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ABSTRACT

This thesis applies a generalized gripper design process to the design of robotic grippers. A review 

of the literature describing current gripper design and gripper design methods provided a basis to create a 

general design process incorporating a number of engineering design methods. The developed process 

includes the classical elements of needs definition, functional analysis, and conceptual development. 

Verification methods are applied to the resulting concepts to provide the basis for comparing the design to 

the project goals.

The proposed design process was applied to the redesign of the LANL band gripper used in 

LANL’s Robotic Integrated Packaging System (RIPS) module. The current gripper design experiences 

excessive wear on its contact surfaces, which led to problems maintaining a secure and stable grasp. This 

redesign effort provides a proof-of-concept validation for the proposed gripper design process and led to 

the development of a double actuated band gripper to replace LANL’s existing design. Final analysis shows 

that the resulting gripper exceeds all the project requirements and the resulting design will be implemented 

in LANL’s RIPS module.

Subsequently, "the same process was applied to the original design of a dexterous robotic hand that 

seeks to meet or exceed the mechanical properties of the popular- BarrettHand design. The BarrettHand 

combines high dexterity with low mass and a limited carrying capacity. This design is ideal for research 

environments where objects of various sizes and shapes are grasped with a single gripper and for 

teleoperation where grasp dexterity enables the same end-effector to be used for multiple tasks. The 

primary limitation of the BarrettHand is its $30k price, which in many cases is comparable to the robotic 

arm manipulating the gripper.

The development of the CSM Highly Articulated iNnovation by David Streusand (HAN-DS) used 

the proposed gripper design methodology to design a dexterous gripper at a reduced cost Compared to the 

LANL project, this design effort includes a larger design space, used a single individual designer instead of 

a team of designers, and is defined around a different region of the product S-curve. The methodology 

resulted in a dexterous palm mechanism operating four fingers, which was then implemented in several 

prototypes. The prototypes demonstrate the potential of the design, but are functionally limited as currently 

configured. Further prototype development is necessary.

The effectiveness of the proposed gripper design process is demonstrated through the LANL 

redesign project where the final gripper design exceeded all design and performance expectations. While 

the current design iteration of the CSM HAN-DS has several flaws in its current configuration, the basis for 

a working design based on the innovations of the gripper also exists. A continuation of this project, 

applying the developed classical methods to addressing the problems with the current gripper design, is 

expected to result in a fully functional CSM HAN-DS prototype. Future work includes the implementation 

of the LANL band gripper, improvements to the CSM HAN-DS, and refinement of the design 

methodology.
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CHAPTER 1: INTRODUCTION

Flexible, dexterous research grippers, such as the BarrettHand and similar gripper designs are 

desirable in research institutions around the world. These gripper designs incorporate several key elements 

that are extremely enticing for robotics research. First, their versatile grasp characteristics facilitate 

manipulating a variety of objects. This can allow a single gripper to perform tasks that would normally be 

split between several manipulators and to perform operations where the environment and object being 

grasped are not fully known ahead o f time. Second, they incorporate sensor technologies that enable 

feedback data transmission to the user. Barrett [Townsend 2000] created one of the most popular research 

gripper designs, known as the BarrettHand Barrett's gripper design is popular because it combines 

flexibility and sensors with a robust actuation technique. .

F2 F1

F t and F2 Spread 
around the Palm

T orqueSwitch ™ 
Shifts Torque to 
Appropriate Finger 
Joint

Onboard Control 
Electronics Package  in 
Palm Shell

F3

Figure 1.1 The Barrett Hand Finger configuration [Townsend 2000]

The BarrettHand’s flexibility is accomplished through three fingers, each composed of two 

linkages. Two o f the fingers, designated FI and F2 in Figure 1.1, can rotate about the palm, allowing the 

gripper to adjust its grasp for manipulating spherical or cylindrical objects. The individual fingers actuate 

by rotating inwards at the palm and the connection between its two linkages. Rotation of the main linkage 

(connected directly to the palm) is constrained by a preselected torque (chosen during design and 

construction) and gripper geometry. The secondary linkage in each finger is constrained by motor torque 

and geometry. Sensors are located on the contact area in the second linkage. A basic setup for the Barrett 

Hand has a simple contact sensor on the contact surface of the fingertip.



k:.

Figure 1.2 Actuation Mechanism for BarrettHand (red is friction spring) [Townsend 2000]

Actuation in the system is accomplished using worm gears, represented in Figure 1.2. On either 

side o f the m otor's gear is a geared connection to the worms that actuate each of the finger's joints. For the 

first joint (at the palm), the worm gear spins freely until a specific torque is reached. At this torque, the 

friction spring maintaining the spin is disconnected and the joint actuation stops. During this, the second 

jo int (between the linkages) is moving along with the first gear producing no relative movement between 

the linkages. Once the first link has stopped actuation, the second joint continues actuating until it reaches 

either the geometric limit o f the system or the m otor's torque (from holding an object). Opening occurs in 

the reverse order with the second linkage returning to its initial position relative to the first linkage before 

the entire finger actuates to its fully open position.

One prohibitive reason that prevents widespread use of the BarrettHand is cost. The BarrettHand 

and other similar grippers can cost from $30,000 to $100,000 and have limited sensor technology. When 

dealing with small robots, these grippers can be as costly as the actual robot.

1.1 Project Goal & Novelty

This section describes the major project goals, including the project focus and the statement o f 

purpose for the project.
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1.1.1 Project Focus

The goal of this thesis is the design and prototyping of a low-cost, dexterous, and robust robotic 

gripper with sensor integration that performs at the same level as the BarrettHand. Having a cheap, 

adjustable alternative would allow researchers to customize the design and sensors to meet their 

requirements without the cost inherent in current gripping systems. In addition to capabilities similar to 

more expensive grippers, this gripper will have integrated sensor capabilities that allow a user to integrate 

more sensors than those currently available in the BarrettHand.

The general gripper design process developed for this project includes the three major components 

of a classical design methodology: needs definition, functional analysis, and conceptual development. The 

use of a classical process incorporates methods that require the iterative development of models throughout 

the design process. These methods can be updated throughout the design process as more knowledge about 

the design is developed. Changes in later methods can often lead toward improvements or changes o f prior 

methods and models. Figure 1.3 shows an overview of the classical design process employed in this 

project.

D e f in i t io n  
«  ►

Background 
Research 
Surveying 
Hmr" M ap 

OFD 
Process 
Model

Functions! 
Analysis

Bladk Box 
M odel 

Function Tree 
Function 
Structure

Form Development
*

Concept 
ireption

4
Brain&tonmlng

^ugh Chart 
Numerical 
O euskm  
Matrix

PEA
Design Optimization 

DFMA 
Prototyping

Time
Figure 1.3 Iteration within a Classical Design Process

Generally, the design process starts with need definition and follows through functional analysis to 

conceptual development. These sections are often revisited throughout the design to be updated with new 

information or insights. Conceptual development is composed of two major components: concept inception 

and detailed design. Concept inception generates and develops ideas into potential design solutions. A final, 

chosen, solution is then developed through detailed design methods into its final form. In general, detailed 

design can take the majority of time during a project as it needs to account for all the parts in the design 

including the verification of the final product.



1.1.2 Statement of Purpose

The purpose of this project is to delineate a classical design process for the design and prototyping 

of robotic grippers. Specifically, the described methodology is used to design a flexible, dexterous research 

gripper that meets or exceeds the mechanical and operational performance requirements and specifications 

of the BarrettHand while incorporating sensor integration capabilities and reducing manufacturing costs to 

less than approximately $6200.

1.2 Major Requirements

The project requirements are based on the existing and expected capabilities of the BarrettHand. 

Requirement development is discussed in detail in Chapter 5 along with the design and testing o f the CSM 

HAN-DS gripper prototype. The major requirements o f this gripper are the main customer needs that turn 

into engineering requirements that can be used during design. The following sections describe the 

overarching requirements for this project.

1.2.1 Low Cost

Cost is integral to any design. Cost o f materials, manufacturing, and off-the-shelf products can 

take a huge chunk out of any project budget, especially in new designs where an initial idea does not work 

as expected. In research, testing equipment and manufacturing may take a back seat to sensing technology . 

and experimental setup. Since this gripper is designed specifically for graduate research, it is important to 

minimize the cost of manufacturing and assembling. High dexterity grippers are available for 

approximately between $30k and $100k. These grippers can incorporate sensors, which may account for a 

significant portion of their cost. In response, the gripper design from this project will not exceed $6200; nor 

will the base design include sensors. However, this design includes the capacity to incorporate sensors and 

other technology so that it can be tailored for any research application.

1.2.2 Low Mass

A gripper's mass is very important to the design and the control o f robotic systems. A high gripper 

mass can lead to issues with robotic control and can increase the torque requirements on a system while 

simultaneously reducing available payload. Grippers with a large mass also will be more expensive due to 

higher material costs, and will require more substantial actuators which further increase gripper costs. A 

high mass also is related to a higher factor of safety and increased gripping force, which can increase the 

maximum payload of the gripper. These factors often have to be compared to the overall goal o f a project 

to determine their relative priority in a design. In this case, a low mass is preferred because the main goal of 

this project is to minimize cost while meeting the specifications o f the BarrettHand. As the mass of the
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gripper reduces the payload mass o f the robot, it makes it essential to minimize mass to accommodate as 

many potential applications as possible. The BarrettHand has mass of approximately 1.2 kg and a grasp 

capacity of 6 kg, which is the goal for this project.

1.2.3 Grasp Range

One reason the BarrettHand and similar grippers are so useful is the range of objects they can 

grasp. This results from the grippers' ability to optimally alter its grasp configuration, as well as from the 

range of sizes that can be grasped. The BarrettHand can alter its finger configurations to optimally grasp 

cylinders or spheres. Its finger range can extend from 0 mm to 355 mm with 130 mm long fingers separated 

by 100 mm (when on opposite sides o f the palm).

1.2.4 Repeatability

One of the major marks o f a good gripper design is repeatability. As it is expected a gripper can 

operate many times during its lifetime, it is equally important during that time that its performance is 

consistent. Repeatability can be built into a design by using simple systems and avoiding wear on parts. 

Measuring repeatability can take time as a true test involves having a prototype cycle through a program 

numerous times. Products can incorporate wear into their design by making parts that can expect wear 

easily replaced in the system.

1.2.5 Reliability & Secure Grasp

A reliable and secure grasp is very important for a robotic gripper. When an object is being 

grasped by a robot you need to know that it can maintain its grasp. This means that it needs to generate 

enough force to ensure a proper grasp on the object and a high enough factor of safety in the design to 

ensure the gripper can handle the stresses involved with the grasp. Determining factor of safety can be done 

through either calculations or simulations in a CAD program. These methods can produce a fairly accurate 

estimate of the FOS but are unable to account for material and manufacturing defects in the parts. For this 

reason, parts are designed to have a higher factor o f safety than required. Determining if a grasp is secure 

can be done by calculating the forces produced by the fingers and testing a prototype in several expected 

grasping situations.

1.2.6 Grasp Versatility

One of the greatest features o f the BarrettHand, and similar grippers, is its ability to alter its grasp. 

This allows the gripper to optimize its grasp depending on the targeted object and is what makes the gripper 

versatile enough for research and small-scale assembly operations. The BarrettHand and its peers operate 

by pivoting its fingers about axes to allow for multiple grasp orientations. For example, the BarrettHand
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rotates fingers about the palm which results in several unique grasping configurations. The Schunk SDH 

rotates two fingers about their connection to the palm which lets it orient each finger for an optimal grasp. 

The Robotiq utilizes a pinching motion between two fingers to generate either a two finger grasp 

configuration or allow it to pick up extremely small objects in its "pinch."

1.2.7 Intelligence (Sensing)

Intelligence is reliant on system inputs. As intelligent human beings, we receive, process, and act 

on a variety o f sensory data every second. Sight, smell, touch, taste, and hearing enable human beings to 

optimally perform tasks and can also allow a robot to do these same manipulation tasks. While open loop 

control (no sensory feedback to the system) is possible in robotics—and indeed widespread—it does not 

allow robotic systems to adjust for optimal performance, uncertainties in their environment, or to generate 

information for future applications. This is unacceptable in many research applications as optimal 

performance and data generation are required for the majority of research applications. This means that a 

gripper design needs to include plans for sensing technology. A number of grippers designed for research 

include sensors in their design but these are often limited to either contact or force sensors with some tactile 

sensors used in specific applications. This results in grippers that generate feedback but are limited to using 

sensors that fit only a specific design. This project’s gripper is made to incorporate a number of sensor 

types. The final gripper allows users to select the specific sensors needed for their project and easily 

incorporate them in the existing design.

1.3 Deliverables

This project has several deliverables. First, it includes the design and analysis of the mechanics 

and kinematics o f the robotic gripper. Following analysis, a prototype of the gripper was built and tested. 

The results o f testing were used to evaluate the gripper relative to its design criteria and to make 

recommendations for further improvements. Final documentation is presented in this thesis, which 

describes the background, process, decisions, and results of the project. This document also includes a 

comprehensive background of current gripper designs and technology. The designed gripper was tested 

with a Fanuc LR Mate lOOi robot, but can easily be altered to interface with other robotic systems.

1.4 Conclusion and Review

The gripper designed in this project is intended to support research applications. Consequently, the 

design exhibits flexibility in its grasp and can incorporate sensors in its structure. The final design meets 

most o f the requirements used by the BarrettHand with a reduced manufacturing cost.

The remainder of this thesis includes a literature survey in chapter two, which includes a short 

description o f the history o f robotics, descriptions of current grippers, analysis of grasp capabilities,
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alternate actuation methods, and sensing technology. Chapter three depicts an evaluation o f grasp 

kinematics and planning, gripper evaluation methods, and a description of gripper design processes. A 

description of the Los Alamos National Laboratory gripper design project is included in chapter four where 

the generalized design process was first employed on a classical gripper redesign project. The design and 

analysis of the CSM HAN-DS gripper is presented in chapter five. Finally, conclusions are presented in 

chapter six.
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CHAPTER 2: CURRENT PRACTICES

Since the 1960’s, modem industrial robots have been a boon to the manufacturing and automation 

industry. The beginning of the industrial age in the 1800’s saw the first use of automation. These initial 

“robots” were controlled using weighting systems and were not as versatile as current robotics. Generally, 

these early automation systems were designed for a single specific application, and thus lacked the 

mechanical and programming flexibility to be reused in new tasks. Modem industrial robots usually have 

several degrees of freedom and are sufficiently versatile (mechanically and through programming) to be 

adjusted to perform different tasks.

Industrial use of robotic equipment has been closely tied to car manufacturing. This sector has 

long driven the design and capabilities of robotics though more recent manufacturing practices and 

consumer goods have growing robotic needs. Innovative sensing technology and robotics design have 

allowed systems to be developed for other industries like food processing where industries use robotics to 

process, sort, and store food items. Additionally, robotics are becoming more popular in consumer products 

such as toys and household appliances. All industrial robotics utilize end-effectors and a large number of 

end-effectors are robotic grippers.

End-effectors, specifically grippers, are important in robotics. They allow robots to interact with 

their environment and are one of the most important parts of a robotic system. A good gripping system can 

cost as much as the robots to which they are attached. The grippers traditionally used in industry are 

designed for a single task and cannot be applied to other tasks easily. However, as manufacturing 

capabilities are becoming more versatile, the automation systems used in manufacturing are also becoming 

more flexible. Demand for unique products means manufacturers need to accomplish a variety of tasks 

using the same manufacturing machines to maintain efficiency and lower costs. Additionally, robotic 

consumer products, such as vacuum bots, (i.e. the roomba) that are used to perform singular tasks are 

entering a stage that requires expanded capabilities. This, in turn requires robots to start performing more 

versatile tasks. Economical and versatile gripper designs are necessary to support this trend. The following 

sections describe some of the current research and design practices used in robotic gripper design.

2.1 Current Grippers

This section surveys design methods for robotic grippers and designs resulting from these 

methods. Specific design methodology research has been presented and evaluated for its effectiveness. 

Actual grippers that have been developed, their design methods (if applicable), and how the designers 

attempted to balance relevant customer needs are discussed.

9



2.1.1 Design Methods

Many methods have been used in designing robotic grippers. Presented methods are often specific 

to a set of design criteria and are rarely presented m a comprehensive manner describing a complete design 

process unless they are part of a larger body of work such as a textbook. The methods described in this 

section are a sample of those used by individuals for robotic gripper design. Some of these methods are 

derived from classical design techniques altered in response to specific applications while other methods 

are unique design methods applicable to a particular subset o f gripper designs.

When designing robot grippers, choosing a specific design concept can be a challenge. Naik et al 

[2010] has proposed a set of criteria to determine the best design for a linkage system. A linkage system 

uses stiff bars (links) to establish a grasp. General criteria include kinematic performance of individual 

linkages, number of linkages, number of hinges, length of linkages, stresses, and fatigue. Specific criteria 

like kinks, interference between linkages, and creep are used to evaluate based on application. The 

proposed criteria are calculated and the values compared using a Pugh chart. The values in the Pugh chart 

are used to determine a resulting solution. The criteria introduced in this research provide a useful basis for 

determining linkage solutions to gripper design. Pugh charts are a versatile method for evaluating design 

concepts though the main focus of this work was the development of criteria specific to linkage designs.

Gorce and Fontaine [1996] propose a methodology to choose a basic gripper design from the 

major requirements of the gripper. Their research explores several basic actuation methods and results in a 

flow chart that will indicate suggested methods. This flow chart uses the gripper requirements and a library 

of equations and mechanisms to develop a solution. Final selection integrates the system constraints into 

the solutions. Results indicate that the algorithms proposed can be a useful tool for gripper design, though 

the overall system is limited to solutions made possible by the contents o f the equation and mechanism 

libraries. Additionally, when multiple solutions exist, the design methodology gives no indication which 

solution would be a best match.

Sometimes parts need to be oriented during grasp for their specific application. This happens when 

it is more difficult to orient the robot than to orient the part, which can occur during assembly operations. 

When it is more expedient to orient an object than the robot, using a form-specific finger module to tip an 

object into position while being grasped becomes a useful tool. Zhang and Goldberg [2001] propose a 

technique that can be used to design trapezoidal modules for use with a parallel jaw gripper that orient an 

object during grasp. This method is dependent on using parallel jaws during grasp and only designs the 

geometry of fingers.

The design of a robotic gripper introduced by Crawford and Perez-Garcia [2010] uses a parallel 

actuation system to mimic the actuation of a human hand for use in prosthetics. Testing demonstrated that 

the designed hand is able to do everything a human hand can accomplish. This hand is also unique because 

it uses two actuation systems, the first of which is under-actuated, and the second of which is almost 

completely actuated. This dual actuation system shows great promise for future work in prosthetic mimicry
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of a human hand. Using biological systems as inspiration has often been a great first step in design 

innovation and can allow engineers to do more innovation than would otherwise be possible.

2.1.2 Gripper Designs

There are many examples o f specific gripper designs developed for specific applications in the 

literature. The authors of these papers have balanced specific customer needs for their designs and their 

approaches provide insights into potential solutions in gripper design.

Hirose and Umetani [1978] demonstrate the design o f one of the first under-actuated linkage 

grippers. Using cable actuated linkages they showed a method that conforms linkages around an object 

using a single actuator. Their research demonstrates the under-actuated system produces a distributed force 

from each link in the system on the object that is equal in all links. The use of many small linkages in a 

serial arrangement allows the design to conform to almost any shape. Underactuation is a major area of 

interest in robotic gripper design. Many o f  the papers demonstrating under-actuated designs reference the 

findings of Hirose and Umetani. This design, shown in Figure 2.1, has been critical for gripper design as it 

presented a new method for robust actuation by using under-action. The underactuation in the design acts to 

conform and maintain grasp on a variety o f objects. This design also has an added benefit o f decreasing the 

system mass and volume by reducing the number o f actuators and removing them from needing to be 

directly connected to the gripper.

Figure 2.1 The Soft Gripper [Hirose and Um etani 1978]

The robotic gripper design presented in [Seguna and Saliba 2001] was created for maximum 

dexterity while being light-weight and uses a similar cable-linkage system as [Hirose and Umetani 1978]. 

The paper describes the design and control considerations from the design process o f the under-actuated
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gripper. These considerations and methods serve as a guide showing prior methods used in the design o f a 

robotic gripper.

Steutel et al [2010] presents the design o f a fully compliant, under-actuated finger. Compliance in 

their finger is generated through its structure. It is made from a metal ‘ribbon’ structure that allows thin 

segments to be flexible. This is opposed to a compliant material, where a softer material is chosen for its 

natural flexibility. Their research looked at the capabilities o f a compliant finger cast from a single material 

and is shown in Figure 2.2. Underactuation was achieved by controlling the material thickness (i.e. places 

where the fingers should deform have thinner cross-sections versus regions which are comparatively rigid 

with larger cross-sections). The resulting finger design is light-weight, fully compliant, and under-actuated. 

These finger designs demonstrate that underactuation and material compliance can be used to create a 

lightweight, low volume, and robust gripper design. However, this design exhibits problems with torque 

control. W hile kinematic actuation of the fingers is relatively simple; the combination of compliant 

structure and under-actuated joints is difficult to model effectively. Thus, it is difficult to produce a specific 

contact force since wear and fatigue are factors in the torque produced by the system.

Figure 2.2 Compliant M onolithic Finger [Steutel et a l 2010]

An extension o f robot gripper design is the design of prosthetic hands. Prosthetic hand design 

provides a number o f the same problems as design o f a regular robotic gripper. In trying to mimic the 

abilities o f  a human hand for amputees, researchers have focused on several interrelated design concepts 

such as underactuation [Massa et al 2002], material compliance, and tactile sensing. Massa et al [2002] 

describes the design o f an under-actuated prosthetic hand, shown in Figure 2.3. Unlike a robotic hand, their 

design is constrained to look like a human hand. This means that they require several fingers with 

significant dexterity and embedded actuators for maximum similarity. The final design uses four fingers 

that are under-actuated and use a simple control system. This allows the design to have maximal dexterity 

like the human hand although this requirement results in a tradeoff o f increased mass and volume.
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Figure 2.3 The RTR II Prosthetic Hand [Massa et al 2002]

Micro-grippers are a subset o f gripper technology designed to pick up and stay within nano-, 

micro-, and milli-meter sizes. These grippers are mostly developed for specific applications and often 

utilize material properties for actuation. Their small sizes make micro-grippers ideal for applications in 

micro-manufacturing, microsurgery, telesurgery, microbiology, and pharmaceutical research [Goldfarb and 

Celanovic 1999]. Many o f the applications micro-grippers are developed for operate within the human 

body. Use in the human body makes size minimization a priority and also can generate a number of 

application-specific constraints on the design.

Zhong and Yeong [2005] demonstrate the design of a micro-gripper using shape memory alloy 

(SMA) for grasp actuation. Their design, seen in Figure 2.4, uses the expansion and contraction o f S.MA 

wire to counteract a spring in order to open the gripper. Actuation was induced using a modulated current. 

Their conclusions show that SMA wire can be used without fatigue effects as long as the energy put into 

the wire is modulated so that it does not permanently alter the properties of the actuator wire. They theorize 

that higher strength applications can be accomplished using thicker wire, which allows a higher current to 

be introduced into the system. This research demonstrates the potential benefits that newer materials and 

material properties can have for a gripper system. Material properties, such as shape memory and 

compliance, can be used to increase the dexterity and robustness of a design without increasing the 

complexity or mass of a system.

13



/ -  P e rf B o a rd  
^  w R hD nW ngC incuM

Figure 2.4 SMA Wire Gripper [Zhong and Yeong 2005]

Human cells are measured in micrometers and are vulnerable to harm from a variety of sources 

including electricity, temperature, and pressure, amongst others. Cells in a liquid environment arc even 

more susceptible since these sources are easily transmitted through a liquid medium. Chan and Li [2003] 

have designed a micro-gripper, represented in Figure 2.5, capable o f manipulating individual cells while 

avoiding damage those cells while in a liquid environment. They accomplish this by utilizing materials' 

different thermal expansion coefficients through layering poly-para-xylylene (ppx) over a thin titanium 

‘heating element.’ The ppx layers protect the environment from the temperature variation and are different 

on each side of the heating element so the different thermal expansions resulting from the heating of the 

titanium layer will result in deformations that can be designed so as to actuate the grasp of the device. The 

results show promise for the manipulation of single cells in the medical industry.

Goldfarb and Celanovic [1999] developed a micro-gripper design with a high level of position and force 

control. This gripper used a piezoelectric ceramic for actuation and incorporates a PID control system. 

Since the gripper is designed for use with human direction, it operates within a human closed loop control 

speed of ten to one hundred hertz operation but with a grasp size o f approximately one-hundredth the 

ability of the human hand.

2.2 Grasp Capabilities

This section describes research conducted to analyze or design grasp capabilities. This includes 

methods for developing a grasp, actuating fingers, and determining optimal grasp positions.
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Figure 2.5 Thermally Actuated Microrobotic G ripper (Chan and Li 2003]

2.2.1 Underactuation and Compliance

Underactuation is the ability to create movement in multiple degrees of freedom using fewer 

actuators than degrees of freedom. Commonly, underactuation is achieved through cables operating 

multiple joints, compliant materials, and complex linkage systems. Utilizing underactuation in a design can 

greatly reduce the system mass. Much o f this mass reduction is achieved by the elimination of actuators 

within the system. This is a dramatic departure from early underactuation systems that achieved this effect 

through complex pulley and linkage systems that greatly increased system complexity. More recent designs 

have replaced these components with compliant m aterials and features. Compliant grippers usually realize 

reductions in the mass, size, and overall system complexity.

Balasubramanian et al [2010] analyzes the grasp of under-actuated fingers. Their research 

specifically examines two-link finger designs with various applied disturbance forces, different actuation 

mechanisms, and varying lengths. The paper looks at unique behaviors o f the fingers from the opening 

motion of the hands related to each of these variables and attempts to qualify the behavior in general terms 

for analysis. The results o f Balasubramanian et aFs [2010] work present a general classification of the 

influence of disturbances on various under-actuated fingers.

Underactuation in a single finger is heavily researched; however few investigate the 

underactuation of an entire hand. Baril et a l [2010] presents a static analysis o f under-actuated robotic 

hands. Their findings show that the geometric setup o f the system is the largest single factor in the design 

of an under-actuated system.

In addition to the mechanical systems o f the hand there has also been research into mimicking the 

compliance and feel of skin. One solution [Berselli et a l 2010] proposes a layered approach to copying the
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biological feel of the hand. This method uses a ‘skin’ layer to cover a thicker compliant layer that can have 

different patterns cut into the material to mimic the level of compliance required for a high fidelity model 

of a human hand.

2.2.2 Force Control

Force control is important in grasp to optimally perform tasks. The following research details 

methods and analyses related to forces acting on objects from a grasp.

Linear programming is a boon to people seeking optimal configurations using a few inequalities 

and a model o f the optimized system. A linear system of equations can be used in a variety of applications 

related to robotic gripper design and operation. They can be used for developing optimal grasp locations, 

determining form closures, or to evaluate a current grasp. Han et a! [2001] uses linear matrix inequalities to 

solve for three basic problems, including: force closure problems, force feasibility problems, and force 

optimization problems. Force closure problems examine the frictional forces acting on an object with 

known grasp locations and balanced forces. Force feasibility problems determine whether balance is 

possible in a known geometric and kinematic configuration for grasp. Force optimization problems take 

feasible (from force feasibility analysis) problems to determine optimal solutions for the “actuator efforts” 

and the resulting contact forces. The approach used to solve these problems has revolved around using 

linear matrix inequalities to represent the frictional forces acting on an object. Their results show the linear 

system producing results equivalent to those found using nonlinear models for frictional forces.

Chevallier and Payandeh [1998] have taken a different approach to grasp kinematics. Instead of 

evaluating the kinematics o f existing gripper designs, they have developed a methodology for determining 

the grasping forces required in a manipulation task. Their method produces the required grasp strength 

needed for a task that can then be used as an engineering requirement during the design process.

One potential element that could be considered during the design process is the effect a gripper has 

on the object it wants to manipulate. This is especially true for objects that are compliant and those made of 

softer materials than the gripper. Lin et al [2007] has developed a method that models the deformation of 

compliant materials due to the ‘pinching’ of a robot gripper’s grasp.

Determining a gripper’s capabilities and limits can be a challenge. Xiong et al [1999] have created 

a method, using non-linear programming, which determines the maximum external wrench that can be 

experienced by the gripper. This methodology can evaluate a current design to determine its load limit and 

external force capacity.

2.2.3 Grasp Planning and Kinematics

This section details research related to planning a grasp and the kinematics of a gripper to develop 

an optimal model or design.
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Grasp stability has been a very important component of any gripper design. Montana [1991] has 

explored grasp stability in an effort to determine what makes a grasp stable. His research has revealed two 

areas of grasp stability. Spatial grasp stability is a return to equilibrium when the gripper is acted upon by 

an outside force. In other words, stability exists when, if the grasped object experiences a jerk of motion, 

the grasp returns to its original orientation automatically. Contact grasp stability is the ability of fingers to 

return to a stable position from a small displacement. This is demonstrated during a collision where a single 

finger, or point of contact, changes position momentarily, but returns to its equilibrium position. Montana’s 

results comprise of several mathematical models that can be used to determine stability. Comparing the 

results o f his mathematical model to the intuitive evaluation of stability performed earlier in his work 

shows a good correlation of results from each method.

Srinath and Rao [2006] relate grasp strength and stability with the parallelism of a gripper’s 

linkages. Parallelism is when motion is transferred to a link through two or more independent paths. Their 

research develops methods for analyzing the gripper parallelism to generate a relative parallelism 

measurement. Results indicate that higher parallelism leads to better grasp and rigidity; therefore choosing 

between parallel linkage designs can be accomplished by using the presented methods to determine the 

parallelism for each setup.

There has been substantial research into contact and grasp kinematics to improve grasping 

techniques and remove the ‘intuitive’ nature that currently guides robotic gripper design. Some of this 

research has encompassed maintaining contact with rigid bodies while in motion [Montana 1988]. Contact 

kinematics are evaluated by sustaining contact between two objects and analyzing a rolling motion between 

them, where contact along contours is constant between the two objects. Grasp kinematics also are 

performed in a similar fashion with multiple fingers used to secure a contoured object. Montana’s [1988] 

results, define a set of equations that evaluate contact and grasp in terms of the contact kinematics between 

two rigid bodies. For example, diverse applications such as the curvature from contact points and following 

an unknown object’s surface to rolling an object between two fingers and using fine grip adjustment can be 

analyzed through this method.

In addition to design inspiration, researchers look to the human hand for insight into grasp 

kinematics [Friedman and Flash 2007; Chieffi and Gentilucci 1993; Jenmalm et al 2000]. Friedman and 

Flash [2007] explore grasp capabilities of fingertips by determining the position and force exerted by the 

human hand in a number of object manipulation tasks. Similarly, Chieffi and Gentilucci [1993] examined 

changes in human grasp for different manipulation tasks. Other research has looked at the effect of sensory 

information on human grasp and balance [Jenmalm et al 2000]. The results of this research show the 

importance of visual feedback to the human grasp and the ability of tactile information to improve human 

grasp performance. Research exploring human grasp provide greater insight into optimal grasps for specific 

manipulation tasks and indicate relevant feedback information that could improve grasping in artificial, 

robotic, systems.
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In 1989, Asada and Kitagawa [1989] used form closure methods to determine desired grasps.

Form closure methods operate by surrounding objects with finger tips to hold and manipulate objects using 

normal forces and point contacts instead of frictional forces. Conditions required for form closure include 

kinematic constraints of the design and materials, and the boundary conditions o f edges and vertices. These 

conditions for form closure define a set of linear inequalities and enable linear programming to solve for 

the grasp. The final research results define a computer-based approach to grasp evaluation and grasp 

location determination.

Comparing evaluations of a gripping system is problematic. Often qualitative claims subject to an 

individual researcher’s experience are used for comparison between specific baselines. Significantly, 

Kragten and Herder [2010] proposed two performance metrics for under-actuated hands. These metrics, 

measuring the ability to grasp and the ability to hold, have been quantified so future under-actuated 

gripping mechanisms can be evaluated based on rigorously defined criteria that can be used for a variety of 

applications. Their evaluation of these metrics shows promise as a quantified way of determining the grasp 

effectiveness.

Bicchi [2000] describes research in robotic hands as part of three major categories: manipulative 

dexterity, grasp robustness, and human operability. In each category, Bicchi [2000] describes several 

conflicts impacting the mechanical designs of the systems. The resulting designs are geared toward 

overcoming a singular obstacle and are application specific. He reveals a general trend in gripper design 

toward more simplistic mechanical designs with a higher reliance on software for control.

2.2.4 Gripping Methods

There are a number of techniques used to pick up and manipulate an object. The most common is 

to use ‘fingers’ to grasp an object. This can be found in natural grasp systems including pincers on insects 

and fingers on a human hand. Therefore, it is no surprise that many of the gripper used in robotics are 

designed to mimic the grasping abilities of fingers by using anywhere from two to five fingers with varying 

degrees of freedom and compliance. The grasping systems defined by finger grippers are often used to 

encompass objects for manipulation but also use friction to develop the forces needed to grasp and 

manipulate objects.

Other methods for creating a grasp that do not use fingers are termed contact grippers. These 

grippers utilize a single adhesion method on the surface of an object to create the forces necessary to 

manipulate the object. This includes using magnetism to manipulate magnetic objects, vacuum systems that 

manipulate objects with flat surfaces, pure friction grips, utilization of material properties and design to 

create Van der Waals forces, and using mechanical spines to generate contact with the gripper. Each of 

these methods is employed in robotics to grasp objects, though they are often limited to performing very 

specific operations and/or processes. In each case, to form a grasp, the gripper needs to be within a specific 

range of the object before actuation can occur to produce a grasp. This range is largely determined by the 

grasp method and the mechanism through which the gripper operates.
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Chen [1982] presents an overview of current and potential two finger gripping mechanisms. The 

mechanisms presented are organized by their method o f actuation and include linkage, gear and rack, cam- 

actuated, screw-driven, rope and pulley, and miscellaneous types. Non-two finger mechanisms, such as 

vacuum and magnetic types, are briefly mentioned but are not explored to the same extent. Chen’s purpose 

in writing this paper is to provide an up to date overview of industrial gripping mechanisms at the time his 

paper was written. The result is a paper with a large number o f industrial gripping mechanisms that, while 

not representing a comprehensive listing, provides grounding in structured mechanical gripping mechanism 

classifications.

2.3 Alternate Actuation

There are many mechanisms used to actuate a grasp. They can be purely mechanical, such as a 

linkage system, or can utilize material properties to affect a grasp. Often these can be combined to provide 

a unique grasping system. The actuators used to manage grippers operate using several potential methods. 

Among the most popular are electrical actuators, pneumatics or hydraulics, and mechanical systems 

employing simple mechanisms to actuate the grasp.

2.3.1 Electrical

Electronic actuation systems utilize electromagnetic properties o f mètals and magnets to convert 

electrical energy to mechanical energy. The most common example is a rotational electric motor. Linear 

actuation can be created using solenoids or other techniques. Electronic actuation has the benefit of 

allowing systems to control the torques and forces being generated by adjusting the current flow into the 

system.

2.3.2 Pneumatic/Hydraulic

Pneumatic actuation uses a pressure differential to generate a force proportional to the cross- 

sectional area of the piston. By controlling the pressure and having several pressure inlets and outlets, it is 

possible to have several discrete actuation positions and pressures. Pneumatics generally produce linear 

motions (although rotary pneuamatic actuators are available) and have to be designed with due 

consideration towards control. It is extremely difficult to adjust a pneumatic system to increase torque 

control after it has already been installed. Hyrdaulic systems operate similarly with the use of an 

incompressive fluid medium.

2.3.3 Mechanical

Mechanical grasping systems can be the simplest to control and design as they deal exclusively 

with physical components. They use known mechanical systems that can be modeled effectively and
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organized into countless configurations. Mechanisms used in a mechanical system include linkages, gear 

and rack systems, cams, screws, and ropes with pulleys systems amongst other mechanical concepts. A 

mechanical system’s main disadvantage is the need to include human interaction unless it’s combined with 

an electrical or pneumatic system.

2.4 Sensing Technology

Sensors are becoming a major component in robotics. Combined with a robotic gripper system, 

sensors allow a robot to generate information to interact with objects and their environment via feedback. 

This section describes sensors that may be useful in a robotic system. These sensor descriptions have been 

organized into three sections: interface sensors that detect information about the contact between the 

gripper and object, remote object sensors which detect object information from a distance, and gripper 

status sensors which outputs information relating to the gripper’s status.

2.4.1 Interface Sensing

Interface sensing is heavily researched for robotic applications. Tactile sensors, in their broadest 

definition, are equivalent to interface sensors: sensors that generate information equivalent to that detected 

by the human hand. Narrower definitions for tactile sensors only define them as an array of force sensors. 

Interface and tactile sensors have existed for a while, but have been underutilized in industry despite their 

potential. Surveys and reviews of tactile sensors have expounded on the scope of possibilities offered by 

their capabilities but cost, sizing, and pricing have only recently allowed tactile sensors to become 

economically viable in industry [Dargahi and Najarian 2005; Howe 1994; Nicholls and Lee 1989]. The 

remainder of this section categorizes tactile sensing technologies and describes some basic principles 

behind their design.

Interface sensors can be categorized by dimension [Nicholls and Lee 1989]. A zero-dimension 

sensor has a single contact location and produces information about a single point of contact between the 

gripper and object. A one-dimensional sensor is, essentially, an array of zero-dimensional sensors while 

two-dimensional sensors are zero-dimensional sensors distributed across a surface. As dimensional 

complexity increases, the types, quality, and quantity of information generated also increases. For example, 

while a zero-dimensional sensor can detect contact with a surface, adding another dimension allows the 

sensor to detect changes across a single axis for detecting information such as slip in that direction. 

Increasing to a two-dimensional sensor system can improve the quality of measurement and provide data in 

areas not necessarily in the axis of the sensor.

Nicholls and Lee [1989] present five practical categories o f information that tactile sensors can 

develop and may be useful in industrial settings. Simple contact sensors detect the presence of an object in 

a grasp. Force sensors detect the magnitude o f the force at the sensor location. Force sensors are one of the 

most heavily researched sensor types as researchers attempt to generate sensors that can detect both
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magnitude and direction. Shape sensors determine the shape of an object from a two-dimensional sensor 

distribution. Slip sensors indicate object slip within a grasp. Finally, application specific thermal sensors 

can determine temperature and thermal conductivity at points of contact. Other sensor-generated data can 

include surface and hardness properties of the object, but only limited research into these sensors has been 

completed for robotic applications.

Edin et al [2006] have developed a tactile sensory system for a prosthetic hand. Their system is 

twofold, using an on-off contact sensor and a three-axis force sensor to detect force magnitude and 

direction. The tactile sensor was coated with silicone, both to increase the surface properties and provide • 

the feel o f a normal hand, while ensuring contact detection at one (or more) of the sensor’s contact 

locations. The combination of these two sensors has allowed them to generate the same data that a normal 

appendage generates naturally, increasing the effectiveness of prosthetics.

Nicholls and Lee [1989] proposed six categories for tactile sensing technologies.

Resistive and Conductive. These sensors change their electrical resistance or conductivity due to 

deformation. For instance, strain gauges use forces acting upon the gauge cause deformation, changing the 

electrical resistance of the sensor. These sensors require an external power source to create a detectable 

signal. Another example [Schmidt et al 2006] uses piezoresistive properties of materials to create a direct 

resistance change across the sensor.

Piezoelectric and Pyroelectric Effects. These sensors utilize a specific material property that 

creates a voltage due to pressure (piezoelectric) or temperature changes (pyroelectric). While these do not 

require a power source, the signal they produce is small and often requires amplification to reach 

measurable levels. They also experience signal decay in static applications that limits their utility to 

dynamic measurements where the signal continually changes. An example of a piezoelectric gripper was 

created by [Kim et al 2004] for use in microgripping applications. Another example [Fiorillo et al 1988] 

uses a layer of piezoelectric film to create a signal.

Capacitive Techniques. Capacitive sensors use the space between two conducting plates to create 

a signal. These can work in several ways by either changing the spacing between the plates, which in turn 

changes the capacitance, or by changing the property of the space between the plates by using a moving 

dielectric or other material that has different capacitive properties. A common example of recent capacitive 

sensing technology is the touch screens on recent consumer electronics.

Magnetic Transduction Methods. Magnetic transduction methods operate by generating a signal 

from a change in the magnetic flux or field of a system. The movement of a rod within an electric coil can 

cause a detectable change in the magnetic flux of a system. Magnetic field sensors often use magnetoelastic 

properties of material that change magnetic field when subjected to stress.

Mechanical Transduction Methods. Mechanical sensor systems often rely on switches to relay 

the movement o f a mechanical element. This causes them to be subject to discrete signal levels as they are 

unable to produce analog signals.
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Optical Transduction Methods. Optical methods use optical fibers to detect either light levels 

when reflected off an object or measure light escaping an optical fiber due to stress at a contact location. 

One example [Hellard and Russell 2002] uses changes in optical properties o f material when compressed to 

generate a signal.

2.4.2 Remote Object Sensing

Remote object sensing includes sensors designed to detect and quantify an object’s location or 

status. A prime example is the use of cameras and computer vision to detect and track potential objects to 

grasp. These sensors can be as basic as simple presence detection or as complex as object identification and 

object configuration characterization.

2.4.3 Gripper Status Sensing

Gripper status sensors are used to define the gripper state. State can include information pertaining 

to a gripper’s position, acceleration, exerted force, and wear. Kim [2007], for example, uses three 

orthogonal strain gauges in a triaxial load cell to determine the force exerted by the gripper in three 

dimensions. These sensors can be pivotal in controlling a gripper’s life cycle and evaluating the 

effectiveness of current gripper designs.

2.5 Conclusion

Robots use grippers to grasp, secure, and manipulate objects within their environment. Given the 

importance of the robotic gripper in many automation tasks, it is not surprising to find that many task- 

specific gripper designs have been developed. These designs are optimized for specific functions that make 

them ideal for one task but make it difficult to adjust to new tasks. Research grippers are versatile devices 

that often use complex systems for their grasp. Design research has revolved around incorporating 

underactuation and compliance to maximize the versatility of grippers without being overly complex or 

having sub-optimal performance. Other major research has been in developing better sensor systems. The 

desire to mimic the capabilities of the human hand is a driving factor in the development o f new gripper 

technologies.
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CHAPTER 3: THEORY
This chapter discusses the theory behind grasp with a robotic manipulator, published design 

methods, and classical design methods that have been applied in the project. Grasp theory delves into 

information regarding grasp stability, analysis of the human grasp, and analysis o f exi sting grasps. 

Published design methods detail those methods that have been created or adapted for use in robotic gripper 

design. Classical design methods presents the methodologies employed in two design projects described in 

Chapters 4 and 5. It includes methods employed for understanding the needs of the project, determining the 

activity and functions of the system, and generating a working design solution.

3.1 Grasp Theory

Grasp kinematics includes information regarding the forces and structures of a stable grasp. Many 

analyses of grasp are derived from static force analyses such as Baril et aFs [2010] analysis of 

underactuation palm-finger structures. Other analyses develop a methodology for dealing with specific 

instances such as Srinath and Rao’s [2006] evaluation of parallelism in design. Additionally, there are 

efforts to define structures representing our intuitive knowledge of grasp [Montana 1991] and to develop 

models that describe the kinematics behind the grasp [Montana 1988].

Montana [1991],distinguishes between two types of grasp stability. The first is grasp stability 

stemming from position of objects relative to the palm. Specifically, spatial grasp stability describes the 

return to equilibrium of an object subject to a small displacement. The second method distinguishes grasp 

stability from the position of the object relative to the fingers. Contact grasp stability is the ability of points 

of contact to return to equilibrium from small displacements. In Montana [1991], a general condition for 

contact grasp stability is defined (equations (3.1) to (3.3)).

Montana begins with an intuitive look at grasp stability. He shows that object.curvature affects 

grasp stability since smaller radii form less stable grasps. Similarly, finger curvature affects grasp stability; 

as does the distance between fingers during grasp. Finally, he indicates that softer fingers create more 

stable grasps than rigid fingers. Cases one, two and four demonstrate that larger contact areas create more 

stable grasp configurations. The third stability effect of closer contacts is likelihood of bending or buckling 

forces occurring as the spread of the fingers becomes larger. Figures 3.1-3.3 present graphical examples of 

the first three phenomena.

Figure 3.1 shows the intuitive instability o f smaller radii objects. In this case, both oval objects 

share the same height (a) with different widths (b and c). The different widths cause the gripper to 

experience different curvatures from the objects.

Figure 3.2 shows the intuitive instability using only point contacts to grasp objects. Using a larger 

area to grasp allows a gripper to reduce more degrees of freedom from the object.
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(a) b<a => Instability (b) o a  => stability
Figure 3.1 Object curvature affects grasp stability [Montana 1991].

(a) flat fingertips => stability (b) pointed => instability
Figure 3.2 Finger curvature affects grasp stability [Montana 1991].
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b) c<b => instability(a) o a  => stability
Figure 3.3 Distance between contacts affects stability [Montana 1991]..

Figure 3.3 shows that, intuitively, the further apart a gripper holds an object, the more instability is 

in the system. Both examples in the figure are oval objects with the same width radius (c) with the gripper 

contacts are separated by different radii (a and b).

Montana created a model describing general grasp kinematics for a two finger gripper. He does 

this by making the assumption that the fingers are producing a single rigid contact point with the object 

creating a frictional hold on the object. Motion due to disturbances then create either attractive torques 

which cause an object to follow a contact point due to movement, repulsive torques which resist forces 

acting on a contact point, and dissipative torques that result from visco-elastic properties of materials. The 

resulting equations (in matrix form) [Montana 1991] for a rolling contact are defined as follows in 

equations (3.1) to (3.3).

dt

where

g  — [A 0x 1 , A O y h  A 0 X2 , A 8 y 2 ,  A 6 x i > A & y i >  ^ x 2 >

A =

0 0 12 2 0

0 0 0 12 2

A t R 2 2 A 2 A 3 - R 2 2 A 4

R 2 2 A 1 A 2 Æ 2 2 A 3 A 4

(3.1)

(3.2)

(3.3)

For these equations, g is an array consisting o f small angular displacements and velocities for 

each grasp position for two grasp contacts, I22 is a 2x2 identity matrix, A, to A4 are diagonal 2x2 coefficient
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matrices, and R22 is a rotational 2x2 matrix derived from R0, the rigid body angular transformation between 

the two points of contact. Grasp is considered stable only if the eigenvalues of [A] lie in the left half plane. 

This is true if and only if  the displacements are small enough that linear approximations can be used.

Grasp Planning

Grasp planning can be defined as designing the grasp configuration into a gripper design. 

Determining an optimal grasp configuration can be accomplished in several ways. First, one can look at the 

capabilities and responses o f the gripper to grasps and disturbance [Balasubramanian et al 2010], Second, 

an analysis of the object can yield optimal grasp locations and forces [Asada and Kitagawa 1989;

Chavallier and Payandeh 1998; Han et al 2001; Lin et al 2007]. Finally, one can develop information 

regarding optimal grasps from the intuitive ability of humans to grasp objects [Chieffi and Gentilucci 1993; 

Friedman and Flash 2007].

Post-Design Analysis

Evaluating a system after it has been designed is appropriate when the design needs to either be 

compared to other designs or when it is being considered for an application outside of its designed 

applications. Many of the methods used to evaluate gripper designs are subjective to the evaluator and 

make it difficult to compare between designs [Kragten and Herder 2010]. Xiong et al [1999] ha\e 

developed a methodology to determine the maximum external wrench that can be experienced by a gripper 

using nonlinear programming techniques. Their method finds the maximum wrench in any direction by 

“maximizing” the forces acting on the system in each direction. The resulting analysis prov ides information 

that determines the overall capabilities of gripper that can be used to determine the ability of the gripper to 

handle applications outside its existing scope.

3.2 Published Gripper Design Methods

There are many methods that can be used to design a gripper. This section describes a few 

methods that have been created or adapted toward the design of robotic grippers. Many of these methods 

are created for a very specific subset o f gripper design and are not easily adapted toward other applications.

The design methods used are often adjusted or created to satisfy a specific design application. An 

example includes Naik et a /’s [2010] development of criteria for use in a Pugh chart analysis. This takes a 

standard technique for design evaluation and adjusts it for evaluation of linkage designs. Contrasting this 

method is the design methodology introduced by Gorce and Fontaine [1996] that creates a completely new 

flow chart system dependent on a library o f equations and mechanisms. Other design methods include 

methods that are only used in specific cases. Zhang and Goldberg [2001] introduce a design process 

specifically aimed at orienting objects during grasp. Crawford and Perez-Garcia [2010] introduce actuation 

systems inspired by the human hand. This demonstrates the ability of inspiration to play a large part in the
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design process. Biologically inspired design is especially big in recent years as researcher attempt to mimic 

the abilities and structures of natural systems.

This project uses more general design methods than have been previously discussed. Among those 

presented already, both a Pugh chart evaluation and biological inspiration play a large role in the design 

methods presented in this project.

3.3 Classical Design Process

A classical design process includes three distinct phases. Needs identification is used to 

understand the design problem. This takes the form of researching past and current solutions and practices, 

translating customer requirements into engineering parameters, and determining a product's use through its 

lifetime. A functional analysis determines the most basic actions necessary to describe a product’s actions 

and interaction within its environment. Developed functional methods allow designers to account for all 

aspects o f a product's design, determine potential solutions, and refine potential design solutions to an 

optimal set o f parts. Conceptual development is the process of developing a final design solution for a 

given problem. Developing this solution includes three major parts, concept generation (ideation) where a 

large pool of potential designs are developed to work from, concept evaluation where each potential design 

solution is improved and a final design choice is reached, and detailed design where physical details of the 

design (measurements, materials, and control systems) are chosen. Conceptual development has a large 

pool o f potential methods that it can utilize and is often highly dependent on the application being pursued. 

The detailed design portion of this phase is often the most time consuming part of a project as it requires 

determining specifications for all parts of the final design. A follow up to a classical design method 

includes design verification. Design verification is used to determine not only whether the final design and 

prototype met project requirements, but also to suggest improvements to the design.

3.3.1 Needs Definition

Needs definition is defined as the process of fully understanding prior related work, current 

practices, and project specifications associated the project and system. One of the first steps to defining 

needs is background research. Background research involves finding information relating to similar work. 

This includes finding related conference papers, journal articles, patents, and existing technologies that 

relate to the project. A secondary step involves generating information about the specific design project. 

This can be split into two types of data gathering: general information gathering where the generated 

information is applicable to any project of similar application, and specific information gathering where the 

information is individual to the project. General information can be found by surveying people who might 

use the product. Specific information needs to be generated from whoever is instigating the project. General 

information for a gripper design project would include information on how it would be used, who would
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use it, and applications. Specific information would include grasp range, carrying capacity, factor of safety, 

etc.

When all the information has been collated, it can be organized through several methods such as a 

mind map. A mind map is a chart showing the connections between different needs. It is flexible as 

different ideas and concepts can be emphasized to better understand the ideas that are most relevant. By 

using different colors, or by connecting ideas with different line styles, relationships between concepts can 

be established. An example of a mind map developed in the design of a gripper is found in Figure 3.4.

Robust Controls

Simple Design
Simple Controls
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Ease of 
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Small-Scale
Assembly
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Requirements
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Robust
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Collisions Grasp Accuracy
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Grasp Versatility Force/Torque 
ControlSimple ControlsRobust Grasp StrengthGrasp Stability

Finger
Orientations

Figure 3.4 Mind Map for Robotic Gripper

A Quality Function Diagram (QFD) or House of Quality is a method that develops engineering 

requirements and target values from customer needs. QFDs are especially useful for engineers because they 

show the relationship between needs and requirements, and between individual engineering requirements. 

Indicators in the diagram show the strength of these relationships. In the case of relationships between 

engineering requirements, these indicators also show whether it is a positive relationship or negative 

relationship where a positive relationship means requirements will improve each other and a negative 

relationship means the improvement of one requirement worsens another engineering requirement. 

Additionally, a QFD is the first step in creating product and component specifications. As part of a QFD 

analysis, the generated engineering specifications have associated goals or targets that influence the design 

and evolve into product specifications. These product specifications can then be turned into component 

specifications later in the project. An example of a QFD analysis is found in Figure 3.5.
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Figure 3.5 The Quality Function Diagram (QFD) for this Project

Process models, such as the one found in Figure 3.6, describe the lifecycle of a product. It usually 

starts at manufacturing and flows through a product’s entire life until it is discarded. It details every task 

that the product is expected to accomplish over its lifetime and offers a method by which designers can 

ensure each aspect of its life is understood to its fullest extent. Often process models will include primary 

and secondary uses as well as expected maintenance and additional steps needed for setup and disassembly. 

A process model is very important for designs that will have varied uses or functions over their lifecycle. 

Developing all the steps in the lifecycle allows designers to ensure the product is able to meet all the 

customer needs in the design including those that are not readily apparent to the customer and engineer.

3.3.2 Functional Analysis

A function tree, as seen in Figure 3.7, describes a design with form-independent functions. The 

functions in the tree are required design criteria and are often derived by examining the process model. 

Form independence is derived in the tree’s leaf nodes by narrowing down each function into sub-functions 

that give no indication to the shape of the final design. Form independent functions are often derived by 

indicating the transfer, guidance, or conversion of energy and forces in the design. Using generalized force
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and energy terms allows engineers to define a system independent o f the final design, which helps prevent

engineers from narrowing their focus to only a single design concept.
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3.3.3 Conceptual Development

Conceptual development is the stage in classical design where ideas are put to paper and 

developed into complete design solutions. In this case, it has been split into two parts. Ideation and concept 

evaluation is where potential design solutions are developed and evaluated for feasibility and effectiveness. 

Detailed design is the step where a chosen solution is developed to the point where it can be manufactured 

and tested.

Ideation and Concept Evaluation

Coming up with a single solution to a given design problem is not difficult. The difficulty in 

ideation comes with finding an optimal design solution to the design problem. While finding an optimal 

design solution for a problem may be difficult, we are able to increase the chances of finding an optimal 

design solution by increasing the ideas and concepts we introduce as potential design candidates. This can 

be problematic for engineers. Design fixation often occurs when ideation is performed by those who are too 

deeply entrenched in a project or too used to relying on a single solution to problems. Alternatively, if  

ideation relies on those with no experience in the project scope, generated concepts may lie outside the 

feasible realm or may produce many sub-optimal designs. For this reason, it is suggested that a mixed 

group o f experienced and inexperienced individuals generate concepts for ideation. This has the benefit o f 

including the variety of ideas the less experienced individuals provide and the in depth conceptualization 

that can be produced by experienced individuals.

Combining the talents of all experience levels is best accomplished by using multiple ideation 

methods. The first method that should be acknowledged is brainstorming. Brainstorming should be done 

with a medium to large group using a moderator that is experienced in the project and is able to lead and 

guide the group through alternate ideas when ideation slows. The main goal of brainstorming is to generate 

a significant number of ideas that can be utilized during the later steps of the ideation process, which 

evaluate the generated concepts and begin to combine these concepts into potential solutions.

Following brainstorming, several methods can be employed to develop concepts into potential 

design solutions. One method that can be employed to continue ideation is the “6-3-5” method. “6-3-5” 

should be done by a small group of experienced individuals (say six) immediately following the 

brainstorming exercise. Immediacy is important to keep the ideas generated in brainstorming in mind 

during the process. The “6-3-5” method uses six participants, each defining three concepts and exchanging 

the concepts through five rounds where a single round represents a rotation through the group. The 

concepts generated by each individual are passed around and added to or modified by each person for a 

two-minute period. Once everyone has seen and added to each concept, the round is finished and new 

initial concepts are generated at the start of the next round. An example of one person’s concepts put 

through a round of “6-3-5” is presented in Figure 3.10. This method takes time, but has the benefit o f 

producing a large number of well-thought-out potential design solutions.
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Figure 3.10 6-3-5 Example

Another method that can be employed more easily by an individual is graphical brainstorming. 

This method is similar to regular brainstorming but can be accomplished over a longer period o f time with 

a varying number o f individuals. This is due to the documentation inherent in drawing out concepts. Over 

time, this method can produce similar results to those obtained by the 6-3-5 method.

A more structured method to produce results is a morphological matrix. A morphological matrix 

categorizes design concepts based on what design criteria they fulfill. For example, the matrix may list both 

electric motors and pneumatic pistons as options for actuation, and rigid and compliant mechanisms for 

grasping an object. This organization can allow designers to systematically create concepts by mixing and 

matching design elements to create complete concepts.

It is important during initial ideation that ideas are not limited to only feasible concepts, despite 

any constraints on the project. This allows participants to generate ideas without needing to worry about 

whether the concepts will work which can limit the creativity of the participants. Feasibility can be applied 

later, during the second stage of ideation (and during the evaluation phase) when these concepts are 

developed into potential design solutions. As this second step is performed by the design team, it can be 

limited to potential design solutions that meet project constraints.
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Following the development of a number o f complete design concepts, a series of evaluations need 

to be performed. A Pugh chart analysis qualitatively compares individual design concepts against a 

standard design in several customer needs criteria. The matrix uses three potential values in each cell: 

positive, negative, and neutral. A positive score indicates a design that is better in a criterion than the 

standard. A negative score indicates a design that is worse than the standard in the criteria. A neutral or 

same score means the design is the same as the standard for that design criteria. This scoring system allows 

designers to try to improve designs by replacing the negative or neutral scores using similar solutions to 

designs that earned a positive score. Summations o f positive, negative, and overall scores can shed details 

on the overall abilities of the evaluated design. For example, an overall score close to zero with high 

positive and negative scores may indicate a concept that has large tradeoffs in its design. Alternatively, a 

concept with an overall score close to zero with low positive and negative scores may indicate a design that 

is not much better than the standard, pre-existing product. This evaluation method is often used iteratively 

as it often reveals ways to improve the designs being considered. Once concepts cannot be improved 

further, they can be eliminated if they are significantly below a neutral score. Table 3.1 gives the example 

of a filled out Pugh chart analysis.

Table 3.1 Example of Pugh Chart Design Evaluation

agn 'Sign

Need 1

Need 3

Need 4

Need 5

Positive

At some point, a more complete evaluation is necessary to determine the best design from the 

design pool. A perfect tool for furthering the evaluations that make it through a Pugh chart evaluation is the 

numerical decision matrix. A numerical decision matrix is a quantitative evaluation method that applies 

weights to the design criteria. Each design’s criteria is given a score out of a hundred and then multiplied 

by the criteria’s weight. The weighted values are added together to form an overall score for each design 

concept. Scores resulting above the standard's score indicate improved designs and those with the highest 

scores are considered best. The weighting system allows a designer to prioritize the features in a design 

while applying scores based on measureable values makes it easier to distinguish the difference between
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concepts. Once the best designs have been determined, a final design solution can be chosen and go 

through a detailed design process.

Detailed Design

Detailed design can become very complex depending on the final design solution that is being 

pursued. Depending on the number and complexity of parts, there are many considerations that need to be 

taken into account while determining the details of the design. This can lead to detailed design taking the 

longest time to implement out o f all the phases in the design process. To help, there are two overarching 

activities that can be conducted during detailed design.

Design optimization seeks to find the optimal geometric measurements and materials for a design. 

This usually includes generating formulas or models that can measure performance based on variable input 

parameters such as geometry and material properties. These models can seek to minimize or maximize 

design criteria such as mass, contact force, or diameter range and are constrained by design requirements 

like a minimum factor of safety, required diameter range, or number of sensor locations. More simplistic 

optimization can be found when specifying off the shelf parts as finding components that meet 

requirements and optimize on other properties (such as mass, volume, etc.) is optimization even if only on 

the most basic level.

The second step in detailed design is a design for manufacturing process. Design for 

manufacturing minimizes .the manufacturing effort required and maximizes the effectiveness of the 

designed parts. It employs several cost saving measures such as standardized holes, filleting inside edges, 

minimizing repositioning, and choosing appropriate materials for machining. Additionally, it ensures the 

compatibility of parts by specifying manufacturing processes, surface finishes, and part tolerances.

3.3.4 Design Verification

During the design process and after a prototype is created, constant verification of the design 

occurs. Before a prototype is created, this includes doing calculations, models, and simulations to ensure 

the final result is a design that reaches its design requirements. When a design seems to be appropriate for 

the project constraints, a rapid prototype is a helpful tool have made prior to commissioning a full 

prototype. Rapid prototypes can physically verify the mechanisms and measurements designed and allow a 

designer to move onto a full prototype with some measure of confidence in the design solution. After a 

prototype is made, physical tests can be conducted as a final test of the design’s capabilities. To develop 

complete verification throughout the project, two methods are employed. The first method is a specification 

list. A specification list lists all the design requirements from the project and assigns responsibility to 

individual design team members. These team members ensure that their assigned requirements are met 

throughout the project. The second method is a verification table. This method defines all the tests that 

needed to be done, the design requirements it checks, the required setup, and the goals from each test.
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Combining these two methods allows designers to ensure the design being created is up to the 

specifications needed by the customer.

3.4 Conclusions

Grasp theory has several techniques that define a stable grasp. Applying these techniques ensures 

that the overall design o f the gripper system can feasibly grasp objects. Current published works on gripper 

design rarely detail an entire design process that can be followed for success and often demonstrate 

techniques adjusted toward or only suited to a specific subset of gripper design. Classical methods avoid 

this by employing generalized techniques that can be used throughout the design process. The three parts o f 

classical design (needs definition, functional analysis, and conceptual development) are each used to ensure 

a complete understanding of the project and its potential design solutions, while enabling a designer to 

generate working design solutions. Utilizing design verification methods throughout the project helps keep 

the project goal in sight and ensure the final product meets the expectations of end users.
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CHAPTER 4: LANL GRIPPER

The Los Alamos National Laboratory (LANL) gripper design project came about due to issues 

with the design of the existing gripper in use with LANL's Robotic Integrated Packaging System (RIPS). 

This system is used by LANL to contain nuclear material (specifically plutonium oxide) for long term 

storage. The system includes a hot side where material is sealed into a steel canister and a cold side where 

canisters are tested for leaks and any other problems that may have arisen from the containment process. 

There are several actions performed by an industrial arm during this process, listed in Table 4.1.

Table 4.1 Actions performed by the robots in RIPS

Hot Side Arm Cold Side Arm
BGAE Manipulation Interlocking Fork Manipulation
Convenience Can Manipulation Inner Can Manipulation
Lid Manipulation Leak Check Manipulation
Welding Mass Manipulation
Interlocking Fork Manipulation
Inner Can Manipulation

For each action, the interactions between the robot arm and the objects it manipulates have been 

reduced to grasping cylinders of a specific size range. The specific grasp requirements for this system mean 

that a gripper design can use a relatively simple mechanism to interact with objects.

• The operational issues experienced currently in RIPS stem from the simple single actuator in the 

gripper design. The gripper, shown in Figure 4.1, is made up of a knurled spring steel band attached to an 

actuated block on one end and a base block on the other. The gripper opens by pushing the actuated block 

away from the base using a pneumatic cylinder. This causes non-uniform deflection in the band, which in 

turn causes wear to occur on the band's knurled surface leading to a loss of friction and. eventually, slipping 

o f grasped objects. Additionally, the use of a small single actuator causes the opened gripper to have a very 

small clearance when interacting with parts. This requires precise programming and can lead to potential 

issues arising from small perturbations of the system.

The goal for this project was to develop a gripper that does not have the issues experienced with 

the existing gripper and implement it as part of RIPS. This project was heavily constrained due to two 

parts. First, its function is extremely simple, requiring it to act on a very specific range of objects and 

nothing else. Second, it needed to operate in a glovebox environment with potential exposure to radiation. 

The combination of these factors meant that the project was constrained by volume, mass, and material, 

leaving a very small design space to employ a design methodology.

The timeline for this project occurred over several semesters. First, the project was defined and 

problems identified. Second, a classical design methodology was performed as part of a team during the 

fall 2010 semester. Finally, testing and design improvements occurred over the following semester and the 

summer of 2011. The rest of this chapter describes the application of the design methodologies employed 

as a part of a team, the verification of the design (and thus the method) done as part of a team and as an
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individual, and the conclusions derived from the gripper design and the methodology employed that 

produced it.

Figure 4.1 Initial LANL Band Gripper

4.1 Application of Design Methods

This section describes the design process followed in the redesign of the LANL gripper.

4.1.1 Needs Definition

Analysis of the gripper’s lifecycle produced a system process model; shown in Figure 4.2, and 

developed a set of necessary engineering requirements and customer needs for the system. Examining the 

process model showed only basic functionality requirements but an extensive disposal step and a 

significant amount of required maintenance. The disposal requirements inherent in working in a radioactive 

glovebox environment produce project constraints. In this case, it restricts the use o f organic materials and 

lubricants in the design. Additionally, existing in a radioactive environment means polymers such as plastic 

and rubber could not be used as they degrade in radioactive environments. Some of the engineering 

requirements generated for the system include the diameter sizes and gripping forces needed to reliably 

grasp the cylindrical containers processed by the system.

Performing all the tasks needed by the system requires a gripper that can grasp a specific range o f 

diameters and is capable of utilizing all the tools in the system. Specifically, a Band Gripper Accessory
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The needs developed have been generalized and used to develop engineering requirements through 

the use of a QFD diagram. The engineering requirements developed using this diagram include factor of 

safety, handling failure rates, diameter sizes, bounding volume, center of gravity, etc. These values^ 

correspond to values associated with the existing design and standards associated with the RIPS module. 

Analysis demonstrates, as expected, a large number of correlations between physical requirements relating 

to size and mass, and between performance requirements like handling failure rate, cyclical error, and mean 

time between failures. Figure 4.4 presents the project QFD showing the relationships between customer 

needs and engineering requirements.

4.1.2 Functional Analysis

A functional analysis develops a complete understanding of all the functions and properties 

required in the gripper design. The following functional models were developed for the gripper.

The black box model shows the inputs and outputs of the design space. Inputs include forces and energy . 

required to move the gripper and actuate its grasp as well as physical inputs such as the cylinders being 

grasped, the air used to actuate the pneumatics, and the robot to which it is attached. Due to conservation of 

mass, the cylinders, air, and robot are also present in the system’s output. Additionally, somewhere in the 

system the energy and forces undergo transformations that turn them into reaction forces due to contact and 

frictional forces that are used to grasp the cylinders. Figure 4.5 shows the black box model for the gripper.
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A function tree was developed to show all the functions the gripper is required to perform during 

its lifecycle. This model starts with the gripper’s main function, which is to grasp cylinders. This is split 

into four main subfunctions: interface with the robot, actuate opening and closing, engage cylinders, and 

support cylinders. Each subfunction is broken down further into base functions such as accepting and 

engaging the robot and cylinders, and producing and maintaining contact and frictional forces. These 

functions were further developed into leaf nodes that present the functions in a form independent 

description. Figure 4.6 shows the project function tree.
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Figure 4.6 LANL Project Function Tree

The function flow diagram shows the interconnection between functions in the system. In essence, 

this model populates the system in the black box model with function chains similar to those developed in 

the function tree. This model includes functional flows that accept, guide, transform, and export forces, 

energies, and matter. This model has been color coded to show the functional flows that represent the
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functions related to the gripper structure (solid light blue), pneumatics (solid blue and purple), cylinders 

(hatched red), and robot interface (stripped green). Figure 4.7 shows the function flow diagram o f the 

project.
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Figure 4.7 LANL Function Structure Diagram

These functional models were used to ensure all aspects of design were considered and also 

provided a basis for some o f the concepts generated during ideation. In this case, the relatively simple 

functional models pointed toward the creation of simple grippers during ideation.

4.1.3 Ideation and Concept Development

Ideation was performed in two steps. A brainstorming session with a large group was used to 

develop a list o f potential design solutions. The group consisted of the design team as well as a small group 

o f peers familiar with the design process. The brainstorming session started with an overview o f the project 

presented by myself, as moderator, and the rest of the design team. Once an understanding o f the project 

requirements was achieved, the group proceeded generating a list of potential design concepts. The 

concepts generated were inspired by everything from sports, forklifts, existing grippers, and other 

engineering concepts like using cams to maintain a secure grasp.

Following the brainstorming session, the design team went through a “6-3-5” exercise to develop 

the concepts into potential solutions. As mentioned previously, a “6-3-5” exercise is a structured ideation 

method that develops complete design concepts by having all six members of a team develop three 

concepts apiece in each of five rounds. Each round takes initial concepts by each individual and passes 

them through the group for revisions and additions. For this project, the method was implemented as a “4- 

3-2” as there were only four group members and the reduced project scope made it difficult to go past two 

rounds of ideation. Applying this method followed immediately after the brainstorming session and 

excluded those without a thorough knowledge of the project. A total o f 25 concepts were developed using
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this method. Figure 4.8 shows a selection of some o f the more unique solutions developed using this 

method.
mm

: l i l j j  :

Potential solution inspired by ski locking 

technology Solution inspired by bicycle brakes

lia i a

Solution utilizing cams to maintain grasp

Solution using underacturation and compliance 

[Steutel et al 2010]

Solution using a sliding mechanism to activate a grasp

Figure 4.8 Potential solutions developed through the 6-3-5 ideation m ethod

Following the generation of potential design solutions, several evaluation steps were performed. 

The first step in evaluation was to take these solutions find duplicates, and perform a feasibility analysis. 

Feasibility was determined by four main criteria. First, the solution m ust be able to attach to the robotic 

arm. Second, it must be capable of being manufactured within the project budget. Third, it must meet 

project size and weight constraints. Fourth, it must be capable o f producing and maintaining a secure grasp. 

These criteria reduced the number of potential solutions to thirteen concepts. This was further reduced to
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The planetary cam gripper design has the highest grasping force and is the only concept that 

reached the design review with a concentric closure. It creates a grasp by rotating a planetary gear that 

rotates cams inward, causing a high strength grasp. Concentric closure can be valuable for the systems 

grasp as it revolves around grasping cylinders. A concentric grasp eliminates the need for the robot to 

reposition between the approach and grasp position. Problems with the planetary cam design stem from its 

large mass and size.

Figure 4.10 Vise Gripper

The vise gripper was the lowest ranked of the final potential design solutions. Its benefits included 

a large diameter range and higher clearance but it suffers from a relatively high mass and a bulky size. It 

induces grasp by using two pneumatic cylinders to close two blocks together. The required block size 

would cause problems by causing a significant change in the gripper's center of mass.

Figure 4.11 Compliant Finger Gripper [Steutel et a l 2010]
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The compliant finger gripper was the highest rated design. It uses a combination o f compliance 

and under actuation to reduce mass and has a simple actuation mechanism. As the pneumatics change 

length, they cause deformation along the fingers due to the ductility o f  the metal ribbon o f which it is made. 

Problems occur with controlling contact forces and the high level o f  design and manufacturing needed to 

produce it.

Figure 4.12 Dual-Actuated Band Gripper

The dual-actuated band gripper is the simplest design and is the easiest to manufacture. It is also 

the most similar to the current design with improvements from a symmetrical grasp and larger diameter 

range both o f which stem from using two actuators.

The final solution selected for detailed design was the dual-actuated band gripper. This was 

chosen since it had a minimized mass but was able to be manufactured within budget and time constraints, 

while meeting the system requirements and specifications. This decision was made during consultations 

with LANL.

4.1.4 Detailed Design

Two major processes were used in detailed design. Design optimization techniques were 

performed using Mathematica and SolidWorks, and were used to determine major geometric values. The 

design was optimized to increase contact force and factor o f safety against varying geometric properties. 

Decreasing mass was simplified to decreasing length and thickness measurements. Length measurements 

were constrained by needing to interface with the robot, cylinder, and pneumatic pistons. Mass was 

calculated based on SolidWorks simulations to find the thickness reaching the desired minimum factor of 

safety and multiplying by the length measurements. Mathematica was used to model the results of angular 

values and to solve for the optimal angle values. The values resulting from these analyses were used to
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develop detailed SolidWorks drawings. Figure 4.13 shows the M athematica representation o f the band 

gripper.

Cylinder
Band

Piston

Figure 4.13 Mathematica model for design optimization.

Actuators for the project were selected based on the expected motion of the system. It was chosen 

to increase the clearance in the grasp by two, therefore the two actuators in the system were chosen to have 

the same range of motion. Additionally, a double piston design was chosen for the actuators to avoid twist 

during actuation. These factors specified the actuators for the system, which meant that optimization only 

needed to specify the geometric properties o f the system.

Following design optimization, design for manufacturing techniques were employed to make it 

suitable for manufacturing and reduce manufacturing costs to remain within the project budget. Figure 4.14 

shows the SolidWorks model incorporating these design changes.

Following the development o f the detailed design, simulations and a prototype were developed to 

verify that the final design met the design constraints.

4.2 Design Verification

Verification was done with two approaches. First, a specifications list was used to ensure 

performance requirements were considered during the design process by assigning responsibility for them 

to individual team members. This list also indicates the activity required to evaluate each criterion and 

referenced the tests associated with the second employed method: a verification plan. There were four main
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methods used to verify engineering requirements. Table 4.5 shows the specifications list used in this 

project.

Figure 4.14 LANL Final Gripper Design

Table 4.5 LANL Specification List

Date Demand/Wish Function vs Constraint Enginemng Requit emeni Responsibility Test
10/6/2010 D F Factor of Safetiy David S#ml,Sim2
10/6/2010 W F Mean Time Between Failures David Physl
10/6/2010 W F Maintenance Interval David c a t?
10/6/2010 D F Cyclical Error David Physl
10/6/2010 D C-Operation Handling Failure Rate David Physl
10/6/2010 D F Coeffioent of Friction Paul Calc4
10/6/2010 D C-Load I mposed By Carrying Capadty Paul S#ml, Sm2. Phys2
10/6/2010 D F Contact Fame Paul Calc6
10/6/2010 W C-Load Imposed By Mass John Mod3
10/6/2010 W F Repair Time Paul Cat2
10/6/2010 w F Repair Cost Paul Cat2
10/6/2010 w ■ F Bounding Volume John Mod4
10/6/2010 w F Footprint John Mod5
10/6/2010 w C-Geo metric Center of Gravity John Modi
10/6/2010 w C-Geo metric Center of Grasp John Mod2
10/6/2010 w F Approach Code David PhysS
10/6/2010 w F Setup Time Beth Phys4
10/6/2010 w O-Ope ration Air to Actuate David Calcl
10/6/2010 D C-Geomeîric Mawmum Diameter Beth Sim4, Phys6
10/6/2010 D C^Geometric Minimum Diameter Beth Siml, PhysS
10/6/2010 W F # of Joints (DOF) Beth CalcB
10/6/2010 W F Cost Beth Cak5 ■
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M odel V erifications. These verifications use the SolidWorks model to confirm the final design 

meets the physical requirements of the project. Mass, center of grasp, center of mass, and bounding volume 

were all verified using a model and checked against the physical prototype.

Sim ulation V erifications. These tests were SolidWorks Simulations that confirmed factor of 

safety, carrying capacity, and diameter range. For the former, the simulations were designed to mimic the 

conditions experienced during the test. These simulations were often used during detailed design to 

generate factor o f safety and stress concentration data. Only static simulations were conducted for this 

project as the system produces only quasi-static behavior. Its actuation exists only in an open or closed 

position; it is unlikely to exist in any intermediate position long enough for a dynamic analysis to be 

necessary. Figures 4.15 and 4.16 show the setup of the SolidWorks simulation with the model under 

expected loading conditions.
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Figure 4.15 LANL Simulation Verification (Top Half)

C alculation V erifications. These were calculations used to detennine the project stayed within 

the project scope. Calculations included determining total cost, repair cost, maintenance time, coefficient o f 

friction, and contact force. Many of these calculations will vary in the future depending on the skill o f the 

m anufacturer or user and are used only to estimate their values. For example, manufacturing costs are 

highly dependent on both the skills o f the machinist and their access to machinery. There is also likely to be 

some variation in grasp force depending on part quality and differences in pneumatic pressure and leak 

rates. Additionally, wear on the gripper surface will cause the friction coefficient to change over time.

Physical V erifications. These were physical tests done using the developed prototype. Some of 

these tests were simple such as determining setup time and approach code while others required a larger
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time commitment. Testing carrying capacity was accomplished by loading the gripper with a higher load 

than required and seeing if  it maintains its grasp. The most time consuming test was the handling failure 

rate testing since it involved many iterations of a handling program (that needed to be programmed) to 

develop enough data to have statistical significance. Results from these tests are discussed in the next 

section. Figure 4.17 shows the prototype used for physical verification o f design requirements.
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Figure 4.17 LANL Simulation Verification (Bottom Half)

The following are the results from testing and calculations using the generated model and 

prototype. Table 4.6 details the verification plan for this project.

.## ̂ 4

4.2.1 Geometric Analysis

A SolidWorks model of the final gripper design determined the theoretical geometric and mass 

properties o f the gripper. This included the center of mass, grasp, and total mass o f the system. Using the 

virtual model to determine geometric properties of the system produced a mass estimation that within 0.5°4 

of its actual value. Figure 4.18 shows a representation of the geometric analysis and Table 4.7 shows the 

results o f this analysis.

4.2.2 Simulation Results

The developed model was also used to perform simulation analyses determ ining the reaction o f the 

design under expected loading conditions. Simulation results were used concurrently with the design 

optimization process to ensure a design factor of safety greater than four for the whole design. Final
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analysis o f loading conditions gives a minimum factor o f safety o f 3.8 found at discrete locations on the 

band. Though this is slightly below the designed factor o f safety o f four, it is still significant. Figure 4.19 

shows the factor of safety simulation results developed through the SolidWorks simulation.

Figure 4.18 LANL Gripper Prototype

4.2.3 Calculations

Many of the calculations for the design were used to describe relevant engineering properties of 

the overall system. Calculations determining the friction coefficient, carrying capacity, and air to actuate 

are useful when deciding to use the design to perform a task. This allows users to determine whether the 

gripper meets performance requirements and resources are enough to safely operate the gripper.
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Table 4.6 LANL V erification Plan

Methods R equirem ent T est Type Given Find

Modi Center of Gravity Model • Gripper assembly CAD model origin at robot interface * Center of Gravity

Mod? Center of Grasp Model • G ripper assembly CAd3 model, origin at robot interface • Center of Grasp

Mass Model * Gripper assembly CAD model « Mass

Mod4 Bo un ding Vo iu me Model » G ripper assembly CAD model « Bounding Volume

ModS Footprint Model « Gri p per assent biy CAD m o del * Largest area

Sinai
Factor of Safety Simulation

» Grip per assent biy CAD model
• Gravity oriented to simulate vertical grip
» 6kg ! oad di stributed al ong fa ce of band i n the d i redton 

ofgravity
• Fix interface to sim date robotconnection

• Vo nJSSJsS stress
• Shear stress
• Primary stress
• F actor of safety for a 11 sbov e values
• StrainCarrying Capacity Simulation

5im2
Factor of Safety Simulation » G ripper assembl>: CAD model

* Gravity oriented to simulate horizontal grip
* 6kg load distributed along face of band in the direction 

of gravity
» Fix interface to sim date robot connedi on

■ Von M 5JS. stress
* Shear stress
* Primary stress
* Factor of safety for all above values 
» Strain

Carrying Capatif/ Simulation

Sira 3 Minimum
Diameter Simulation

• G ripper assembly CAD mode!
« Fix interface to simulate robot connedi on
• Fixed deflection to minimum closure

» Minimum diameter

Stra4 Maximum
Diameter Simulation

* G ripper assembly1 CADmodel
• Fix interface to simUate robot connecti on 
» Fixed deflection to maximum opening

• Maximum diameter

Calcl Air to Actuate Calculation •  A ston  actuation area
* Working piston throw « Volume air used

CMC2
Repair Time Calculation • Potential faiiures

* Material a nd p arts costs
« Failure modes
• Repair complexity
• Estimated costRepair Cost Calculation

CMc3 # of Joints (DOF? Calculation * Gripper Design « Number ofjoints

Catc4 Coefficient of 
Fri ction Calculation « Material properties 

• Surface properties • Coefficient of friction

C ak* Cost Calculation i  Materia! and manufacturing quotes 
« P roduct costs • T otal cost

CMcG Contact Force Calculation
• G ripper geometry
« Actuation forces
• Cylinderdiameter

* Contact forces and kinematics

C ^c? M aintenance
Interval Calculation '  M aintenance requirements 

• Current gripper maintenance procedures • Maintenance schedule

Physl

Cyclical Error Experiment
•  f iS S & M 3 kg: 160cycles <320 handles)
• Cftg.etriA6.5kg: 230 cycles (460 handles)
• C pgem aS  kg, Aries 5.3 kg : 340 cydes {880 handles)
• Cycle procedure used in handling report: Automated 

Coflefna Can Hand! ing Experim entai T es t R eport by 
Cam eron Turner

■ Gripper prototype
■ BGAE
•  F anuc robotic arm
• Cgge.m.a.tO.S kq ,3 k g .5 kq > and Aries (5.3 kgi cans

» Minimum handling failure rate
• Maximum handlingfailurerate
• Mean time between failures
• Cyclical error
• Position error

Handling Failure 
Rate Experiment

Mean Time 
Between Failures Experiment

Phys2 Carrying Capariiy Experiment
* Grip per prototype
• Fanuc robotic.arm 
■ BGAE
« C.gggnm 10-5 kg, 3 k g , 5 kg } and Aries (5.3 kg) cans

« Suffici ent carry ing capacity
* Holding ability
• Manipulating abfflty

Phys3 Approach C ode Experiment
•  Geometry of gripper and  robot
•  Previous approach code 
« Actuation methods

♦ Suitable approach code 
» Amount of change from previous code

Phys4 Setup Time Experiment

• Gripper prototype 
« F anuc robotic arm 
« S top watch 
» Pneumatic system 
« Setup procedure

» Time needed to setup functional gripper

PhysS Minimum
Diameter Experiment « Gripper prototype

» Minimum sized cylinder (2.58 in. diameter) « Minimum diameierverified

PhysS Maximum
Diameter Experiment » G ripper prototype

» Maxi mum sized cylinder (2.625 in. diameter) • Maximum diameter verified
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Figure 4.19 Geom etric Representation of Key Engineering Specifications 

Table 4.7 G eom etric Properties of the LANL Gripper

Property Value Units
Mass 675.8 g
Ratio o f Gripper mass to Actuator Mass 1.55
Footprint Area 36.67 in'
Bounding Volume 56.50 nr
Derav 1.48 in
Dgrasp 3.68 in

Mods I name; Sim1_Top
a  udy n ame: 90psi+60N
Plot type: Factor of Safety Factor of Satétyl
Crleron : Max von Mises Stress
Factor of safety distribution: Min FOS = 38

Figure 4.20 SolidW orks Simulation Under Expected Loading Conditions
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there are two handles (grasping periods) for each cycle. A test performing 350 cycles. 700 handles, on a 

fully weighted cylinder was conducted with no failures observed in the system. Additionally, the gripper 

experienced only superficial surface wear during these cycles at the locations in direct contact with the 

cylinder. It is important to note that the exceptional performance of the prototype was done with a 

substandard band. The band was substandard due to manual adjustments required to reduce its spring 

coefficient during assembly. This caused excess deformation preventing the band from having continuous 

contact with the cylinder. The exceptional results of the test are a good indicator of the robustness of the 

total design. Note also that the failures experienced during testing are those tests that required the use o f the 

BGAE. The additional grasp requirement when manipulating the convenience can or the inner can lid (both 

are manipulated using the BGAE) causes a greater chance for errors to occur during programming or 

operation. Table 4.10 shows the resulting number of cycles, handles, and failures from each of the major 

tests conducted using the prototype.

Table 4.9 LANL Prototype Cost Breakdown

Item
Cost per 
item

Number
ordered

Total Item 
Cost

Commercial off the shclf items
Piston S68.30 2 $136.60
Tubing Elbows S5.79 4 $23.16
Tubing y-adaptor $8.05 2 $16.10
Tubing (per ft) S0.24 10 $2.40
Manufacturing
Gripper Base $460.00 1 $460.00
Band $240.00 1 $240.00
Band Adaptor $115.00 2 $230.00
Welding $100.00 1 $100.00
Total Cost $1,208.26

Figure 4.21 LANL Glovebox Setup Simulation
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Table 4.10 LANL Prototype Handling Failure Rate Test Results

Test Cycles Handles Failures Observed 
Failure Rate

Convenience Can 365 1460 12 0.82%
Inner Can Lid 355 1420 13 0.92%
Inner Can 350 1400 0 N/A
TOTAL 1070 4280 25 0.9-10%

4.3 Design Improvements

Following verification for the prototype, a series o f improvements were done to increase usability 

in a glovebox environment and decrease the cost of manufacturing. These improvements included adjusting 

geometry to standardized manufacturing sizes, filleting outer edges with glove contact to reduce the chance 

of leaking, and anodizing the aluminum block to decrease surface wear. A rendered model o f the updated 

gripper is shown in Figure 4.21.

Figure 4.22 LANL Final Gripper Design

4.4 Conclusions

The final design solution to the redesign of the initial Los Alamos gripper was a dual-actuated 

band gripper. Applying the design methodology as part of a design team was an effective means for
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developing the robotic gripper. The resulting design meets all the project specifications and goals. Its 

simple design format makes it easy to adjust individual components for improvements to the design. In its 

final configuration, the gripper design is currently optimized for RIPS operation in a glovebox 

enviromnent. Los Alamos National Laboratory has fabricated several grippers from this design and is 

deploying this new gripper design in RIPS in 2012.
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5.1 Application of Design Methods

The following sections describe the application of classical design methods to the design of the 

Colorado School of Mines Highly Articulated iNnovation by David Streusand (CSM HAN-DS). The 

classical design methods employed are very similar to those utilized in the development of the LANL 

gripper, but with some differences from having a larger design space and working as an individual. Needs 

definition was most affected by the larger design space as it required a much broader look into robotic 

gripper design and applications. Functional analysis was the least affected process, though a number o f new 

considerations were required in the models due to the nature of the gripper being designed. Conceptual 

development was greatly affected by the need to work as an individual, which shifted the methods towards 

those that do not require a group to fully utilize.

5.1.1 Needs Definition

The needs definition process for this project involved a broader base of research than was required 

for the LANL project. It included detailed analysis of the BarrettHand, but also research into other gripper 

mechanisms and technology. Thorough understanding of the project was accomplished by understanding 

the existing technology, end-user expectations, and project specific requirements.

Figure 5.2 The BarrettHand [Townsend 2000]

The BarrettHand has several properties that make it appealing as a gripper. Its three finger 

structure with adjustable grasp make it ideal for teleoperation and assembly where objects being grasped 

are unknown or a variety of objects are expected to be grasped. There are several properties that dictate 

parameters for the BarrettHand. This includes a mass of 1.2 kg. Fingers that are 130 mm in length and 100 

mm apart, and an exerted capability to grasp 2 kg per finger or 6 kg total. Figure 5.2 shows a representation 

of the BarrettHand when grasping.
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A survey of current gripper types was conducted and the results were organized based upon the 

grasp method used. One of the major insights from generating a gripper taxonomy is the significant 

population of the three finger gripper designs. Initially, grippers were made to be as simple as possible for 

industrial use or to mimic the human hand as closely as possible by incorporating four or five fingers. The 

move toward three finger manipulators may indicate an optimal number for general manufacturing and 

research tasks. Figure 5.3 shows a taxonomy summarizing the results o f this search.
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Figure 5.3 Gripper Taxonomy
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Further, interviews were conducted with robotics users and a mind map developed to generate 

connections between perceived needs associated with gripper operation. Interview data defined the 

expected use, performance, and usability concerns considered during design.

Robust Controls 1

Simple Design
Simple Controls

# of Actuators

Robust > 
Mechanisms ,UseabilityPhystca

PropertiesMaximum Payload
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Figure 5.4 Project Mind Map

The mind map in Figure 5.4 indicates that the BarrettHand is valued for its high grasp dexterity, its 

low mass, and, less enthusiastically, for its carrying capacity. Some of the aspects that were deemed 

important included robust mechanics and grasp. Several expectations were considered high level customer 

needs and were developed into engineering requirements through the use of a quality functional diagram 

(QFD) process.

From the mind map, seven major needs were identified for this project. Repeatability is necessary 

for any gripper design to ensure users can be confident that it can function consistently during use. A low 

mass is highly desirable for a robotic gripper, as a lower mass will reduce the stresses acting on the robotic 

manipulator. Related to repeatability, a highly reliable gripper is exceedingly important to ensure safety and 

performance over its lifetime. Grasp range is an important criterion to consider for any gripper design and 

is highly reliant on the project. Grasp versatility, the ability to alter grasp for a specific object, is extremely 

important for this particular application as it needs to be useful for any research applications that it might 

encounter. A secure and stable grasp is critical during operation. The loss of grasp stability during 

operation has serious safety implications for any situation. Finally, ease of use is wanted in any design to 

facilitate the setup and/or use o f the robotic gripper.
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The QFD diagram, shown in Figure 5.5, develops customer needs into engineering requirements. 

Its primary function for this project was to ensure that each need had at least one measurable engineering 

requirement to ensure project success. For the most part, each need had a single requirement to satisfy, 

usually based on the mechanical capabilities of the BarrettHand such as minimum and maximum grasp, 

degrees of freedom, and mass. Other requirements were developed independent of the BarrettHand 

capabilities such as the handling failure rate and setup time, mostly due to not having these values but 

wanting to measure them. Values for the BarrettHand represented project goals though some variation in 

the results is expected.
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Figure 5.5 Project QFD

The lifecycle o f the gripper is documented using a process model. The process model, presented in 

Figure 5.6, is useful for going through the life of the gripper and determining the major activities over its
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lifecycle. In this case, the process model serves to emphasize the importance of an adjustable grasp in the 

design, something that would be missing from the process model of a basic robotic gripper.

Attach to 
R obot

Connect 
Actuation & 

Control

Hardware
Acceptance

Test

Order Parts

Production

Receive Parts

Buy Off-the- 
shelf Parts

A ssem b ly

Adjust Grasp

Open

Close

Replace/ 
Repair Parts

Failure
Analysis

Disconnect 
from Robot

Failure

Maintenance
Inspection

Main Function

S to ra g e

Disassembly

Disposal

Figure 5.6 Process Model

5.1.2 Functional Analysis

The functional analysis of this project applied the same process as used during the LANL project. 

The methods used were the same though the models themselves are more complex, representing the 

increased flexibility required in the design as well as the inclusion of sensors and control systems.

The black box model in Figure 5.7 is used to describe the interaction of the product with its 

environment and encompassing system. In this case, the gripper is expected to interact not only with 

objects and the robot, but also with sensors and control signals. The addition of sensing technology means 

that adequate means of relaying signals through the gripper are required as part of the system. The main 

insight for this method is the need for the gripper to be part of a closed loop control system (eventually). 

This requires the ability to accurately send and receive signals, and incorporate wiring and other means of 

enacting actions in the design.

The function tree, simplified in Figure 5.8 details all actions that need to be performed by the 

design. In this case, it produces detailed requirements to fulfill larger functions o f the design. Some of these
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functions, such as interfacing with the robot and grasping objects, are universal to all robotic grippers. 

Other functions are more specific to this design project, such as interfacing with sensors and enabling 

actuation control.
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Figure 5.8 Simplified Function Tree

The function structure shown in Figure 5.9 decomposes the system into form-independent 

functions that manipulate the system flows. It can often be used to simplify a design concept by combining 

adjacent functions into single parts. In this case, the function structure for this project is separated into 

several sections: robotic interface, object grasping, actuation control, force transference, and sensor 

communication. While the overall number of functions is not extensive, it is important to note that these
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functions often describe an activity performed with multiple parts such as the use o f multiple fingers to 

grasp an object. A major insight for the project is that the sensor oriented functions are separable from the 

rest o f the gripper's functions. Virtually no interaction between the sensor functions and the other functions 

is necessary, except for the use of sensor data as part o f a control loop. However, the control function is 

defined external to the functional model o f the system, as indicated in Figure 5.9.
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Figure 5.9 Function Structure

5.1.3 Conceptual Development

The conceptual development stage o f  this project includes the most substantial modifications to 

the methodology used in the LANL project. M any similar methods were employed, but the methods 

involving a group— specifically those involving ideation— were either changed or altered for an individual 

design engineer.

5.1.3.1 Ideation and Concept Evaluation

Brainstorming was a significant process for this project, in part due to only one person being 

actively involved. Regular brainstorming occurred with groups o f colleagues without prior knowledge o f 

the project. Additionally, a group of senior design students were tapped for a 6-3-5 session. Unfortunately, 

this step didn’t produce the quality of concepts that it did during the LANL project. This is attributed to the 

group being inexperienced in both the method and gripper technology. A morph matrix was invaluable 

during the beginning stages o f concept generation as it allowed the designer to catalog ideas and combine 

them to generate complete concepts.

Further brainstorming sessions included generating graphic representations o f complete concepts, 

as opposed to initial brainstorming which sought to generate a number o f design concepts. Additionally, to 

increase the number of potential design solutions being evaluated, a modified TRIZ technique that applies
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Table 5.4 Numerical Decision Matrix

Engineering Requirement

Finger O rientation DOF 
Controlled DOF 
Mass
Contact Forces 
Degrees of Freedom 
Contact Area 
Passive DOF
Total
W eighted Total

Weight

0.33
0.11
0.12
0.11
0.11
0.11
0.11

50
44.4

52
75

57.1
53.8

0
332

16
3.67 
6.48 
8.25 
6.29 
5.92
3.67

357
51

WS
16.5 
6.11 
2
2.75

11
11
0

355
50

5b
WS
24.8
3.67
5.76
8.25
4.71
5.92

11
428
64

WS
0

3.67
6.48

11
2.36
3.38

0
240
27

20 20a
WSWS WS WS

16.5
2.44
6.48

50 16.5
6.11
5.76
2.75
8.64
6.46

22
54
75

3.67
5.76
2.75
7.07
8.46

43
100

57

48 45
75
79

11
6.29
4.23
7.33

1.57
1.27 77 77

417 248
:76

5.1.3.2 Detailed Design

The selected design incorporates a passive, coupled palm mechanism for increased grasp dexterity. 

This palm mechanism shows the selective compliance in the system using torsion springs. As the palm  

mechanism is the focus of the design efforts, compliance is not found in the current finger design as they 

were chosen for their mechanical simplicity and ability to be designed to meet the capabilities o f the 

BarrettHand. This design was further developed through the application o f detailed design techniques.

The CSM HAN-DS design achieves increased flexibility through several innovative design features. First, 

it is designed to have four fingers instead o f three. This allows it to have four independent grasp 

configurations: one-, two-, three-, and four-finger configuration. Additionally, only two fingers are directly 

actuated and are coupled to the reactionary linkages using a torque spring. To use the two and three finger 

grasps, the reactionary linkages can be locked in their top position while the actuated linkages are driven to 

their grasping position. The spring control o f the reactionary linkages also has the added benefit o f  allowing 

those fingers to adjust slightly during grasp to a more optimal position without needing user direction. A 

diagram representing this palm mechanism is found in Figure 5.10, while the expected grasping 

configurations are found in Figure 5.11.

Several off-the-shelf parts were specified to meet the project goals. Torque springs are used to 

couple the palm linkages and actuate the passive palm degree of freedom. Finger motors and gearing are 

used to actuate the fingers and apply torque to grasp objects. Palm motors are used to orient the fingers for 

grasp. A locking m otor is used to actuate the locking mechanism that keeps the top fingers in place for the 

two and three finger configuration.

Torque Spring. Torque springs are used to actuate the two passive DOF in the palm. As they are 

not expected to actuate while grasping, the palm actuators only needed to counter the gravitational effect o f 

the passive palm linkage and its associated finger. Determining the torque requirements o f  the spring was
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Figure 5.12 SolidWorks model used for spring torque calculation

Palm Motor/Encoder. Similar to the torque springs, the palm motors actuate the palm DOF. They 

need to generate enough torque to overcome the fingers’ and palm linkages’ gravitational effects as well as, 

in some grasp configurations, the effects o f the torque springs as well. Additionally, as DC motors are 

being used, they also needed to transmit positional information (via encoder and used in a control system) 

for accurate grasp orientations. The torque required for this system needed to be able to rotate the finger 

and linkage around the palm. Unlike the gearing used in the finger motors, the palm motors do not use 

external gearing and are capable of being back-driven.

Locking Motor. The locking motor (the motor used to lock the top fingers into place) was chosen 

to be as small as possible. While it is possible to back-drive this motor, it is unlikely to occur as the forces 

being applied to lock in the top finger’s positions are not in the m otor’s direction o f motion.

Design for Manufacturing (DFM) techniques are incredibly useful for making designs that are 

reliable and easy to create. One of the most useful methods to employ DFM techniques is creating a 

prototype of a design. Making, assembling, and testing a prototype gives invaluable insight into problems 

with the design concept, issues with sizing and tolerancing, and weak areas of the design. While this is best 

done with a complete design prototype— that is, one made exactly as the final design would be— often a 

cheaper and almost as useful method is to create a rapid prototype, such as the prototype shown in Figure 

5.13. One benefit to rapid prototyping is that the prototype is made o f  ABS plastic. This makes it easy to 

alter if parts and tolerances are insufficient or to test design changes.
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Figure 5.13 Rapid Prototype (1st Version) of the CSM HAN-DS

Following the initial gripper design, a rapid prototype model was fabricated to simulate the motion 

and structure of the design. Several issues were discovered during assembly. First, the nestling of parts 

within the assembly made assembly difficult. Specifically, the walls around the motor housing, shown in 

Figure 5.14, made it infeasible to route cable through the design for finger actuation and route wiring 

through the design to power the palm motors and locking mechanism. Second, the initial finger linkage 

assemblies, which were initially specified as welded, could be simplified by combining them into a single 

manufactured item. Third, designing as an enclosed system makes it difficult to adjust items and to check 

for problems. Finally, the rapid prototype model indicated several parts that required slight changes in size 

and better tolerancing.

In addition to changes found from problems with the rapid prototype model, a series of 

consultations with a machinist led to additional design changes. These consultations helped make the 

design easier and cheaper to manufacture and provided a valuable level o f experience in solving potential 

design difficulties. Some o f the design changes are evident from a side-by-side comparison of the rapid 

prototype parts and those created for the subsequent aluminum prototype.

Comparing the aluminum motor housing in Figure 5.15 and the rapid prototype housing, multiple 

changes are apparent. First, though the motors have the same layout, they are much more accessible due to 

the elimination of the enclosing housing. Second, instead of manufacturing the housing as a single part, it 

has been split into three different types o f parts that are easier to manufacture. The rotational shaft of the 

cable spool is a separate piece from the base, as are the supporting pillars that replaced the housing wall.
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Initially, the motor supports were to be manufactured and welded to the base, but in the latest version, they 

are milled as a single piece.

Figure 5.14 Rapid Prototype Motor Housing

Figure 5.15 Aluminum Prototype Motor Housing
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Figure 5.16 Finger Linkages, Rapid Prototype (top) vs Aluminum (bottom)

The finger linkages, shown in Figure 5.16, have doubled in size with the new prototype to increase 

their strength and reduce failure. To accommodate these thicker fingers, and incorporate issues found in 

previous prototypes, the palm linkages in Figure 5.17 have been reworked to be more effective and easier 

to produce.

Figure 5.17 Palm Linkages, Aluminum (top) vs Rapid Prototype (bottom)



Figure 5.18 Locking Mechanism, Aluminum (left) vs Rapid Prototype (right)

The locking mechanism in Figure 5.18 was changed to be three separate parts to make it easier to 

machine. The rapid prototype was made with very thin sections that would be difficult to machine. 

Separating the design into three parts, each easily machinable, makes the overall design easier and cheaper 

to manufacture.

From the changes, two major principles of design for m anufacturing are being applied. First, the 

split o f the motor housing and locking bar into multiple parts was done to decrease the amount o f mass 

needing removal during manufacturing. This reduces the material and labor costs by requiring less initial 

material in the part blank and by decreasing the machining time. The second principle, simplifying 

manufacturing, was applied to the locking bar and palm linkage assemblies. Both parts were taken from an 

initial manufacturing state (a bar) and reduced to include manufacturing for the minimum number of 

features needed for the part.

5.2 Design Verification

Verification was developed to measure the engineering requirements defined using the QFD. 

Some of these requirements such as DOF calculations were accomplished using the design concept. Other 

calculations such as a factor of safety determination were done using simulations in SolidWorks. 

Requirements like handling failure rate, carrying capacity, and mass need verification from a physical 

prototype.

The specifications list in Table 5.5 was useful to ensure that each engineering requirement had an 

associated test to ensure they met project requirements. Norm ally, a specifications table is also useful to 

assign requirements to individual team members. However, in this project all specifications are the 

responsibility of the author.

Assembly progressed through several stages. The first stage assembled the motor housing in 

Figure 5.15 and top plate motor assembly in Figure 5.19. The second stage assembled the palm mechanism 

and fingers, shown in Figure 5.20. Following the assembly o f  the top and bottom portions of the gripper,
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the wiring and cabling were threaded through the system. The results of incorporating the wiring are shown 

in Figure 5.21. Following the cabling, the entire prototype was assembled and ready for testing at a 

workbench, desk, or on an industrial arm.

Table 5.5 Specifications List

Date D em and/W ish Function vs C onstraint Engineering R equirem ent Goal R esponsibility Test
8/2/2011 D C-Operation Handling Failure Rate N/A DS PhysS
8/2/2011 W C-Load Imposed By Mass 1.2 kg DS CalcS, Phys2
8/2/2011 D F Factor of Safety 2 D5 Siml
8/2/2011 D C-Geometric Minimum D iam eter 0 mm DS Sim2, PhysS
8/2/2011 D C-Geometric Maximum Diam eter 355 mm DS Sim3, Phys4
8/2/2011 W F Degrees of Freedom S DS Calcl
8/2/2011 W F Finger O rientation DOF 2 DS Calcl
8/2/2011 W F Controlled DOF 4 DS Calcl
8/2/2011 D C-Load Imposed By Carrying Capacity 6 kg DS Siml, PhysS
8/2/2011 D F Contact Forces 20 N DS Calc2
8/2/2011 W F Setup Time N/A DS Physl

9/21/2011 W F Passive DOF 0 DS Calcl

Figure 5.19 Top Plate M otor Assembly

Control of the gripper was accomplished using a power supply with two variable 0-24 V outputs 

and controllable maximum 600 mA capacity. One o f the variable outputs is set to six volts and was used .to 

power the locking and palm motors while the other output was set to twenty-four volts and was used to 

power the finger motors. Double pole, double throw (DPDT) switches, shown in Figure 5.22, are used to 

reverse the direction o f current so that the motors can be operated in either direction without needing to 

rewire the system.
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The verification plan uses the engineering requirements from the specifications list. The listed 

tests include several engineering calculations and model analyses, multiple simulations, and numerous 

physical tests. Several o f the validation tests were evaluated during prior design phases, such as calculating 

the factor o f safety in order to ensure the design can withstand the applied loads. Other tests, such as 

m easuring the system mass have been conducted both on the CAE model and again physically with the 

prototype. By repeating the test, the validity o f the SolidWorks model can be established.

Figure 5.20 Palm M echanism  and Finger Assembly

5.2.1 Calculations

Two major types o f calculations were done for this project. A series of degree of freedom 

calculations were used to determine the dexterity o f the system. A calculation of contact forces was also 

done to estimate the forces that the system can produce in grasping an object

Degrees of Freedom

The degrees o f freedom (DOF) of a system indicate the dexterity in a design. An analysis o f the 

DOF can determine not only the total dexterity o f a system, but also how that dexterity is exhibited 

throughout the design. Determining the DOF that are actively and passively controlled indicate how many 

actuators are in the system as well as where actuators have been replaced with alternate forms of actuation.
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Additionally, an analysis determines what methods are employed to make the design work. There are two 

m ajor parts o f the design where the gripper has DOF. Each finger, represented in Figure 5.23, has two 

degrees of freedom that are coupled and controlled by a single actuator. This indicates an underactuated 

design although it gives no indication how that control is achieved. The palm mechanism in Figure 5.24 has 

five degrees of freedom. The four palm linkages each have a degree of freedom with two DOF passively 

coupled to their actively controlled counterparts. This is the backbone of the design and is what gives the 

system higher dexterity than the BarrettHand. The fifth degree of freedom in the palm is found in the 

locking mechanism, which is actively controlled and enables the complete operation of the palm 

mechanism without requiring an actuator for each linkage. Table 5.7 shows the calculations for determining 

the degrees of freedom in the system for each o f the relevant engineering requirements.

Figure 5.21 Wiring in the Assembly

Figure 5.22 DPDT Switches Used for Control
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Table 5.6 Verification Plan

Test Engineering
Requirements Given Find

Calcl

Total DOF 
Controlled DOF 
Finger Orientation 
DOF
Passive DOF

Design

Total movable joints
# o f actively controlled joints
# o f joints about the palm in which 
fingers change position
# o f joints activated by contact with 
grasped object

Calc2 Contact Forces Specifications 
Parts List

Maximum Contact Force 
Force Equation

CalcS Mass Model
Materials Estimated Mass

Siml Factor of Safety 
Carrying Capacity

Top Grasp BarrettHand Load 
Simulation

Factor of Safety 
Maximum Load Capacity

Sim2 Minimum Diameter Small Grasp Motion Simulation Minimum Diameter
Sim3 Maximum Diameter Large Grasp Motion Simulation Maximum Diameter

Physl Setup Time Physical Prototype . 
Robot Fastener Time to Attach Gripper to Robot

Phys2 Mass Physical Prototype 
Scale Actual Mass

PhysS Minimum Diameter Physical Prototype Minimum Diameter Grasp (verify)
Phys4 Maximum Diameter Physical Prototype Maximum Diameter Opening

PhysS Carrying Capacity
Physical Prototype .
6 kg Mass
8 kg Mass (2 kg/fmger)

Stable Grasp Capacity

Phys6 Handling Failure 
Rate

Physical Prototype 
Test Objects
Programmed Handling Cycle

% Handling Failures

Controlled

Finger D egrees of Freedom
Figure 5.23 Finger Degrees of Freedom
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grasp strength o f the BarrettHand. Equations (5.5) to (5.12), below, were used to determine the grasping 

force at the tip o f the fingers.

1524 Motor Torque =  2.5mNm (5.5)

Motor Gear Ratio = 43\1  (5.6)

Worm Gear Ratio: 50:1 (5.7)

TotalTorque  =  MotorTorque * MotorGR * WormGR = 2.5mNm *43 * 50 = S.37SNm (5.8)

Equations (5.5-5.8) describe an idealized torque calculation that does not take into account energy 

losses in the system. It is inevitable that torque will be lost in the system, but the amount of loss in the 

system is impossible to determine with accuracy. Minimal losses may result in a torque within 10% of its 

expected value, but losses in the system may be much higher, especially in places where the cabling 

experience sudden changes in direction or friction from surface contact.

The radius of the motor spool is used to determine the force being applied to the cable that 

actuates the finger. Since this varies between the six millimeters on the fiat sides of the spool to nine 

millimeters on the rounded edges, the total force on the cable must be between values calculated between 

both radii.

F' -  = ^  = ^  = 597W <5-9>

W  = *7 * =  896W (5-10)

Using this force, a torque range can be computed using the radius of the finger connectors (4 

mm) and a force for the fingertips computed using the total length of the fingers (130 mm).

FingerTorque = Force * R Connector  = (5971V, 8967V) * 4mm = 2.39Nm, 3.58Afm (5.11)

ContactForces =  = ^ 39Nm̂ 58Nm = 18.41V, 27.61V (5.12)
Length 130m m

The final calculated contact force is between 18.4N and 27.6N, which is within range of the 

BarrettHand (approximately 2ON).

Estimated Mass

As mentioned in Chapter 1, the mass of an end-effector can have a large effect on the operation of 

a robotic system. Estimating this mass can indicate the success or failure of a design once coupled with a 

system. An estimate of the total mass was estimated using SolidWorks’ mass calculation abilities. This 

involves applying material properties to all parts in the assembly. As the motors are simplified in the model 

as solid copper objects, this assumption is conservative and should adversely affect the SolidWorks mass 

calculation. To account for this, the mass specified by Faulhaber, the motor manufacturer, were used to 

adjust the total mass to a more reasonable level. Figure 5.25 shows the estimated mass generated from the 

SolidWorks model before the adjustments made to increase its accuracy.

To estimate mass, the difference between the SolidWorks models and the manufacturer’s motor 

specifications were used to adjust the estimate. As the SolidWorks model does not include Easterners,
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cabling, or the torsion springs, the estimated mass should be assumed to be slightly low. Table 5.8 shows 

the values used to determine the adjustments needed to account for motor mass differences while equations 

(5.13) and (5.14) were used to determine the adjusted mass.
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Table 5.8 Estimated M ass Motor Calculations

M otor Spec. Sheet Model Difference QTY Total
Finger 49 g. bi)

'Zhoo 36 g. 4 144 g.
Palm 27 g. 103 g. 86 g. 2 172 g.
Lock 8.8 g. 18 g. 9 & 1 9g .
Total 325 g.

AssemblyMass — Motor Adjust =  EstiruatedMass ^

2071g-325g = 1746g

Once the estimated mass is calculated, the difference from the BarrettHand can be determined.

The following calculations determine the difference between the grippers is approximately half a kilogram. 

This approximation is valid, in part, because the advertised mass of the BarrettHand is only given with a 

resolution o f  0.1 kg. The equations, (5.15) and (5.16), used to detennine the difference between the CSM 

HAN-DS estimated mass and the BarrettHand"s are below.

EstimatedMass -  BarrettHand -  Difference ^  j ^
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1746g -1.2%  = 546g ^ ^

The increase in mass from the BarrettHand was expected. The BarrettHand is highly engineered 

and has been optimized for a variety of factors; low mass is likely one of them. As a beta prototype, and 

perhaps also with later iterations, it is not surprising that the design has a higher mass. While a half a 

kilogram increase is somewhat significant compared against the BarrettHand’s mass and the testing robot’s 

payload, it is not a great enough increase in mass that would make it unusable. This is especially true if  the 

design was attached to an industrial arm with greater payload capacity, as even using the BarrettHand on 

the current arm to its specified capabilities would be over the advertised payload capacity o f the robot.

5.2.2 Virtual Simulation

Several virtual simulations were used to evaluate the capabilities o f the gripper design and ensure 

that the right direction was taken during development.

Factor of Safety and Carrying Capacity

FOS is a cornerstone of mechanical design. It determines what capability exists in a design based 

on its initial design constraints. For this project, FOS was developed to enable a per finger carrying 

capacity equivalent to the BarrettHand. This carrying capacity was used to develop the design to have a 

high enough FOS to safely operate at expected loading conditions. FOS was determined using a 

SolidWorks static simulation. This simulated a 20 N load being applied to each finger on the fingertip 

being applied in an outward direction. A reactionary 80 N load was applied to the palm plate to as closely 

simulate a normal grasp position as possible. The outcome of this analysis showed a minimum FOS of 2.2 

under normal grasp conditions. This FOS, while not as high as that of the LANL band gripper, is sufficient 

for operation. Figure 5.26 shows the SolidWorks simulation under normal loading conditions.

' While a static simulation was enough for the LANL project, evaluation o f the CSM HAN-DS 

needs to include more dynamic simulations for a full analysis. This is especially true as actuation can occur 

in a single finger or the fingers can actuate to different degrees during grasp.

Grasp Range

Knowing the grasp range a gripper design ensures it is not assigned tasks outside its capabilities. 

Testing the virtual model used SolidWorks to adjust the grasp to determine the expected grasp range. 

During simulation, it was possible to close the fingers completely by manipulating their placement with the 

model. While a complete closure is possible between fingers with coupled linkages is possible, a more 

realistic grasp can only be made with objects about 32 mm in diameter. This size is large enough to allow 

all fingers to make contact with the object and ensure a stable grasp. The BarrettHand has not published a 

minimum grasp size for its three finger configuration, though in its two finger configuration it can 

completely close with its fingers overlapping. This indicates a slightly larger minimum grasp for the CSM
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HAN-DS than the BarrettHand, though not enough to remove a large number o f potentially grasped 

objects. Figure 5.27 presents an example o f the closed configuration for the gripper.

Figure 5.26 Factor of Safety Analysis under Normal Loading

!25 12mm |

Figure 5.27 Minimum Grasp Range
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Measurement o f the fingers when fully opened suggests a maximum grasp o f approximately 370 

mm. This is approximately equivalent to the BarrettHand’s grasp when fully opened (355 mm). Figure 5.28 

shows the open grasp simulation.
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Figure 5.28 Maximum Grasp Range

5.2.3 Physical Testing

Putting together the physical prototype produced several challenges requiring troubleshooting. 

First, the initially specified steel wire was exceedingly difficult to thread through the cable routing holes. 

Instead, a woven commercial fishing line made of a newer material, Dyneema®, was used for actuating the 

fingers. Dyneema®’s lower friction coefficient, flexibility, and high tensile strength make it a more ideal 

material than the steel wire previously in use.

Second, gaps at the finger base between the finger connector and linkages allowed the cable to slip 

between the parts and bind the joint during operation. Low friction wax paper layered between the two 

parts acting as shims provides an interim solution. Additionally, the clearance between the cable spool and 

rotating pillar, and between the cable spool and gear, allowed the gearing to move too much for a proper 

interface to be maintained during operation. This was also solved using wax paper shims to fill the gap 

between the two parts. Revised tolerances or a more permanent solution should be considered in future 

prototypes.

Third, the initial motor-gear interface parts were designed so as to minimize mass, but were too 

short to provide torque transmission. Thus, torque was not effectively transmitted from the motor to the 

worm gear. A longer motor-gear interface part, similar to those in the initial design and rapid prototype 

replaced the original components in the prototype.



Finally, the initial connections between the motors and the control system were not secure. This 

caused the motors to not produce enough torque to operate the fingers. Where possible, soldering the 

connections to ensure secure connections improved the performance of the motors. Using a fish scale, it 

was found that approximately four pounds (17.8 N) of force are needed to actuate the fingers via the cable 

system. For this test, cabling was only routed to actuate the finger, instead of routing through the gripper 

body to the cable spool. The fish scale was attached to the cable and pulled until the finger’s closing motion 

was observed. This suggests that there are significant losses in the current finger actuation system.

The low force requirement (especially considering the force the motors are expected to produce) to 

control finger motion indicates several possibilities. Force (torque) losses in the system could be reducing 

the actuation forces to a level far below their expected values. This occurs at least partially, due to the 

cabling needing to interface with different routing holes and sudden changes in directions at least five times 

in the design. If the system experiences a 10% loss at each of these points, the resulting torque on the 

fingers may be reduced by more than 40% from the torque generated by the motors. A related potential 

problem source is if the motors are producing torque at levels far below their expected outputs either due to 

manufacturing errors or losses between the electrical contacts in the system. Finally, there could be an issue 

in the design that doesn’t allow the system to generate forces high enough for finger actuation.

Setup Time

Setup time is usually a good indicator o f the ease in which a design can be integrated into a 

system. A minimal setup time often indicates that some thought has been given towards the interaction of 

the user with the system, while an extended setup time may indicate a lack of forethought toward end-users. 

Preparation prior to measuring setup time included assembling the parts of the gripper, including cabling 

and wiring, excluding the robot interface and the four fasteners that attach the robot interface, motor plate, 

and supporting pillars (already attached to the top plate) to each other. Time was measured to secure the 

interface to the robot ami, route the wiring through the interface, and attach the remaining assembly. The 

total setup time was determined to be approximately four minutes, thirty seconds to install an assembled 

gripper on a robot arm. While setup did not take long, less than five minutes, it can be tricky to assemble on 

the robot. During setup, you need to keep the assembled motor plate and support pillars (assembled to the 

top plate and palm assemblies) together while attaching it to the robot interface. This can be made easier by 

taping the assemblies together, though it is not overly difficult to just hold them together during assembly.

Mass

Mass was determined using a scale which showed a total mass of 1.8 kg for the complete 

assembly including cabling and wiring. The scale used had a resolution of one gram. The actual mass of the 

system conforms very closely with the estimate from the model with some additional mass due to including 

fasteners, cabling, and wiring in the complete assembly. The resulting measurement indicates a gripper



design that, while heavier than the BarrettHand, is still within range of acceptable mass requirements. 

Figure 5.29 shows the system used to determine the gripper’s mass.

Figure 5.29 Determ ining M ass

Minimum Grasp

Physical manipulation showed that finger closure mimics the ability of the model and is shown in 

Figure 5.30. This means that a properly tuned gripper should be capable o f a minimum object grasp of 

approximately 32 mm. However, errors introduced due to variations in tightness of the joints, motor speed, 

slack in the Dyneema® cable, etc. result in a cumulative error that manifests as inconsistent actuation of the 

fingers. In some fingers the distal joint actuates before the proximal joint. These inconsistencies result in 

closures like those shown in Figure 5.31.

Figure 5.30 M inim um  Grasp Range
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Figure 5.31 Inconsistent Finger Closure During Actuation

Maximum Grasp

Maximum grasp agrees with the model. The fully open position of the gripper produces a 

maximum grasp range close to 400 mm, as shown in Figure 5.32. The difference from the expected value 

can be attributed to the difference in finger positions (they are open further in the prototype) between the 

two models.

Figure 5.32 M aximum Grasp Range
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Carrying Capacity

By attaching the fish scale to the end of one of the fingers, as shown in Figure 5.33, and actuating 

that finger until the finger stops deflection, carrying capacity can be measured. This test showed that the 

fingers stopped actuating from almost any force being applied at the fingertip. This indicates a loss o f 

torque in the system and is due to some issues with the gearing interface. This is described later in this 

section. With this problem, this measurement indicates that instead o f a two kg capacity per finger, this 

gripper has a carrying capacity of between zero and one kilograms. Alternatively, when the fingers are 

allowed to actuate to a closed position, they have a good passive grasp capacity. In other words, it can 

maintain a closed form without active assistance from the motors. During testing it was capable o f lifting

its own body weight to maintain its grasp position when lifted by its fingers.

Figure 5.33 Determining Carrying Capacity

One major problem during operation was tension in the cable bending the rotational pillar to the 

point that the worm gear would lose contact with the worm. Reviewing the Solid W orks model shows that 

even a distributed force o f 30N along the rotational pillar renders a factor o f safety o f  less than one and a 

0.22 mm displacement. At a full 900N of force (the maximum expected from the system) the displacement 

is more than 6 mm, more than enough to disrupt meshing in the gear train. The deflection resulting from 

this level of force is shown in Figure 5.34. This level of force is not actually being applied to the system 

currently because the gearing disconnects before tension in the cable reaches this level. This is, however, a 

major problem in the design that needs to be addressed in later iterations o f the design.

Testing to determine at least one of the causes of the low carrying capacity yielded a problem with 

the gearing interface shown in Figure 5.35. The problems stem from three different possibilities related to 

the clearance between the cable spool and top plate, and the deflection o f the rotational shaft. The first 

possibility is in the event that the motors are spinning in the direction that the w orm 's upward motion is in 

contact with the gear. The curve of the gear causes an upward motion that pushes the gearing until the 

upper curve has reduced contact with the worm. This, in turn, causes the bottom part o f  the gear to have 

increased contact and friction with the worm that leads to stalling o f the motor at only 5-6 lb (22-26N) o f 

force applied on the cable.

The second and third possibilities occur when the worm is in contact with the gear in a downward 

motion. In this case, the problems differentiate based on the direction force is applied on the cable. W hen 

force is applied in the direction of the worm (pushing the gearing together) it causes increased friction
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which leads to stall occurring with only 8 lb (35N) of force. The final situation occurs when force is 

directed away from the worm (pulling the gearing apart). W hen enough deflection occurs in the rotational 

shaft, the gearing loses contact with the worm losing any further pull on the cable. This was measured to 

occur at 18 lb (80.7N) of force.

Figure 5.34 Simulated Displacement from Full Loading

Most of these issues can be addressed by addressing problems with deflection o f the rotational 

shaft. Additionally, the current setup of the gripper has one m otor actuating two fingers at a time instead of 

one. This halves the force being applied to each finger and reduces the total amount o f carrying capacity. 

Normally, this wouldn’t be overly problematic as the motors were designed to produce a large amount o f 

torque, but the inability of the motors to transfer their torque to the system compounds the problem. In the 

design’s current configuration, it is impossible to generate the same functionality with each motor as each 

motor is constrained by the direction in which the cabling is deflecting the rotational shaft. Additionally, 

the forces acting on the shafts are not deflecting directly away from or toward the worm, which means there 

is increased friction than was seen in tests.
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Figure 5.35 Finger Gearing Interface

Handling Failure Rate

With a measured carrying capacity o f zero and unpredictability of the joints in the fingers, a 

handling test could not be performed. Instead, handling performance will need to be detennined in later 

iterations of this design when these concerns have been addressed.

5.3 Conclusions

There are several tradeoffs between this design and the BarrettHand. The CSM HAN-DS has a 

larger number o f degrees o f freedom than the BarrettHand and could therefore be considered more 

dexterous. Additionally, this design theoretically has a higher carrying capacity due to its additional finger, 

though the gripper is not currently prepared to deliver these forces. On the other hand, it is more complex to 

work with and has a higher mass. Both grippers have a similar grasp range and expected contact forces in 

the fingers. Part o f this is because the CSM HAN-DS was designed to have fingers that mimic these 

variables of the BarrettHand while concentration was applied to make a unique palm mechanism. A side by 

side comparison o f values is found in Table 5.9. Despite the negatives o f the current design, if the issues 

leading to a reduced carrying capacity can be addressed, then the CSM HAN-DS could be a competitor to 

the BarrettHand.

One area where the CSM HAN-DS currently wins hands-down is cost. While the BarrettHand 

costs approximately $3Ok, the m anufacturing costs, detailed in Appendix B, of the CSM HAN-DS is under 

$6k. This does not include any sensors and only a basic control system.



Table 5.9 M easurable Com parison Between BarrettHand and CSM HAN-DS

C riteria  ________  BarrettH and CSM H AN-DS Better/W orse/Sam e
Mass 1.2 kg 1.9 kg Worse
Minimum Diameter 0 mm 32 mm Worse-Same
Maximum Diameter 355 mm 400 mm Better-Same
Total DOF 8 13 Better
Orientation DOF 2 4 Better
Controlled DOF 4 7 Better
Passive DOF 0 6 Better
Carrying Capacity 6 kg 0 kg Worse
Contact Forces 20 N -O N Worse
Cost $30k $6k Better

Totals: Better: 7 criterion Worse: 4 criterion Same: -2

The CSM HAN-DS falls short in carrying capacity and contact forces. These are critical in a 

robotic gripper and are the factors that prevent the current iteration of this gripper from actual use. Future 

improvements to this design will focus mainly on overcoming the difficulties in generating these 

parameters while maintaining the dexterity that is already part of the system.
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CHAPTER 6: REVIEW & CONCLUSIONS

This project had several major bodies of work. Chapter 1 reviewed the BarrettHand and other 

current gripper solutions. This chapter defined several key customer needs associated with gripper designs. 

While many of the needs such as low cost, low mass, repeatability, and reliability, are generally applicable 

to gripper design, needs like grasp versatility and integration of sensor technology are specific to the 

BarrettHand. As such, the BarrettHand represents a particular class of dexterous grippers. This study also 

defines the major project goals of this research and developed the criteria supporting the design of a robotic 

gripper that is competitive with the BarrettHand.

Chapter 2 explores several key aspects of existing technology, as related to robotic grippers and 

robotic gripper design. Examination of current grippers reveals several designs and design methods that 

have been employed to create other robotic grippers. Investigation o f grasp capabilities revealed grasp 

concepts including underactuation, force control, grasp planning, and grasp topology. Chapter 2 also looked 

at different methods for obtaining grasps looking at alternate actuation methods and different sensing 

technologies.

Theory presented in Chapter 3 introduced design methods that are used when developing a robotic 

gripper design. Grasp theory evaluates some of the kinematics and intuition behind a stable grasp. An 

overview of published gripper design methods shows how gripper design has been introduced in literature 

while the following section of classical design methods develops the methodologies used in the presented 

gripper design projects.

Chapter 4 presents the variant redesign of the LANL band gripper. This project served as a proof 

o f concept for classical design methodologies being applied to robotic gripper design. This gripper was 

developed as part of a team to satisfy requirements for LANL’s RIPS. Requirements included being able to 

operate in a radioactive glovebox environment and grasping a specific range o f cylindrical objects. 

Developing the design involved going through a complete design process. Needs definition defined the 

requirements that are inherent in a radioactive glovebox environment and determined the limitations of the 

current design. Functional analysis developed the necessary requirements o f the design for interacting with 

the system and for operating during its lifecycle. Conceptual development generated a number of potential 

solutions and pared them down to a top solution: the double actuated band gripper. This gripper design was 

further developed through design optimization and DFM techniques. Following development, the gripper 

was put through a series of physical tests designed to both troubleshoot any problems and generate a 

baseline for performance. A final round of changes was performed to increase usability o f the gripper prior 

to installation at LANL.

Chapter 5 applied the gripper design process to the design of a dexterous hand without the limits 

in the design space imposed by the LANL project. The research objective, as presented in Chapter 1, used a 

generalized gripper design process to create a gripper design that is competitive with the BarrettHand while 

having much lower cost. In addition to the increased design space, this project also differed from the LANL 

project by only having a single person actively working on the project. Needs definition was broader for
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this project, as fewer constraints limited the design scope and the project did not have a single well-defined 

customer. Similarly to the LANL project, a functional analysis of the gripper revealed additional 

functionality to support high dexterity grasps and to incorporate sensors and feedback into the system. 

Conceptual development uses similar ideation methods that were adjusted for use by an individual. Testing 

involved several proof of concept tests and generating ideas for improvement.

6.1 LANL Band Gripper

The LANL band gripper is currently being implemented in the RIPS module at LANL. It is 

currently optimized as a simple, effective gripper able to interact with all the components of the current 

system. In the future, it may become necessary to change aspects of the design due to changing system 

requirements. For instance, the current design does not currently make provisions for sensor integration, 

rendering closed loop control infeasible, and so it becomes necessary to adjust the design to allow any 

sensors that become necessary. Other minor changes that may be made to the design include sizing of the 

v-block and band to account for grasping smaller or larger cylindrical objects. More immediate 

improvements will be determined based on performance during its lifecycle as part of RIPS, though no new 

changes are currently planned.

6.2 CSM HAN-DS

The CSM HAN-DS benefits from an increased level of grasp dexterity through the utilization of 

controlled, coupled, and passive degrees of freedom. Before this design can be put to use, there are several 

improvements that could be made to increase its usability and effectiveness. Among the issues with the 

current design is that tightening of the finger cables causes the palm linkages to move to their closest 

position. In other words, the tightening of the cables causes the palm linkages to assume a two finger 

configuration. This makes it difficult, if  not impossible to use the full functionality of the gripper as either 

the cable tensions need to be reduced or the fingers need to be oriented into a position that may not be 

optimal. This has been avoided slightly by having each motor either unlock or lock two of the fingers 

instead of actuating a single finger in both directions. This allows the motors to be run until the cables are 

loose enough for the palm mechanism to work.

The biggest issue to address (if the mechanism is not redesigned) is the low factor of safety and 

high deflection of the rotating pillars. Their current design is insufficient for the level of performance 

expected of the gripper. Increasing its diameter and changing its material to increase stiffness and distribute 

its forces over a wider area, improved performance can be achieved. As this is a relatively simple part, 

changes should produce relatively little variation to the cost, though a new driving mechanism would 

probably be more effective.

One major way to improve the design is by reducing the complexity involved in actuating the 

fingers. Any method that reduces tangled cables and more directly actuates the fingers is a potential
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solution. This is also helpful to avoid the issues previously mentioned regarding actuating both the palm 

and fingers in a coordinated fashion. At the same time, selective compliance can be applied to the finger 

design to increase the grasp capabilities of the entire system. One specific method that could be employed 

is the use of pneumatic muscles for actuation. These would have the benefit of reducing the system mass 

and minimizing the effect on the palm mechanism. Alternatively the motors and gearing could be located 

within the finger linkages. This has the additional advantage of actuating finger joints in order, making 

closure repeatable and reliable. Innovative finger designs would benefit the overall gripper design.

Another potential improvement is the coupling of both controlled palm linkages to a single palm 

motor. As the need to actuate the individual sides of the palm to different degrees is rare, the use of a single 

motor to move both sides would help reduce mass. This does remove some of the controlled degrees of 

freedom from the system, but would improve control in the design and ensure symmetry in the grasp 

configuration.

Finally, general improvements to parts can play a role in improving the design. For example, the 

springs used in the palm mechanism lack sufficient stiffness for efficient actuation when gravitational 

effects oppose the desired motion. The addition of plastic washers and shims in place of wax paper would 

improve the design, as would minimizing the clearance between parts. Other changes that could occur 

include developing a less bulky locking mechanism and further reducing the overall mass and volume of 

the system.

Non-meChanical changes can also help the design. Currently, operation of the hand is completely 

manual, requiring a person to physically change the voltage, and activation of each motor in use. A second 

generation prototype design would incorporate a true system controller that would improve both operation 

and usability of the gripper.

Finally, dynamic evaluation of the gripper design would do several things. It would determine 

what areas of the design would have problems during use. Similarly, it would also indicate areas that are 

unnecessary in the design such as excess materials on parts. Additionally, it provides a more thorough 

understanding of how the gripper can interact with the system, especially during the grasping process.

6.3 Design Methods

While every design method has a time a place that it is most effective, there are several methods 

that worked extremely well either for general use, or specifically for design of robotic grippers. Needs 

definition is, in general, the least regimented part of the design process. This occurs because needs vary 

widely based on the project and even design projects falling under the same general category, say robotic 

gripper design, can have vastly different constraints. As there is much chaos in information first generated 

during a needs analysis, the use of a mind map or other organizational tool is invaluable. Even though the 

actual model generated produces a useful graphic for reference, a large portion of its usefulness stems from 

actually generating the map and understanding how connections between concepts and needs exist.
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Another method that has been particularly useful in determining specific needs for each project 

was the process model, also called an activity diagram. Product lifecycle knowledge led to specific project 

requirements and constraints. This method is even more useful for comparison between similar projects 

occurs. For example, comparing the LANL process model to the one developed for the CSM HAN-DS 

shows the heavy emphasis on maintenance and disposal in the LANL project as well as the more complex 

operational requirements of the CSM HAN-DS.

The QFD analysis is a very unique method. While it does not necessarily provide further 

understanding of project needs, it does create a bridge between developed needs and engineering 

requirements. This bridge can be extremely important in understanding what engineering requirements are 

important to the project, but also how goals and constraints interact in the system to produce a working 

design. One of its more useful functions is that it is the first step toward ensuring verification throughout 

the project. Combined with a specifications list and verification plan, discussed later, a QFD analysis 

ensure that important needs will be satisfied within the project and produces measurable engineering 

requirements that can be tested to prove satisfaction of those needs.

Functional analysis methods serve an important role in the design process. They force the designer 

to pull away from specific needs and design concepts, and force them to develop design concepts devoid of 

bias toward a specific form (unless specified by project constraints such as actuation method). Perhaps the 

most useful of these methods is the function structure model, and, by extension, the black box model. These 

models are useful because they show the design’s interaction with its environment and within the system 

itself. Developing the models ensure that all factors influencing the design are understood through the rest 

of the design process. In addition to understanding the interactions of the design with the environment, it is 

useful to know the interactions of functions within the system. These interactions often give insight into 

how the design can be implemented and ways the design can be simplified down to its most basic parts.

Conceptual development is composed of three major steps: ideation to generate concepts and 

solutions, evaluation to pare those concepts down to a final solution, and detailed design to develop the 

concept to a working solution. Conceptual development is the most iterative step of classical design. While 

design will often return to needs definition or functional analysis throughout the project, conceptual 

development is different because it basically requires revisiting methods. This is most common during 

evaluation where concepts are developed to their maximum potential, and detailed design where 

methodologies are often revisited as changes to the design cause réévaluation of preexisting values.

Ideation is often overcome solely through brainstorming and use of morphological matrices. While 

these are certainly valid methods, they do not generally develop solutions as completely as other methods. 

Specifically, under the right circumstances, a “6-3-5” method is extremely useful for developing complete 

design concepts. The circumstances, as determined through developing both the LANL band gripper and 

the CSM HAN DS, require the participation of a group of “experts” that are knowledgeable about the 

project and the required background and requirements for the project. This method was exceptionally 

useful when paired with another ideation method such as brainstorming. This splits the functions o f  each
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method by having one method, brainstorming, develop a list of design concepts and the other, “6-3-5”, take 

those concepts and put them into functional configurations ready for evaluation.

The evaluation step produces two distinct actions: it improves potential solutions to their best 

possible configuration and it removes subpar solutions to determine the best design choices for further 

development. Generating improvements in the designs are easily done through the use of a Pugh chart.

Pugh charts are a valuable technique to use because they allow a top-down evaluation of potential solutions 

and enable designers to get inspiration directly from other considered solutions. The Pugh chart’s ability to 

evaluate qualitatively as “better” or “worse” makes it is easy to seek general improvements to the design. 

The Pugh chart’s top-down approach is also a weakness. Larger considerations o f grasp concept and 

mechanical functionality can often lead to complex issues in detailed design that are not present from a 

Pugh chart analysis. This was evident in the design of the CSM HAN-DS, where the overall concept led to 

complications with generating specifications for the finger actuators and gearing in the system.

The quantitative analysis provided by the numerical decision matrix is invaluable for the final 

stage of evaluation. Where a Pugh chart can only indicate a general improvement o f each criterion, a 

numerical decision matrix quantifies the differences between methods to fully understand where benefits of 

each potential solution lie. When done correctly, using proper weights and scoring, this method can 

objectively determine which concepts are good enough to be further pursued. This was seen most 

effectively in the LANL project, where some concepts that made it through the Pugh chart analysis scored 

lower or very similarly to the existing design in the numerical decision matrix. The LANL project also 

demonstrated one of the numerical decision matrix’s drawbacks, where final potential solutions may be 

high scoring (such as the monolithic finger and planetary cam systems) but have such large tradeoffs that 

they cannot be pursued as the solution.

There are many routes in detailed design. Design optimization is useful method to employ, but is 

difficult to employ in complex systems with a lot of variables. One step that worked exceedingly well in 

both projects was design for manufacturing. DFM techniques, such as standardized fasteners, fillets; 

standardized manufacturing measurements, reduction of material and labor, and simplified manufacturing, 

made it possible to stay within budget on both projects. During the development o f the CSM HAN-DS, the 

inclusion of a rapid prototype in the process helped develop the DFM techniques to reduce the cost of 

manufacturing. Perhaps the most useful DFM technique, not normally considered during the process, is 

consulting a machinist about the design. For this to work, the machinist needs at least some knowledge of 

the project and more than novice experience in machining parts. Consultations during the development of 

the CSM HAN-DS were able to lead to a design that was much easier to manufacture and determined some 

manufacturing and design solutions that were not obvious during the initial design work.

Design verification was found to work well by using a combination o f a specifications list and 

verification plan based off o f the engineering requirements developed through the QFD. A specifications 

list was useful to determine what types of tests need to be associated with each requirement and, with a 

group, who amongst the group will proactively anticipate testing problems and design issues with each
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specification. The verification plan is exceedingly important for planning out tests to determine whether a 

design has succeeded or failed. While it may not list detailed requirements and procedures such as a 

laboratory test procedures, it does give a basic overview of each test to determine what is required and what 

needs to be found. These test overviews can be developed into fully detailed procedures if  required later in 

the project. This may become necessary for tests that require work to duplicate such as the handling failure 

tests, though are pretty unnecessary for tests such as determining the mass of a system.

One method that could be useful in future applications o f the design methodology is the use of the 

Failure Modes and Effects Analysis (FMEA). This technique analyzes a design to determine potential 

problems and seeks to mitigate these issues either prior to manufacturing or through operational controls. 

While this method does not do as much for simple designs like the LANL band gripper, it would be useful 

when implemented on the more complex design o f the CSM HAN-DS. Pursuing this method may have led 

to the realization of some of the design issues that were addressed in Chapter 5.

Adding a functional layout diagram to the methodology would address several problems that 

became evident during testing of the CSM HAN DS. This method maps each part in the design and 

describes the interactions between them. Additionally, it applies the functions developed through the 

function structure to the design to ensure parts correspond to required functions. Testing the CSM HAN-DS 

indicated several areas where the interactions between parts led to failures in the system. The addition of a 

methodology designed to breakdown a product into its individual parts and interactions would have been 

invaluable towards addressing these problems.

6.4 Process Evaluation

Overall, this thesis promised the design and development of a dexterous robotic gripper 

mechanically equivalent or exceeding the BarrettHand at a fraction of the cost using a classical design 

process developed for the design of robotic grippers. This thesis has developed a working generalized 

gripper design process that has been applied to two projects: a proof of concept redesign of the LANL band 

gripper, and the development of the dexterous CSM HAN-DS. The effectiveness of the design process is 

demonstrated through the LANL redesign project where the final gripper design exceeded all design and 

performance expectations. While the current design iteration of the CSM HAN-DS has several flaws in its 

current configuration, the basis for a working design based on the innovations of the gripper also exists. A 

continuation of this project, applying the developed classical design process to addressing the problems 

with the current gripper design, is expected to bring the CSM HAN-DS to a fully functional stage in its 

development.

This thesis has successfully presented a working gripper design process, the design and 

development of a basic gripper, and the design and development of a dexterous robotic gripper for a 

minimum cost. Future work includes the implementation o f the LANL band gripper, improvements to the 

CSM HAN-DS, and refinement of the design methodology.

102



REFERENCES

[1] Asada, Haruhiko and Masaya Kitagawa, 1989, "Kinematic Analysis and Planning for Form Closure 
Grasps by Robotic Hands", Robotics & Computer-Integrated Manufacturing, Vol. 5, No. 4, pp. 293-

.299
[2] Balasubramanian, Ravi, Joseph T. Belter, and Aaron M. Dollar, 2010, "External Disturbances and 

Coupling Mechanisms", ASME 2010 International Design Engineering Technical Conferences & 
Computers and Information in Engineering Conference (IDETC/CIE), Montreal, Quebec, Canada.

[3] Baril, Mathieu, Theirry Laliberte, Francois Guay, and Clement Gosselin, 2010, “Static Analysis of 
Single-Input/Multiple-Output Tendon-Driven Underactuated Mechanisms For Robotic Hands”, ASME 
2010 International Design Engineering Technical Conferences & Computers and Information in 
Engineering Conference (IDETC/CIE), Montreal, Quebec, Canada.

[4] Berselli, Giovanni, Marco Piccinini, and Gabriele Vassura, 2010, "On Designing Structured Soft 
Covers For Robotic Limbs with Predetermined Compliance", ASME 2010 International Design 
Engineering Technical Conferences & Computers and Information in Engineering Conference 
(IDETC/CIE), Montreal, Quebec, Canada

[5] Bicchi, Antonio, 2000, "Hands for Dexterous Manipulation and Robust Grasping: A Difficult Road 
Towards Simplicity", IEEE Transactions on Robotics and Automation, Vol. 16, No. 6

[6] Chan, Ho-Yin and Wen J. Li, 2003, "A Thermally Actuated Polymer Micro Robotic Gripper for 
Manipulation of Biological Cells", IEEE International Conference on Robotics and Automation, 
Taipei, Taiwan

[7] Chen, Fan Yu, 1982, “Gripping Mechanisms For Industrial Robots, An Overview”, Mechanism and 
Machine Theory, 17(3), pp. 299-311.

[8] Chevallier, Dominique P. and Shahram Payandeh, 1998, "On Compuation of Grasping Forces in 
Dynamic Manipulation Using a Three-Fingered Grasp", Mechanics and Machine Theory, Vol. 33, No. 
3,pp.225-244

[9] Chieffi, S, and M. Gentilucci, 1993, "Coordination Between the Transport and the Grasp Components 
During Prehension Movements", Experimental Brain Research, Vol. 94, pp. 471-477

[10] Crawford, Anthony L., and Alba Perez-Gracia, 2010, "Design of a Robotic Hand with a Biologically- 
Inpired Parallel Actuation System for Prosthetic Applications", ASME 2010 International Design 
Engineering Technical Conferences & Computers and Information in Engineering Conference 
(IDETC/CIE), Montreal, Quebec, Canada.

[11] Dargahi, Javad and Siamak Najarian, 2005, "Advances in Tactile Sensors Design/Manufacturing and 
its Impact on Robotics Applications-A Review", The Industrial Robot, Vol. 32, No. 3, pp. 268-281

[12]Edin, B. B., L. Ceccai, L. Ascari, S. Roccella, J. J. Cabibihan, and M. C. Carrozza, 2006, "A bio
inspired approach for the design and characterization of a tactile sensory system for a cybernetic 
prosthetic hand", IEEE International Conference on Robotics and Austomation, Orlando, FL

[13]Fiorillo, A. S., P. Dario, and M. Bergamasco, 1988, "A Sensorized Robot Gripper", Robotics and 
Autonomous Systems, Vol. 4, No. 1, pp. 49-55

[14] Friedman, Jason and Tamar Flash, 2007, "Task-Dependent Selection of Grasp Kinematics and 
Stiffness in Human Object Manipulation", Cortex, Vol. 43, No. 3, pp. 444-60

[15]Goldfarb, Michael and Nikola Celanovic, 1999, "A Flexure-Based Gripper for Small-Scale 
Manipulation", Robotica, Vol. 17, No. 2, pp. 181-188

[16] Gorce, Philippe, and Jean Guy Fontaine, 1996, “Design Methodology Approach for Flexible 
Grippers”, Journal of Intelligent and Robotic Systems, 15, pp. 307-328.

[17] Han, Li, Jeff C. Trinkle, and Zexiang Li, 2001, "Grasp Analysis as Linear Matrix Inequality 
Problems", IEEE Transactions on Robotics and Automation, Vol. 16, No. 6, pp. 663-674

[18] Hellard, Greg and R. Andrew Russell, 2002, "A Robust, Sesnitive and Economical Tactile Sensor for a 
Robotic Manipulator", Australasian Conference on Robotics and Automation, Auckland, New Zealand

[19] Hirose, Sigeo and Yoji Umetani, 1978, "The Development of Soft Gripper for the Versatile Robot 
Hand", Mechanism and Machine Theory, Vol. 13, pp. 351-359

[20] Howe, Robert D., 1994, "Tactile Sensing and Cotnrol of Robotic Manipulation", Jouranl of Advanced 
Robotics, Vol. 8, No. 3, pp. 245-261

103



[21] Jenmalm, Per, Seth Dahlstedt, and Roland S. Johansson, 2000, "Visual and Tactile Information About 
Object-Curvature Control Fingertip Forces and Grasp Kinematics in Human Dexterous Manipulation", 
Journal of Neurophysiology, Vol. 84, pp. 2984-2997

[22] Kim, D. H., B. Kim, and H. Kang, 2004, "Development of a piezoelectric polymer-based sensorized 
microgripper for microassembly and micromanipulation", Microsystem Technologies, Vol. 10, pp. 
275-280

[23] Kim, Gab-Soon, 2007, "Development of a Three-Axis Gripper Force Sensor and the Intelligent 
Gripper Using It", Sensors and Actuators A, Vol. 137, pp. 213-222

[24] Kragten, Gert A., and Just L. Herder, 2010, “The ability of underactuated hands to grasp and hold 
objects”, Mechanism and Machine Theory, 45, pp. 408-425.

[25] Lin, Hua, Paul M. Taylor, and Steve J. Bull, 2000, "Modelling of Contact Deformation for a Pinch 
Gripper in Automated Material Handling", Mathdematical and Computer Modelling, Vol. 46, pp. 
1453-1467

[26] Massa, B., S. Roccella, M. C. Carrozza, and P. Dario, 2002, "Design and Development of an 
Underactuated Prosthetic Hand", IEEE International Conference on Robotics & Automation, 
Washington, D.C.

[27] Montana, David J., 1988, "The Kinematics of Contact and Grasp", The International Journal of 
Robotics Research, Vol. 7, No. 3, pp. 17-32

[28] Montana, David J., 1991, “The Condition for Contact Grasp Stability”, IEEE International Conference 
on Robotics and Automation, Sacramento, California.

[29]Naik, Sujtkumar V., Anupam Saxena, and Ashok Kumar Rai, 2010, “On the criteria for choice of the 
best solution from a generated set of partially compliant linkages”, ASME 2010 International Design 
Engineering Technical Conferences & Computers and Information in Engineering Conference 
(IDETC/CIE), Montreal, Quebec, Canada.

[30]Nicholls, Howard R. and Mark H. Lee, 1989, "A Survey of Robot Tactile Sensing Technology", The 
International Journal of Robotics Research, Vol. 8, No. 3

[31] Nix, Anthony A., Ben Sherrett, and Robert B. Stone, 2011, "A Function Based Approach to TRIZ", 
ASME International Design Engineering Technical Conferences & Computers and Information 
Engineering Conferences (IDETC/CIE 2011), Washington DC, USA.

[32] Schmidt, Peer A., Eric Mael, and Rolf P. Wurtz, 2006, "A Sensor for Dynamic Tactile Information 
with Applications in Human-Robot Interaction and Object Exploration", Robotics and Autonomous 
Systems, Vol. 54, pp. 1005-1014

[33] Seguna, C. M., and M. A. Saliba, 2001, “The Mechanical And Control System Design Of A Dexterous 
Robotic Gripper”, ICECS 2001. 8th IEEE International Conference on Electronics, Circuits and 
Systems, vol. 3, pp. 1195-1201.

[34] Srinath, A. and A. C. Rao, 2007, "Kinematic chains for robot hands: Grasp and rigidity", Mechanism 
and Machine Theory, 42, pp. 691-697

[35] Steutel, Peter, Gert A. Kragten, and Just L. Herder, 2010, “Design Of An Underactuated Finger With 
A Monolithic Structure And Largely Distributed Compliance”, ASME 2010 International Design 
Engineering Technical Conferences & Computers and Information in Engineering Conference 
(IDETC/CIE), Montreal, Quebec, Canada.

[36] Townsend, William T., 2000, "The BarrettHand grasper—programmably flexible part handling and 
assembly", Industrial Robot: An International Journal, Vol. 27, No. 3, pp. 181-188

[37] Xiong, Caihua, Yougu Li, Youlun Xiong, Han Ding, and Qingshi Huang, 1999, "Grasp Capability 
Analysis of Multifingered Robot Hands", Robotics and Autonomous Systems, Vol. 27, pp. 211 -224

[38] Zhang, Tao and Ken Goldberg, 2001, "Design of Robot Gripper Jaws Based on Trapezoidal Modules", 
IEEE International Conference on Robotics and Automation, Vol. 2, pp. 1065-1070

[39] Zhong, Z. W. and C.K. Yeong, 2005, "Development of a gripper using SMA wire", Sensors and 
Actuators A 126 (2006), pp. 3375-381

104


