover the constrained gripper mechanism, the 

under-constrained gripper mechanism, and the deformable grippers.  

 

• The grippers are organized in Section VII according to their uses and grabbing 

capacity.  

 

• Finally, in Section VIII, the analysis's conclusions are presented. 

 

3.1 How to Choose the Papers to Analyze? 

 

In January 2022, a systematic electronic search was conducted in a few databases to choose 

studies focusing on the robotic arm gripper's current design and control methods. 

Furthermore, the research was restricted to the last five years to focus on the most recent 

advancements in this sector. In order to concentrate on the most recent developments in this 

sector, the research was limited to the past five years. "Robotic gripper," "robotic hand," 

"gripper design," "robotic manipulation," and "robotic grabbing" are search terms.  

 

Various databases, including Google Scholar, IEEE Xplore, ScienceDirect, Engineering 

Village, Microsoft academic search, Google Patent Search, Scopus, Springer, PubMed, 

MDPI, IOS Press, Hindawi, SAGE, PLOS, Frontiers in Robotics and AI, were searched for 

this study.  

 

In this search, around 235 publications are identified for evaluation. However, following a 

preliminary screening, 190 papers were selected for assessment. Several articles were then 
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rejected based on eligibility criteria (particular objectives, duplication, and review), resulting 

in the selection of 64 papers for a comprehensive evaluation.  

 

All of the selected papers (n=64) were reviewed, including their abstracts, introductions, 

design approach, experiments, conclusions, and future work sections, in order to identify any 

additional pertinent information, such as the problem addressed, contribution, control theory, 

applications, experiments, used material, and sensors.  

 

The inclusion and exclusion criteria are illustrated in Figure 7.   

 

Figure 7 Papers selection method 

 

3.2 Systems-Based Classification for Robotic Grippers 

 

There are three basic categories for classifying the design of robotic grippers based on their 

mobility: completely confined, underconstrained, and deformable. Furthermore, as seen in 
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Table 6, several subgroups are within these categories. This research examines each 

categorization of robotic grippers, concentrating on their merits and limitations. 

 

Table 6 Categorization of robotic grippers 

Completely constrained 

Compliant 

mechanism 

Cable driven [42] 

linear actuator [37], [62]-[64] 

Rigid links 

Linear actuator [65]-[67] 

Rotary actuator [68]-[70] 

Cable driven [40], [71], [72] 

Unspecified [106] 

Electromagnet [73], [74] 

Underconstrained 

Compliant 

mechanism 

unspecified [75] 

Cable driven [50], [76] 

Rotary actuator [77] 

Linear actuator [78] 

Piezo actuator [79], [80] 

Rigid links 

Linear actuator [51], [81], [82] 

Rotary actuator [46], [83]-[86] 

Cable driven 
[41], [45], [48], 

[49], [87]-[94] 

Pneumatic actuation [95] 

Deformable 

Single mass 

gripper 

Vacuum [38], [47], [96] 

Cable driven [44], [97], [98] 

single mass finger 

Pneumatic/Hydraulic 

actuation 
[43], [99]-[105] 

Dielectric elastmer 

(DE) actuator 
[106] 

Linear actuator [107] 

Square continuun 

robot 
Cable driven [108] 

 

3.3 Analysis of Chosen Papers:  

 

3.3.1 Completely Constrained Gripper Mechanism  

 

Devices with a degree of freedom equivalent to the number of actuators they include are 

wholly restricted mechanisms. These mechanisms allow the trajectory of the tip of the finger 
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to follow a route that has been predetermined. Because of this attribute, the device can create 

a large output torque, which enables the gripper to grasp things with a significant weight [62], 

[77].  The majority of these devices only have one degree of freedom (DOF) to regulate the 

gripper's motion, which restricts the types of complicated objects that the gripper may 

manipulate [65]. In order to address this problem, researchers have increased the degrees of 

freedom (DOF) present in the grippers, resulting in a reduction in the amount of torque that 

can be generated by the grippers [69]. In addition, there are two types of entirely confined 

finger mechanisms: compliant mechanisms and rigid links. These categories are based on the 

designs of the mechanisms. 

 

3.3.1.1 Compliant Mechanism 

 

A compliant mechanism is a flexible mechanism that transmits force and motion by 

deforming elastically. Compliant mechanisms feature fewer moving components, making 

them lightweight. Also, friction affects flexible connections less than rigid ones because 

flexible connections need fewer parts than other mechanisms. In addition, the reduced 

number of assembly components reduces undesired nonlinear effects such as backlash and 

noise in compliant mechanisms.  

Typically, compliant mechanisms are made from 3D-printed materials, which minimizes 

manufacturing costs. However, because the linkages are flexible, they are significantly 

weaker than rigid links, diminishing the output torque capabilities [109]. 

A common design technique for compliant mechanisms is topological optimization, as stated 

in [42] for a 3-fingered gripper. The optimization's primary objective was to simplify the 

modeling of gripper-object interactions. Figure 8 depicts the steps of gripper design 
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optimization. During the author's research, the optimization model analyzes the loading 

pressure and traction frictions to determine the objective function in this instance. Finally, 

they test the mechanism activated by cables and pulleys. 

 

Figure 8 Topological optimization stages 

 

Another example of a compliant mechanism is utilized for each finger of a three-finger 

flexible gripper [37]. The finger mechanism moves linearly, as seen in Figure 9. The finger 

mechanism was constructed from thermoplastic elastomer (TPE) and tuned for interactions 

with unexpected surroundings and manipulating delicate items of varying sizes. In addition, 

the gripper mechanism includes only one linear actuator to move all three fingers 

concurrently, resulting in identical displacement for each finger. 
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Figure 9 Flexible finger performing linear motion 

 

A similar idea was presented in [62], which centered on the best design of a 3D-printed finger 

with continuous force compliance. This finger mechanism employs a force control method 

to manipulate fragile items rapidly. The force-regulatory strategy is described in detail in 

[63]. Figure 10 depicts the gripper's actuation system, which includes the jaw and FRM. The 

gripper mechanism is pneumatically activated and contains two spring-like complaint 

mechanisms.   

 

Figure 10 Actuation system of a gripper including the jaw and FRM 
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As demonstrated in [64], other devices incorporate sensors into the construction of the 

compliant gripper. This compliant gripper incorporates an integrated position and 

grasping/interaction force sensor for automated micro-assembly tasks. The inbuilt sensor 

restricts the workspace to 2.2 mm at a distance of 2.2 mm with a grasping force of 16 mN. 

However, this may not be an imminent feature for the planned use of this gripper. Figure 11 

depicts the end-effector control mechanism with integrated force and position sensors and a 

piezoresistive strain gauge. This gripper mechanism uses topological optimization using 

finite elements as well. Comparing the optimization findings to those of an experimental 

environment, the author demonstrated the viability of this technique. 

 

 

Figure 11 Structure of the complaint mechanism with integrated sensors. 
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3.3.1.2 Rigid Links 

 

In contrast to flexible mechanisms, rigid linkages may provide ample output torque while 

maintaining rigidity. Nonetheless, force sensors are necessary for this gripper device to 

prevent damage to the objects being handled. 

This architecture is illustrated in [71], which provides a cable-driven adaptive multi-DOF 

finger with an integrated mechanical sensor to control the position and output torque. This 

ABS finger mechanism is capable of making single-plane movements. In addition, the design 

of this finger mechanism maximizes output forces along a preset path, resulting in a gripper 

mechanism capable of grasping objects measuring 55 mm in diameter and weighing 800 

grams. Figure 12 depicts the kinematic diagram of the gripper mechanism for the design 

trajectory. 

 

Figure 12 Kinematical diagram of the finger mechanism for the design trajectory. 



36 

The mentioned source [40] offers another example of a stiff gripper with equivalent features. 

The rigid gripper is a four-finger, cable-operated hand gripper, with each finger possessing 

three degrees of freedom. In addition, each finger on this gripper is the same length and has 

two phalanges. 

As in the case of reference [72], some stiff grippers feature variable friction surfaces that 

improve the gripper's manipulability and dexterity. As illustrated in Figure 13, the friction of 

this gripper is modified by the operation of two pulleys coupled to DC motors. The texture 

of this gripper is a combination of PLA and TPU. 

 

 

Figure 13 System of friction changing Surface. 

 

The requirement for a precise control approach restricts the use of rigid connections. Due to 

the nature of the force sensor, it is impossible to achieve this accuracy. As demonstrated in 

reference [66], some authors approximate experimental data into an accurate control plan 

using a fuzzy logic controller. Figure 14 illustrates the experimental setup performed by the 
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author to validate the behavior of this approach. Other designs with stiff links, such as [110], 

employ link chains with closed loops. As seen in Figure 15, this finger gripper consists of 

two parallel grippers constructed from symmetric parallelograms. 

 

 

Figure 14 Gripper configuration with one movable finger (with force sensor) and one fixed 

finger (with slip sensor) to ease the control  

 

 

 

 

Figure 15 Finger gripper composed of two parallel grippers of symmetric parallelograms 
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This kinematical design has the advantage of being easier to implement, ensuring that the 

tool responds efficiently to the gripping forces and spring stiffness. In addition, certain rigid 

links grippers use lead screws to enhance precision. There are examples of this practice in 

references [67] and [65]. As seen in Figure 16, the former employs a gripper modeled after a 

chuck clamping mechanism. This gripper features a closing mechanism that positions 

objects. The latter employs the technique depicted in Fig. 17. 

 

 

Figure 16 Assembly and operation of the chuck type system 

 

This stiff link system can handle goods weighing up to 5 kg and delicate products such as 

eggs. Both gripper mechanisms are self-locking, decreasing energy usage since the motors 

do not need to be constantly engaged. Due to the significant mechanical advantage, however, 

this sort of gripper mechanism has a problem with slow motion. Other versions operate stiff 

linkages using electromagnets. 
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Figure 17 Representation of the gripper holding an egg without breaking it 

 

For instance, a fabric-manipulating electromagnet-actuated gripper is shown in reference 

[73]. As illustrated in Figure 18, the gripper features a slider-crank mechanism. 

Multiobjective genetic algorithms are utilized to optimize more complex electromagnet-

actuated grippers. The citation [74] provides an example of this optimization strategy. The 

authors modeled the actuator as a stack of series and parallel arrays of individual actuator 

components arranged in four possible configurations. As a result of this optimization 

procedure, the gripper is more precise than other grippers of the same type. However, 

electromagnets require substantial input energy, rendering them unsuitable for autonomous 

applications.  

 

 



40 

 

Figure 18 Electromagnet actuated gripper 

 

3.3.2 Underconstrained Mechanism 

 

3.3.2.1 Compliant Mechanism 

In comparison to fully constrained mechanisms, underconstrained mechanisms offer a 

broader range of motion. The enhanced motion is due to more degrees of freedom (DOF) 

than actuators, allowing for greater flexibility when manipulating irregularly shaped items. 

Typically, springs passively activate the additional DOF to sustain the structure. However, 

as with underconstrained compliant systems, the geometry of the gripper may already 

incorporate the spring's effects. Figure 19 depicts a robotic gripper with compliant cell stacks 

designed for industrial component handling by the authors of reference [75]. 
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 Figure 19 Robotic gripper with compliant cell stacks mechanism  

 

Another example is offered in [76], which describes the development of a three-fingered 

robotic gripper inspired by the origami tower (Figure 20). A central servomotor controls the 

cable-driven activation of each finger of the gripper. Although the gripper mechanisms can 

manipulate complex-shaped items, their payload capacity is capped at 100 Nm. This type of 

gripper has a low carrying capacity, which is a disadvantage.  

 

Figure 20 Underactuated robotic gripper inspired in an origami twisted tower 
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The authors of [82] designed a passive-compliant piezo-actuated micro-gripper (Figure 21), 

whereas the author of [77] offered a 3D-printed Gripper for Cloth Manipulation and position 

control (Figure 22). The latter, however, utilized a variable friction finger surface controlled 

by a micromotor that pushed the high friction surface to the tip of the top finger, thereby 

boosting the payload capacity. 

 

Figure 21 Passive-compliant piezo actuated micro-gripper  

 

Figure 22 3D Printed Gripper for Cloth Manipulation. The figure shows the motors used to 

change the friction in the gripper. 
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The previous type of gripper is constrained by the need for a force sensor to detect the 

distributed forces on a surface. In order to accomplish this, the authors of the given study 

[119] designed a gecko-inspired gripper with a metalized ABS polyimide or mylar polyester 

surface for the sensors (Fig. 23). The sensor is fabricated on-site using thin adhesive films on 

each finger. It analyzes the change in capacitance that occurs when an adhesive area comes 

into contact with a surface. 

 

Figure 23 Movement sequence to perform a full grasping 

 

The authors of [78] designed a second sensor for a compliant adaptive gripper with implicit 

force. Knowing the gripper's deformations enables the calculation of output force. The 

authors employed a large numerical network model to calculate the system's deformation 

(NTM). Using a hand-eye camera, the NTM determines the mechanism's node coordinates 

(Figure 24). Using the node data, the NTM then calculates the gripping force of the gripper. 

The proposed mechanism is the first fin-ray-based gripper capable of adaptive grabbing and 

intrinsic force sensing without requiring a separate force sensor. 
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Figure 24 Representation of the theoretical deformation of the gripper given by the general 

numerical network model 

 

The author of the mentioned study [80] designed a one-of-a-kind compliant constant-force 

gripper based on buckling fixed-guided beams with comparable properties (Figure 25). 

Incorporated into the gripper is a passive, compliant, constant-force mechanism. Combining 

positive and negative stiffness mechanisms allows the gripper to produce a constant output 

force. The mechanism for negative stiffness is a bidirectional, fixed-guided beam. 

 

 
Figure 25 Compliant mechanism structure model 
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3.3.2.2 Rigid Links 

 

The load capacity of underconstrained rigid gripper mechanisms is greater than that of their 

compliant equivalents. However, in contrast to wholly constrained gripper mechanisms with 

rigid links, the load capacity of these mechanisms is still reasonably moderate. Therefore, 

they have an average output load capacity. Moreover, the bulk of designs for 

underconstrained grippers incorporate optimization strategies to improve kinematic 

capabilities. 

The reference authors [87] illustrate an optimized gripper and present a geometric design for 

underactuated three-phalanx fingers. This research investigates the stability of two types of 

cable-driven, underactuated three-phalanx fingers. In addition, the theory for the optimal 

design of the gripper is provided, along with an objective function that maximizes the forces 

normal to the contact trajectory while limiting contact loss and ejection (Figure 26). 

 

Figure 26 Clamping sequence for an object preventing ejection from the gripper design 
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Another illustration of optimization may be found in reference [51], which details a 

multimodal adaptive gripper with the ideal design of a reconfigurable finger designed to 

improve robotic manipulation without sacrificing gripping efficiency (Figure 27). Utilizing 

a simultaneous multi-start search method, the authors optimize the volume of the workspace 

for a range of objects. This method computes the workspace for dexterous manipulation by 

considering all possible item positions during in-hand manipulation. The technique builds a 

planar point cloud by grouping all configurations into this collection of points. The bounding 

volume of the point cloud is generated using the alpha-Shape method, which formalizes the 

abstract shape of the provided collection of points using Delaunay triangulation. 

 

 

Figure 27 Multimodal adaptive gripper with the optimal design of a reconfigurable finger 

 

Other methods boost the gripping capability of a gripper by adding spines. For instance, the 

authors in reference [41] offer a passive spine gripper for a climber robot that can handle 

hard rocky surfaces. This six-fingered gripper is excellent for space exploration in uncharted 
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settings. The mechanism's (Figure 28) twin spines let it clamp to various surfaces. The finger 

component is attached to a preload spring within the gripper. A servomotor-pulley actuator 

governs the finger mechanism. In addition, to release or remove the gripper from the surface, 

a servo motor pulls a nylon gut linked to each fingertip. The range of the gripper is 120 

degrees, and it can hold 4.7 N. The author determined the spring's stiffness using energy 

techniques.  

 

 

Figure 28 Dual spines that allow the mechanism to clamp to different surfaces 

 

A shortcoming of stiff links is that they require a more significant number of rigid 

connections than mechanisms with complete constraints. Consequently, specific gripper 

systems may be bulky. Several writers have employed cable-driven actuation to circumvent 

this problem. Consider the concept for an open-loop gripper depicted in [48]; the device is a 

two-fingered, cable-driven hand with underactuated fingers (Figure 29). Each finger is 
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tendon-driven with a 21-mm pulley diameter and an MX-28 Dynamixel servo capable of 

generating a stall torque of 2.5 Nm at 12 V. The gripper can accommodate both square and 

round items. The author evaluated the gripper by measuring the displacement position and 

orientation using an Ascension trakSTAR sensor located in the gripper's core. The sensor has 

a spatial resolution of 0.5mm and 0.002 rad for tracking 6-DOF. In addition, the gripper has 

a stroke of 0 to 103 mm and a holding force of 8.9 N at the fingers. The article's scope is 

restricted to describing the design, not its mathematical considerations. According to the 

authors, however, reference [111] presents a library for creating underactuated grippers.  

 

 

Figure 29 Internal gripper assembly 

 

Another comparable two-fingers underactuated system with cable-driven actuation and 

active tactile manipulation is described in the reference [49]. The tip is a rubber-like 

substance with white pins (1 mm in diameter) embedded in its inner surface. The tip is 3D-

printed using a multi-material 3D printer (Stratasys Objet 260 Connex), with the solid 
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elements produced in the Vero White material and the flexible skin created in the rubber-like 

TangoBlack+ material. An acrylic glass filled with RTV27905 silicon gel separates the 

electrical components from the tip. A circuit of six LEDs lights the protruding rubber pins 

inside the tip surface (Figure 30). Object size and form determine the whole range of 

orientations, which ranges from -34.4 degrees to 32.3 degrees for a cylinder with a 20 mm 

diameter to 21.8 degrees to 20.6 degrees for a cylinder with a 35 mm diameter. 

 

 

Figure 30 Layers used to use Leds as sensors at the tip of the gripper 

 

For engagement in an unpredictable environment, the authors of [90] designed a gripper with 

transitional features between a precision pinch and a compliant grasp. Each finger has a 

minimal number of components for flexion action: one stiff link, one belt, one fingertip 

frame, and one motor (40 Watt ECX16 motor) (Figure 31). The structure of the fingers 

enables precise parallel pinching and a highly compliant, pressure-distributed, steady grip. 

The gripper is constructed from a high-rigidity flexible belt material, while the fingers are 
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composed of ABS. The gripper's grasping force is close to 13 N, and it can grasp various 

objects, such as a drill, baseball, hammer, cup, and tape. Kinematics improves the gripper by 

identifying the ideal lengths for a Compliant Grasping Pose. 

 

 

Figure 31 Double actuated gear and belt system of the gripper 

 

In addition, the authors of reference [91] created an underactuated origami gripper for 

modifying the joint stiffness (Figure 32). This two-fingered gripper comprises shape-memory 

polymers and is controlled by a tendon-driven Robogami system with adjustable stiffness 

joints. Without a control method, the regulated compliance of the fingers limits contact 

pressures to the desired magnitude without requiring Feedback. The lack of a sensor 

simplifies the gripper's functioning and enables it to grasp delicate and small objects such as 

an egg, foam, and a penny. For example, the gripper could hold a penny with a minimum 

diameter of 31.5 mm and a maximum moment of 970 Nmm. By considering system energy, 

the authors discovered a link between tendon tension and joint angle. 
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Figure 32 Underactuated origami gripper for changing the stiffness of the gripper joints 

 

In [92], the authors present a physics simulation for the design of a cable-driven robot gripper 

with a passively switchable underactuated surface based on parameter optimization. The 

author suggested a gripper with a partially active fingertip surface (Figure 33). In response 

to the activation of a single motor, a spring-loaded passive switching mechanism produces 

three grasp modes in series: approaching the object as a standard parallel gripper, pulling 

items inside the hand with an actuated fingertip crawler, and power grasping the object as an 

underactuated gripper. The authors successfully proved that a gripper prototype for the 

proposed structure could pick up a 3-mm-thick sheet and a paperback book off a flat surface. 

In addition, the gripper's encircling grasp can lift cylinders from a flat surface. This gripper 

has an operating range of approximately 200 mm and a gripping force nearly linear to the 

size of the object and greater than 20 N. 
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Figure 33 Cable-driven robot gripper with a passively switchable underactuated surface 

 

[45] describes an adjustable three-fingered prismatic gripper with passive rotating joints. 

(Figure 34). Laser-cut 3 mm Delrin and 3D-printed ABS compose the basic structure of the 

hand (printed on a Fortus 250mc). Fingers are likewise 3D-printed; the finger pads are 

Smooth-On VytaFlex 30 urethane rubber castings. Each finger has a passively rotating joint 

at right angles to the palm that connects the finger's single joint to the prismatic joint. With 

the rotating joints in place, fingers can passively transition from a spherical to a cylindrical 

grasp, and the finger joint allows fingers to wrap around the object in the grasp. The article 

states that the gripper can grasp things with diameters ranging from 17.4 mm to 145 mm, a 

set of washers ranging from 9.8 mm to 50.8 mm, a credit card, and other equipment. 
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Figure 34 Adaptive three-fingers prismatic gripper with passive rotational joints 

 

In [93], the authors provide a joint-compliant underactuated gripper based on a mathematical 

description of soft robotic fingers inspired by screw theory (Figure 35). Using the mentioned 

mathematical model, the designer of a gripper can investigate how elements such as fingertip 

trajectory, stiffness, contact force distribution, and others affect the gripper's performance. 

The gripper's 85 mm reach allows it to manipulate cylindrical and spherical objects such as 

a cup, tennis ball, small box, and other objects. In addition, the gripper is manufactured of 

ABS and has a holding capacity of 43N.  
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Figure 35 Underactuated gripper exploiting joint compliance 

 

The design and study of a one-of-a-kind robotic gripper combined with a three-phalanx finger 

for medical applications are presented in [94]. The mechanism has a tiny gripper for picking 

up small objects (shown in Figure 36) and a big gripper for taking up and transporting heavy 

objects. This innovative enhancement broadens the application of the gripper to 

accommodate more routine tasks.  
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Figure 36 Novel robotic gripper integrated with a three-phalanx finger for medical 

applications 

 

Other approaches employing rigid connections with linear actuators include the one seen in 

reference [82], a reconfigurable gripper for robotic autonomous depalletizing for 

supermarket logistics. The depalletizing gripper has a pair of retractable, rail-mounted prongs 

and two suction systems, each with suction cups and controlled by a closed-loop controller 

(Figure 37). The gripper has a 10kg weight capacity and can grasp objects between 15 and 

50 centimeters in length. 
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Figure 37 Depalletizing gripper with rigid links and linear actuators 

 

In stiff links, rotary actuators are another type of actuation. [46] hints at an underactuated 

four-bar link (Figure 38). The gripper is activated by a single actuator (Maxon EC45 70-W) 

that generates a forceful squeeze regardless of the conditions. Fingertips can slide over 

curved surfaces with a diameter between 11 and 85 millimeters. The gripper can also manage 

lightweight goods. The study also includes a static and kinematic analysis in Plucker 

coordinates to determine the working principle of the actuator. The data were incorporated 

into a dimensionless link synthesis based on numerous sliding and lifting characteristics. 
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Figure 38 Underactuated four-bar linkage-based gripper 

 

A similar concept is offered in [84] and proposes a 3D-printed robot hand with three linkage-

driven, underactuated fingers that can move two or three of its digits (Figure 39). The 

mechanism of each finger consists of a chain of rigid links that separates into three phalanges. 

The design of the gripper allows it to interact with a wide range of object sizes and shapes 

with a consistent 15N contact force, including cylinders up to 81 mm by 19 mm in diameter 

and spheres up to 70 mm in diameter. In addition, the gripper is equipped with return springs 

that permit it to return to its original position. The size of the mechanism was determined by 

optimizing the grip for various objects. 

 

Figure 39 Kinematic representation of one of the three linkage underactuated fingers  
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Reference [83] provides yet another alternative for a rotational actuator gripper. This work 

provides a 3D-printed robotic gripper with low actuation for usage in unforeseen 

circumstances. Each of the gripper's fingers' underactuated mechanism comprises five joints 

and a single spring (Figure 40). The grippers are made from thermoplastic elastomer (TPE), 

polylactic acid (PLA), and acrylic block plastic (ABS). In addition, the gripper can grasp 

several common household goods, such as pencils, bottles, whiteboard erasers, and spherical 

objects, with a maximum diameter of 75 mm and a maximum weight of 2.5 kg. In order to 

select the spring, they also conducted a kinematic and quasi-static study of the finger [85]. 

 

 

Figure 40 Underactuated adaptative 3d printed robotic gripper for interactions with 

unpredictable environments 

 

In alternate designs, such as [95], pneumatic actuators are utilized. The authors describe the 

design of a hybrid robotic gripper capable of gripping large objects using soft origami 

actuators. The only degree of freedom the proposed actuator possesses is linear translation 
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along its axis. Due to the repetition of the trapezoid shape, it is relatively simple to construct 

the geometry parameters required for individualization and linear stability (Figure 41). 

Polypropylene rubber is used for the actuator body and the bottom cover during the molding 

process. In order to connect to pneumatic connections, the top of the actuator features an air 

vent. The gripper comprises a flexible actuator joint and rigid, motion-restricting support 

components. An analytical model derived from geometric characteristics describes the 

relationships between the actuator's output force, internal pressure, and axial displacement.  

 

Figure 41 High-payload hybrid robotic gripper with soft origamic actuators 

 

 3.3.3 Deformable 

 

3.3.3.1 Single Mass Gripper  

Single-mass grippers manipulate objects by altering their shape. Instead of wholly 

constrained or underconstrained grippers, there is no straightforward one-to-one relationship 

between deformation and actuator mechanism. Due to this, single-mass grippers can be 

twisted and curved to ring their target tightly. In addition, this gripper's pneumatic or cable-
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driven actuation makes it ideal for a more extensive range of irregularly shaped objects. 

Although they can manipulate objects, pneumatic actuation may limit the gripper's range of 

motion, as seen in reference [44], which depicts a three-fingered, pre-tensioned soft gripper 

for food handling. The actuator consists of a three-dimensional printed soft chamber with a 

rigid connection and a sealed cover. A prestressing effect is achieved by stretching the soft 

chamber and then adhering to a non-stretched cover on top (Figure 42). Without inflating the 

soft actuators, the gripper can achieve a sizeable initial opening with a large contact area. 

The fingers of actuators are comprised of a rubbery material. The authors utilized a JUN-

AIR 3- 4 air compressor and an SMC ITV2030 electro-pneumatic regulator to pressurize the 

actuator. The 87-mm long soft actuator has a success rate of 80% while picking up 75.2 g 

objects. To identify the optimal measurements, the author used a finite element simulation. 

 

 

Figure 42 The prestressed soft gripper with three fingers for food handling has a soft 

chamber with a rigid connector and a sealed cover 
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Similar issues are experienced by other writers, such as in reference [96], which describes a 

soft robotic gripper with Microneedles for manipulating fragile textiles. The gripper is 

composed of an elastomer. The gripper is equipped with four microneedles for securing 

delicate materials. Once the textile-handling gripper is positioned, a vacuum pump serves as 

the actuator, deforming the elastomer (Figure 43). While the author does not use a pressure 

sensor, one alternative is to place a soft pressure sensor into the end of the gripper. However, 

not only is the vacuum pump bulkier than a typical air compressor, but it also consumes more 

energy.  

 

 

 

Figure 43 Single mass soft robotic gripper embedded with Microneedles for handling 

delicate fabrics 
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Similarly, an origami-inspired SMA actuator-controlled gripper [47] is designed to grasp and 

carry objects of various sizes and shapes. The design of the gripper was influenced by a 

flexible suction gripper (Figure 44). The gripper is powered by small shape memory alloy 

actuators and composed of hard and soft components, allowing it to self-fold into three 

different forms. The primary objective is to select objects with diameters ranging from 2 mm 

to 43 mm and weighing less than 5.2 N, encompassing large and small, flat and thin, 

cylindrical, triangular, and spherical shapes. 

 

Figure 44 origami-inspired gripper controlled by an SMA actuator and the possible forms 

that the gripper can take due to the SMA actuators that it has inside 

 

Other approaches use cable-driven actuation to reduce power requirements and increase 

versatility. However, due to the complexity of the deformation model, managing the gripper's 

motion becomes difficult. 

The writers of [97] present an excellent example of this approach. The Author built a multi-

legged gripper with an adjustable adhesion value that resembles a gecko. The dry adhesive 

technology of the gripper is self-adjusting, so it can easily handle both flat and curved objects. 
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The system consists of four symmetric adhesive components controlled by one of two 

adaptive locking mechanisms for compression, rotation, or both. Both adaptive locking 

mechanisms are height- and curvature-adjustable, enabling them to provide a secure hold on 

objects of various sizes and forms (Figure 45). The configuration for lock adaption enables 

shared load bearing for a secure grasp. In addition, the peeling process allows for rapidly 

separating the adhesive surfaces from the substrate. 

 
Figure 45 Multi-legged gripper inspired by a gecko with a controllable adhesion 

parameter generating a firm grip thanks to the adaptability of the gripper 

 

Another instance of a flat dry sticky soft gripper is presented in [98], which draws inspiration 

from the gecko and cat's foot to construct a soft actuator, micro spine, and bioinspired 

structure. The redesigned design of the soft gripper makes it more effective overall, whether 

utilized on a flat or uneven surface. The design models both the proximal and distal phalanges 

using SMA coils (Figure 46). SMA coils are situated opposite an adhesive layer on the 

underside of the base layer. Between the two layers is a flexible force sensor that measures 
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the internal pressure of the finger. As a result, Microneedle fingertips increase the user's 

gripping strength. The adhesive preloading approach is established using the viscoelastic 

mechanics model, which links the adhesive's stress with the considered contact area.  

 

Figure 46 System composed of the SMA actuators, the structure and the cooling system for 

the soft gripper 

 

3.3.3.2 Single Mass Finger 

 

Individual mass fingers alter their structure to move each finger independently. This gripper 

mechanism has the same advantages and disadvantages as single mass grippers, including its 

ability to hold items of various shapes due to the action of the fingers. In addition, the use of 

many grippers aids gripper control since an increase in the number of grippers permits a more 

even distribution of the generated forces, reducing the need for a precise control approach. 
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However, the issue of bulkiness is more pronounced for these types of grippers because the 

actuator must bend multiple fingers as opposed to a single structure. 

A few examples include: The three-fingered soft robotic gripper seen in [43] utilizes particle 

transmission. A pair of nipper pliers, a roll of tape, a haptic device, and an electric screwdriver 

can be gripped securely with the fingers. The gripper is fitted with a vertical force sensor that 

predicts a fingertip-holding force of 20 N. The system was modeled using mass conservation 

and the concept of incompressible homogeneous neo-Hookean materials [R66–70]. To 

further enhance the actuators, the authors utilized molded silicone rubber reinforced with 

woven fiberglass thread and polylactic acid (PLA) (Figure 47). With minimal modifications, 

the proposed actuator design is based on the extensively investigated fiber-reinforced soft 

pneumatic actuator [R61->66]. 

 

 

Figure 47 Soft robotic gripper actuated by particle transmission 
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In addition, [100] demonstrates a soft robotic gripper with an active palm and programmable 

fingers capable of complex activities such as rolling a pen or filling a glass of water. The 

robotics application of the gripper includes manipulation, medicine, mobility, rehabilitation, 

and assistance robots. EcoFlex silicone elastomers are utilized for the fingers of the gripper. 

Stepper motors, micropumps, and solenoids (Figure 48) are used to control the finger's 

placement. Each finger contains three independent pneumatic chambers, allowing for 

extraordinary dexterity. There is a brief mention of optimizing previous incarnations, but no 

specifics are supplied. However, after doing a workspace analysis, the author calculates the 

total useable space.  

 

 

Figure 48 Soft robotic gripper with an active palm and reconfigurable fingers 
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In addition, the soft pneumatic actuators in the soft gripper illustrated in [99] are pre-charged. 

A silicone chamber and a single air tube constitute the pre-charged pneumatic (PCP) system 

of the PCP gripper (Figure 49). The silicone casing has a pressure-regulating check valve. 

Under strain, fingers with tensile cables or tendons can be reshaped. The body of the actuator 

is made of silicone rubber, and an inextensible layer is added to the bottom of the actuator 

with a 150 mm range so that it can grasp fragile objects such as tomatoes or eggs. 

 

 

Figure 49 Soft gripper using a tendons to pre-charge the pneumatic soft actuators 

 

In [101], the second type of gripper composed of rigid and malleable materials is found. The 

position of the gripper is controlled by a single pressure chamber within. This design 

improved parameters such as the degree of bending, the ratio of the rigid structure, the 

longitudinal strain by adjusting the chamber's geometry, and the relationship between soft 

and rigid materials in the same finger to concurrently improve fingertip force and actuation 
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speed (Figure 50). In addition, the gripper is operated by two pneumatic pumps (DAO-370A), 

offering a sizeable operational envelope suitable for remote control. The gripper has a 

capacity of 28.7N, allowing it to handle objects such as a banana, coffee cup, or drill driver. 

The design parameters were optimized using the finite element technique (FEM) and a 

simulation based on the hyperrealistic Mooney-Rivlin model. 

 

 

Figure 50 Representation of the circular path that the fingertip travels when pressure is 

applied in its chamber for the soft gripper 

 

Several versions have been developed for medical applications, such as the pneumatically 

propelled gripper with retractable, telescoping fingers described in [102]. Two tiny air pumps 

with low pressure activated this silicone rubber gripper. In addition, an eight-camera optical 

motion capture system was utilized to detect gripper angular displacement (Figure 51). For 

increased precision, the upper surface of the actuator, where the gripper includes 

retroreflective markings, is accurately measured. The range of motion of the soft actuator is 



69 

adjustable from 0 to 135 degrees. The maximum grabbing power of the gripper is 14.53 

Newtons, which is sufficient for holding a medium mustard bottle, water bottle, egg, or drill 

driver. An FEA model of the soft actuator deformation was developed to comprehend the 

structure's inflation behavior. 

 

Figure 51 Deformation sequence captured by a camera to track movement at specific 

points on the gripper 

 

The pneumatic two-finger soft robotic gripper illustrated in [103] is also capable of 

enveloping and pinching gripping modes, allowing it to manipulate a wide range of objects 

(Figure 52). This gripper consists of several chambers and passages. In addition, the gripper 

comprises a rigid elastomer main body and a base. It combines a height-adjustable chamber 

with two pneumatic actuators that employ two distinct modules each. The most significant 

bend radius of the gripper's working zone is 250 degrees, although it can only support a 

maximum load of 4 Newtons. Internal to the finger is a computerized force gauge that 

measures the force within the chamber. Predominantly, FE analysis and testing were 

performed to analyze the pinching-grabbing mode. 
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Figure 52 Different grip modes for the pneumatic two-finger soft robotic gripper and 

different shapes and objects 

 

Alternative techniques, such as the one reported in [104], combine a soft robotic gripper with 

a Gecko-inspired adhesive to deal with rough or dirty surfaces with low adhesion. Gecko-

inspired grippers use fluidic elastomer actuators with a circular cross-section as the actuation 

mechanism (Figure 53). Actuators made of gecko elastomer augment the control authority of 

manipulation tasks. More significant ultimate grip strengths on various objects allow for the 

manipulation of larger objects and faster accelerations of moving objects. This characteristic 

is particularly advantageous for time-sensitive operations such as picking and placement. The 

gecko elastomer actuator requires little input energy and may be activated rapidly despite its 

use of adhesion-enhanced friction for stronger grips. 
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Figure 53 Cross-sectional area used for elastomer actuation of gecko-inspired gripper 

 

In [105], the deformation properties of water hydraulic flexible actuators are investigated 

alongside an underwater gripper. The pliers are fitted with three fingers for a secure grip. The 

inner skeletons of each finger are composed of 3J1, 3J21, TC4, and Carbon fiber, with 1 mm 

wall thickness and 30 mm and 80 mm lengths for the first and second knuckles, respectively. 

The representation of the workspace is a nonlinear equation. When the inlet pressure is 0 

MPa and 10 MPa, the equation states that the minimum and maximum deformation of the 

flexible actuator are 0 mm and 0.20213 mm, respectively. The author examined how varying 

the intake pressure, knuckle length, wall thickness, inner skeleton, and exterior surface 

material affected the deformation properties of the flexible actuator using simulations. Figure 

54 depicts the theoretical deflection of the gripper's internal bar and the subsequent impact 

on the gripper's surface coating. According to the authors, gripper deformation is mainly 

determined by wall thickness and distance between knuckles. 
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Figure 54 Theoretical deflection of the internal bar of the underwater gripper and its 

repercussion on the external coating 

 

3.4 Application and Object-Based Classification of Grippers 

 

3.4.1 Grasped Objects 

 

Table 7 illustrates the variety of sizes and materials that robotic grippers have gripped. This 

category includes textiles, electronics, pebbles, delicates, and even food. The subcategory 

Daily Objects includes items such as pencils, books, baseballs, and coffee mugs. In addition, 

the graph demonstrates that the most frequently utilized testing bits are of medium size, 

irregular shape, and delicate composition. 
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Table 7 Variety of sizes and materials that robotic arms have gripped 

Main  Sub  Papers 

Size 

Small  [68], [75], [79], [91], [112]–[114] 

Medium  [37], [38], [42], [43], [47], [49], [89], [106], [107], [115] 

Large  [82], [116] 

Shape  

Circular [39], [49], [63], [65], [67], [71], [81], [98], [103] 

Squared [82], [117] 

Irregular 
[44], [47], [48], [51], [66], [78], [87], [88], [91], [97]–[100], 

[105], [107], [115] 

Material 

Delicate  [37], [43], [44], [63], [65], [75], [76], [80], [107], [114], [118] 

Fabric [72], [73], [79], [77], [96] 

Electronic  [64], [112], [114] 

Rocks and 

Soils 
[41], [104] 

Food  [44] 

Daily 

Objects 
  

 [39], [46], [50], [51], [69], [84]–[86], [90], [93], [95], [101], 

[102] 

 

 

3.4.2 Gripper Applications 

 

Table 8 lists the most important uses of robotic grippers from the texts analyzed. Pick-and-

place object manipulation is the most common application, followed by force- and position-

based feedback control for handling fragile objects. The applications cover a wide range of 

disciplines, from industry and medicine to space exploration and prosthetics, with fewer 

pages devoted to each topic.  

 

Table 8 Most important uses of robotic grippers 

Application  Papers  

Pick and place  [42], [47], [50], [65], [67], [68], [101], [106], [112] 

Holding objects  [114]–[116] 

Precision force and position 
control 

 [48], [63], [66], [73], [90], [113], [115], [117] 

Grasping  [39], [51], [71], [81], [107], [117] 
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Manipulation 
 [37], [42], [44], [48], [49], [69], [77], [79], [83]–[85], 

[87], [88], [100] , [45], [46], [63], [64], [67], [72], [75], 
[92], [95]–[97], [103] 

Robotics 
 [43], [44], [75], [96], [98], [100], [101], [103], [104], 

[106] 

Underwater robotics  [105] 

Industrial  [65], [67], [75], [82], [114] 

Medical  [100], [102] 

Unknown environment [37], [69], [76], [83]–[85], [87], [88], [90], [93] 

Prosthetic hand  [69], [71] 

Space exploration  [41] 

Teleoperation  [101] 
 

3.5 Review Summary and Selected Mechanism 

 

The majority of robotic grippers released in the previous five years are analyzed in this 

chapter:  

Different grippers are categorized differently depending on factors, including the number of 

degrees of freedom (DOF), the type of actuation used, the design philosophy, and the item 

being grasped. 

The benefits and drawbacks of each categorization criterion are compared and contrasted to 

shed light on which gripper design offers the most versatility. 

Now, to sum up this chapter's key findings: 

 

First, the grabbing forces need to be accurately sensed. Engineers utilize deformable grippers 

to prevent the breakage of delicate goods. 

Second, object gliding is a problem since it complicates the control technique. Gecko-

inspired grippers, which have changeable friction, are one answer to this problem. 
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Finally, passive-compliant mechanisms are another alternative for deformable grippers since 

they provide an additional degree of freedom (DOF) that may be used to improve the gripper's 

maneuverability. In addition, the output force of passively compliant mechanisms, 

particularly those constructed with stiff connections, is sufficient for manipulating items of 

modest weight. 

According to our findings, a rigid link underactuated mechanism with a gecko-inspired 

surface is the most versatile gripper design for a wide range of item weights and forms. The 

only disadvantage of this use is that the gecko-inspired surface's friction-gradient abilities 

may degrade if exposed to environmental pollutants. 

Next, is presented Table () that shows a summary of this chapter:  

 

Table 9 Grippers categories summary 

Type  Description  Max Force   Max Range Object 

Completely 

constrain  

This type of mechanism 

can exert greater forces, 

which is why it is 

especially used in 

applications where 

heavy objects must be 

moved. However, it 

cannot be attached to 

different shapes with 

ease. 

These mechanisms 

can support very 

heavy objects (more 

than 10 kg). 

The ranges depend 

on the application, 

but being rigid, they 

have geometric 

limitations due to 

their mechanism, so 

they have a range of 

movement between 

2.2 mm and 170mm  

They are excellent at 

holding rigid objects. 

They can also hold 

more fragile objects if 

they have a force 

sensor. However, they 

are not recommended 

for this application. 

Underconstrain 

These mechanisms offer 

a balance between 

flexibility and strength. 

Possessing rigid joints, it 

can support heavy 

weights while adapting 

to most objects' shapes. 

As a result, it is ideal for 

applications where the 

environment is 

uncontrolled or 

unpredictable. 

They have a 

maximum 

descending load, up 

to 5 kg. 

They have a 

descending range 

from a few 

millimeters to 120 

mm. But, again, this 

range will depend on 

your design and 

application.  

This mechanism can 

grab a wide range of 

objects such as a glass 

of water; pill bottle, 

book; smartphone; 

pringle; shoes; cereal 

boxes; apples; bread, 

among many others. 
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Deformable  

In contrast to the two 

previously mentioned 

mechanisms, this one 

cannot exert large 

amounts of force. This 

could be an advantage or 

a disadvantage, 

depending on the 

application. However, 

being flexible, they can 

adapt to all shapes, and 

their lack of strength is a 

positive factor when 

holding fragile objects. 

They have little 

carrying capacity, 

ranging from grams 

to a few kilograms. 

By being able to 

deform, they can 

twist their fingers 

backward, giving a 

much greater range 

than previous 

mechanisms. Some 

of these grippers can 

hold as much as a 

pill, up to a soccer 

ball (between 8mm 

and 200mm). 

It practically 

conforms to the 

contour of the object 

you want to hold, no 

matter how irregular it 

is. This includes 

amorphous objects, 

such as rocks or any 

complicated surface. 
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CHAPTER 4 

GAR DESIGN 

 

4.1 Design Methodology 

 

This chapter detailed the development process and design of the intelligent Robotic Gripper 

(GAR). With a simple, minimal viable design, this robotic gripper can grasp various items in 

form, size, and weight. First, initial design objectives were formulated, focusing on grasping 

concepts. For the same reason, the research prototype has been updated with a few changes 

to the original goals to give it the robustness it will need throughout the testing phase. Next, 

the design requirements were locked down, and a CAD prototype was prepared. Next, the 

robotic gripper was manufactured using conventional machining and fast prototyping 

techniques. Finally, the UWM-BioRobotics Lab's current robot arm system was prepared to 

accommodate the gripper, connected through a custom circuit board. 

 

4.2 Design Goals 

 

Design constraints were set to build GAR as a minimum viable solution for a functional 

robotic gripper, including limiting each finger to only one active degree of freedom (DoF) 

and one passive degree of freedom. These DOF limits will allow the finger to accommodate 

itself depending on the type of object it is grasping. It also makes the gripper’s mathematical 

modeling simple, allowing more focus on the mechanical design. The design objectives 

selected are listed below: 
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a. An underactuated mechanism with one active degree of motion  

b. The range of motion of the entire robotic hand should cover most of the objects 

declared in Table 4 

c. Should be able to perform the 3 Robotic Grip Types from Figure 2  

d. Should hold objects up to 5-kilograms weight in horizontal mode and 1 kilogram 

weight in vertical mode. 

Additionally, some modifiers to the above goals are included for the research prototype. 

These modifications are added to ensure a rigid and robust finger while operation mode is 

performed during the testing phase. The modifiers are: 

 

a. Use of relatively thick and wide links in the internal mechanism of each finger, 

fabricated with aluminum alloy to ensure low deflection and high rigidity. 

b. Use high torque capacity linear motors to reach the forces required to grab objects in 

vertical mode.  

c. A high factor of safety in fasteners and mounting mechanisms.  

 

 

 

These enhancements reinforce the system sufficiently such that even a large motion failure, 

deflection, or elasticity during testing does not threaten the integrity of the fingers. However, 

considering the time and materials involved, plastic will be used to create some components. 

Therefore, the plastic parts are not directly connected to the primary mechanism, nor will 

they bear most of the mechanical load during the tests. 
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4.3 Design Specifications and Component Selection 

 

The following components and component specifications have been finalized based on the 

aforementioned design objectives:  

 

a. Materials: The mechanical components are made of Aluminum 6061 alloy. This 

material allows the gripper to hold objects up to 5kg weight, while quick prototyping 

plastic parts are used for the shell and the outer surface of the gripper. In order to 

recreate a CAD model into a functional prototype, the 3D printing process was 

selected. Polycarbonate is the chosen material to print because of its mechanical 

properties. However, some other parts were made by the tank photopolymerization 

process because of the complexity and the great detail needed. Moreover, to resist the 

loads inside of the mechanism, steel screws were selected and tested, from 2mm 

diameter to 4 mm diameter for the connection points. 

 

b. Motors: For the actuation of each finger, we employed a set of Coreless DC Motors 

with an integrated lead screw mechanism to convert the rotational motion into a linear 

actuation that allows a maximum applied force of 200N at under 20% Duty Rate. The 

selected motor for each finger's active degree of freedom is The MightyZap 12Lf-

100-30. Detailed specifications for these motors can be found in Appendix A. In 

addition, a Built-in potentiometer (absolute position sensor) is integrated inside the 

motor to ensure high-resolution sensing of the lead screw position. Table 10 shows 

all the motor’s sensor specifications:   
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Table 10 Motor’s sensor specifications 

Position Sensor 
Absolute Position 10kΩ Linear 
Potentiometer Unidirectional 

Mechanical Backlash 0.03mm (30μm) 

Rod Type Metal Alloy Rod 

Motor 

Motor 
Type 

12DC Coreless Motor / 33.6W (Stall) 

Input 
Voltage 
Range 

DC6V -13.0V 

Motor 
Speed 

26500±10%rpm (At Rated Voltage & 
No Load) / 23500±10%rpm (At Rated 
Voltage & Rated Load) 

Stall 
Torque 

≥95g.cm 

Motor 
Current 

At No Load 
At Rated 
Load 

Max(Stall) 

≤ 50mA ≤350mA 2.5A 

Recommended Duty 
Cycle 

At Rated 
Load 

At Max Applicable Load 

Max 50% Max 20% 

Audible Noise Approx. 50db at 1m 

Current Accuracy 
IP-54 (Dust & Water Tight) 

Position Sensor 

Size / Weight 
57.4(L)x29.9(W)x15(H)mm / 48g (Excluding rod-end & 

hinge) 

Operating Temperature -10℃ ~ 60℃ 

Cable 
0.08×60 (AWG 22), 30cm (2 from 
Motor, 3 from Potentiometer) 

 

c. Electronic control system and motor driver: A custom circuit board was designed to 

enable the possibility of connecting the robotic gripper to the UWM-BioRobotics 

Lab's current robot arm with a minimum number of modifications. This Board 

contains an ATmega328 microcontroller embedded into an Arduino board that allows 

communication with the existing robotic arm systems. The circuit board also contains 
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ultra-small DC-DC 4R7 converters that step down the power supply voltage from 

24V to 12V and 5V, depending on the current necessity. 

 

Table 11 Motor specifications 

Fabrication 

Material  
Aluminum 6061 alloy with Plastic (Polylactic-acid & 
Polycarbonate/Nylon) 

Fabrication process  CNC machining and FDM 3D printing 

    

Actuators 

Location   Joint-1 

  Coreless DC Motors MightyZap 12Lf-100-30 

Operating voltage 12V 

Motor Nominal Speed (rpm)  26500±10%rpm  

Nominal Current  <350mA 

Nominal Motor Torque (gr.cm)  95g.cm 

Weight (g) 48g 

Control System 

Control main board  Arduino Nano Atmega328 

Input/Output  GPIO 5v TTL Digital Logic inputs/ 0v - 5v PWM pin Output 

Communication  GPIO 4 digital signals  

 

4.4 CAD Model and Mechanical Design 

 

All of the GAR components were modeled in CAD software called SOLIDWORKS to make 

it a minimum feasible solution for a robotic assistive system. Figure 55 and Figure 56 display 

some rendered pictures extracted from the CAD model. Fabrication instructions for the CNC 

toolpaths and 3D printing files were generated directly from the CAD model. The CAD 
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model is also helpful in identifying future problems, such as interferences and mechanism 

failures, and calculating the internal forces in every system element.  

 

 Figure 55 Gar CAD Model.  

 

4.4.1 Finger Design 

 

As discussed in the previous chapter, the best mechanism to perform most daily activities is 

a rigid link underactuated mechanism. With the underactuated finger design, fewer actuators 

are needed in the gripper. As a result, it can handle more weight than similar tendon-driven 

systems with a wide range of motion for different shapes and objects. 

In that order, the first step is designing the underactuated mechanism based on the current 

available grippers founds during the state-of-the-art review. The authors of reference [87] 

provide an optimized gripper and offer a geometric design for a three-phalanx underactuated 

finger. To organize the steps to follow, the following flowcharts are presented:  
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Figure 56 shows the final distribution of the mechanism used in this thesis. This version is 

generated after completing each step described in the above flowcharts. 

 

Figure 56 GAR Internal Mechanism CAD Model 

 

For the GAR design, a Two phalanx mechanism is selected due to the model's simplicity. 

Similar to Reference [83], Each underactuated finger mechanism in the proposed gripper has 

two degrees of freedom. A passive element (a spring) is employed between the first and 

second finger phalanges to activate the second DOF. The schematic  design of the finger is 

shown in Figure 57; it comprises two phalanges, two links, a spring, and a third-grade 

connector element that convert linear motion from the motor into rotary motion as input for 

the mechanism.   
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Figure 57 Schematic design of the GAR Mechanism  

 

Due to the spring, the finger may rotate around a fixed pivot like a single rigid body. The 

actuator's force stretches the spring when the first phalanx touches a surface, transmitting 

motion only to the second phalanx. When two phalanges come together to grip an item, the 

motion ends, and the object is fully grasped.   

 

A complete finger design is shown in Figure 58, representing all the system's elements. 

 

Figure 58 Exploded view of the mechanism 
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Considering the objects this gripper must be able to handle (Table 4), GAR must be capable 

of performing the following three types of grips: 

I. Spherical Grip 

II. Parallel Grip 

III. Cylindrical Grip 

 

Here, it is essential to examine four questions: 

a. How few fingers are required to accomplish these tasks? 

b. What is the proper technique for performing these grips? 

c. Which contact areas between the object and the gripper are optimal? 

d. What lengths are optimal for each phalanx? 

 

According to the author of [120], human grasping is typically performed by only three 

fingers: the index, middle, and thumb. Moreover, based on the initial analysis conducted in 

Chapter 2 (Table 1), the author's assertion is accurate. Three fingers are sufficient for all three 

types of grips. 

 

To perform the three grip types properly, estimating the normal force exerted by the objects 

on the gripper's finger surfaces is necessary. These contact surfaces vary based on the size of 

the object being grasped [121]. Therefore, understanding the direction of the normal forces 

is essential, as the direction in which these normal forces point will determine whether the 

object is successfully grabbed or ejected from the gripper. 

A study in [121] illustrates how the contact surfaces change concerning the object's diameter 

changes (Figure 59). 
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Figure 59 The relation between the contact area and the object's diameter. 

 

Consequently, the investigation average normal force on cylindrical handles increased 

proportionally by 2.3 times the grip force measured using a split cylinder for handle diameters 

ranging from 51 to 83 mm. There is also the conclusion that there is an optimal grip diameter, 

a variable factor in our research. Since this diameter is a variable that depends on the object's 

shape, its influence on the contact surface must be taken into account to determine the optimal 

area for each phalanx (Figure 60) [121]. 
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Figure 60 Relation between the contact area and the object's diameter. 

 

The contact area presented in the previous figure represents the average total area of a human 

hand. Since our robotic gripper does not have five full fingers, we will use only 50% of the 

area of the palm and only the area of three fingers. This selected seed value for the optimum 

grip area will be the base for all calculations made during the next section. 

The author of [120] analyzed finger lengths based on anthropomorphic data from several 

individuals' direct measurements. The lengths of the mechanism's internal links are then 

determined, considering the average lengths of a human hand capable of performing the three 

types of grip. 

The average finger measurements[120] are depicted in the image below (Figure 61): 

  

Figure 61 Average finger lengths 
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Due to the nature of the mechanism developed in this study, only two phalanges are 

considered, so the total finger length will be distributed as follows: 53% for the first 

(proximal) phalanx and 47% for the second (distal). 

The following image (Figure 62) illustrates the dimensions (length and width) of each 

phalanx and its optimal contact area. These measurements were utilized for the CAD model's 

design and the gripper's kinematic and dynamic analyses. 

 

Figure 62 Dimensions of each phalanx and its optimal contact area 

 

Finally, the internal mechanism of the finger is designed to have a range of motion that allows 

the gripper to grasp all objects from Table 4. Since the lengths of the phalanges have already 

been determined, the dimensions of the mechanism's internal components will be a function 

of those lengths. As this relationship is linear, the values for each component of the 

mechanism can be obtained from the following Figure 63 and Table 12. 
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Figure 63 internal mechanisms lengths distribution 

 

Table 12 Linear relation between the internal mechanism’s parts. 

Mechanism Part  

Part 

Length 

(mm) 

Length/Total 

Finger 

Length  

 

  

Proximal Phalanx 45 0.51724138  Fixed Angles 

Between Links 
Value 

Distal Phalanx 42 0.48275862  L1 - Distal 12.45 

L1 48.21 0.55413793  Distal - L6  111.5 

L2 42.31 0.48632184  L6 - L1 56.05 

L3 12.54 0.14413793  L3 - L4 85.62 

L4 13.9 0.15977011  L4 - L5  44.01 

L5 18 0.20689655  L5 - L6 50.37 

L6 11.17 0.1283908    

 

 

4.4.2 Palm Design 

 

As stated previously, the GAR design employs three fingers capable of completing the three 

primary types of grips: spherical grip, parallel grip, and cylindrical grip. Therefore, the 

object's diameters and weights listed in Table 4 are also considered in these three grip 
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categories. The diameters in this table range from 8 mm to 93 mm; therefore, a maximum 

diameter of 100 mm will be considered when designing. 

The spatial arrangement of these three fingers should produce a gripper capable of grasping 

objects with a diameter between 4 mm and 100 mm and a load capacity between 10 and 8000 

grams according to the optimal lengths and contact areas established in the previous chapter. 

Therefore, the palm's design is essential, as it determines the angles between the fingers and 

their interactions when grasping an object. 

 

Fingers angles:  

 

The arrangement chosen for the GAR design is similar to the one the human hand employs 

for most activities [14], but the difference is that GAR has the thumb, the index, and the 

middle finger fixed. In a human hand, the thumb and middle finger naturally touch when 

closing, resulting in a parallel grip. However, to hold cylindrical objects, all three fingers are 

utilized simultaneously, with the thumb positioned between the index and middle fingers. 

Similarly, spherical objects are grasped by joining the tips of the fingers to form an imaginary 

triangle. This is because the human hand has an extra degree of freedom called abduction 

and adduction. 

 

Due to the fixed position of the fingers in the proposed design, an intermediate position 

between the Cylindrical Grip and the Spherical Grip is chosen, which allows the thumb to 

grasp both cylindrical and spherical objects without movement. To locate the finger's 

position, an iterative procedure is employed in which the relative angles of the fingers 
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concerning the palm rotate, and the amount of contact area between the finger surface and 

some test objects designed for this simulation are measured. 

These test objects represent the minimum and maximum diameter length and diameter 

requirements for each type of grip. For example, Figure 64 depicts the direction cosine 

definition for a finger: 

 

 

 

Figure 64 Direction cosine definition for all the finger 



93 

After obtaining the final coordinates of the vectors representing each finger, the direction 

cosines are computed using the equation depicted in Figure 65. The following steps are 

repeated for each finger. 

Figure 65 Numerical Orientation for all GAR’s Fingers 
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Figure 66 is a representation of the iterative process described above: 

 

Figure 66 Objects used during the iterative process   

 

And the subsequent Table 13 displays the final coordinates of each vector as well as the 

direction cosines for each finger relative to the palm: 

Table 13 Final coordinates of each direction cosine vector  

coordinate list 

 Finger  
X Y Z positions for 
each vector (mm)  

Global Angle (Rad) 

1 

X1 = 34 Cos α1 = 0.6 

Y1 = -1.3 Cos β1 = -0.022 

Z1 = 45.3 Cos γ1 = 0.799 

2 

X2 = -35.5 Cos α2 = -6.64 

Y2 = -6.5 Cos β2 = -0.11 

Z2 = 41.8 Cos γ2 = 0.75 

3 X3 = -41.9 Cos α3 = -0.64 
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Y3 = 7.1 Cos β3 = 0.10 

Z3 = 49.3 Cos γ3 = 0.75 
   

 

According to [129], knowing the weight and diameter of the object, the normal forces 

required to hold that object can be calculated using the friction between the object and the 

gripper and dividing the result by the number of contact points. 

Thus, we can estimate the stresses experienced by the mechanism's internal components. This 

information is extremely valuable, as it is necessary to determine if the thicknesses of the 

internal components are correct and will withstand the tension, compression, and shear loads 

during laboratory testing. To obtain the normal forces' directions on the gripper's phalanges, 

a series of simulations are performed. During the simulations, GAR grasps various objects 

of variable sizes and shapes from Table 4. With the equations extracted from reference [129], 

the magnitudes of the normal forces based on the object's weight and the number of contact 

points the gripper has while gripping the object can be computed. 

Then, combining the direction of the normal forces and their direction, we proceed to solve 

the dynamic system (explained during the second part of chapter 5) to obtain the vector forces 

in all the elements of the mechanism. Using these vector forces, a finite element simulation 

is executed to verify that all the elements of the mechanism support the desired loads during 

the experiment phase. In order to perform the finite element simulations, the cross-sectional 

areas of the machine elements are seeded with initial values. These seed values are considered 

larger than those required, so a factor of safety greater than one is anticipated from the first 

finite element simulation. If this is not the case, the cross-sectional areas would be 

recalculated, and the simulation would be rerun to determine its validity.  The simulations 

for the sixteen objects selected from Table 4 are (Figure 67 – 70): 
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Figure 67 Normal Forces Directions - Simulation 1.  

 

 

Figure 68 Normal Forces Directions - Simulation 2. 
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Figure 69 Normal Forces Directions - Simulation 3. 

 

 

Figure 70 Normal Forces Directions - Simulation 4. 
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For each item in the objects list, the friction force values are computed according to the 

following friction equation:  

𝐹𝑟 =  𝜇 ∗ 𝑁 

Where 𝜇 is the coefficient of friction between surfaces. This coefficient is a function of both 

surfaces' roughness. Since the phalanges are coated with rubber, the average slip coefficient 

for this material is utilized, which can be found in [129] and is shown in Table 14. 

 

Table 14  Average rubber slip coefficient 

 

 

Since GAR exerts at least two contact points on the item, the object's weight is spread 

throughout the number of contacts and, therefore, across the normal forces created by each 

contact point. In this sequence of thought: 
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𝑊 = 𝑛(𝐹𝑟) = 𝑛(𝑁 ∗  𝜇) 

𝑁 =
𝑊

𝜇 ∗ 𝑛
 

 

Where n is the number of gripping contact points. Also, design safety factor is added for this 

equation, and the average normal force is calculated and shown in Table 15: 

 

Table 15 Average normal force 

Objects 
Min 

Diameter 

Max 

Diameter 

Min 

Weight  

Max 

Weight 

Mean 

Weight gr  

Mean 

Normal 

Force [N]: 

Glass of 

water 
41 mm 93 mm 112 gr 

607 gr 

full  
495 48.51 

Apple 62 mm 92 mm 107 gr 396 gr 289 28.322 

Pen - - 5.2 gr 5.2 gr 5.2 0.5096 

Tablet - - 286 gr 504 gr 218 21.364 

Smart 

phone 
- - 192 gr - 192 18.816 

Pill bottle 25,4 mm - 3.71 gr - 3.7 0.3626 

Book - - 172.39 gr 1072 gr 899.61 88.16178 

Single pill 8 mm 8 mm 250 mg 500 mg 0.25 0.0245 

Cereal box - - 370 gr - 370 36.26 

Pringle 89 mm 89 mm 65 gr 158 gr 93 9.114 

Coffee jar - - 1088 gr 2588 gr 1500 147 

Bread - - 33 gr 395 gr 362 35.476 

2L Milk - - - 2120 gr 2120 207.76 

Drawers - - 145 gr 248 gr 103 10.094 

Knob 48 mm - 192 gr - 192 18.816 

Credit cards - - 10 gr - 10 0.98 
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The normal forces value varies for each item since its geometric form governs how each 

object is gripped. Therefore, it should ideally be grasped according to one of the three 

categories described above ( spherical grasp, cylindrical grasp, parallel grasp). 

A finite element analysis can be computed for each finger using the critical design case from 

the performed simulation, the directions of the normal forces, and the normal forces 

calculated magnitudes.  

The critical case will have the highest magnitude of normal force and the fewest number of 

support points. For example, in Table 16 we can get the Normal force values for each phalanx 

for each tested object: 

Table 16 Force values for each phalanx 

Objects 

Normal 

Force 

Distal 

Phalanx 1 

[N] 

Normal 

Force 

Proximal 

Phalanx 1 

[N] 

Normal 

Force 

Distal 

Phalanx 2 

[N] 

Normal 

Force 

Proximal 

Phalanx 2 

[N] 

Normal 

Force 

Distal 

Phalanx 3 

[N] 

Normal 

Force 

Proximal 

Phalanx 3 

[N] 

Glass of 

water 
8.09 8.09 8.09 8.09 8.09 8.09 

Apple 4.72 4.72 4.72 4.72 4.72 4.72 

Pen 0.25 0 0 0 0.25 0 

Tablet 7.12 0 7.12 0 7.12 0 

Smart 

phone 
6.272 0 6.272 0 6.272 0 

Pill bottle 0.12 0 0.12 0 0.12 0 

Book 22.04 22.04 0 22.04 22.04 0 

Single pill 0.012 0 0 0 0.012 0 

Cereal box 6.04 6.04 6.04 6.04 6.04 6.04 

Pringle 1.519 1.519 1.519 1.519 1.519 3.56 

Coffee jar 57.5 57.5 57.5 57.5 57.5 57.5 

Bread 5.91 5.91 5.91 5.91 5.91 5.91 

2L Milk 34.63 34.63 34.63 34.63 34.63 34.63 

Drawers 3.36 0 3.36 0 3.36 0 

Knob 3.76 0 3.76 3.76 3.76 3.76 

Credit 

cards 
0.49 0 0 0 0.49 0 
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After getting the normal force exerted by the items on each phalanx, these data are utilized 

to test the design's stability. Next, the critical case from Table 16 is selected, where the system 

is subjected to a force of roughly 207 Newtons. To err on the side of caution, we will estimate 

this number to be 220 N and perform a static finite element study on the internal mechanical 

components of the gripper, which support the loads and stresses of the whole system. 

 

The following steps are required to carry out the finite element analysis: 

• Initially, forces are transferred from the contact point of each phalanx to the mechanism's 

internal components. 

• Connection points are chosen and fixed for each part of the mechanism to estimate the strain 

and stress inside the specified element. This is shown in Figure 71 

• Loads are then applied according to the predicted directions for each element. 

• Later, a triangular mesh is applied. In that order, the finite element analysis would be 

performed node by node. The chosen mesh is a fine mesh to provide more accurate simulation 

results. 

• Finally, the simulation is executed, and the stress data are retrieved to determine the safety 

factors for each element. 

 

The findings of the finite element simulation were successful, as anticipated. The cross-

sectional areas of the internal mechanism elements sustain the forces created by holding the 

items from the preceding list, which relate to things used during activities of daily living. 
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Figure 71 Finite element simulation for critical mechanism components 

 

Next, we determine the safety factor for each component of the system. For this, we will 

apply the solid mechanics' equations from the book "Mechanical Engineering Design" [122], 

in which the factor of safety (FS) is directly proportional to the Yield stresses and the system's 

maximum stress. Our system's maximum stress will correspond to the von Mises stress 

obtained in the finite element simulation. Below, the equation to compute the FS is presented, 

while the Table 17 displays the calculated values and safety factors for each element. 
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The material utilized for the mechanism's internal components is commercial 6061 aluminum 

with a yield stress of 276 Mpa, according to the previously specified material standards. 

Using this theoretical information, the Factor of safety is determined for each element: 

 

Table 17 Factors of safety for each mechanism component 

Element 
Von Mises 

Stress 
[Mpa] 

Yield 
Stress 
[Mpa] 

Factor of 
Safety 

Element 1 183 276 1.50 

Element 2 115.5 276 2.38 

Element 3 31.33 276 8.80 
 

4.4.3 Palm and Motor Base 

 

Given that we determined the direction cosines in the preceding segment, this section 

searches the ideal location for the motors and their bases, given the constraints previously 

mentioned for the mechanism.  

 

To determine the ideal position, the following constraints will be considered: 

 

 • The finger should not exceed its limit position to prevent uncalculated stresses inside the 

mechanism. 

• The motor axis's zero position must match the hand's zero position (totally open). 

• There must be sufficient space between the motors to move without clashing or causing 

friction. 

• Motors must be able to pivot and rotate, as they may be reconfigured without breaking in 

unanticipated circumstances. 
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• The base must be sufficiently rigid to sustain the motors' response forces. 

• The base must also have a housing attachment for the motors since they cannot be exposed 

during laboratory testing. 

 

Initially, the zero location for each phalanx must be established. This zero location has 

previously been implicitly established, given that the diameter range of items to be handled 

is 8mm to 100mm. This allows us to evaluate four cases: 

 

• Case 1: What are the relative angles between the phalanges when fully opened?  

• Case 2: What are the relative angles between the phalanges when they hold an 8mm item? 

• Case 3:  What are the relative angles between the phalanges when a 100 mm item is being 

held? 

• Case 4: What are the relative angles between the phalanges when grasping an item with a 

diameter within the specified range? 

 

The first question can be answered through a CAD examination of a phalanx. As depicted in 

the illustration below (Figure 72), the relative angles are measured for each case by 

positioning the objects at the center of the palm. 
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Figure 72 Relative angles measured for each limit case. 

 

Once the GAR boundaries are determined, it is straightforward to position the engines such 

that they take as minimal space as feasible while adhering to the security constraints that we 

previously established for our mechanism. 

For this, the motor shaft's maximum and minimum lengths are used. The motor used for this 

design has a stroke length of 27mm. The extended length is specified as 0 when the motor's 

shaft is completely retracted and as 27 mm when the shaft is extended to its maximum stroke. 

 

Since the first safety restriction is that the zero position of the motor is the same as the zero 

position of GAR, the motor is attached to the machine when its shaft is fully retracted. The 
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gripper is positioned with the fingers fully extended to calculate the distance from the palm 

to the motor-holding base.  

 

The determined direction cosines center the shaft axis in the same direction as each cosine 

vector. This ensures that the applied force is aligned with the mechanism, allowing forces to 

be passed from the motor to the phalanges more effectively.  

This is particularly significant because if the motor shaft is misaligned, the mechanism's 

internal components will be exposed to pressures and stresses in directions they were not 

intended, which might cause the mechanism to bind or break the links.  

 

The next step is to orient the base at the same angle as the linear motors. Therefore, their 

anchor points must be perpendicular to the direction cosines and parallel to the side view of 

the phalanges. To further clarify this notion, Figure 73 is used, which depicts the motor 

assembly and base concerns. 

 

Figure 73 Relative Motor orientation 
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To connect the motors' base to the palm, a casing must be created to enclose the motors and 

provide structural support for the tension stresses produced by limiting movement between 

the base and the palm. Since 3D printing is utilized to construct the shell, the material's 

(Nylon) characteristics are first examined under stress. The maximum stress values obtained 

from experimental samples of various 3D-printed plastic materials can be estimated thanks 

to research published in [123] (Figure 74).  

 

 
Figure 74 [123] 3D-printed plastic properties 

 

Again, a seed value for the case's transverse area is used. Since the case has an irregular form 

along its Z-axis, the critical plane with the lowest cross-sectional area is used as a reference. 

Figure 75 depicts the chosen plane and the critical cross-sectional area that will be used to 

determine the stresses in the case. We will also consider the maximum load the gripper must 

sustain, which is 5 kg according to the design specifications. 
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Figure 75 Chosen plane and the essential cross-sectional area 

 

The estimated size of each section is 91.5 mm2, making the total area to be examined 730 

mm2. With this data, the equations derived in [122] are used to perform a stress analysis: 

𝐹 = 8 𝑘𝑔 ∗ 9.8
𝑚

𝑠2
= 78.4 𝑁 

𝐴𝑟𝑒𝑎 = 730𝑚𝑚2 

 𝜎 =   
𝑀𝑐

𝐼
 

 𝜎 =  
64𝐹(𝐹𝑤𝑒𝑖𝑔ℎ𝑡 + 𝐹𝑀𝑒𝑐ℎ ∗ 𝑑)

𝑑𝑚𝑎𝑥

2
𝜋
2 ∗ (𝑑𝑚𝑎𝑥

4 − 𝑑𝑚𝑖𝑛
4)

 

Where 𝑑𝑚𝑎𝑥   is the distance from the center of the casing to the periphery, which in this case, 

is the outside diameter. 𝑑𝑚𝑖𝑛 is the inside diameter of the casing in the selected plane.  

𝐹𝑤𝑒𝑖𝑔ℎ𝑡 is the maximum weight exerted by an object, and d is the perpendicular distance from 

the object to the critical section. The weight could be placed at the farthest end of the gripper 
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(the distal phalanx) in the most critical case. Note that in addition to𝐹𝑤𝑒𝑖𝑔ℎ𝑡, a number 

referred to as 𝐹𝑚𝑒𝑐ℎ is also included to include the maximum force that the mechanism might 

exert on the casing.  A design Factor of safety F is also incorporated to err on the side of 

caution.  

 𝜎 =  
64(2(78.4 𝑁 + 200𝑁) ∗ 0.221𝑚)

0.07𝑚
2

𝜋
2

(0.070𝑚4 − 0.069𝑚4)
 

 𝜎 = 24.22 𝑀𝑃𝑎 

𝐹𝑆 =  
𝜎𝑦

𝜎
=  

41.08 𝑀𝑃𝑎

24.22 𝑀𝑝𝑎
= 1.69 

The base, palm, and casing are joined with 3mm and 4mm steel screws, the gripper is adjusted 

to the zero position, and an aluminum piece is added to the base to complete assembly. Figure 

76 presents the system's mechanical design as a conclusion for this stage. 

 

Figure 76 System's mechanical design 
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4.4.4 Circuit Board 

 

Although the emphasis of this study is on the mechanical design of GAR, the next part 

contains information on the design of the circuits, the custom circuit board built for this 

application, a description of its components, and a connection diagram. 

This section of the research clarifies the following issues: 

• Electrical connections for chosen motors  

• Driver type  

• Voltage and current regulators included in the system  

• Connection diagram for all system components 

• Design of the circuit board 

As mentioned in the preceding section, this design used MightyZap 12Lf-100-30 motors. 

This kind of linear motor consists of a rotating DC motor and a gear system (with a 1:100 

reduction ratio) that multiplies the torque needed to move the shaft, which consists of a lead 

screw and an anchor point.  

In this part, it is vital to note that the preceding system is controlled by an integrated circuit 

board with a position sensor that lets the board know where the shaft is located. This board 

operates at 12V and can receive PWM or TTL signals needed to regulate the position of the 

shaft.  

Particularly advantageous is that these motors can be controlled collectively through an ID. 

Because each motor has its identifier, fewer cables are necessary to transfer signals to these 

motors. In conclusion, three motors can be linked in parallel to the same power source and 

controlled using pulse width modulation (PWM), requiring three connections. 

The following diagram (Figure 77) shows the connections used between the motors: 
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Figure 77 Motor’s connections 

To generate PWM signals, a microcontroller that can understand instructions from the robot 

is required. The AtMega328 microcontroller, which has a wide variety of input and output 

digital and analog pins (GPIO) (Figure 78), is the most versatile in terms of the functionalities 

it provides for this application.  

 

Figure 78 AtMega328 GPIO layout 
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This controller is used extensively on embedded boards such as the Arduino Uno and 

Arduino Nano. However, the GAR must be a compact, modular gripper for assistive robots; 

thus, the smallest version of this integrated board (Arduino Nano) was chosen to adhere to 

size constraints. 

This integrated board operates at a maximum voltage of 5V instead of the motor system's 

12V (Figure 79).  

In order to deal with various voltages inside the same system, voltage reducers using the 

MP1584EN chip, which can modulate voltages from 28V to 4.5V, are used. The schematics 

used to create the motherboard are shown below (Figure 80). These diagrams match the 

Arduino Nano and the MP1584EN voltage regulator (Appendix B): 

 

Figure 79 Arduino Nano layout 
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Figure 80 MP1584 circuit layout 

 

 

Knowing how the components above interact, the circuit board is designed. A connection 

diagram is first shown in Figure 81, where 2 MP1584EN, 1 AtMega328, and three at 12 V 

controlled by PWM signals are connected. 

Two digital pins will be utilized to send and receive signals from the robot to the Gripper. 

These two pins will subsequently be utilized during the programming. Consequently, the 

circuit's schematic is shown in Figure 82: 

 



114 

 

Figure 81 GAR’s connection diagram  

 

In summary, the voltage (24V) enters the gripper from the robot and is reduced by the 

MP1584EN chips to 5V for the microcontroller and 12V for the motors, respectively.  

In summary, the voltage (24V) is reduced by the MP1584EN chips to 5V for the 

microcontroller and 12V for the motors, respectively. The Robotic arm supplies this voltage. 

The input signal of the motors is coupled to the microcontroller, which also gets two digital 

inputs from the Robot.  

Before beginning the design of the motherboard, it is crucial to keep in mind that despite the 

system's appearance as three independent "islands," All the systems must be connected via a 

common node (GND) so that all voltages in the system are absolute voltages. Using this 

information, the circuit board layout is designed (Figure 82): 
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Figure 82 Gar’s circuit board  

 

To effectively cover the circuit and integrate it with the gripper, a plastic and aluminum box 

is built to fix, isolate, and protect the circuit from dust, shocks, and direct contact. This 

concludes the circuits section. 
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4.5 Manufacturing and Prototyping  

 

After determining the lengths of the links, determining their cross-sectional areas, and doing 

a stress analysis, The next step is constructing the prototype using the following 

manufacturing processes: 

 

• Metal CNC Machining   

• Polymers Filament-based 3D printing 

• Formation by photosensitive resin  

 

Initially, photosensitive forming is used to evaluate the dimensions. This technology is 

similar to 3D printing, with the difference that it uses an ultraviolet-sensitive resin. A panel 

of numerous UV light pixels that can be precisely switched on or off is used for this 

technique. With these pixels, dimensional tolerances as small as 22 micrometers can be 

attained. This study used the ELEGOO 2 pro resin printer, which delivers a dimensional 

stability of 0.05 mm. 

When printing components in resin, we must be mindful of their low mechanical resistance. 

These components will not be used in the final prototype because they cannot withstand the 

shear and tensile stresses. After verifying the mechanism's dimensions and ensuring that no 

interferences were missed during the design process, the aluminum components are 

fabricated (Figure 83 - 86). 
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 Figure 83 Metal parts fabrication - 1 

As anticipated, the resin component failed under the calculated loads. After confirming the 

dimensions, the metal components are fabricated. During the experiment, metal parts may be 

fabricated thanks to the University of Wisconsin-Biorobotics Milwaukee's laboratory's 

machinery and equipment. Due to the extremely tight tolerances and the small size of the 

components, some of them had to be manufactured many times. Mentioned below are some 

phases of the manufacturing procedure: 

 

 

Figure 84 Metal parts fabrication - 2 



118 

 

Figure 85 Metal parts fabrication - 3 

 

Figure 86 Metal parts fabrication - 4 

After printing all the 3D components and fabricating the required metal parts for the 

mechanism, the gripper was built under the initial conditions: the fingers wholly extended, 

the gripper in the zero position, and the motors in the zero position. Throughout this research 

phase, the CAD model served as a guide for assembly. The following photographs (Figure 

87 – 89) depict a step of the gripper construction procedure. Next, In Chapter 6, some tests 

are conducted to validate the gripper's efficacy while grasping items of varying weights and 

sizes.  
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Figure 87 Gar assembly 

 

Figure 88 Gar mounted on a robotic arm 
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Figure 89 Gar assembled, performing its first task 

4.6 Control 

 

As stated previously, motors support two communication protocols: TTL and PWM. TTL, 

unlike PWM, requires an additional circuit to function. Hence PWM was chosen to control 

the mechanism. 

 

PWM  is the abbreviation for Pulse Width Modulation.  

Analog or digital, to send a signal, it must be modulated so that it may be transferred without 

power loss or distortion due to interference. PWM is a method for transmitting analog signals 

with a digital carrier signal. In this method, the duty cycle of a periodic signal (such as a 

sinusoidal or square waveform) is altered to convey data across a communications channel 

or manage the amount of energy supplied to a load. The duty cycle of a periodic signal is the 

duration of the signal's positive portion relative to its period. It is stated as a percentage; 

consequently, a 10% duty cycle represents a high level of 10 out of 100. 

𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 =  𝑡 / 𝑇 

𝑇 = T𝑖𝑚𝑒 𝑃𝑒𝑟𝑖𝑜𝑑 

Essentially, it involves activating a digital output for some time and deactivating it for the 

remainder, creating continuously repeating positive pulses. Therefore, the frequency (i.e., the 
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duration between pulses) remains constant, but the pulse width, or duty cycle, varies. Over 

time, the average of this output voltage will equal the required analog value (Figure 90). 

 

 

Figure 90 PWM duty cycles representation 

 

It means that the mean voltage will be equal to:  

𝑉𝑚𝑒𝑎𝑛 = 𝑉𝑀𝑎𝑥

𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒

100
  

The MightyZap 12Lf-100-30 motor is classified as a servo motor. A Servomotor is a DC-

powered device that can control position (0mm to 27mm stroke) or linear speed with 

incredible precision. As indicated earlier, it has three connecting pins: power, GND, and 

signal. For the latter, this PWM signal will be sent thru the control system to inform the 

servomotor about the desired position or speed. 

The manufacturer-specified servo control signal has a period of 20 milliseconds, while the 

pulse width ranges from 1 millisecond to 2 milliseconds between the lowest and maximum 

servo positions. 
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With this in mind, the C++ code was written to be loaded into the microcontroller. Next, The 

code was tested to ensure that all system components function correctly. As an advantage, 

the Arduino development platform is used, which enables the loading of libraries that 

simplify the coding process: 

 

The VarSpeedServo library is supplied initially. 

Var Speed servo is a modified version of the Servo.h library, which allows more control over 

duty cycles and periods. 

#include <VarSpeedServo.h> 

Then, a VarSpeedServo object type, named "myservo" in the code, is created. The creation 

of this object enables the execution of all VarSpeedServo class methods. The following is a 

list of the class's methods that will be used in this code: 

• Obj.attach(): This function initializes a previously constructed object of type 

VarSpeedServo and parents it to a microcontroller pin.  

• Obj.write(): This method uses the previously assigned pin to generate a PWM with 

the desired Duty Cycles and period. This command can control the location and 

velocity of GAR's fingers. 

If the desired position is not equal to the measured position, the motor's integrated circuit 

board readjusts the axis position until the desired point is reached. 

VarSpeedServo myservo; 

Next, a counter is defined, and the microcontroller's pin eight motor signal is initiated. 

Additionally, the communication pins linked to the robot (pins 11 and 12) and a Led 

attached to pin 13 to indicate system settings are also initialized. Finally, since most 

industrial robots emit current signals, the integrated PULLUP resistors on the Arduino 

nano board are initialized. Like a voltage divider, a voltage change is monitored each time 

the gripper receives a signal. 

int cont = 0; 
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void setup() { 

myservo.attach(8); 

pinMode(11, INPUT_PULLUP); 

pinMode(12, INPUT_PULLUP); 

pinMode(13, OUTPUT); 

The following line of code is provided to guarantee that the gripper always begins in the 

zero position, as well as the motors: 

myservo.write(0,15,true); 

delay(5000); } 

The primary loop that will perform all microcontroller operations involves two steps. In 

the first phase, the microcontroller awaits inputs from the robot in order to update the 

motors' locations and speeds: 

void loop() { 

int sensorVal1 = digitalRead(11); 

int sensorVal2 = digitalRead(12); 

During each cycle of processing, it is then determined if the robot has transmitted a signal 

to the gripper. These cycles occur at a rate of around 16 MHz; therefore, this might be 

considered a real-time readout. Upon receiving a signal, the gripper responds by opening 

or closing the fingers, depending on the robot's command: 

 

if (sensorVal1 == LOW) { 

if (cont <= 60){ 

digitalWrite(13, HIGH); 

cont = cont + 2; 
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myservo.write(cont,15); 

delay(150);}} 

else { 

digitalWrite(13, LOW);} 

 

if (sensorVal2 == LOW) { 

if (cont >= 4){ 

digitalWrite(13, HIGH); 

cont = cont - 2; 

myservo.write(cont,15); 

delay(150); } } 

else { 

digitalWrite(13, LOW);}} 

 

Since the motor shaft's maximum length is above the mechanism's requirements, the 

fingers might be exposed to loads for which they were not built. For that reason,  Note that 

the value of the counter is restricted between 5 and 60. This is done to establish a maximum 

limit for the GAR fingers. 

A semi-open loop control is used for GAR. Since the location of the mechanism's 

phalanges is known. However, the forces to which the system is exposed during contact 

with objects are unknown, and the mechanism's behavior cannot be predicted. Literature 

suggests the development of strain-sensitive materials that release a very low voltage each 

time they are stretched.  

A less complicated and widely used method is putting piezoelectric or tensiometric gauges 

inside each finger. 
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Not mentioned in the chapter on design is that GAR includes an internal mechanism that 

enables the addition of piezoelectric sensors inside the phalanges. However, piezoelectric 

sensors need a signal amplification system and fuzzy logic-based control algorithms that 

are incompatible with the capabilities of the microcontroller used in this study. 

As demonstrated in Figure 91, the idea of adding these sensors is kept open for future 

study.  

 

 
Figure 91 Integrated piezoelectric sensors system  

 

4.7 Troubleshooting 

 

There were a total of three physical editions and ten digital variants created during the 

GAR development stage. Unfortunately, design flaws and unforeseen mechanical 

problems were discovered during these iterations, including the following:  

The gripper broke quickly in the initial prototype because all the pieces were 3D printed 

and resin. 

By remaking the same pieces in aluminum and varying their thickness, this problem was 

resolved. 

The original set of motors used (Actruonix PQ12) also had issues since they provided 

poor feedback despite having sufficient strength to hold the majority of objects. In 

addition, they were not self-locking, necessitating their replacement. 
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During the third revision, the following issues were discovered: 

1) The finger screws must be adjusted to rotate without moving out of place. 

2) Compared to earlier versions, the springs used in that version were weaker. 

3) Because the new motors are larger, there needs to be more space within the case to 

accommodate them all. 

4) The previous model driver proved ineffective because more current was required to 

drive the motors. 

5) because this version of the mechanism is so strong, the plastic phalanges of the fingers 

shattered during testing when they were pressed too firmly against one another. 

To solve these problems, the following solutions were proposed and executed 

satisfactorily: 

The gripper screws were tightened with enough Loctite thread locker to allow rotation 

without misalignment. 

The springs were replaced inside the mechanism to guarantee complete finger 

withdrawal when releasing an object. 

The coupling points of the motors were relocated to prevent interference to tackle the 

problem of the motors colliding inside the casing. 

Several circuits were put together inside and outside the gripper to quickly conduct the 

tests even though the final form of the circuit still needed to be designed. 

Maximum restrictions have been programmed for the ranges that the fingers can move to 

prevent the fingers from fracturing when pressed firmly together. 
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CHAPTER 5 

KINEMATICS AND DYNAMIC MODELING 

 

For the GAR design, an underactuated mechanism was selected. It indicates that the DOF 

is more than the number of degrees of actuation. Furthermore, the internal mechanism is 

preloaded by a spring, which means that forces are acting on some joints even when the 

gripper is in its starting position. 

The mechanism features a closed kinematic chain, a crucial factor to consider. Open chain 

kinematic systems consist of elements or links connected by joints that provide relative 

motion between each pair of constituent links [125]. 

In the case of GAR, its mechanism more closely resembles that of a parallel kinematics 

mechanism, distinguished by the fact that several of the mechanism's links are 

interconnected, generating closed kinematic chains. 

Methods widely applied to open kinematic chains, such as the Denavit-Hartenber 

parameters [126], are inapplicable to closed kinematic chains because they cannot be 

correlated in the region shared by two or more links. Another common approximation is 

the virtual work method, which must be supplemented with the theory of bolts to operate 

on non-actuated joints, thereby significantly complicating the kinematic and dynamic 

approach [127]. 

The underactuated nature of the mechanism automatically transforms its kinematics into a 

quasi-static problem, yet another reason not to employ the abovementioned methods. Some 

writers [124] have developed approaches predicated on assumptions such as all phalanges 

having contact and the knowledge of the usual forces acting on the phalanges. Other, more 
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daring authors have adopted the notions of screw theory and modified them for an 

underactuated n-phalanges mechanism [128]. 

This research provides its own approach to solving the system's kinematics and dynamics 

based on the last two methods described. The assumptions presented in [124] will serve as a 

starting point for the kinematic analysis, along with simulation data such as the magnitudes 

and directions of the normal forces applied on the phalanges. 

The methodology proposal will be founded on the following bullet points: 

• Generate a vectorial representation of the mechanism using the measurements 

discovered in Chapter 4 (Figure 92). 

• Specify the system's beginning conditions, such as the usual forces in the 

phalanges and the force exerted by the spring on the mechanism. 

• Present the mechanism's vector loops and locate all of its angles geometrically. 

• Use the determined angles to distribute the forces throughout the entire 

mechanism. 

• Finally, the torque the motor exerts and the linear force the motor must exert to 

meet the quasi-static condition is determined. 

 

Due to the numerous assumptions and equations presented by this methodology, this chapter 

will be divided into three sections: 
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• Methodology for the quasi-static case and beginning conditions  

• Development of the vector ties geometrically and determining the angles of the system 

• Transport of the forces to the place of interest and calculation of the needed torque for the 

motor 

 

5.1 Kinematics  

 

 

Figure 92 Vectorial representation of Gar’s mechanism 

As previously stated, since the system is an underactuated mechanism with a preloaded 

spring, forces and positions must be analyzed simultaneously, as opposed to separately, 

as is the case with most of the methods described on the preceding page. 

Since the objective is to determine the minimum torque of the motor, we will begin by 

assuming that both phalanges are in contact with an object's surface [124]. 



130 

We will accomplish this using an object that represents the critical design case. This object 

is a 5kg cylinder with a 100mm diameter for which the normal and perpendicular directions 

are calculated and simulated (Figure 93). 

 

𝐹 =
𝑊

𝜇 ∗ 𝑛
= 16.33 𝑁 

 

 

Figure 93 Critical case representation  

First, the forces' directions are simulated, which are as follows (Figure 94): 

Θ𝐹1 = 14.56° 

Θ𝐹2 = 331.57° 
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Figure 94 Frame of reference of normal force vectors. 

Step 1:  

 
Figure 95 Angles distribution in the first phalanx 

The point of contact of the first force with the distal phalanx is defined (Figure 95). This 

point of contact is called d, and from the angle generated by the force F1, we can define 

the angle θ1 from the following equation:  

𝜃1 = 90° + 𝜃𝐹1  (1) 

Analogically, we seek to solve the angle θ2, knowing that there is a fixed angle between 

L1 and L2 called α. Given that, the distal phalanx is a ternary link (which means that the 

same body has two rotation points, and therefore, the internal angles between the joints 
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that compose it are fixed angles). To find α an auxiliary angle called r is used, as shown in 

Figure 96 

𝑟 = 𝛼 −  𝜃1  (2) 

𝜃2 = 180 −  𝑟  (3) 

 

Again, this same method is used to find 𝜃3, which is equal to:  

 

𝜃3 = 90° + 𝜃𝐹2  (4) 

 

 

Figure 96 Angles distribution in the second phalanx - 1 

 

Since the entire mechanism is pivoting concerning a fixed point, the point P0 is defined, 

from which the relative positions of the links are determined. 
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Step 2 : 

 

Figure 97 Angles distribution in the second phalanx – 2  

On the basis of the link measurements and the angles of  L1 and L2, we proceed to 

determine P2 (Figure 97), which will be utilized later. To locate P2, a vector loop 

extending from the origin (P0) to P2 is generated and traversed as follows: 

 

𝑉0−1 + 𝑉1−2 = 𝑃2   (5) 

𝑋2 = 𝐿3𝐶𝑜𝑠𝜃3 − 𝐿2𝐶𝑜𝑠𝜃2   (6)  

𝑌2 = 𝐿3𝑆𝑖𝑛𝜃3 − 𝐿2𝑆𝑖𝑛𝜃2    (7) 

 𝑃2 = [ 
𝐿3𝐶𝑜𝑠𝜃3 − 𝐿2𝐶𝑜𝑠𝜃2 
𝐿3𝑆𝑖𝑛𝜃3 − 𝐿2𝑆𝑖𝑛𝜃2

 ]    (8) 

Step 3: 

Now, with the coordinates (𝑋2, 𝑌2), we find the norm of the vector that goes from 𝑃0(0,0) 

to 𝑃2(𝑥2,𝑦2) and also its direction, given by the angle β: 
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Figure 98 Angles distribution between the proximal phalanx and the mechanism 

𝑁1 = √(𝑋2
2 + 𝑌2

2)   (9) 

β =  tan−1
𝑋2

𝑌2
   (10) 

Furthermore, with the value of β, we proceed to find the value of γ, δ and the angle of the 

active joint 𝜃3 (Figure 98). But, first, cosine law is used to find the angle δ from the length 

of N, 𝐿4, and 𝐿5: 

𝐿5
2 = (𝑁2 + 𝐿4

2) − 2𝑁(𝐿4𝐶𝑜𝑠δ )   (11) 

δ =  cos−1
−𝐿5

2 + (𝑁2 + 𝐿4
2)]

2𝑁𝐿4
    (12) 

γ =  δ −  β   (13) 

𝜃4 =  180 −  γ   (14) 
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Step 4:  

To complete the kinematic analysis, 𝜃5 (Figure 98) is found using the γ angle:  

𝑋3 = 𝐿4𝐶𝑜𝑠𝛾   (15)  

𝑌3 = −𝐿4𝑆𝑖𝑛γ   (16) 

 𝑃3 = [ 
𝐿4𝐶𝑜𝑠𝛾 

−𝐿4𝑆𝑖𝑛γ
]   (17) 

 

𝜃5 = tan−1 [ 
𝐿3𝐶𝑜𝑠𝜃3 − 𝐿2𝐶𝑜𝑠𝜃2 −  𝐿4𝐶𝑜𝑠𝛾

𝐿3𝑆𝑖𝑛𝜃3 − 𝐿2𝑆𝑖𝑛𝜃2 + 𝐿4𝑆𝑖𝑛γ 
]   (18)  

 

Finally, the system's kinematics is obtained, which results in all the angles of the mechanism 

calculated from the direction of the contact forces. 

With these angles described, we analyze forces in the mechanism. 

 

5.2 Dynamics  

 

To solve the dynamics of complex systems, numerous approaches have been developed. To 

name a few examples, The well-known Newton-Euler approach [131] applies to most 

dynamic systems. Moreover, the Lagrange–D'Alembert [132] is a more sophisticated 

method that combines a Jacobian and Hessian formulation to solve the dynamics of nearly 

any mechanical model. 

Since the kinematics was solved geometrically, we have used a traditional method for this 

research, which attempts to project the forces of the mechanism in its nodes and transport 

them to the points of interest through unit vectors that are pointing in the parallel and 

perpendicular direction of the links (Figure 99) [130]. 
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We will begin by specifying critical characteristics such as:  

• Where is the force positioned relative to the phalanx? 

• What force does the spring apply to the mechanism? 

• How do forces travel from one node to the next? 

 

 

Figure 99 Diagram illustrating the system's input forces 

 

Prior to answering these questions, specific terms must be defined and the mechanism's joints 

must be identified/classified. 

We will begin by defining the spring's stiffness using a dynamic model based on [133]. 
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The following equation is produced by setting the input virtual power equal to the output 

virtual power:  

𝑡  𝑇𝜔𝑎 =  𝑓  𝑇 𝑇𝑣    (19)  

Where: (t = vector of input torque | a = vector of velocity | f = vector of contact wrenches | v 

= vector of contact point twist) 

𝑡 = [  
𝑇𝑎

𝐹𝑘 − 𝐾𝛥𝜃6
 ]    (20) 

𝜔𝑎 = [
𝜃4̇

𝜃6̇

]    (21) 

𝑓 =  [
𝜁1 ◦
𝜁2 ◦

]   (22) 

𝑣 =  [
𝜉1

𝜉2
]    (23)   

 

The actuation wrench is denoted by Ta, the spring stiffness is denoted by K, and the first 

derivative of the joint angles at the phalanges is denoted by  𝜃𝑖̇  

 

By adding the moment mz from the force axis around the platform center to the force unit 

vector 𝑓 = [𝑓𝑖
𝑥, 𝑓𝑖

𝑦
] for i= 1, 2, we can derive the corresponding row vectors 

𝜁𝑖 ◦= [𝑚𝑧, 𝑓𝑖
𝑥, 𝑓𝑖

𝑦
].  

Also, the three-dimensional vector for planar twist is 𝜉𝑖 = [𝜔𝑧 𝑣𝑖
𝑥, 𝑣𝑖

𝑦
]. 

 

Then, substituting into the equations, we get: 

 𝐹𝑘 − 𝐾𝛥𝜃6  [
𝜃4̇

𝜃6̇

] = [𝜁1 ◦ 𝜁2 ◦] [
𝜉1

𝜉2
]   (24) 
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And that’s equal to:  

 

𝑇𝑎𝜃4̇ − 𝐾𝛥𝜃6 𝜃6̇  = 𝜁1 ◦ 𝜉1 + 𝜁2 ◦ 𝜉2   (25) 

 

Now all that remains is to solve for the spring constant based on the desired torque. Since the 

torque is still unknown, the spring constant will be expressed.  

 

𝐾 =  
𝑇𝑎𝜃4̇ − 𝜁1 ◦ 𝜉1 − 𝜁2 ◦ 𝜉2

𝛥𝜃6 𝜃6̇

    (26) 

 

The next step will define how forces and torque are transmitted between the joints. 

There are two types of revolute joints: actuated revolute joints and passive (non-actuated) 

revolute joints [130].  

Actuated revolute joints have a degree of actuation linked to them or rotational restriction. 

On the other hand, passive revolute joints join links together but do not transmit any torque. 

One example of this kind of joint is: two bars joined with a ball bearing between the two bars. 

This implies that when exerting a force at any point of a link that has passive volute joints, 

when displacing this force to the nodes of the link, only the corresponding component of the 

force will be transmitted. However, the moment generated by this will not be transmitted. 

 

Let's take as an example the following link, which is inclined an angle 𝜃2 concerning the 

horizontal and receives a force 𝐹1 with an angle 𝜃1  at a distance 𝑑1 (Figure 100). 
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First, the objective will be to transform the force 𝐹1 into nodal forces. These nodal forces 

must be perpendicular or parallel to the element to transmit them to the next element. 

 

 

Figure 100 Transformation of  forces into nodal forces – example  

For this, the force 𝐹1 is transformed into two components: a perpendicular component and an 

axial component.  

The perpendicular component is transported to the nodes as a function of the distance 𝑑1 , 

while the axial component is shared equally between the two nodes. As a result, given ( 𝐹1,  

𝑑1, 𝜃1 y 𝜃2 ),  the following two equations are obtained that describe the perpendicular and 

axial component of the force 𝐹1: 

 

𝛼1 = 90 − 𝜃2    (27) 

𝛼2 = 𝛼1 − 𝜃1    (28) 

 

Now the problem is divided into two cases: 
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The first case can be analyzed when two joints are fully active, which means that the torque 

generated by the perpendicular force to the bar will also be transmitted to both nodes with 

different magnitudes. For this case, we will have a set of equations that will define the 

magnitudes and directions of the nodal forces and the moments (Figure 101). 

 

Figure 101 Transformation of  forces into nodal forces – case 1 

 

𝐹⊥1 = 𝐹1 cos(𝛼2 )
(𝑑𝑡𝑜𝑡𝑎𝑙 − 𝑑1)

𝑑𝑡𝑜𝑡𝑎𝑙
   (29) 

𝐹⊥2 = 𝐹1 cos(𝛼2 )
𝑑1

𝑑𝑡𝑜𝑡𝑎𝑙
    (30) 

𝐹ax1 = 𝐹ax2 = 𝐹1 

sin(𝛼2 )

2
    (31) 

−𝑀1 = 𝐹1 cos(𝛼2 ) (𝑑𝑡𝑜𝑡𝑎𝑙 − 𝑑1)    (32) 

𝑀2 = 𝐹1 cos(𝛼2 ) ( 𝑑1)   (33) 
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The second case is when one or two of these links are passive; that means they do not have 

a degree of action or a rotational restriction. In this case, the links can have a relative motion, 

implying that the moment is not transmitted between the links. Therefore, only four equations 

are generated (Figure 102): 

 

Figure 102 Transformation of  forces into nodal forces – case 2 

 

𝐹⊥1 = 𝐹1 cos(𝛼2 )
(𝑑𝑡𝑜𝑡𝑎𝑙 − 𝑑1)

𝑑𝑡𝑜𝑡𝑎𝑙
 

𝐹⊥2 = 𝐹1 cos(𝛼2 )
𝑑1

𝑑𝑡𝑜𝑡𝑎𝑙
 

𝐹ax1 = 𝐹1 

sin(𝛼2 )

2
 

𝐹ax2 = 𝐹1 

sin(𝛼2 )

2
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Finally, the motor torque can be estimated vectorially from the transmission of all forces to 

the active revolute of the finger mechanism because of these equations. 

 

Figure 103 Location and orientation of forces in the mechanism 

 

First, each force's influence on the bar nodes (𝑃0𝑃1) must be computed. 

For this, the position of the perpendicular component relative to the bar is checked. It will 

determine how much of this force is absorbed by node 𝑃0 and how much by node 𝑃1 (Figure 

103).  Note that nodes 𝑃0 𝑎𝑛𝑑 𝑃1 are nodes with passive revolutes, as the degree of actuation 

is not located directly on the revolute but is communicated from a lever mechanism anchored 

to link 4. 
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Figure 104 Location and direction of F3 force 

 

Thus (Figure 104): 

𝐹3 =

[
 
 
 
 
(𝐿3 − 𝐿𝑐)

𝐿3
𝐹2𝐶𝑜𝑠(𝜃𝐹2) +

𝐿𝑎

𝐿3
 𝐹k𝐶𝑜𝑠(𝜃𝑘) +

𝐿𝑑

𝐿1
𝐹1𝐶𝑜𝑠(𝜃𝐹1) 

𝐿𝑎

𝐿3
𝐹k𝑆𝑖𝑛(𝜃𝑘) + 

(𝐿3 − 𝐿𝑐)

𝐿3
𝐹2𝑆𝑖𝑛(𝜃𝐹2) + 

𝐿𝑑

𝐿1
𝐹1𝑆𝑖𝑛(𝜃𝐹1) ]

 
 
 
 

    (34) 

 

Noting that the force 𝐹1  also causes a moment at poin𝑃1t  (due to the fixed angle between 

𝐿1and 𝐿2), point 𝑃2 receives a perpendicular force respect to 𝐿2 with magnitude 𝐹⊥4 =

 𝐿d(𝐹1) (because 𝐹1is, by definition, perpendicular to 𝐿1). 
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Figure 105 Transformation of F3 into nodal forces in P2 

 

To transmit 𝐹3  efficiently to 𝑃2 , we must apply the equations (Eq-29 – Eq-33). 

𝐹3 , reflected in 𝑃1, consists of two components: one perpendicular force with respect to 𝐿2 

and one parallel force concerning the same element (Figure 105).  

𝐹𝑎𝑥3  is the only component transferred from 𝑃1 to 𝑃2 because the perpendicular force 

generated respect 𝐿2 by 𝐹3 is wholly absorbed in node 𝑃1. 

𝑃2 also shows a perpendicular force concerning 𝐿2, resulting from the moment 𝑀1 produces 

in 𝑃1 by 𝐹1 . Consequently, 𝐹4  is located as follows: 

 

𝐹4 = [
𝐹𝐚𝐱4

𝐹⊥4
]     (35) 

𝐹ax4 = 𝐹3 

sin(𝛼3 )

2
    (36) 

𝐹⊥4 =
𝐹𝟏𝐿𝐝

𝐿𝟐
    (37) 
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Where 𝛼3  is the angle formed between the force 𝐹3 and a unit vector perpendicular to 𝐿2. 

Similarly, the forces are transferred from 𝑃2 to 𝑃3 using the same principle and adding the 

tension exerted by the spring on 𝐿5 (Figure 106). 

 

 

Figure 106 transformation of F3 into nodal forces in P3 

 

𝐹5 = [
𝐹𝐚𝐱5

𝐹⊥5
]    (38) 

𝐹ax5 = −𝐹𝑘 

sin(𝛼5 )

2
+ 𝐹4 

sin(𝛼4 )

2
    (39) 

𝐹⊥5 = 
−(𝐿5 − 𝐿𝐛)Cos(𝛼4)(𝐹𝐤)

𝐿5

   (40) 
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Finally, it only remains to find the motor's torque based on the perpendicular force generated 

by 𝐹5. For this, 𝑃0 will be treated as an active revolute joint, only during this step, since the 

motor is connected as follows (Figure 107) 

 

Figure 107 Actual mechanism’s force input 

 

It is also added an imaginary length called 𝐿6 which will be the perpendicular distance 

between the force exerted by the motor and the pivot point 𝑃0. As can be seen, 𝐿6 is a fixed 

measure that does not vary with respect to the other angles, so the linear force of the motor 

can be expressed as: 

 

𝑀(𝟎,𝟎) = 𝐿4𝐹⊥5 = 𝐿𝟒

−(𝐿5 − 𝐿𝐛)Cos(𝛼4)(𝐹𝐤)

𝐿5
    (41) 

𝐹𝐌𝐨𝐭𝐨𝐫 = 𝐿𝟒

−(𝐿5 − 𝐿𝐛)Cos(𝛼4)(𝐹𝐤)

𝐿5𝐿6
    (42) 

 

Below is a list of angles, forces, and torques, calculated for the critical condition raised 

(Table:18 - 20): 
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Table 18 Auxiliar variables and Input parameters  

Input  

Parameter  Value  

Normal 
Forces  

16.33 N 

ΘF1 14.56° 

ΘF2 323.6° 

α 112.76° 

auxiliar variables 

Parameter  Value  

r 8.2° 

X2 38.37° 

Y2 34.64° 

P2 (38.97,34.64) 

N1 51.5 mm 

β 42.12° 

δ 49.77° 

γ 7.65° 

X3 17.84 

Y3 -2.4 mm 
Table 19 Output Angular variables 

output 1 

Parameter  Value  

Θ1 104.56° 

Θ2 171.8° 

Θ3 53.6° 

Θ4 177.8° 

Θ5 61.7° 
Table 20 Output Force variables 

output 2  

K 9.45 N/mm 

F3x 17.27 N 

F3y -1.24 N 

Fax4 8.6 N 

F⊥4 30.96 N 

Fax5 38.93 N 

F⊥5 -12.43 N 

M -223 Nmm 

Fmotor  17.85 
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In conclusion, to carry a weight of 50 Newtons, approximately 53.55 N  should be applied 

by the gripper. This force is distributed across the three gripper fingers.  

This difference in the force is because the motors must also overcome the internal forces of 

the mechanism generated by the springs. This spring can be manufactured with the following 

specifications: Wire Diameter, wd: 1/32" ; Outer diameter, OD: 13/64" ; Length Inside 

Hooks, Lih: 1/2" ; Music Wire ASTM A228 [151]. 

The manufacturer's specifications (Appendix A-2) indicate that the average force that the 

motor can exert along its axis is 100N (Figure 108), therefore: 

 

Figure 108 Average motor force by models  
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Therefore, we can conclude that, for the critical design case, the dynamic Factor of Safety is: 

 

FS =  
𝐹𝑀𝑎𝑥

𝐹𝑀𝑜𝑡𝑜𝑟
= 

100 𝑁

17.85 𝑁
= 5.6 
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CHAPTER 6 

EXPERIMENTS AND RESULTS 

 

This chapter presents the results of the tests carried out with the objective of measuring the 

performance and GAR. 

For this, the gripper was installed in a U-factory brand robotic arm called xArm-6, which has 

six active degrees of freedom to place the gripper in different positions and orientations. This 

robotic arm, in turn, is anchored to a motorized wheelchair that has been adapted to control 

the robotic arm and the gripper using only the joystick from the wheelchair. This joystick 

gives a great advantage when carrying out the tests since it will be possible to choose between 

moving the gripper, orienting it, and opening or closing it to grab objects, all with a single 

relatively easy-to-use control. 

 

To verify that GAR works for all the objects proposed during its design, it was considered to 

classify them in 3 different workspaces.  

This categorization is proposed to make the gripper grab objects from different orientations, 

depending on the object's position. For example, the green (Figure 109) workspace is close 

to the individual, so the gripper will need to hold or maneuver objects more safely and 

accurately than when lifting objects from the yellow space. On the other hand, For the yellow 

space, the preferred location will be with the z-axis perpendicular to the ground, and for the 

red space, the preferred orientation will be with the z-axis aligned forward.  
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Figure 109 Tested workspace and robotic arm motions 

  

Figure 110 Wheelchair's control architecture 

 

The components and linkages of the robotically assisted power wheelchair's control 

architecture are shown in Figure 110 [134]. The first section consists of the electric 

wheelchair and its electronics, which are managed by the R-net control system to regulate 

and share the wheelchair's variables. The Input–Output Module (IOM) obtains the joystick 
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values using R-net. It transmits logical values (0 or 1) through a D-Sub 9 Pin for each 

direction supplied by the chair's input device. The wheelchair may also accept logical values 

from an external computer. The robotic assistive arm is a device comprised of its drivers, 

motors, actuators, and sensors. A power cable receives control signals and transmits status 

information to an external computer. The user application layer allows developers to write 

codes for controlling and connecting new devices like GAR. This layer's applications are 

written in Python and use a Software Development Kit (SDK) that comes with the robotic 

assistance arm. It also transmits the control signals for the arm and power wheelchair and can 

also read the system's variables to perform the necessary control. 

With the list of activities of daily life proposed in Table 2, the gripper is tested based on the 

three types of grip: Parallel Grip, Cylindrical Grip, and Spherical Grip.  

 

Table 2 Minimum Task list for assistive robots 

No. Task  

1 Picking/ Placing objects from Table, book, pen 

2 Picking/ Placing objects from Ground, shoe 

3 Picking/ Placing objects from Man reach, Upper shelf 

4 Holding objects (up to 10 lbs) 

5 Opening & closing drawers 

6 Push-pull, Swing open-close doors 

7 Holding cup near month 

8 Gradual upward positioning of the cup during drinking 

9 Holding spoon/fork 

10 Maneuvering spoon/fork to take food from bowl to plate 

11 Maneuvering spoon/fork to put food in mouth 

12 Holding credit cards, Swipe credit cards at market, ATM booth 

13 Putting pills/medicine in mouth 

14 Holding medicine 

15 Opening/ closing Refrigerator, oven Door 

16 Opening/ closing lid of jar, box, paper box, cap of bottles 

17 holding the phone near ear or put in speaker mode 

18 Holding Pen, Maneuvering on paper or surfaces 

19 Holding printed books, turning pages 



153 

Below are some images (Figure 111 – 119)  of the gripper performing these tasks:

 

Figure 111 Gar holding a screwdriver in parallel grip mode 

 

Figure 112 Gar lifting a shoe from the ground 

GAR shows great maneuverability when grabbing objects from the ground or a table when 

performing a parallel grip, as shown in the images above (Figure 111 – 112). 
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Figure 113 Sequence: grabbing a glass from a table - orientation 

  

Figure 114 Sequence: grabbing a glass from a table - holding 

 

Figure 115 Sequence: grabbing a glass from a table - displacement 
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It can also perform tasks such as holding glasses using the cylindrical grip ( Figure 113-115). 

This type of grip is the most used by GAR since most objects can be efficiently held with 

three fingers. 

 

Figure 116 sequence: Opening a drawer - finger positioning 

 

 

Figure 117 sequence: Opening a drawer – gripper displacement 
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Opening and closing drawers is a recurring activity among the ADLs list. Despite not being 

an easy task due to the large force that must be applied to open the drawer, GAR manages to 

complete this task satisfactorily (Figure 116 – 117). 

 

Figure 118 Hook mode and cylindrical grip 

During testing, it was discovered that the gripper could also be used as a grappling hook 

(Figure 118). Despite not being designed for that purpose, it works pretty well with particular 

objects and situations. For example, grabbing a 1-gallon bottle of milk by the handle or 

opening the microwave oven using only two fingers as hooks.  

This grip mode is not included among the three official modes the gripper was designed for, 

but it is an interesting proposition to explore. 
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Figure 119 Gar holding approximately 5 kg of weight  

 

Finally, solid metal blocks were used as test objects to check the motors' torque and the 

resistance of the mechanism.  

The cylinder (Figure 119) has a radius of 50.08 mm and a height of 135.1 mm, weighing 

approximately 2542 grams. The rectangular aluminum block measures 127 mm x 127 mm x 

50.08 mm with a weight of 2,177 grams, for a total of 4,719 grams.  

Because the proposed robotic arm cannot support this weight, this test was done with the 

gripper disconnected from the robotic arm, as seen in Figure 119. 

For all tests, a rating was made based on how stable the grip was for each object (Table 21). 

Some of the tests could not be taken or had a lower grade due to multiple factors such as: 

 

Reason 1: Moving the gripper to the desired position and orientation can take time and effort. 

Since the inverse kinematics of the robotic arm only allows it to move back and forth and 
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perform some rotations to change the gripper's orientation, it is hard to orientate the gripper 

concerning the object. Despite not being a problem directly related to the gripper design and 

outside the scope of this investigation, it is a factor that affects the system's overall 

performance. 

 

Reason 2: Some objects have a little surface area and require much force to move them. 

Because they have a little surface area, the gripper must apply a greater force to hold them 

without slipping. This is a particular case since it only occurred with the drawer handles, but 

it could be repeated with other objects not yet evaluated. 

 

Reason 3: When an object's surface area is much bigger than its thickness. Holding credit 

cards on the table is the perfect example to explain this case; since it has almost no thickness, 

it is very difficult to grab them from that position. During the testing stage, several people 

inside the lab were asked to grab a credit card on the table, and they all unconsciously slid it 

to the edge of the table and then picked it up. Everyone was then asked to lift the card without 

bringing it to the edge, which was extremely difficult for everyone, even using their 

fingernails. This case provides two very important branches to study: the correct way to grasp 

very thin objects and what mechanisms could be used. 

 

Reason 4: Since this gripper was designed to help people with reduced mobility, a single 

robotic arm with a single gripper could perform all the tasks on the list of activities of daily 

living. However, some situations cannot be solved with only one hand, even for people 

without reduced mobility. Opening a bottle of water or medication, for example, implies that 

the bottle is fixed and the cap rotates concerning the Z axis of the bottle (Figure 70). However, 
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since we cannot fix the bottle with our hands and our robotic arm cannot perform rotations 

only in joint 6, this test was not carried out, even though GAR can perfectly support the bottle 

caps. 

Table 21 All objects used to experiment with GAR and their scores  

No. Task  Object  Score Reason 

1 Picking/ Placing objects from Table, book, pen 
Book  9/10 - 

Pen  7/10 1 

2 Picking/ Placing objects from Ground, shoe Shoe  10/10 - 

3 Picking/ Placing objects from Man reach, Upper shelf Coat Hook 8/10 1 

4 Holding objects (up to 10 lbs) 
Aluminum 

Block  
10/10 - 

5 Opening & closing drawers Drawers 7/10 2 

6 Push-pull, Swing open-close doors Doors  8/10 - 

7 Holding cup near month Cup 10/10 - 

8 Gradual upward positioning of the cup during drinking Cup 10/10 - 

9 Holding spoon/fork Spoon 7/10 1 

10 
Maneuvering spoon/fork to take food from bowl to 

plate 
Spoon  7/10 1 

11 Maneuvering spoon/fork to put food in mouth Spoon  7/10 1 

12 
Holding credit cards, Swipe credit cards at market, ATM 

booth 
Credit Card  5/10 3 

13 Putting pills/medicine in mouth Pills  10/10 - 

14 Holding medicine Pills Bottle  10/10 - 

15 Opening/ closing Refrigerator, oven Door Oven Door  7/10 1 

16 
Opening/ closing lid of jar, box, paper box, cap of 

bottles 
Water Bottle  Unrealized 4 and 1 

17 Holding the phone near ear or put in speaker mode Phone  9/10 - 

18 Holding Pen, Maneuvering on paper or surfaces Pen/ Market 9/10 - 

19 Holding printed books, turning pages 
Holding Book  9/10 - 

Turning pages  Unrealized 3 
 

Thanks to Table 21, we can highlight the performance of the GAR design, with 83.6% 

effectiveness for all the proposed activities. For the most part, the performance was affected 

by the low manipulability of the robotic arm used. However, in general, the results are very 

satisfactory and show a solid, compact, and replicable design based on a low manufacturing 

cost. 



160 

CHAPTER 7 

CONCLUSIONS AND FUTURE WORKS 

 

7.1 Conclusion 

A robotic gripper with an underactuated mechanism, GAR (Gripper for Assistive Robots), 

based on how humans grasp objects, was developed to provide greater effectiveness when 

manipulating objects with an assistive robotic arm intended for people with reduced 

mobility. This thesis has produced GAR's modeling, mechanical and electrical design, 

components, development, and control. 

The GAR kinematic model was developed based on a geometric approach and quasi-static 

modeling, while the dynamics were modeled from the mechanic's nodal theory. Also, the 

mechanism’s lengths and torques were calculated for the motor selection through 

simulations. 

GAR is a robotic gripper that can adjust to various items of varying sizes and weights. In 

addition, this technology can successfully serve as a starting point for future research on 

grippers for assistive robots. The GAR design employs a new approach utilizing an 

underactuated mechanism to better adapt to unanticipated scenarios while preserving a 

lifting capacity of up to 5 kg. All while keeping the device's compactness and portability. 

 

As GAR is still in the research phase, manufacturability via conventional machines was 

given the highest priority during its design. Therefore, daily life activities were utilized 

during the experiments to evaluate the design. 

 

Those experimental results show that the GAR can effectively grab more than 80% of the 

objects humans grab during activities of daily living. 
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7.2 Recommendations & Future Scopes 

 

GAR shows promise in providing a gripper capable of increasing assistive robots' 

effectiveness when performing daily tasks. However, the potential for this research could 

be reached to a new level through further development of the current version. 

 

7.2.1 Improvements: 

• Being a prototype version, this gripper was built with plastic materials through additive 

processes. However, most of these materials were replaced during the experiments multiple 

times, so manufacturing all the parts in aluminum or PEG by injection process would 

increase the durability of all the components. 

 

• The experimental setup of GAR is currently based on a robotic arm controlled by an 

external computer. This robotic arm lacks many functionalities when it comes to 

controlling it. An upgrade to this robotic arm would considerably increase the results of 

these experiments. For example, moving some joints of the robot independently to orient 

the tool or to execute smoother movements and not just in straight lines would be a perfect 

upgrade. 

 

• Even though the mechanism has limits programmed in the microcontroller, a force sensor 

is necessary to experiment with fragile objects. Holding a fragile object, such as an egg, is 

possible at the current state of research, but knowing how much force is being applied to 

the object is not possible now. 
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• Finally, anonymous data can be collected from GAR for machine learning to standardize 

grip patterns and required grip forces. This would help solve the problem of generating 

trajectories by creating a database on the orientation and the perfect force needed for 

different objects. 
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