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Soft robots are robots made mostly or completely of soft, deformable, or compliant 

materials. As humanoid robotic technology takes on a wider range of applications, it 

has become apparent that they could replace humans in dangerous environments. 

Current attempts to create robotic hands for these environments are very difficult and 

costly to manufacture. Therefore, a robotic hand made with simplistic architecture 

and cheap fabrication techniques is needed. The goal of this thesis is to detail the 

design, fabrication, modeling, and testing of the SUR Hand. The SUR Hand is a soft, 

underactuated robotic hand designed to be cheaper and easier to manufacture than 

conventional hands. Yet, it maintains much of their dexterity and precision. This 

thesis will detail the design process for the soft pneumatic fingers, compliant palm, 

and flexible wrist. It will also discuss a semi-empirical model for finger design and 

the creation and validation of grasping models.  
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Chapter 1: Introduction 

1.1 Motivation 

Technological advances have opened the door for expanding the use of robotics in 

life-saving operations that have humanitarian, emergency response and military 

spheres. Prior to these advancements, society had to rely completely on the efforts of 

human beings who were specially trained to perform complex tasks in dangerous 

environments. While their efforts are held in high esteem, the constant loss of their 

lives was so great that other ways of reliably performing the same task were sought 

out. As such, robots and robotic manipulators with the strength, dexterity, stability, 

and reliability of human function are being designed to operate in situations that are 

very dangerous to humans, and yet are necessary to preserve human life.  

The wars in Iraq and Afghanistan, as well as subsequent terrorist attacks in 

various places around the globe, have exposed society to the necessary world of 

ordinance disposal. Official Reports state that during the duration of the wars in Iraq 

and Afghanistan the total amount of IED incidents was on the order of millions [1]. 

Domestically, the LAPD bomb disposal team report that they respond to 

approximately 900 calls about explosive devices a year. About 35 of them turn out to 

be legitimate EOD situations [2]. Explosive ordinance disposal (EOD) teams have 

been using EOD robots since the 1970s, but these types of robots have become more 

sophisticated as their use has dramatically increased [3].  

During explosions at nuclear plants, such as Chernobyl and Fukushima, 

humans have to make split second decisions, and operate plant machinery in order 
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to minimize damage. During this time, humans can be exposed to high levels of 

radiation or dangerous chemicals. This is also true during the aftermath and 

cleanup of a plant failure. The engineering world is realizing now that robots with 

sophisticated manipulators have the potential to replace humans during these 

dangerous events. They can be used to shut off valves or regulate machinery in 

exposed areas. For example, during the Fukushima Daiichi power plant disaster in 

2011, robots equipped with sensors and grasping manipulators were sent to aid in 

the recovery process [4].  

For these robots to fully replace humans in these different scenarios, it has 

been understood that they must be able to perform the same tasks as safely, 

effectively, and reliably as a human. Thus many robots are designed to have 

gripper of hand-like manipulators. Some are quite sophisticated human hand-like 

manipulators such as the Johns Hopkins APL Modular Prosthetic Limb, while 

others have simplistic grippers such as the Warrior Robot [4].  

This thesis seeks to explore the utilization of soft robotic technology to create 

a fully integrated, human forearm style gripper that has high functioning 

capability and reliability. This robotic forearm called, SUR Hand, will be 

designed to perform a variety of tasks comparable to that of a human hand. It will 

be designed out of soft materials that possess an inherent compliance enabling it 

to deform and actuate without the need for complex actuation systems. The goal is 

to apply it to the robotic fields mentioned above and further improve the 

performance of those technologies.       
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1.2 Advantages and Disadvantages of Current Robotic Limbs 

Robotic limbs and manipulators are currently striving for the level of reliable 

functionality and capability that a healthy human hand possesses. Much research has 

been done on what makes a healthy human hand so reliably functional. In an 

interview conducted with a certified hand therapist, three aspects of hand anatomy 

were described as the most important to hand function. These aspects are: the 

opposable thumb, the functional/storing division of hand manipulation and the wrist 

[5]. According to Dr. Mary Benbow’s paper titled Neurokinesthetic Approach to 

Hand Function and Handwritting, “The muscles of the wrist are important because 

they stabilize and prevent unwanted wrist movements, which allow the finger muscles 

to maintain an adequate length that is favorable for producing tension and 

prehension.”[6]  

 Many current robotic hand manipulators fall short of incorporating all of the 

hand functionality aspects mentioned above. For example, many robotic hands do not 

possess a wrist component. Such hands are designed to be detached hand 

manipulators. The focus of such designs is on the flexibility and dexterity of the 

individual fingers. Therefore, they lack the level of functionality that would be 

afforded to them by a wrist component. However, an advantage of these robotic 

hands is that the focus on the finger functionality has yielded designs that improve the 

opposable thumb and functional/storing division. Thus they still possess a level of 

functionality that it comparable to a healthy human hand.  

A few robotic manipulators do possess a robotic wrist component. They have 

advantages in total number of degrees of freedom, and overall functionality. The wrist 
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affords better control of actuation, and greater stability. However, many of the robotic 

forearms that possess a wrist also have very complex system architecture. Complex 

system architectures can lead to products that are not easily adapted for mass 

manufacture and are high in cost.  

One of the biggest challenges to the design and manufacture of a robotic hand 

manipulator is the overall cost. Robotic hands that possess the greatest amount of 

functionality and reliability are often the most expensive. This is due in part to the 

highly specialized and individualized components that make up their system 

architecture. Components such as batteries, actuators, gears and the like must be 

specially made and manufactured. To build them also requires manufacturing 

techniques that are not common and often have to be developed specifically for the 

product. What the more simplistic and lower functioning manipulators lack in 

sophistication, they make up for in the overall cost of their manufacturing and 

assembly. For example, the Johns Hopkins APL Modular Prosthetic limb, with its 

highly complex architecture is very expensive to build [8]. However, the materials 

needed to make soft, PneuFlex finger actuators are under $100.   

 Soft, under-actuated hands have begun to fill the gap between the highly 

functional yet expensive hands, and the lower functional yet cheaper hands. Their 

design accomplishes this by, firstly, relying on simplistic system architectures. Since 

they are under-actuated, they do not require one or more actuators for each degree of 

freedom they possess. Therefore, the amount of movable parts needed for their 

function is minimal, and therefore less costly. They are made of materials that are 
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common, cheap and easy to come by. The inherent compliance in the materials 

affords them similar functionality to hands with a more complex architecture.  

The disadvantage to these types of robotic hands is that they perform largely 

gross motor, grasping manipulation and less fine motor, intricate manipulation. The 

actuation techniques for such technologies are usually pneumatic, electromagnetic, or 

via shape memory alloy. These techniques often lack the quick and frequent actuation 

ability that more conventional actuation techniques, such as motors and servos, 

achieve. Even so, they are very reliable in their function and possess a durability that 

robotic hands made of harder materials do not.  

 

1.3 Overall Goals of this Thesis 

The goal of this thesis is to accomplish the following points: 

1) Develop	  and	  actuation	  model	  for	  designing	  pneumatically	  driven,	  

underactuated	  fingers	  

2) Develop	  an	  underactuated	  wrist	  based	  on	  the	  finger	  design	  

3) Develop	  a	  model	  for	  grasping	  using	  underactuated	  fingers	  

The goals of this thesis will be accomplished by developing the soft, underactuated 

hand, or SUR hand, and testing its functionality. Firstly, the PneuFlex actuation 

technology must be tailored to fit this thesis’s purposes. Various finger designs will 

be manufactured and then tested until the best one is found. An experimentation setup 

and method of interpreting data must be created for this process.  

Once experimentations have been completed, the final fingers must be 

integrated into the palm structure. The overall system should be tested with various 



 

 6 
 

grasping tasks to achieve the second goal of this thesis. Research on grasping 

strategies will be done. From this information a taxonomy of test grasps must be 

created so that the SUR hand might be tested according to a fixed standard. Finally, 

once this is accomplished, the PneuFlex actuation technology must again be adapted 

to the actuation of a compliant wrist component. I method of creating stability in the 

wrist must be created as well as a method of integrating the wrist into the entire 

structure. Then a testing method must be created to test the wrist’s ability to stabilize 

the weight of grasped objects.  

 

1.4 Overview of Thesis Layout 

Chapter 2 will be a literature review of previous robotic hand and forearm 

prototypes. The two major types of robotic hands, conventional material hands and 

soft material hands, will be discussed and compared. Actuation methods relating to 

each of these categories will also be discussed, as well as the sensing capabilities of 

the hands in each category. 

Chapter 3 is a report on the how the first goal of this thesis was met. It will outline 

the process for the rapid prototyping and testing of finger designs. Particular attention 

will be paid to how the finger manufacturing process was changed and improved as 

the project progressed. The procedure for testing the fingers as well as how the testing 

apparatus was designed and manufactured will also be discussed. Furthermore the 

results of the finger testing, including the force measurements and deformation 

performances, will be overviewed. Finally, information about future improvements 

will be examined. 
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Chapter 4 will report on how the second goal of this thesis was met. The 

development process, including the design and testing of various palm prototypes, 

will be discussed. Palm material compositions and performance comparisons between 

each of them will be examined. The manufacturing techniques for each palm design 

will also be considered. Furthermore, how the procedure for testing the palms was 

developed and the final test results will be discussed. 

Chapter 5 will detail how the third goal of this thesis was met. The process for 

adapting the PneuFlex actuator technology into tendons for a wrist component will be 

examined. This chapter will also discuss how the final wrist design was determined, 

as well as each of the prototypes that led up to the final one. It will also mention how 

the testing procedure was developed and what the final results for the wrist were. 

Finally, this chapter will discuss the final performance of the fully integrated SUR 

hand.  

Chapter 6 will be a final discussion on the outcome of this thesis, and what this 

thesis accomplished in terms of advancing scientific knowledge in the engineering 

community. It will also speculate on the possible future endeavors and applications of 

the SUR hand.   
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Chapter 2: Review of Previous State-of-the-art 
 

In this section current and previous advances in robotic hand manipulator 

technology will be addressed and reviewed. The purpose of this is to gain a greater 

understand of the field of robotic hand manipulators and their current applications.  

We will also discuss research that parameterizes the grasping patterns of both human 

and robotic hands. This will further the assessment of the robotic hands discussed in 

this chapter. It will provide insight into the strategies each of the discussed 

technologies utilized to achieve functionality.  

Robotic hand manipulators can be broken down into two main categories: 

conventional material hands and soft hands. Conventional material hands are robotic 

hands that are made with and actuated by components built from hard materials such 

as metal, wood, plastic etc. Soft hands are made from and actuated by compliant 

materials such as silicones, elastomers, and rubbers. This section will explore 

examples of both categories of robotic hand manipulators, and will discuss the 

technological advances as well as disadvantages of each example. Comparisons will 

be made between the two categories so as to better understand the environments in 

which examples in each of these categories. Furthermore, These two categories can 

be subdivided into the categories of under-actuated hands and normally actuated 

hands. Normally actuated hands, being the opposite of under-actuated hands, have 

one or more actuators for each degree of freedom. The strengths and weaknesses of 

each group will subsequently be discussed so as to gain a fuller understanding of the 

capabilities of each.  
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2.1 Grasping Strategies  

Much research has been done to understand the mechanics of grasping and 

manipulation. Different approaches to this task have yielded a large and manifold 

sum of information, from which it is possible to gain a full picture of why grasping 

strategies are chosen and how they are implemented. Using this information as a 

standard it is possible to gain insight into the capabilities of robotic hand platforms. 

 In the article titled “Human Grasp Choice and Robotic Grasp Analysis”, 

Cutkosky and Howe asserted that the grasping or manipulation task (the forces and 

moments involved) determine the grasping strategy of a hand more readily than the 

actual object being handled [19]. It is possible to adapt this statement to the intentions 

of this thesis and assert that a robotic hand design (its control structure, the 

capabilities of the manipulators, the overall hand structure, and so on) is determined 

based upon the strategy of grasping and manipulation it was built to achieve. 

Basically, it can be said that the form follows the envisioned function.  

 Cutkosky and Howe created a grasping taxonomy based upon the division of 

precision and power grasping outlined by Napier in his paper, “The Prehensile 

Movements of the Human Hand.” Power grasps are performed primarily when the 

task requires stability and security. They usually involve a complete use of the palm 

and the full length of the fingers. Conversely, precision grasps are chosen when a task 

requires sensitivity and dexterity. These tasks usually rely heavily on the oppositional 

nature of the thumb and the variable force generated by the fingertips [21]. In keeping 

with this understanding the taxonomy showed that as the grasp required more power 
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and the object size increased, the grasp choice shifted over to the “power” side of the 

tree. In the same way, as the need for dexterity increased, and the object size 

decreased the grasp choice shifted to the “precision” side of the tree.   

 Moving further down each branch of the taxonomy into different types of 

precision and power grasps relied on another type of division based upon Iberall’s 

paper “The Nature of Human Prehension: Three Dexterous Hands in One.” This 

paper discussed the categories of forces and moments relevant to each type of grasp, 

and how they related to the finger’s relationship during grasping. Three types of force 

and moment relationships, called “oppositions” were outlined. The first type of 

opposition is called the “pad” opposition, and is the relationship of forces between the 

pads of the fingers and the thumb. This would be relevant, for example, in such tasks 

as picking up a pencil. The second type is the “palm” opposition, and is the 

relationship between the fingers and the palm. This type of grasping is readily seen in 

power grasps. The final opposition is “side” opposition, which relates the forces in 

the thumb to the side of the index finger. Therefore, turning a key would be a grasp 

using side opposition [20]. Therefore, as you travel down the taxonomy tree and 

further detail the types of opposition utilized, the desired grasp becomes apparent. For 

example, if starting from the precision side of the tree a pad opposition is chosen then 

it becomes apparent that a circular grasp is the right grasp type [19]. 

 This relates to robotic designs in the following way. If a robotic hand is 

designed to preform power tasks, then hypothetically, it should possess a palm 

capable of enclosing large objects. Also, the fingers will be designed with the ability 

to deform around, and actuate a large force on these objects. However, fast actuation, 
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oppositional thumb control, and precision force generation is the hallmark of hands 

that are designed for prismatic or circular precision grasping. How the robots are 

structured to meet these requirements vary as will be seen in the following sections. 

Even so, the pattern of form follows function remains constant.  

 

2.2 Conventional Material Hands 

2.2.1 Motor-Driven Underactuated 

 

 

Figure 2.1 Johns Hopkins APL Modular Prosthetic Limb demonstrates force 
feedback by writing [7] 
 
An underactuated robotic hand is a hand that possesses fewer actuators than 

degrees of freedom [16]. This means that the hand has the same functionality as fully 

actuated hand, but with fewer actuators. Motor driven underactuated robotic hands 

and limbs are characteristically controlled by a series of motors, gears, or drive trains. 

Each joint can have one or more of these actuation methods working together to 

achieve movement. They typically possess a very complex architecture and are 

limited in functionality by the available miniaturization of their parts [7]. Even so, 
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they are very reliable and highly functional. They usually have a large number of 

degrees of freedom and can perform a wide variety of grasping and manipulation 

tasks ranging from simplistic to highly complex.  

Many of them are very technologically advanced with a myriad of feedback 

mechanisms and sensors. As a result they are most sought out for human to machine 

interface, or prosthetic applications. However, they are usually expensive to build and 

manufacture. Since many of their internal parts can be very delicate and prone to 

breaking, they also often require certified and skillful persons for their maintenance. 

Even so, they excel above the overall performance thresholds of other categories of 

robotic hands. 

The JHU/APL Modular Prosthetic Limb (MPL), as seen in Figure 2.1, is a 

motor-controlled, under-actuated robotic forearm system. It possesses 17 controllable 

degrees of freedom with 26 actuating joints. Each joint is actuated by a small set of 

motors and gears. It also possesses over 300 sensors that take data on the thermal 

condition of the joints, the amount of force at the fingertips and other measurements 

[8]. It was designed to operate remotely through Brain-Machine Interface and 

autonomously depending upon the application [7,8].   

The MPL possesses a high degree of functionality as it has only one degree of 

freedom less than the healthy human hand. It is able to perform a wide variety of 

gross motor and fine motor grasps. It also excels in complex and repetitive 

manipulation. It is possible to say, that the acute attention to sensory feedback in the 

fingertips increases the MPL’s pad and side opposition capabilities. This would, in 

turn, give to the MPL its ability to perform such dexterous manipulation and wide 
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variety of grasps. This is further seen in the fact that due to its force feedback abilities 

it is able to autonomously gauge and change the amount of pressure that is applies to 

an object. It transitions its behavior during a task to match the behavior of a human 

preforming the same task, who is using the MPL’s prosthetic form. Research has also 

been completed during which the MPL was mounted on a mobile platform and used 

for EOD scenarios [9]. Thus, the designer’s vision to create a highly functional 

robotic hand, capable of changing its manipulation strategy to fit a variety of tasks, 

was reflected in the mechanisms and control structures that compose it.  

The MPL’s disadvantages lie in its highly complex system architecture. In 

order for the robot to possess all of its degrees of freedom it requires customized parts 

for each joint. It also requires a highly skilled labor force to produce, assemble and 

program. As stated earlier, this makes the MPL costly to make. It is very difficult to 

reproduce, and mass-produce. As a result, very few MPLs exist today and thus the 

range of its current applications is limited.  

 Another example of a motor driven under actuated robotic hand is the Gear 

Driven Under Actuated Hand (GDUAH). A picture of the GDUAH is shown in 

Figure 2.2 below. This robotic hand is a three-fingered gripper that possesses an 

opposable thumb component. Its novel design uses differential gears to actuate the 

fingers [17]. This allows a singular motor system to actuate multiple gears. It also 

allows for the fingers to be compacted in size. 

 The GDUAH is able to grasp objects that are both wide and narrow. The 

actuation method regulates the force output of each finger. Thus the hand can perform 

both strength grasps and low force, soft grasps. The fingers can also push against an 
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external force such as a person pressing against the outside of the fingers. Even so, 

the gripper does not possess sensing capability. Therefore, all force regulation and 

actuation is done without feedback. Nevertheless, the gripper has a high level of 

functionality and gripping capability. 

 

Figure 2.2: The final Gear Driven Under Actuated Hand [17] 

 

2.2.2 Tendon Wire Driven Underactuated 

Tendon Wire Driven Under Actuated hands are characterized by a series of 

“control wires” that are attached in varying degrees and manners to the robot’s joints 

and are controlled by a detached motor or servo system. Some systems rely on the 

principles of pulley mechanics to convert the lateral movement of the control wires to 

the rotational movements of each joint. Other systems use the intrinsic potential 

energies of twisted wires or lateral piston systems to actuate the robotic fingers. Yet 

even other systems have a series of pulleys that control the motion of each finger as a 
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whole rather that each individual joint. Still others use a combination of all three 

methods. Flexibility and dexterity in each finger is often achieved through the amount 

of torque output in each control motor, the pulley ratios of each joint, or the position 

of wire attachment to each joint.  

 These systems have an advantage of being very easy to create. Many of the 

examples that will be discussed below are manufactured using 3D printing and 

common, easy to find parts. Their pieces can easily be interchanged adapted. 

Therefore, fixing or maintaining them is usually a simple matter and does not involve 

any complex processes or procedures. Their actuation methods are simplistic, yet 

reliable and can be adapted to fit different applications. However, a disadvantage of 

tendon driven actuation is the limitation of curvature constraints [12]. By this it is 

meant that the assembler’s ability to stretch, twist, and contort the wire all the way 

through the actuation system can hinder the amount of articulation that the actuation 

system will achieve. Factors such as wire thickness and material determine how much 

the tendons will be able to curve. Thus innovative strategies have been devised to 

ensure that the tendon structures of robotic hands in this category are able to achieve 

the level of control necessary for proper functioning.  

 Another disadvantage of robotic hands in this category lie in the level of 

precision in grasping and manipulation that they can achieve. Many robotic hand 

versions address this problem by imbedding tactile sensors into the control structure, 

or by using a computer generated virtual environment that tracks the hand’s 

movement. Some robotic hands with this type of technology are advanced enough to 

have smart self-regulation and can change their force generation or finger position 
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based upon the information received from their sensors. Thus with a simple system 

and actuation architecture, this category of robotic hands are able to achieve a high 

level of functionality with a low level of design complication. 

The Gesture Changeable Under Actuated (GCUA) Hand is an example of a 

tendon wire driven, under actuated, robotic forearm. It possesses both a 14 DOF hand 

component and 3 DOF arm component. The robotic hand component has an index, 

middle, ring, and pinky finger, each with three joints each. Each finger joint in the 

robot’s hand has a control wire that is partially wrapped around a joint pulley so that, 

when the wire is pulled, that particular joint will bend. The top and middle joints in 

the non-opposable fingers have a return spring fixed to the posterior wall connecting 

one end of the joint to the other, and provides restorative force for each finger.  

The multiple “joint wires” in each finger are actuated by two small DC motor 

transmission systems embedded in the palm of the hand. Each transmission system is 

comprised of a DC motor and long shaft attached to a gearbox and end nut. The 

gearbox cuts down on the amount of necessary actuators by enabling one motor to 

drive multiple tendon wires. This robotic hand’s design improves its functionality by 

incorporating a thumb that is situated rigidly on the palm in an opposable position. 

The thumb is actuated in much the same manner as the other fingers except that the 

thumb has two joints instead of one. However, from the position of the thumb and its 

lack of lateral movement capability, seen in figure2.3, it is clear that the GCUA was 

not made to perform grasps that require side opposition. Even so, circular,  
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Figure 2.3 The GCUA and DEXTMART Hand [10,11] 

precision grasping strategies, as well as power grasping is possible, thanks to the 

individual joint pulley design.  

A motor control board that is embedded in the palm controls the GCUA 

Hand’s fingers. It relays information to and from the robot’s control system. It has no 

sensor feedback and has external control of all of its actuation [10]. 

DEXTMART is another tendon driven, under actuated robotic hand. It 

possesses all four anthropomorphic fingers and an opposable thumb. Each finger 

including the thumb has 4 degrees of freedom [11]. It also has a fully integrated wrist 

component with 2 degrees of freedom [12]. It is capable of fine and gross grasping 

tasks and possesses much of the functionality of the human hand.  It does not possess 

all of the degrees of freedom inherent in the human palm, but the dexterity of the 

fingers makes up for this shortcoming. By the design outlined below, it will become 

clear that the DEXTMART Hand was designed to achieve pad and palm opposition. 

The wire system described below put an emphasis on the amount of variable force 

that each finger and fingertip could actuate, rather than the pressing side forces that a 
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splaying form of actuation would allow. Grasping also relies on the finger’s ability to 

press objects against the palm for power grasping scenarios.  

The innovative concept of “twisted string actuation” is what sets this robotic 

hand apart from others in its category. Each finger has four wire tendons to actuate 

each of the joints. The integrated wrist possesses four tendons for its actuation. Each 

tendon is connected to a “twisted string” component. Therefore, the DEXTMART 

Hand has 24 twisting string actuators [12]. The actuation concept is based upon the 

fact that if two or more strands of wire are twisted, their overall lateral length is 

shortened but their structure is strengthened. In the DEXTMART hand two “twisted 

string” wires are connected to the tendons [12]. When the wires are twisted, and their 

lengths decrease, they pull upon and actuate the tendons. This in turn actuates the 

joints. Thus without complicated mechanisms or gearboxes, the rotational energy of 

the actuation motors is turned into the translational energy needed to actuate the 

fingers and wrist. This method also works to conserve energy because it does not take 

much to twist the wires.  

The DEXTMART hand is one of the robotic hands in the tendon wire driven 

category that utilize a myriad of sensors for system control and monitoring. A 

compliant tactile sensor is attached to each of the fingertips. They measure the 

amount of pressure that each finger produces, and are used to reverse engineer 

pressure maps for the overall hand [12]. Angular sensors are embedded in each 

finger’s joint to monitor the joint’s angular movement. The tendon transmissions have 

tendon force sensors that are used to control the amount of force each tendon 

produces. The sensor system contributes to the robotic hand’s high level of 
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controllability. It helps make possible DEXTMART’s dexterous grasping and fine 

motor manipulation.  

DEXTMART is a very advanced system with a high level of capabilities. Yet, 

while it is very easy to assemble and maintain, it is not ready for mass manufacturing 

[12]. While it is possible to manufacture the hand via a myriad of common 

manufacturing techniques, its overall design is meant for conceptual research. Thus 

its applications have not yet moved beyond the theoretical and it has not been tested 

in real-world scenarios. This being said, its potential for prosthetic and humanoid 

robot applications remains high.  

The Yale University Open Hand and the Biomechatronic Hand are examples 

of tendon wire driven hands that possess less than five fingers. The reduction in the 

number of fingers characteristic of these designs is largely due in part to the desire to 

maintain or improve upon human hand function while cutting the gripper’s overall 

weight. Both of these hands have adapted such actuation strategies that enable them 

to perform dexterous grasps without the traditional hand design. 

 The Biomechatronic hand has three controllable fingers. The inclusion of only 

three fingers is build upon the hypothesis that two fingers and an opposable thumb is 

all that is necessary to initiate and maintain a stable grasp [13]. It is also based upon 

the focus of this hand’s functionality on pad oppositional forces. Overall, the hand 

has 10 degrees of freedom and 4 degrees of motion. Each finger has three joints. Each 

joint has a passive pulley around which a tendon wire wraps itself. Torsional springs 

attached to each joint cause extension when the tendon wires are actuated. Three DC 

motor and gearbox systems control the tendon actuation.  
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 The Open Hand rests just inside the category of conventional material hands, 

and has grippers made of 50 percent soft materials. However because the majority of 

the hand’s structure, as well as the entire actuation system, are made of hard plastics 

it remains in this category.  The open hand gripper has two pairs of opposable fingers. 

The gripper can be adapted to fit different situations by changing the arrangement and 

type of fingers. The joints are made of rubbery polyurethane and their inherent 

compliance allows them to conform to the shape of the object they are grasping.  

 The open hand is actuated by a series of pulleys and tendon mechanisms. Each 

finger possesses one tendon that is fed around passive pulley members in each joint. 

The gripper possesses a differentially driven, power grasping pair of fingers and an 

independently driven, precision grasping pair of fingers [14,51]. Each pair has a 

uniquely arranged assortment of flexures and passive pulley members that enable 

them to perform their respective tasks. The power grasping pair is connected into one 

piece and is driven by a single pulley. They have one more flexure joint than the 

precision pair, which allows the fingers to better adapt to an object’s surface. The 

precision pair is preloaded with a torsional spring that provides the force necessary 

for sustained pincer grasps. Each precision finger has a hard pin hinge that helps 

maintain grasping stability. Each of the finger’s tendons feed around active pulleys 

that direct the tendon’s forces. The entire pulley system is controlled by a single servo 

that has clockwise and counter-clockwise rotation capabilities. This design reflects 

the in hand manipulation capabilities for which the Open Hand was made. The focus 

on pad opposition is seen in the double opposition of the four finger pairs, and is 
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something that goes beyond the human hand’s configuration. In hand manipulation is 

achieved through the rotation of pad forces between one finger and another. 

 The Open Hand is a highly adaptable robotic hand due to its design’s break 

from the traditional anthropomorphic arrangement of the fingers [51]. It is able to 

grasp a wide variety of objects and shapes due to the inherent compliance and 

oppositional arrangement of the fingers. However, its disadvantage lies in its inability 

to perform fine motor manipulation of objects. The open hand is designed for 

manipulator arm attachment and, therefore, does not independently posses an actuated 

wrist or forearm component. As a stand-alone object, it is dependent upon humans for 

the ability to reach and grab a shape. Nonetheless, it is a highly functional robotic 

gripper.   

  

Figure 2.4 Yale Open Hand Performing In Hand Manipulation and the Biomechatronic 

Hand [13,14] 

 

 There are other tendon-driven, robotic hands like the DEXTMART Hand and 

the Open Hand such as the SDM Hand [36,49], and Yale/Harvard’s “iHY” Hand [56]. 

There have also been attempts to make octopus-like grippers using tendon-driven 
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actuation [58]. However because this thesis focuses on robotic hands, this research 

will not be discussed in detail.  

2.3 Soft Material Hands 

Soft material robotic hands are made mostly or entirely of compliant and 

elastic materials. In contrast to conventional robotics, variations in function and 

performance are not achieved through complex system architectures and control 

structures. Rather, function is achieved through choosing and testing different 

materials, shapes and forms to find a structure that is innately capable of performing a 

desired task. Designs of such robots place an emphasis on inherent compliance, 

deformability and stability. These inherent properties make most soft robots reliable 

and highly durable. Their components are not prone to fracture, cracking, creep or 

many of the other material failure methods common to hard materials. Thus, they are 

highly desired for applications in dangerous or rugged environments. 

Actuation methods are specifically tailored for the structural shape of the 

robot. These methods include air and liquid pneumatic actuation, electromagnetic 

actuation, and shape memory actuation. Force regulation and actuation control can be 

achieved through differential air pressure, electromagnetic wave amplitude and other 

methods. Simplistic yet reliable methods of sensing are often used for feedback and 

adaptability. These methods include casting the robotic fingers with force sensors 

embedded in them, or covering the entire robotic hand with a flexible glove that 

possesses embedded sensors. 

The disadvantages of soft hands lie in their common inability to achieve fine 

motor manipulation. Testing on various hand designs show that they can grasp and 
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hold a wide variety of objects with a wide range of grasp types. However their 

methods of actuation have failed to give them the quick repetitiveness required to 

manipulate objects. Even so, their adaptable grasping strategies give them an 

advantage over conventional material hands. 

The RBO hands are a series of fully compliant, pneumatically actuated robotic 

hands. They were created to explore the hypothesis that a robotic hand could perform 

dexterous grasping with completely deformable components [16]. As such, their 

fingers and palms are made entirely out of soft, and deformable silicones, plastics, 

and polyesters.  

A novel type of actuator, called the PneuFlex actuator, constitutes the fingers 

for each of the RBO hand prototypes. PneuFlex actuators have an active layer and a 

passive layer [15]. The active layer resembles a tube with an empty channel through 

the center of it, and is made primarily of silicone. The air channel facilitates the 

pneumatic actuation of the PneuFlex finger. The passive layer may or may not be 

made of the same type of silicone as the active layer, but a plastic mesh is always 

embedded in its central layers. To actuate the finger, the air channel is filled with air 

and the active layer expands. The passive layer constrains the active layer, and causes 

the entire finger to bend. The amount of total deformation is controlled by the amount 

of air pressure fed into the air channel by solenoid valves. The manufacturing process 

for these actuators is quite simple and easily replicated. They are formed inside a 3D 

printed mold, and reinforced by a string helix. Thus the RBO hands are easy to 

maintain since each of their fingers are replaceable.  
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The original RBO Hand prototype was designed to have three fingers. The 

three fingers were each made by combining two parallel PneuFlex actuators. The 

main palm was made of plywood and silicone [15]. The RBO Hand uses a “sliding 

grasp” to grasp and hold objects [15]. In a “sliding grasp” the fingers cover a target 

object and actuate downward to slide the object towards its center and up into its 

palm. Thus, this type of grasp focuses on palm and pad oppositional forces. This is 

different from a “pushing grasp” during which the fingers themselves provide the 

entire stability of the grasp. Using the sliding grasp method, the original RBO Hand 

was able to perform gross grasping tasks with a variety of objects. These objects 

include large and small cylinders, as well as very soft and very hard items. The 

original RBO hand performed each of these grasps “blind” because it possessed no 

sensor feedback capabilities [15]. Even so, the regulated air pressure of 210kPa 

(30.5psi) regulated the fingers force generation and overall deformation.  

The next iteration in the RBO hand series, RBO hand 2, has a five fingered, 

anthropomorphic design. It possesses an opposable thumb and four equally sized 

palm fingers. It also has a deformable palm that aids in grasping capabilities. The 

PneuFlex actuator shape was changed from a long tubular design to a cone-like, 

finger shape, and the air channel was increased in size. Even so, the other components 

of the PneuFlex actuator, including the passive layer and string reinforcement helix, 

remained virtually the same. Finally, the entire hand was covered in a 3D printed, 

polyamide scaffold [16]. A platform at the hand’s base supported and stabilized the 

entire system.  
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RBO hand 2’s abilities for dexterous grasping were tested using the Kapandji 

test. The Kapandji test is a taxonomy of grasp types that medical professionals use to 

test a patient’s hand’s level of mobility and functionality after an injury or surgery 

[16]. The types of grasps in this taxonomy utilize side, palm, and pad opposition. The 

creation of a flexible palm, the cone-like shape of the fingers, and the thumb’s 

movable position make the RBO Hand capable of performing all three types of 

opposition. As a result, the RBO Hand 2 was able to perform 31 out of 33 of the total 

grasp types, and all without any form of sensor feedback. Therefore, the RBO Hand 2 

designers were able to prove that it is indeed possible to perform dexterous grasping 

with completely compliant fingers.  

 The SLS-generated Soft Robotic Hand (SLS GSRH) is a compliant hand that 

utilizes accordion structures called “bellow actuators” for actuation [18]. Accordion 

structures are known for their fast actuation and recovery behavior. Utilizing them in 

a robotic hand design aids in the stability and precision of grasping. In the case of the 

SLS GSRH, the bellow structures provided the four-fingered, 12 DOF hand with 

strength and dexterity. They also supported the robotic hand’s “in-hand 

manipulation” abilities. 

The SLS GSRH was designed to work in tandem with a machine learning 

system. As a result, a range of feedback sensors were embedded in each finger. Each 

finger had a force sensor in the fingertip, and force sensors running along the length 

of the finger. This shows a design made primarily for pad forces. The robotic hand 

base had two potentiometers. Information from these sensors was sent back to the 

computer and used in the machine learning process. The computer rated each grasp 
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based upon its fulfillment of the prescribed goal without a large penalty. Overtime, 

the machine tailored its grasping strategies based upon previous successful and 

unsuccessful attempts. Thus finally, the machine arrived upon the best grasping and 

manipulation strategies for the system.  

As the name implies, the SLS GSRH was manufactured using Selective Laser 

Sintering in an Additive Manufacturing method [18]. Even though, many processes 

could have been used to manufacture the fingers, SLS was the best way to build the 

“bellow actuators” for the system. The manufacturing process also used Concurrent 

Engineering so that the processes could be sped up, and the product could be 

produced in a timely manner [18]. Finger prototypes were rapidly produced and 

tested based upon their ability to perform precision grasps and manipulation.  

 

Figure 2.5 The SLS Generated Robotic Hand [18] 

  

 There has been further research in soft robotic grippers and manipulators. A 

star-like, soft, gripper was designed by a research group that included Dr. Filip 

Ilievski, and Dr. Robert Shepherd [39]. Octopus-like grippers have also been 
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designed, as well as soft grippers that rely on granular structures and positive pressure 

for actuation [52,40]. However, because there are not hand-like grippers this thesis 

will not examine these works in detail. Mckibbens muscles are another form of soft 

actuator used in a variety of soft robotic manipulators. They have been used before to 

make robotic hands [41,54]. Yet, these are linear actuators and are not like the 

curvature actuators relevant to this thesis. Therefore, they will also not be discussed 

in detail.  
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Chapter 3: Design, Manufacturing, and Testing of the Soft 
Fingers 
 

This chapter details the iterative design and manufacturing process pertaining 

to the creation of the SUR Hand’s soft fingers. It will also discuss the performance 

characterization of the soft fingers as a function of the design parameters.  

 In the Introduction section, we will discuss the original design of the fingers 

created by students at the University of Berlin. We will describe the basic engineering 

principles behind the pneumatically actuated fingers, as well as how they were 

actuated. Finally, we will discuss the original manufacturing process created by the 

finger’s designers. 

In the Design and Manufacturing section, we will detail the requirements of 

the fingers for this thesis and how the fingers were adapted from the original design. 

The process for iterating the finger design will be discussed. Furthermore, we will 

describe how the manufacturing process was tailored to the new design. 

In the Testing and modeling section, we will discuss testing the finger’s force 

generation as it related to their design parameters. We will talk about specifically 

which design parameters we believe will most influence the finger’s performance. We 

will also describe the experimentation methods used to test the fingers, and how the 

methods were formulated and adapted. Furthermore, we will discuss the modeling 

methods used to characterize the fingers and the finger data. Finally, we will discuss 

the results of the testing and modeling, as well as how the results were used to 

optimize the final finger design.  
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3.1 Introduction 

The original PneuFlex, pneumatically actuated finger was designed and 

fabricated by students in the Robotics and Biology Laboratory at the Technische 

Universitat Berlin. An example of their work can be seen in Figure 3.1 below. As 

stated in the literature review section of this thesis, the PneuFlex finger is made 

almost entirely of silicone. It possesses an air channel in the middle of the finger into 

which pressurized air flows for actuation purposes. Imbedded in the front of the 

finger is a polyester mesh that resists the finger’s ability to bend, and thus works to 

store the potential energy of the finger. Wrapped around the finger is a string support 

structure that inhibits the finger from bulging, or “ballooning”, outwards. Although 

the PneuFlex fingers came in many shapes, we chose to reference a rectangular shape 

for this thesis.   

 The manufacturing process utilized simplistic layering and molding methods. 

The first step in the process involved printing the molds using 3D printing strategies. 

The molds consisted of a top and bottom piece. The top piece was mostly flat with a 

rectangular protrusion running down the very middle of it. This protrusion would 

create the silicon finger’s air channel. The bottom piece was rectangular, with a 

rectangular hollow in its center that was defined geometrically by desired dimensions 

for the finger. Etched into the edges of the hollow were triangular protrusions that 

would serve as a guide for lacing up the string support structure. An example of the 

original molds can be seen in figure 3.1.  
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Figure 3.1 The RBO Hand 1 And The Original Molds   [15,22] 

After the 3D molds were printed, they were stacked together and pressed 

closed. A cardboard structure would be fit snuggly around the fingers to hold them in 

place. The cardboard structure would also extend above the fingers so that the 

silicone would not escape the mold structure during the vacuuming process. The 

silicone components would be mixed in a single cup and then put into a vacuum 

chamber to vacuum out all the air. After the air bubbles in the cup had settled, the 

silicone was poured into each of the molds. The type of silicone used in this process 

varied, however two of the most used varieties were the EcoFlex 00-50 silicone and 

the Dragon Skin silicone made by the Smooth-On Company. After the silicone was 

poured, the entire mold structure was put once more into the vacuum chamber until 

all of the air bubbles had subsided.  The finished product, as seen in figure 3.2, would 

be a silicone rectangular piece with an uncovered air channel. 

 Next, the silicone rectangular piece was taken out of the mold and a polyester 

string was wrapped around it. The rectangular piece’s triangular indentations caused 

by the mold served as guides for string placement. A plastic plug was inserted into the 

air channel to maintain its shape during this process. Separately, 43T polyester mesh 

was cut into the shape of a large rectangle, and laid in a flat box.  
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Figure 3.2 Silicone Finger Without Passive Layer Added [22] 

More silicone was mixed and layered over the polyester mesh. After this, the box was 

put in a vacuum chamber to remove the air bubbles. After this process was 

completed, the silicone fingers were placed in the box and left to cure.  

 During the final phase of this process, the silicone fingers were cut out of the 

box and trimmed to their final shape. The silicone air tube was then inserted into the 

air channel using a cannula needle and tube. Finally, the remaining hole was sealed 

using silicone epoxy. It is important to note that using tubes and glues made of 

anything other than silicone will promote a critical failure in the fingers. Silicone does 

not bond well with anything other than silicone. Therefore, the fingers would be 

subject to rupture if their air channels were closed with non-silicone glues and tubes.  

 

3.2 Design and Manufacturing  

3.2.1 Un-weighted Keyboard Testing 

We tested the pneumatic fingers on an un-weighted keyboard to iterate the finger’s 

design and determine the finger’s design requirements. Playing a keyboard is an 

activity that requires precision force generation as well as dexterous manipulation. 
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Therefore, it was believed that this would be a useful apparatus on which to test the 

different finger design’s functionality and overall ability to actuate a precision force. 

It was by this experimentation, that the finger prototypes were evaluated and their 

design iterated.  

We began the process of experimentation by testing how much force was 

required to push down the keyboard’s keys. This was simply an experiment to see if it 

would be possible for any of the fingers to actuate enough force to play the keyboard. 

An un-weighted keyboard was used for this test because the keys would be easier to 

push, and therefore, the results would ultimately speak to the pneumatic finger’s 

performance rather than the variable weight of a normal keyboard. It was understood 

that on a well-used keyboard, the keys in the highest octaves and the lowest octaves 

tend to have a higher actuation force than the keys around middle C. This is because, 

in most forms of music, middle range octaves are the most used. Therefore, the 

middle range keys on our keyboard would be worn and easier to play than the higher 

ranges. For this reason, to begin this test, a rectangular 250gram force sensor was 

taped to the Highest B, Lowest C, and Middle C keys. These three keys were chosen 

so that the data received would reflect the total range of force needed to play the 

entire keyboard. An example of this can be seen in figure 3.3.  

 

Figure 3.3 The Force Sensor At Middle C, High B, and Low C 
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Three tests were performed for each keyboard key. During each test the 

experimenter pressed down on the force sensor with just enough force to play the key 

and then released. The key was played three times for each test, and the overall data 

was collected and plotted. We found from our experimentation, that not much force 

was needed to actuate the keyboard keys.  

With this information in mind we set off to test each finger design’s ability to 

play the keyboard. Firstly, the original square fingers were tested. This finger could 

play the keyboard. However, its shape did not enable it to play with precision. The 

fingers often hit the keyboard keys not only directly under them, but also to the sides 

of them. Thus we moved on to the next prototype. The second prototype’s half 

cylindrical top performed much better on each test. It routinely played its own key.  

It was theorized that a slimmer finger would be even better, not only at 

playing its own key, but at actuating a variable force on the key to play it at different 

volumes. However, the third finger prototype that resulted from this hypothesis did 

not operate as planned. It was too slim, and simply did not have enough mass behind 

it to push down on the keys. Instead it would touch the key and then curl inwards. 

Thus we returned to the previous fingertip design in the fourth prototype. The final 

prototype, in turn, performed the best out of all the previous fingers.  

We extended the testing further to test the ability of the fingers to play the 

keyboard autonomously. The internal air pressure of each finger was controlled using 

solenoid valves, and a Darlington Transistor circuit. Ultimately the actuation signal 

was controlled by an arduino nano microcontroller. The computer program was a 

simple one using Arduino’s “digitalWrite(HIGH)” and delay functions [23]. The 
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circuit and a sample of the Arduino program can be seen in figures 3.4 and 3.5. The 

outputs and delays were programmed using an online keyboard as reference [24].  

 

Figure 3.4 An Example of the Arduino Code 
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Figure 3.5 A Snapshot of the Final Circuit 

After much trial and error, we were able to accomplish the goal of getting the finger 

to play the keyboard autonomously. Now that the final finger prototype showed its 

ability to perform well with precision actuation, it was time to further test and 

parameterize its capabilities.  

 

3.2.2 Finger Requirements and Design 

From the keyboard testing, we gleaned simple requirements for the pneumatic 

finger design. Firstly, the fingers must actuate a controlled bend. This means that, 

when the finger bends it maintains its bending expansion with very little ballooning. 

Secondly, the finger should be able to generate its maximum actuation force at the 

fingertip. This encourages precision force generation. Finally, the finger should be 

able to generate at least 10g of force. The keyboard testing showed that the fingers 

needed to generate greater than 10g of force to play the keyboard. 
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 In order to create the finger that would provide the best force generation, as 

well as the most reliable precision actuation, we set about adapting the original design 

of the silicone fingers. The first step in the process was to do research on the human 

hand. We paid close attention to the geometric shape and proportions of human 

fingers. We also looked at the difference in range of motion and degrees of freedom 

between the four forefingers, (index, middle, ring, pinky) and the thumb. We took 

stock of how each finger adds functionality to the hand, and we even asked for expert 

opinion on the matter [5].  

 The cylindrical, rounded shape of the human finger is specifically adept at 

providing the hand with its precision force actuating functionality. It also aids in the 

hands ability to hold and manipulate objects. The thumb’s opposable nature is crucial 

for the proper positioning and holding of objects. Therefore, we began to change the 

shape of the pneumatic fingers. Our first design iteration maintained the basic 

rectangular shape, but featured a rounded fingertip. This finger was not necessarily 

better at grasping large objects than the original finger. However, it was better at 

finger manipulation, and force generation. It also seemed to bend easier, and was not 

as prone to ballooning. An example of the second finger can be seen in figure 3.6 

below.  

The third finger iteration, as seen in figure 3.6, tried to mimic the human 

finger’s cylindrical nature. It was completely rounded and featured an almost pointed 

fingertip. The finger was designed to taper drastically from the front to the back, 

instead of being mostly rectangular along most of its length like the previous fingers. 

It was hypothesized that a finger of this shape would be highly adept at actuating a 
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precision force because of its tapered fingertip. The cylindrical, tapered shape was 

also designed with the belief that it would aid in grasping small or fine objects.  

However, these fingers did not perform as planned. The fingers did bend very well, 

and it simply did not posses enough mass to actuate a large enough force  

 

Figure 3.6 The Second and Third Finger Prototype 

for manipulation. Furthermore, the finger tended to over bend when pressing against 

an object. This finger design was, therefore, deemed unable to perform the required 

tasks of the SUR Hand and was set aside.  

Even though the third finger did not perform as planned, there was an aspect 

of the design that was useful. The third finger’s top mold was changed from featuring 

the original flat shape, to featuring a cylindrical shape. When this shape was paired 

with the rectangular shape of the second finger, it ended up providing extra strength 

and reliability to the finger. Thus the fourth and final finger was a combination of the 

best parts from the second and third finger, and was able to perform the best out of all 

the previous iterations. Therefore, it was decided that this finger would be the 

principle design used in the SUR Hand, and the design with which we would perform 

testing to meet the first goal of this thesis. An example of the final finger design can 

be seen in figure 3.7.  
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Figure 3.7 The Final Finger Prototype 

The manufacturing process evolved as the pneumatic finger design changed. 

We created our own apparatus to hold the molds in place during the curing process. 

An example of this apparatus can be seen in figure 3.5. The apparatus was fashioned 

mainly out of four pieces of thick wood. A small piece of wood was attached to the 

edges of the longer pieces of wood. This was done so that the molds would not only 

be compressed together, but also held securely on the ends. Four clamps held the 

apparatus together, and stabilized the apparatus when it sat upright. We did not use 

the cardboard structure that the Berlin team used because we did not vacuum out the 

air bubbles after the silicone was poured into the molds. We found this a redundant 

process and elected not to include it in the current manufacturing process.  

During the creation of the third finger, we created the new “in mold assembly” 

process to increase the reliability of the finger. Prior to this, we inserted the tube from 

the outside, like the Berlin team. This added to the first and second prototypes routine 

unreliability. To initiate this process, a 1/16 inch hole, with a tolerance of   

inches, was drilled into the center of the long rectangular protrusion in the top 
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Figure 3.8 The Finger Mold Apparatus and the In Mold Assembly 

part of the mold. An example of this type of top mold can be seen in figure 3.5. When 

the molds were fitted together, a silicone tube was inserted into that hole. The tube 

was elevated slightly and then taped to the side of the molds so that they would stay 

in place when the silicone is poured over them. When the fingers had finished curing, 

the tube would be positioned inside the air channel, and would not need to be injected 

after the finger was finished. This improved the precision with which the finger was 

inserted. Sometimes it was very difficult to locate the air channel from outside the 

finished finger because the layers of silicone between the air channel and the back of 

the finger obscured the view. This new process eliminated the need to guess where 

the tube should be placed.  

It might be theorized that the tube could be more easily inserted from the 

outside if the air channel was positioned closed to the back. However, whenever the 

air channel was positioned too close to the front or the back the finger routinely 

ballooned outwards during actuation. Therefore, it made more sense to maintain the 

current air channel position and insert the tube during the curing process.  

This new method was not always flawless. Sometimes the tube was covered 

with silicone during the curing process or when the polyester mesh was added. 
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However, fixing he problem required only the removal, cleaning, and reinsertion of 

the tube. Since the in mold assembly created a ready-made path to the air channel, 

reinsertion was a precise process. After the tube was reinserted, silicone epoxy was 

used to cover around the tube.  

We tested the possibility of speeding up the curing process by adding heat. In 

a room temperature environment (23 degrees Celsius) the silicone takes 

approximately 3 hours to cure properly. However, as a result of the 00-05 EcoFlex 

silicone’s platinum based nature its curing process can be sped up when put in an 

environment that is significantly hotter. We put the silicone fingers in a heater at 200 

degrees Fahrenheit and left them there for approximately 20 minutes. This did speed 

up the curing process significantly. However, we realized that this presented a 

problem. While inside the oven, the silicone fused itself to the mold’s walls. 

Therefore, it became impossible to remove the finger from the mold without 

irrevocably damaging it. We tried the same process with the fingers during the second 

stage of manufacturing when the polyester mesh was added to it.  The silicone 

covering the fingers fused to the paper upon which they were situated. Therefore, this 

process was deemed useless for the second stage of manufacturing. We did, however, 

find a use for it when curing the silicone epoxy after the fingers had been made at 

room temperature. The epoxy cured well, and the finger itself seemed to have 

suffered no harmful effects.  We have not yet tried this process at a lower heat, or at a 

different length of time. 
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3.3 Testing and Modeling 

3.3.1 Finger Modeling 

It was decided, based upon observations during the keyboard testing, that the 

design parameters most important to finger performance were the polyester mesh 

thickness, the air channel hole depth, and the string spacing. It was important to 

understand a model of how these parameters should influence the finger’s force 

generation before beginning experimentation.  

Essentially, these three parameters best represent the physics relationship 

between the finger’s internal pressure and the constraints that induce a curvature.  

 

Figure 3.9 A Cross section of the Pneumatic Finger 

The amount of curvature produced in the finger is related, similarly, to the force 

generated by each finger. The force inside the air channel is a function of the 

hydrostatic pressure inside the channel and the cross sectional area. The equation is as 

follows: 

  

The area, “A” is the cross sectional area of the air channel cut in the x, y plane as 

shown in the following figure 3.9. Each of the finger’s air channels possesses the 
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same length and width as shown. The variation in internal force is based, therefore, 

on the depth of the channel as represented by the variable “d” in the figure. 

Mathematically speaking, as the air channel depth increases the force acting upon the 

air channel’s walls should also increase. Thus the finger’s overall expansion force 

will increase.  

 The purpose of the string wrapping is to constrain the uncontrolled expansion 

of the finger in every direction caused by the internal force. Basically, as figure 3.11 

shows, if the finger is left without the string spacing and the mesh it will expand like 

a balloon in all directions when actuated. The string directs this expansion towards 

the bottom of the air channel, and thus induces an axial (z-axis as described by the 

previous figure) expansion of the active layer, as figure 3.12 shows. In the same way, 

the string also works to strengthen the finger’s internal and external walls and 

prevents “ballooning”. 

 

Figure 3.10 A Diagram of the Finger’s Internal Forces 
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Figure 3.11 A Representation of the Uncontrolled Finger Expansion With No 
Mesh or String Spacing 

 

 
Figure 3.12 A Representation of the Finger’s Axial Lengthening When the 

String Wrapping is Present 
 

 

 We can create a parameterizing equation for the wall’s strength using the 

Euler-Bernoulli beam theory. The Euler-Bernoulli beam equation can be solved to 

describe the out of plane deformation of a simple beam. In this instance, P represents 

the distributed loading on the finger or, more particularly, the distributed internal 

force caused by inflation. We are assuming, for the purposes of this research that the 

silicone finger can be modeled as a simple beam. The maximum deformation of the 

silicone wall without the presence of the string can be represented by the variable 

, and the string spacing itself is represented by the variable s. The equation 

below shows that if the spacing is too wide relative to the wall thickness, the walls 

will tend to balloon. When this occurs, the wall thickness (t) will tend towards b-w. 

Therefore, a tighter string spacing reduces the wall’s ability to balloon.  
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Finally, the purpose of the polyester mesh is to constrain the remaining 

uncontrolled, axial expansion of the active layer and thus induce the finger’s bending. 

This is represented in figure 3.13 below. The finger’s full behavior during actuation is 

represented in figure 3.14. Furthermore, this induced curvature actuates a force via 

the fingertip. The relationship between the resistive axial force inherent in the 

polyester mesh, and the force is the finger’s axial expansion was, therefore, an 

important aspect to model.  

 

Figure 3.13 A Representation of the Finger’s Behavior When the String and Mesh are 
Present  
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Figure 3.14 A 3D Representation of the Finger’s Behavior During Actuation 

We begin with the mechanical equation that relates the total mechanical strain 

(  inherent in the finger to the radius of curvature ( ) in the finger. This equation 

is: 

 

In this equation,  is the finger’s neutral axis. The fundamental mode of inducing 

strain in the finger is through the air channel. From the mechanical understanding of 

the neutral axis, we know that at that point, the total strain is zero. Therefore, by using 

this boundary condition, we can solve for .  

 

As was stated before, the force inside the air channel can be written as a function of 

pressure and he air channel’s cross sectional area.  
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 It is assumed that this force is completely resisted by the mesh. Thus, it 

induces a moment in the finger. The equation representing this process is the 

following. 

 

The bending resistance of the mesh itself will attempt to resist this moment. However, 

the bending resistance of the mesh is negligible. The silicone itself will also try to 

resist the bending. Therefore, the following equation arises. 

 

The dimensions b and w can be seen in figure 3.9. They are the height and width of 

the finger’s outermost wall. Also, note that in this equation the variable E represents 

the silicon’s Young’s Modulus. If we solve for the curvature, then we receive the 

following equations. 

 

 This equation shows that as w approaches b and d approaches h, the curvature 

is maximized. This was discussed earlier when it was stated that greater hole depth 

areas promote higher force generation. However, there is a limit to how thin the 

finger’s inner walls can be. If they are too thin, the finger will be prone to ballooning.  

Now we wish to characterize the actuation force that is induced at the 

fingertip due to the mesh. We can write this in terms of the restorative moment 

present in the finger during actuation, where the variable L represents the length of 

the finger. 
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Therefore, to write this in terms of the mesh’s effects we will relate this equation to 

the reverse curvature induced by the bending.  

 

If the previous equation for curvature is plugged into this equation, and the pressure-

induced curvature is reversed then we can solve for the force at the fingertip. 

 

Finally: 

 

This final equation shows that the force the mesh exerts to constrain the 

finger’s axial expansion depends mostly on the air channel area. The curvature also 

depends upon these parameters. Since the mesh’s bending resistance is negligible it 

should not affect, to a high degree, the performance of the fingers.  

 

3.3.2 Exploratory Force Testing 

To fulfill the goals of this thesis, it was necessary to undergo another form of 

finger experimentation. The purpose of this experimentation was to find the overall 

performance of the pneumatic finger, including reliability and force generation, as a 

function of its most important design parameters. The data received from this testing 

would be exploratory in nature, and would give us the information needed to further 

narrow down the parameters most important to performance.  
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We set up our experiment as a full factorial experiment, with three design 

parameters varied between a high, low and standard value. The standard values for 

each parameter were the ones used in our previous keyboard experimentations. The 

original mesh thickness was 43T, where “T” stands for threads per inch. The high and 

low values of this parameter were restricted by the mesh supplier, and were, 

therefore, not arrived at through mathematical means. However, the air channel depth 

and the string spacing parameters were. The original string spacing was 10.2 mm 

between threads. This number was divided in half, and the resulting number was 

added and subtracted to get the high and low values. A similar method was used to 

find the high and low values for the air channel depth, where the original value was 

11mm deep. The final varied parameter values can be seen in Table 3.1. 

	   Low	   Standard	   High	  
Mesh	  Thickness	   36T	   43T	   64T	  

String	  Spacing	   5.1	  mm	   10.2	  mm	   15.3mm	  
Channel	  Depth	   8.5	  mm	   11	  mm	   13.5	  mm	  

Table 3.1 A Table Showing the Varied Parameter Values 

Twenty-four fingers in total were made according to the parameter combinations 

shown in this figure. 

The testing apparatus was created to provide the fingers with boundary 

conditions that would ensure that each test was a measure solely of the finger’s 

performance. The back end of the finger was fully constrained in the x and y 

directions, which mimicked the finger being constrained in a palm. The front of the 

finger was free to bend. The testing platform, which can be seen in figure 3.15, was 

designed with a square base and a slot that was slightly smaller than the width of each 
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finger. The slots dimensions were chosen to constrain the finger without hindering its 

ability to inflate.   

 

 

Figure 3.15 The Testing Apparatus  

For this testing, we used a 10g force sensor. The test force sensor’s test stand 

constrained the force sensor in such a way that it performed like a fixed-free beam. 

The data received from the force sensor was sent to the computer via a Phidgets 

Wheatstone Bridge, and was processed using the Phidgets processing software. 

Proper testing required that the force sensor be calibrated. A appropriate tolerance for 

data was determined to be between 0.08 volts and 0.09 volts. These values were 

chosen because the unloaded force sensor readings most often fell within this range, 

and these values are relatively close to zero. From here the force sensor was 

calibrated using a 5.2g weight. Thus, the final conversion factor for all the following 

data was determined to be 5.2g/0.108v.  

 Each finger underwent three actuation tests. During each test, the finger was 

actuated using 10psi of air. Before each actuation, the finger was placed ¼ inches 

above the force sensor so that the finger’s free end had sufficient space to freely 
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deform. The finger was inflated and deflated three times, to a count of three, in each 

test. The highest value of force received during the three actuations was recorded as 

the value for this test. The final force value of each finger, therefore, was the average 

of the peak force values from each of the three, actuation tests. This testing structure 

was chosen to ensure that the data was a good representation of each finger’s overall 

performance. Figure 3.16 shows a few examples of the graphical representation of 

each actuation test. Note that the best fingers maintained a similar peak value after 

each actuation. In the same way, fingers with poor design parameter combinations, 

did not usually maintain a similar peak value due to bulging or fatigue.  

 

Figure 3.16 The Force Outputs for the 43T mesh_13.5mm hole deph_5.1 string finger 
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Finger Force (grams) Force Force (grams) 

36T_8.5_5.1 25.35 43T_11_15.3 42.34 

36T_8.5_10.2 22.42 43T_13.5_5.1 31.04 

36T_8.5_15.3 36.68 43T_13.5_10.2 14.61 

36T_11_5.1 26.73 43T_13.5_15.3 30.52 

36T_11_10.2 41.20 64T_8.5_5.1 36.61 

36T_11_15.3 35.98 64T_8.5_10.2 29.75 

36T_13.5_5.1 28.57 64T_8.5_15.3 11.48 

36T_13.5_10.2 22.49 64T_11_5.1 22.78 

36T_13.5_15.3 27.91 64T_11_10.2 22.96 

43T_8.5_5.1 29.70 64T_11_15.3 32.57 

43T_8.5_10.2 36.79 64T_13.5_5.1 28.71 

43T_8.5_15.3 34.05 64T_13.5_10.2 36.77 

43T_11_5.1 39.52 64T_13.5_15.3 34.54 

43T_11_10.2 30.55   

Table 3.2 Final Values for Exploratory Testing 
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Figure 3.17 A Graphical Representation of the Exploratory Data 

The final force values as well as their range percentages can be seen in Table 

3.2. The graphical representation and fit for this data can been seen in figure 3.17. It 

was decided that any range of data over 20% was far too indiscriminant to properly 

understand finger performance. Thus, we continued testing until the range 

percentages were all under this number.  

  A few trends become apparent when viewing this data. Firstly, it was no 

surprise that the 15.3 mm string spacing fingers usually performed the worst in terms 

of actuation. The lack of support for the silicone in between the string support 

structure routinely caused such failure modes as bulging, air channel wall fatiguing, 

and bursting. Their lateral splaying nature also made it difficult to maintain their 

position on the force sensor. Conversely, the 5.1mm string spacing finger performed 

the best in terms of deformation and reliability. The tight spacing worked to ensure 
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the silicone’s structural integrity, and therefore, bulging and bursting failure modes 

were relatively rare. These fingers also maintained a faster actuation than the fingers 

with other spacing. However, this fast actuation also tended to make the finger unable 

to maintain a position on the force sensor during the entire time of actuation.  

 The data suggests that the air channel does have a significant effect on the 

force generation. The deeper channels seem to generate the greatest force. Fingers 

with smaller air channels, such as the 8.5 mm depth finger, were prone to occlusions. 

During the second step in the finger manufacturing process, the silicone would often 

flow into and fill the air channel’s frontal region. Thus overtime it was it was realized 

that, for these fingers, the silicone had to be layered very thin on the mesh. The 11mm 

and 13.5mm air channel fingers were not prone to this problem. In fact, for the 

13.5mm air channel finger, if the silicone was layered too thin holes would form on 

the top layer.  

 It also became apparent during testing that the fingers are subject to a form of 

fatigue or stress softening. This is a behavior common to rubbers and silicones 

[25,44], and therefore, affected the behavior of each finger. Loading and unloading of 

the finger caused the silicone walls to soften, and therefore, with each actuation cycle 

the finger produced less and less force on the sensor. Other defects in the finger’s 

structure, such as points where ballooning was possible, become apparent or reached 

a critical failure point when this behavior happened. However, there existed a 

“settling point” for each finger where the force values stopped decreasing and became 

more constant. The finger’s design determined the amount of actuations needed to 

reach this point.  
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Therefore, as we sought to improve upon the data’s range percentage we 

realized that we needed to induce this “stress softening” behavior. We loaded and 

unloaded the fingers approximately 10 times outside of the testing apparatus, and 15 

to 20 times inside the apparatus. After this procedure, the received values had a 

significantly better range percentage. For example after the 64T mesh, 13.5 hole 

depth, and 15.3 string spacing was tested, its range percentage went from above 22% 

to approximately 1.5%.  

 

3.3.3 Final Force Testing 

After the exploratory testing, it was determined that further testing was needed 

to gain a more definitive understanding about the mesh’s effects on the fingers.  It 

was determined from the previous testing that fingers manufactured with string 

spacing greater than 5.1mm would never be acceptable. Therefore, it was theorized 

that to create a useful function relating finger performance to design, this value 

should be made a constant. Also, the exploratory data suggested that a finger with an 

air channel depth of 13.5 should actuate the most force. This hypothesis is further 

supported by equation (3.1). Thus, it was decided that this value should be fixed to 

13.5mm.  

 To this end, a new experiment was set up to gather data about the mesh’s 

effect on the finger’s force generation. The testing apparatus remained the same as the 

previous experiment, as did the force sensor setup, calibration, and method of data 

collection. Three new fingers were created, with each finger possessing different 

mesh stiffness. The three fingers maintained the same air channel depth (13.5mm) 

and string spacing (5.1mm). To decrease the potential for frontal tip and back tip 
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ballooning, extra tight string spacing was added to those regions. The resulting 

fingers performed better than the previous batch for this reason.  

 As stated before in equations (3.9) and (3.11), the force actuated by the finger 

is not greatly determined by the mesh thickness. It was important to ensure that this 

statement was true. The mesh’s threads-per-inch measurement should not in and of 

itself quantify a change in thickness. However, the manufacturer chose to use a 

different thread gauge for each of the different thicknesses. A higher thread gauge 

was given to the smaller threads-per-inch mesh. Therefore, there is a change in the 

mesh thicknesses between the 36T, 43T, and 64T meshes. The 36T mesh is 0.0065 

inches thick. The 43T mesh is 0.005 inches thick, and the 64T mesh is 0.0035 inches 

thick.  

 Each finger was actuated at least 10 times before testing began. This was done 

to induce the “stress softening” behavior, described earlier, and therefore increase the 

consistency of the data. After this, three tests were completed on each finger, with 

three actuations during each test. The pressure was held at 20psi for a three count in 

the same way as it was in the previous exploratory tests. The final acquired data was 

averaged to receive the final average force measurements for each finger. This data 

can be seen in table 3.3 below.   
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Finger Design Average Force (grams) 

36T mesh, 13.5mm hole, 5.1mm 

spacing 

26.92 

43T mesh, 13.5mm hole, 5.1mm 

spacing 

32.24 

64T mesh, 13.5mm hole, 5.1mm 

spacing 

38.07 

Table 3.3 Average Force Values for Final Testing 

 It is important to note that due to each finger’s design (the string spacing and 

air channel depth) fast and high deformations were common during testing. 

Therefore, a type of stop was needed to maintain the finger’s position on the force 

sensor. For this reason, a wooden piece was added to the testing apparatus to 

constrain the finger’s movements. This impromptu stop helped to support the final 

data’s overall statistical consistency.  

The final data showed an interesting trend. The increase in threads-per-inch 

seemed to correlate with an increase in force. However, this trend is perplexing as 

there is no mechanical basis for this behavior. Theoretically speaking, the mesh 

thickness should have negligible effect on the generated force or the finger’s 

curvature. However, this was not the case. Variability in the manufacturing process 

might be the cause of this questionable behavior.  
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3.4 Summary 

The purpose of this design, manufacturing, and testing process was to create a 

soft, pneumatic finger tailored to the needs of the SUR Hand and to parameterize its 

design via a mathematical model and equation. Three things were observed through 

this process. First, it was observed that there exists an acceptable finger string 

spacing. Above this spacing, the fingers will not perform at an appropriate level. 

There is also an acceptable hole depth between 11mm and 13.5mm. Outside of this 

range the air channel may be too small to perform properly, or may be so big that it 

causes ballooning. Finally, the air channel should not be placed too far to the front or 

back of the finger because this causes ballooning.  

 This process led to a broader understanding of how the pneumatic finger 

works, and how soft actuation and pneumatic technology can be applied to further 

future engineering designs. For instance, the lessons learned about the bonding 

properties of silicone led to the creation of the novel “silicone well” process that will 

be discussed in later chapters. A broader understanding of the mesh layering 

processes made the third palm prototype, described in chapter four, possible. Wrist 

tendons, described in chapter 5, were derived from the pneumatic finger’s design. No 

matter how much their shape or structure was adapted, the basic physics principles 

evident in the pneumatic fingers remained constant.  

 Finally the last round of testing made it clear that the finger design used in the 

final testing, though the most reliable design yet, could not keep the finger from 

bulging outwards at the frontal tip. Therefore, the layering principle attained from the 

process outlined in this chapter was utilized to make a final finger for the fourth palm 
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prototype. Thread was wound, with very tight spacing around the top most fourth of 

the finger. Then silicone epoxy, which has a slightly harder stiffness than the Ecoflex 

00-50 silicone, was layered over this. This frontal ballooning was rendered almost 

inexistent, because the expected decrease in  in this region became very small. 

This final finger performed very well in the palm prototype experiments.  
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Chapter 4: Design, Manufacturing, and Testing of Integrated 

Palm 

The purpose of this chapter is to detail the production and testing of the SUR 

Hand’s integrated palm component. It will discuss the fundamental purpose and goal 

of this component. It will also discuss the reason for testing this palm, as well as the 

general process for testing and modeling. 

 The introduction section will detail the requirements necessary for a fully 

functioning hand. In it we will discuss the design constraints, such as the size and 

weight. We will also discuss elements of the palm design, such as the opposable 

thumb, that are critical for proper functioning.  

 In the design and manufacturing section we will discuss how the palm design 

evolved over time towards the current design. The section will dissect the advantages 

and shortcomings of each design. Furthermore, it will detail the final design and why 

it was chosen as superior to the rest. The iterative process for making each of the 

palm designs will also be discussed. We will discuss how the manufacturing process 

was adapted to the change in finger design. Furthermore, a novel approach to the 

palm’s manufacturing, that was critical to the final palm’s performance, will be 

introduced. 

  Finally, the testing and modeling section will detail the process by which the 

final experimentation plan was formulated. We will discuss the final nature of the 

testing method and the geometric model by which we hoped to explain and predict 
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the testing results. Furthermore, we will discuss the results of the testing and what 

these results tell us about the SUR Hand’s performance as a whole.  

4.1 Introduction 

The SUR Hand’s integrated palm has to fulfill three basic goals. Firstly, the 

palm is meant to hold the pneumatic fingers securely in place without constricting 

their overall freedom to move. Therefore, the palm design has to take into account the 

amount of deformation natural to each finger, as well as the overall length and shape 

of each finger. Secondly, the palm should not be bigger than the 99th percentile of 

male palm size (11.14 inches)[26], nor should it weigh more than the average human 

male palm (1.193lb (541.14g)) [27,28]. The reason for this goal is two fold. The 

ultimate hope for this hand is that it will replace humans in dangerous situations. A 

palm that is too heavy will put a high amount of strain on the wrist component and 

make it ineffective. In a similar fashion, if the palm is too large it will lose its ability 

to perform precision grasping. Of course, if the palm is too small or too light it will 

again lose its ability to perform basic functions. 

 Thirdly, the palm should possess an opposable thumb. The human hand would 

not possess most of its functionality without the opposable thumb [6]. An opposable 

thumb aids in the grasping and manipulation ability of the hand. Therefore, so that the 

SUR Hand maintained a high level of functionality, it was necessary to incorporate an 

opposable thumb in our design. It is important to note, that in order for a thumb to be 

considered opposable it needs to be placed at an offset angle from the rest of the 

fingers, and it must be raised above the rest of the palm. If this constraint is not met, 

the opposable thumb will not properly aid in grasping.    
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Finally, the palm should be made completely or mostly of soft materials. This 

is in keeping with the overall thesis goal of making a soft robotic hand. A palm made 

of mostly soft material will be very reliable and durable, as stated previously  

 

4.2 Design and Manufacturing of the Palm 

4.2.1 Prototype 1 

The first palm prototype was a very simplistic design meant to provide the 

fingers with basic stability. As can be seen in figure 4.1 it was designed to be simple 

and flat. The thumb’s position was not entirely opposable, because it did not fulfill 

the requirement that is was slightly elevated above the other fingers. However, it was 

placed at a 90 degree offset angle. The palm’s overall size was 3.922 inches from top 

to bottom, and 4.563 inches across, from left side to thumb slot. Therefore, the palm 

dimension did not exceed the 99th percentile of male palm sizes. It also weighed 

0.045lb (20.4g) without the fingers, and was not heavier than the average male hand 

weight. The palm was 3D printed of ABS plastic using a Makerbot printer, and 

therefore was not made of mostly soft materials.  

 

Figure 4.1 A Picture of the First Palm Prototype  
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Figure 4.2 Prototype 1 Grasping an Object 

Overall, this palm’s performance was not the best. The fingers were inserted 

into rectangular slots and glued into place via silicone epoxy. Unfortunately, the fact 

that the silicone epoxy was used on ABS plastic caused the fingers to pop out of their 

places during actuation. Furthermore, even though the thumb was partially opposable, 

the 90degree angle proved too large to enable precision gripping and manipulation. It 

was, however, fairly good at grasping large objects of various sizes and shapes as 

seen in figure 4.2. This palm had a rounded bottom, and was not attached to any wrist 

platform. For this reason, it had to be screwed into a platform during its use. This 

slightly diminished its functionality, because sometimes the palm would twist on its 

screw. Drilling a smaller hole in the palm and using a slightly larger diameter screw 

eliminated this problem.  

 

4.2.2 Prototype 2 

The second palm prototype was primarily designed to better enclose the 

fingers. Therefore the second prototype, which can be seen in figure 4.3, was 
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comprised of two mostly hollow halves. These halves were each designed with small 

screw holes around their edges, through which they would be connected.  

 

Figure 4.3 Prototype 2 Palm 

The pneumatic fingers fit into slots designed to be 0.683 inches. This is 

slightly bigger than their actual size. This tolerance ensured a snug fit for the fingers 

without completely constricting their ability to move. After the fingers were laid in 

their respective slots, the palm’s back half was put over them. Screws were inserted in 

the screw holes and the fingers were compressed into place. Thus the finger’s 

encasement depended upon the screw’s torsional force, rather than the weak bond 

between silicone epoxy and ABS plastic.  

 This palm also provided better finger placement. The spacing between the 

fingers disabled their tendency to constrict each other’s movements during actuation, 

and the slots were extrude cut to a depth of 0.683 inches so that each finger would be 

slightly embedded in the palm. Therefore, they would be less prone to popping out of 

their places during actuation. The method of encasement also made it possible for the 

user to replace bad or damaged fingers with newer ones. This interchangeability 

improved the lifespan of the palm, and kept the cost down on the amount of material 

needed for maintenance. It was also a simple process to adapt the palm to fit different 
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types of fingers. For instance when the cylindrical fingers took the place of the more 

rectangular ones, changing the shape of the finger  

 

Figure 4.4 A Comparison of the Palms for the Rectangular and Cylindrical Fingers 

slots from rectangular to circular was all that was required. Every other part of the 

palm stayed the same. An example of the different palms can be seen in figure 4.4.  

 The palm also featured an improved semi-opposable thumb design. It was 

realized that even though the human thumb can splay laterally to a 90degree angle, it 

rests and mostly operates at approximately 45degrees. Using this angle would cut 

down on the amount of distance that the pneumatic thumb would need to travel to 

reach the other fingers. Thus, it would be easy for the thumb to participate in fine 

grasps and manipulation. Therefore, we made the thumb in prototype two more acute, 

and it currently rests at an 18degree angle. This semi opposable thumb was still not 

elevated above the other fingers and therefore, cannot be considered a fully opposable 

thumb.  

 This palm’s performance was much better than the previous prototype. It was 

mostly used during the keyboard-testing phase of development as described in 

chapter 3 of this thesis. The thumb’s better position enabled the palm to play the 

keyboard with all five fingers, rather than just the top four. This increased the range 
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of the fingers on the keyboard and gave the palm a larger range of songs to play. This 

palm was also very good at grasping objects of various sizes.  

 

Figure 4.5 Prototype 2 Performing Basic Grasping 

Like the first prototype, prototype 2 did not possess a wrist component or a 

stable bottom. Therefore, it had to be laid on its side or propped up during grasping as 

can be seen in figure 4.5. However, the palm’s mass provided stability to the grasp 

even when it was propped on it side.  

 This palm also abided by the size and weight constraints. It measured, 4.427 

inches from the ulnar side to the thumb, and 4.2195 inches from the top to the bottom. 

It weighed about 0.323lb (146.5g).  

 This palm was manufactured using the same Makerbot process as the first 

palm prototype, as can be seen in figure 4.6. We also used a U-print to print out a 

well-constructed version of the palm. In both the cylindrical finger and rectangular 

finger versions, the palm was comprised of ABS plastic. Therefore, it was not mostly 

soft like we wished for the final SUR Hand. It also did have difficulty containing the 
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fingers when the fingers were actuated using a very high pressure. The fingers 

themselves could, sometimes, bulge far beyond the size of their slots, and pop out.  

 

Figure 4.6 Makerbot Building Prototype 2 

Even so as long as the pressure was well maintained, and the palm was well screwed 

down, this prototype did not experience a large number of popping-out incidents.  

 

4.2.3 Prototype 3 

The third prototype was primarily an attempt to create a fully integrated hand 

made of entirely soft materials, and to finally embed in it a fully opposable thumb. 

Therefore, we began by creating a palm mold capable of enacting this. An example of 

the mold used in this process can be seen in figure 4.7. The basic principle behind this 

new mold was that the palm would be layered on top of the fingers, using a process 

similar to our finger-molding process. For this reason the mold was designed to 

consist of a hollowed out top and bottom piece. The top piece featured a hole through 

which silicone would be poured, and slots for the fingers. The top mold did not 

contain a place for the opposable thumb, because it was difficult to 3D print a sturdy 

thumb piece. Therefore, it was determined that this part would be added later.  
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Figure 4.7 3D-Printed Top Mold for Prototype 3 

The process of creating this palm was the following. First, the four lateral 

fingers were laid, to a lateral depth of 0.677 inches, in the bottom part of the mold. A 

layer of 43T mesh was laid on the inside of that mold under the fingers. The mesh 

made the palm stiffer, and supported the finger’s actuation, grasping, and object 

manipulation. Another layer of mesh was placed in the top mold before it was placed 

over the fingers and taped into place. The tape ensured that none of the silicone 

dripped out of the mold during the curing process. It is important to note, that the 

fingers constricted the flow of silicone. Therefore not much silicone poured out 

through the slits surrounding them. Finally, the silicone was poured into the mold and 

left to cure.  

The thumb mold was a hollowed out, lofted feature meant to mimic the human 

palm’s Abductor Pollicis Brevis and Flexor pollicis brevis muscles [29]. These are 

the muscles in the hand that mostly control the thumb’s lateral and rotational  
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Figure 4.8 Prototype 3 

movement and support its elevated position on the palm [29]. The thumb mold was 

designed to elevate the thumb 0.8605 inches above the palm.  

When both the palm and the thumb finished curing, they were removed from 

their molds. The thumb piece was epoxied to the palm at a 15degree angle. Thus this 

palm fulfilled its design goal of being fully soft, and featuring a fully opposable 

thumb. The final product can be seen in figure 4.8. Unfortunately, this design 

required that the fingers be fully attached to the palm, and therefore 

interchangeability was not possible as it had been with the previous palm prototypes. 

That being said, the finger’s air tubes were surprisingly not constricted by the palm’s 

solid weight. It is possible that the silicone’s flexible nature allowed for the slow 

expansion and contraction of the air tubes when they were filled with air. For this 

reason, the pneumatic fingers bent and contracted without much hindrance.   
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However, there was a drawback to this design. The palm’s size did not exceed 

the 99th percentile of male palm sizes. The palm measured 4.62 inches from the left 

ulnar side to the thumb, and 3.904 inches from top to bottom. It did, however, exceed 

the average male hand weight. It was simply too heavy for proper functioning. It was 

even too heavy for the wrist component designed for it. Therefore, it was not the final 

SUR Hand prototype.  

4.2.4 Prototype 4 

The fourth, and final prototype, was designed to be significantly lighter than 

the previous palm. Instead of one solid piece, it was decided that the palm would 

comprise of a slim 3D printed frame and a thin silicone skin. In a sense, the frame 

mimicked the human hand’s skeletal structure in that it provided structural support to 

the palm without adding a great amount of weight. A picture of prototype four’s 

frame structure can be seen in figure 4.9. Prototype four’s frame structure also 

possessed a fully opposable thumb. The thumb is stationary in the lateral direction 

and cannot change its angular position in relation to the lateral fingers. Therefore, 

using the human hand’s dimensions as a reference, the thumb’s position was chosen 

as the best position for grasping.  

Prototype four is the first palm prototype designed to stand up on its own. The 

frame has a rounded base upon which the entire palm is built. The base platform was 

designed to serve as a support for the entire palm and as a connection to the wrist 

component. In a continued effort to maintain the palm’s lightweight nature, a pattern 

of holes wraps around the base. The holes do not take away from the base’s ability to 

structurally support the palm, however.  
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The frame was fabricated out of ABS plastic using 3D printing techniques. It 

was manufactured in parts because none of the 3D printers available to us could print 

the entire structure. Also, the frame is easy to assemble when it is made out of 

separate pieces. The pieces, when 3D printed were connected using Loctite glue for 

plastics, and Uhu Por glue.  

A novel manufacturing process, called the “silicone well” process, was 

created for this prototype. As stated before, it is very difficult to securely connect 

silicone to other materials. This was recognized as a fundamental issue when it was 

decided that the palm would be made out of an ABS plastic frame. Therefore, it was 

necessary to create a method that would enable the reliable combination of the soft 

and hard materials. The silicone well process is a method of embedding silicone in 

the hard plastic and connecting the fingers to a “well” of silicone that protrudes from 

the resulting implant.  

To start this process, a “finger array” piece, meant to hold the lateral fingers, 

was fabricated. An example of this can be seen in figure 4.9. It features four box-like 

structures that are meant to act as the receptacles for the silicone wells. After the 

finger array was 3D printed, each of the receptacles as filled with silicone. Square 

plugs, roughly the size of each finger’s base, were inserted into these receptacles. 

When the silicone cured, and the plugs removed, the fingers were inserted into and 

silicone epoxied into place. Thus, the silicone fingers became a fully integrated piece 

of the hard plastic palm frame and the silicone well process was completed. 



 

 71 
 

 

Figure 4.9 Prototype 4 Bone Structure, and the Finger Array 

 

Figure 4.10 Final Design of Prototype 4 

The palm’s frame alone would not enable it to grasp objects. Therefore 

silicone ski was manufactured for the palm, by utilizing the understanding of layering 

techniques acquired during the finger making process. To create this skin, a thin layer 

of silicone was layered over a 64T mesh. 64T mesh was chosen because it possessed 

the smallest thickness. When the entire structure cured, two halves were cut out in the 
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shape of the palm’s frame. These two halves were sown together over the palm’s 

frame. Silicone epoxy was layered over the stitching so that the stitching would not 

become undone. Thus the soft and hard material composite palm was completed. A 

picture of the final design can be seen in figure 4.10. 

4.3 Modeling and Grasping Strategy 

A geometric model was created to illustrate the palm’s potential grasping 

modes. It was also created to aid in establishing the mathematical constraints 

necessary for proper grasping. Two models were created based upon the two basic 

types of grasping done by the human hand, gross motor and fine motor. Gross motor 

grasping is the large muscle grasping described in the literature review as power 

grasping. An example of such grasping is holding a baseball. Conversely, fine motor 

grasping is the small muscle, dexterous grasping described in the literature review as 

precision grasping. This type of grasping is illustrated in such tasks as grasping and 

writing with a pencil. 

 Due to the nature of gross motor grasping, this model focused mainly on the 

palm form of opposition described by Iberall [20] and discussed in the literature 

review. This model focused completely on the mathematical relationship between the 

four lateral fingers and the palm, since the palm form of opposition relates mainly to 

these interactions. Due to the deformable nature of both the fingers and the palm, it 

was construed that this palm performed mainly “Fully Deformable Grasping”. In 

Fully Deformation grasping, both the object and the component that it presses against 

act as boundary conditions for the kinetic equations meant to represent the grasp [30]. 
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Since the palm itself cannot be actuated, its flexible nature acts as the component 

creating a geometric boundary condition.  

 The Geometric model was set in a 2 dimensional, right-handed, cartesian 

coordinate system. As can be seen in a 2 dimensional representation of this model in 

figure 4.11 below, the origin of this system rests at the connection point between the 

fingers and the palm. This convention was chosen for ease of use. The y, z plane sits 

squarely in the middle of the hand, dividing it in half. The x-axis runs along the 

palm’s length. To begin the analysis, points were assigned to the fingertip  and 

finger midpoint . The same was done for the point representing the palm’s initial 

not deformed position , the point of farthest deformation on the palm , and 

the point at the bottom most tip of the palm . This last point is caused by the 

deformation interactions between the palm and the object being grasped. Therefore, 

its position is relative to each grasping scenario. The length of each finger and the 

palm is represented by the variables and respectively.  

 

Figure 4.11 2D Representation of Palm Model 



 

 74 
 

 The model functioned as a geometric representation of the relationship 

between the finger’s actuation behavior and the palm’s boundary condition behavior. 

This was visualized via a triangle that connected the three points, , and the 

system’s origin O. The origin is the only stationary point in this triangle and, 

therefore, the other dimensions change depending upon the grasping strategy. This 

geometric representation is true for each of the four lateral fingers. In this way, every 

type of gross motor grasping strategy using the four fingers can be characterized by 

the configuration of their combined triangles.  

 The geometric representation must also be converted into a physical 

representation of the hand’s force interactions. Together, the geometric and physical 

understanding will make it possible for us to predict the hand’s ability to grasp 

different objects. As figure 4.12 displays, the force vector of point  can be called  

and is representative of the force the fingertip exerts on the object. This force is 

always normal to the length of the fingertip. Therefore, it is possible to have angular 

components to the force vector if the grasping mode is such that the finger rests on 

the object at an angle other than 180 or 90 degrees. The point also has a force 

vector, , that represents the compressive force the finger’s length produces when is 

curves. This can also be said to represent the finger’s “gripping force”, and can also 

have angular components depending upon the grasping mode. The force vector  

present at the point  represents the force of the palm pressing against the object. 

This force is always normal to the palm’s surface as it simply relies upon the amount 

of lateral deformation the palm experiences. 
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Figure 4.12 2D Force Diagram 

From these considerations, it is possible to construct a series of conditions that 

the palm must meet to perform a successful grasp. Condition 1 regards the angle 

and its relationship to the fingertip . It is in keeping with sound reasoning to 

theorize that if this angle is too acute, the finger will not be able to properly grasp the 

object. This essentially means that the object is far too large for the fingers to wrap 

around and exert the force necessary to maintain a hold on it. Mathematically 

speaking, we can represent this understanding using the Law of Cosines. Let us 

define the triangular line segments as  Also, let us 

define the palm’s angle as  Therefore, we can begin with the Law of 

Cosines that states: 

 

From here we wish to solve for the defining angle , which we can do directly.  

 



 

 76 
 

The point at which  is too acute to maintain a proper grasp changes based upon the 

object being grasped.  

 Condition 2 regards the force  that is present at point . The force at this 

point must be sufficient enough to hold the object. In mathematical terms this means 

that: 

 

This must be true even if there are normal and tangential components to the  

force vector. Condition 3 is similar to condition 2 in that the compressive force the 

finger is able to generate must be greater than or equal to the normal force of the 

object. As a rule, all of these conditions do not have to be met at once for a successful 

grasping. However, this model hypothesizes that at least one of these conditions must 

be met. Therefore, it will be up to the experimentation to test this model. 

 Fine motor grasping is a type of grasping that relies almost exclusively on the 

finger’s actuation. It is characterized by pad, and side types of opposition, as defined 

by Iberall [20]. Mary Benbow’s paper on proper handwriting implement grasping 

strategies served as the standard for our model. In these types of grasping, the finger’s 

individual geometric relationships did not matter as much as the geometric 

relationship between the lateral fingers, the thumb, and the object being grasped. 

They each had to be placed properly for the grasp to be successful. Therefore, the 

model focused solely on the fingers actively used in each grasp. 

 The first grasp type considered in the model was the “adapted tripod grasp”. 

In this grasp only the index finger, middle finger, and thumb are actuated. This grasps 

is demonstrated in figure 4.13 below. The fingertips were each given a point to 
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represent their position. Therefore as the figure 4.13 shows, the index finger, middle 

finger, and thumb were given the points  and  respectively. A triangle was 

used to represent the relationship between each of the fingers and the object being 

grasped. As the paper suggests, for a proper adapted tripod grasp to be executed, the 

middle finger must be placed on the on the top left corner of the object.  

 

Figure 4.13 Adapted Tripod Grasp [6] 

The index fingers should be placed on the top right corner of the object, and 

the thumb should be placed at the very bottom of it. Since the index and middle 

fingers are equidistant from each other this forms an isosceles triangle. Therefore, the 

Law of Cosines equation that represents this triangle is: 

 

This is true if we define the triangle’s line segments as 

, and the triangle’s critical angle as  

Therefore, if the writing implement is represented as a circle we can find an equation 

that represents the finger’s proper placement during the adapted tripod grasp. This 

can be accomplished by relating equation (4.4) to the finger’s position on the 
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representative circle. If the point c is always at the bottom tip of the circle, this 

coincides with the radian . Therefore, if we plug this into the equation, we get: 

 

Solving this we get the final relation. 

 

As long ad this relationship between the fingers is maintained on the object, the tripod 

grasp can be successful. To further the grasp’s success, the side forces between the 

middle and index finger must be large enough to inhibit the object’s ability to slip.  

 

Figure 4.14 Quadrupod Grasp [6] 

 The second model represented the “Quadrupod Grasp” as shown in figure 

4.14. This grasp utilizes the index, middle, ring and thumb fingers as its name 

implies.  

Therefore, for this grasp to be properly represented a fourth point , 

representing the ring finger’s left, side, tip, must be added. Therefore, the geometric 

representation of this grasp type, seen in figure 4.14, takes on the shape of a 
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trapezoid. Therefore, let To maintain 

the trapezoidal relationship, the finger points must be placed at diagonals represented 

by the following equations: 

 

 

For as long as the fingers maintain this relationship, the grasp can be 

successful. However, there is also the matter of force. For this grasp to be properly 

maintained the force of the index finger and thumb cannon exceed that of the middle 

finger. They must be equal. Also, the force of the ring finger must be slightly less 

than all of the other forces. Experimentation, like in the previous gross motor 

grasping, will determine whether or not the hand will be able to properly perform 

these grasps. 

4.4 Palm Testing 

The experimentation performed on the palm can be divided into two 

categories to reflect the earlier geometric modeling. The first round of 

experimentation tested the hand’s ability to perform gross motor grasping. The 

second round attempted to evaluate the hand’s ability to perform fine motor grasps. 

For each of these tests, the palm was propped up and clamped to a table. This 

simulated the wrist’s ability to stabilize the entire hand.  

 To start the first round of demos, cylinders of different sized diameters were 

acquired. It is a common understanding that it is very difficult for any hand, even the 

human hand, to grasp something much larger in diameter than its own palm size. 

Therefore, taking into account the palm’s diameter, it was decided that the highest 
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cylinder diameter would be 6 inches. From there the remaining two diameters, 3 

inches and 1 inch, were chosen. For the final test the 6inch diameter cylinder was 

rotated, and therefore the hand had to grasp an object that was 2.3inches thick.  

  

 

 

Figure 4.15 1 Inch and 3 Inch Grasping Tests 
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Figure 4.16 6 Inch Grasping Tests at Different Orientations 

Four demos were completed for the gross motor testing. To begin the process, 

the lateral fingers were hooked up to the same air intake channel. This was done to 

mitigate the complexity of the finger actuation. During each test the cylindrical object 

was placed in front of the palm, and the fingers were actuated with 20psi of air. It was 

then observed if the fingers could grasp the object and hold it firmly in that grasp 

until the air was released. Also, the functionality of the flexible palm and its ability to 

hold the object in place was observed. The thumb was not used for this round of 

testing, as it is was deemed most instrumental in fine motor grasping strategies. 

Figures 4.15 and 4.16 show each of the four grasping demos accomplished with the 

palm. 

 The palm was able to hold the 1inch diameter cylinder. However, it did not 

firmly grasp the object. This was due mostly to the fact that the fingers can only 
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achieve a certain curvature with the palm boundary condition. This curvature was not 

tight enough to fully grasp the 1inch cylinder. This type of grasping shows an 

adherence to the second condition of grasping. Namely, the fingertips were able to 

maintain enough force on the object that it upheld its weight. The hand was also 

successful in firmly grasping and holding the 3inch cylinder. All three grasping 

conditions were met for this to be possible.  

 The 6inch cylinder proved to be more challenging. The hand was only able to 

grasp it with two fingers due to its smaller thickness. Even so, the relationship 

between the fingertip and the most deformed point in the palm met the first grasping 

condition. Therefore, the grasp was successful. Due to the unnatural way in which the 

6inch cylinder was grasped, the cylinder was turned to another orientation and the 

experiment was repeated. This grasp was more successful, and all four of the lateral 

fingers were able to successfully grasp and hold the object.  

 The fine motor testing required a different actuation approach than the 

previous tests. For each grasp to be a success, the fingers had to actuate in a proper 

sequence. For example, the adapted tripod grasp was most successful when the thumb 

was actuated first, followed by the index and middle finger. Thus, the fingers were 

connected to the same solenoid valve system used in the keyboard testing described 

in chapter 3. An arduino program was then created for each grasp type. The fingers 

were still, however, actuated at a pressure of 20psi.  

 The first test involved the adapted tripod grasp. To initiate this grasp, a pencil 

was held in a position between the index and middle finger. Then the air was 

connected, causing the fingers to actuate. As the figure 4.17 shows the hand was not 
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able to properly complete this grasp. The thumb tip was not able to maintain its 

position at  on the pencil. The index and middle fingertips were also not properly 

placed. However, the index and middle fingers were able to actuate a proper side 

force on the pencil, thus meeting a few of the requirements for the grasp. Therefore, 

the hand can grasp the pencil, but has a difficult time grasping it in this particular 

grasp type.  

 The second experiment tested the hand’s ability to perform the quadruped 

grasp. This grasp is far more complicated than the adapted tripod grasp, and therefore 

required more coordination, trial and error. The pencil’s initial position changed until 

it was placed in a position that made grasping possible. In the end, the hand was not 

able to properly perform this grasp. However, it was able to actuate the index and 

middle fingers to the correct position on the representative trapezoid. The index and 

middle finger side forces were sufficient enough to hold the pencil, and therefore the 

hand did maintain a hold on the pencil during this experiment.  
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Figure 4.17 Adapted Tripod and Quadrupod Grasping Test 

4.5 Summary 

This chapter confirms that the second goal of this thesis has been met. A semi-

soft palm with an opposable thumb was produced, and we were able to parameterize 

its ability to grasp a wide variety of objects. This palm also met all of the initial 

design requirements detailed at the beginning of this chapter. We learned that this 

palm is very good at gross motor grasping. However, do to the limitations of the 

finger’s range and mobility, it was not able to perform the fine motor grasping well. 

Though it was not able to perform every grasp during experimentation, it still proved 

to be a highly functional and versatile hand.  

 A few lessons were learned during this process. Firstly, a better understanding 

of how to create composite structures of seemingly incompatible materials was 
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acquired. This knowledge was very useful in the wrist creation process that will be 

detailed in the following chapter. Furthermore, it is knowledge that might be applied 

very generally to a variety of future structures, composed of many different materials. 

It was also useful to learn about the layering techniques and how they can be used to 

make a variety of structures, such as the final palm prototype.  

 The following chapter will discuss how this hand was integrated with the wrist 

to create the final fully integrated SUR Hand. The groundwork laid in this chapter, 

made that the work completed therein possible. Furthermore, it gave a better 

understanding of robotic hands and grasping patterns.  
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Chapter 5:  Design, Manufacturing and Testing of Flexible 
Wrist 
 

Chapter 5 will discuss the design, fabrication and experimentation of the SUR 

Hand’s wrist component. It will examine the overall function of the wrist component, 

and how it was fully integrated with the rest of the SUR Hand. 

 The introduction section will detail the wrist component’s design 

requirements and constraints. Furthermore, it will discuss the desired design aspects 

that were not necessarily requirements. Finally, it will examine how these 

requirements relate to the overall wrist function. 

 In the design and manufacturing section we will review the three wrist 

prototypes produced during this research. We will discuss the theoretical principles 

behind each of the wrist prototypes, as well as how these principles affected the 

prototype designs. We will examine each prototype’s performance, and how the 

iterative design process led to the final wrist prototype. We will also discuss the 

manufacturing techniques used to produce each of the wrist prototypes. Finally, we 

will explain the novel process that was invented for the creation of the wrist 

components. 

 In the testing section, we will discuss the final tests used to examine the 

performance of the wrist component. These tests were also used to study the fully 

integrated SUR Hand’s performance. This section will review the parameters and 

methods of experimentation. Finally, we will display and discuss the final results of 

the experiments.  
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5.1 Introduction 

The wrist component’s overall purpose is twofold. Firstly, it is meant to 

stabilize the SUR Hand’s grasping process by upholding the weight of both the soft 

hand and the object being grasped. Secondly, it should improve the SUR Hand’s 

grasping functionality by providing it with more degrees of freedom. This is not 

unlike the human wrist, which stabilizes and enables the hand’s ability to grasp and 

manipulate objects [6].    

For these reasons, there are a few design criteria that the wrist component 

must meet. Firstly, at a resting position of 180 degrees, the wrist must hold up the 

weight of the entire SUR Hand. In this no load situation, the wrist demonstrates its 

ability to achieve the first functionality goal. In the same way, the wrist must be able 

to uphold the SUR Hand and the object it is grasping at an 180degree angle. 

Secondly, the wrist must actuate at least in the x, y direction so that it might provide 

the SUR Hand with assistance during grasping. Thirdly, the wrist must maintain the 

same weight standards as the palm. If the wrist weighed more than this it would 

hinder the SUR Hand’s movements, and become a cumbersome component. 

Therefore, it should not weigh more than 1.193lb(541.14g). Finally, it must have a 

good connection with the palm, and should be able to accommodate the SUR Hand, 

when it is connected to a robotic arm.   
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5.2 Design and Manufacturing 

5.2.1 Prototype 1 

The first wrist prototype was created to provide the SUR Hand with every 

degree of freedom characteristic of the human wrist, and to achieve the aspiration that 

it be made completely of soft materials. It was designed based upon a theoretical 

understanding of the human wrist’s rotational and flexible mechanisms. Eight bones 

make up the region we call the “wrist”[32]. Analogous to ball bearings, their rounded 

nature provides the wrist with its “yaw”, “pitch”, and “roll” rotational capabilities 

[32]. These bones are supported and actuated by a series of tendons and muscles that 

often use oppositional movements to direct the wrist’s positioning [32]. It was 

conceived, therefore, that the SUR Hand’s wrist could be designed to perform in the 

same manner by actuating in an oppositional manner, and simplifying the “ball 

bearing” bones into a singular entity that would provide the same stability and 

rotational movement.  

 Therefore, the first prototype consisted of a hard, ball and socket like, 

rotational element, four soft tendons, and a soft, top and bottom piece. The top and 

bottom pieces were circular, molded silicone and polyester composites. Embedded in 

these pieces were four slots designed to hold the wrist’s tendons. An example of the 

top piece can be seen in figure 5.1. The bottom piece’s primary function was to 

provide a base upon which the socket joint would be supported. Therefore, a half 

spherical section, ¾ inches in diameter, was molded into the center of it. The half 

spherical section was designed to hold firmly a socket cup that would provide a ball 

element with rotational support. 
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It was determined that for optimum performance, the ball element should not 

be completely spherical. Indeed, the top of the ball elements should be flat so that it 

could connect well with the top piece. This would also afford the wrist better control 

over the rotational element. It is also interesting to note that in nature this  

 

Figure 5.1 Top Part of Prototype 1 Wrist 

principle is mirrored. Human ball and socket joints are not completely spherical [33]. 

Therefore, the top piece was designed with a flat circular hole in the center of it, 

roughly 1inch in diameter. An example of the top and bottom molds, which were 

printed out of PLA plastic, can be seen in figure 5.2.  

The ball itself was a 2inch diameter sphere made up of polyurethane rubber. 

The ball’s material was chosen because polyurethane rubber is technically a soft 

material, but in dense spherical form it is hard enough to hold the weight of the entire 

wrist. Polyurethane can also bond to silicone better than hard plastics or even other 

rubbers. Therefore, it was a reasonable choice to include it in the composite wrist 

structure. The ball was cut at the 1inch diameter mark, and glued into the top piece. It 

fit inside the socket piece at the radius of 0.75inches. This chosen radius was 
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important because if the ball was constrained at a higher radius it would have a 

difficult time actuating. However, if the ball was placed in the socket at a smaller 

radius, there would be little control over the ball’s movements and it would rotate out 

of the socket  

 

Figure 5.2 Top and Bottom Molds for Prototype 1 Wrist 

This prototype’s wrist tendon design was adapted from the pneumatic finger 

design described in chapter 3. They were soft, actuating members, possessing an 

active layer made of silicone, and a passive layer made of polyester mesh and silicone 

composite. Due to the wrist tendon’s smaller nature, the air channel depth was chosen 

to provide enough space for pneumatic actuation without weakening the bottom part 

of the active layer. Furthermore, the tendon’s top and bottom parts were designed to 

fit into the tendon slots molded into the top and bottom wrist pieces. They were 

assembled backwards, facing the ball. This way when they actuated, they would flex 

inward, and bulge outward. This motion mimicked the human tendon’s oppositional 

motion. Thus, it was believed that with four of these tendons on each side of this 

prototype, the ball could be induced to rotate in all directions via their oppositional 
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movements. Therefore, the wrist would be provided with all the desired degrees of 

freedom.  

Unfortunately, this prototype did not perform as originally theorized. Firstly, 

the tendons’ passive layer was too stiff to proper actuation. Oppositional bending 

requires that one tendon stretch while the other bends. However, though our tendons 

would bend, the opposite tendon was too stiff to stretch. Therefore, the internal ball 

and socket joint did not rotate as planned. Furthermore, though the ball and socket 

joint did provide the wrist with substantial stability, it could not uphold the full 

weight of the palm. Moreover, it could not hold the entire SUR Hand’s weight at an 

180degree angle, and thus did not meet the first requirement for the wrist.  

 

5.2.2 Prototype 2 

A more simplistic design was the hallmark of the second prototype. Firstly, it 

was decided that the design would no longer attempt to give the SUR Hand all the 

degrees of freedom characteristic of the human wrist. Instead, it would seek to 

achieve the minimum requirement of providing the SUR Hand with x, y plane 

rotation, or a “pitch”. This was justified by the understanding that in the future, the 

SUR Hand would be placed upon a robot that possessed every other degree of 

freedom except that which involves x, y plane rotation.  

 The design was further simplified by the decision that it should not be made 

completely of soft materials. The soft materials in our possession could not provide 

enough strength to hold the SUR Hand at an 180degree angle, nor could they provide 

enough movement for actuation. Therefore, the second prototype featured a 
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composite structure of soft rubbers and harder plastics. For this reason, it also utilized 

the novel “silicone well” process described in chapter 4. 

 The second prototype was designed to operate like a living hinge. A living 

hinge is a structure that “can be defined as thin flexible webs that connect two 

relatively rigid adjacent wall sections.” [34]. It is a structure that may provide an 

object with added degrees of freedom, without also adding much weight or 

complexity to it.  However, a living hinge alone would not be able to uphold the 

weight of the entire SUR Hand, because by its nature it would have to be flexible 

enough to bend. Therefore, it was decided that springs would serve as the restorative 

force members of this wrist component. The spring’s stiffness, and configuration, 

would therefore have to be such that it would hold up the palm in a no-load situation, 

but still possess enough flexibility to bend when the tendons actuate. This 

requirement will be explained further in the modeling section.  

As can be seen in figure 5.3, the second prototype featured a rectangular top 

and bottom piece that would be connected with the simple hinge structure. So that the 

“silicone well” process would be successful in creating useful, square slots for the 

tendons, each slot featured a length approximately  bigger than the wrist 

tendon’s dimensions. The top piece was curved, and left open on both ends, to 

accommodate a silicone-to-silicone coupling with the prototype 4, palm. The 

rectangular bottom piece, however, was closed so that the silicone would not slide out 

of its containment. Sandwiched between the top and bottom pieces were stiff 

rectangular “bone” pieces meant to act as the hinges. The front “bone” piece featured 

two spring slots into which the springs could be attached in parallel, and changed if 
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necessary. The hinge itself was completed with a thin carbon fiber rod that connected 

the two “bone” pieces. The hard wrist components were 3D printed using ABS 

plastic. 

 

 

 

Figure 5.3 Second Wrist Prototype Without Springs 

The springs used in this design were approximately 3/8 inches in diameter, 

with a stiffness of 66.5N/m. The spring’s stiffness was measured using Hooke’s Law. 

The no-load position of the spring was marked off. Then a weight of about 290g was 

attached to the end of the spring and spring was allowed to freely deform. The 

spring’s expansion was finally measured. It was from the information gathered in this 

experiment, that the spring’s stiffness was found. Two of the springs were connected 

in series to form the final spring linkage. These linkages were attached to the wrist 

bones at two points. Thus twelve springs in total were used to build this wrist. A 

picture of the springs being used can be seen in figure 5.4.  
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Figure 5.4 Type 1 Spring Used For Wrist Prototype 2 

 

Figure 5.5 Y-Connection Used in Wrist Prototype 2 

The tendons used in this design were some of the actual pneumatic fingers 

described in chapter 3. This was done, just to see if this prototype had the capability 

of actuating properly. Thus, the fingers were chosen because of their proven 

functionality and ability to actuate a force that would could the wrist. They were 

attached to the “silicone wells” present in both the top and bottom pieces with 

silicone epoxy. To actuate the fingers, a Y-connection (figure 5.5) was used to 

connect tendon’s air tubes together. The actuation air pressure entered the two 

tendons at the same time, and they actuated together.    

Unfortunately, the silicone-to-silicone connection between it and the third 

palm prototype was not strong enough to fulfill the first wrist requirement. However, 

it demonstrated the concept of a wrist being designed with a living hinge concept, and 

laid the foundation for the third and final prototype. Even so, a third prototype was 

created to further improve upon the design.  
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5.2.3 Prototype 3 

The third prototype was designed to fulfill two main goals. The first goal was 

to cut down on the overall weight of the palm. Second, the second prototype was 

designed to connect securely to the fourth and final palm prototype. Thus it would 

correct the second prototype’s major failing.  The overall design, however, was still 

based off of the living hinge concept. 

 The first goal was achieved by employing honeycomb shapes in the design. 

The “bone” pieces were curved to mimic the shape of a human bone and had 

hexagonal, honeycomb shapes cut into its length. The top and bottom wrist plates 

were also patterned with holes. This was done to eliminate unnecessary material 

without reducing the wrist’s overall structural integrity. The second goal was 

achieved by designing a circular protrusion on the wrist’s top plate that could be 

easily connected to the final palm prototype.  

 Two, square, wrist tendons were created for this prototype (figure 5.6). The 

understanding of how string spacing affects finger performance was used in the 

creation of these tendons. For the tendons to work properly, they could not bulge 

outwards. The greatest amount of expansion force actuated by the tendons had to be 

in the x, y plane. Therefore, very tight string spacing was used to inhibit any possible 

ballooning behavior. The width of the silicone wells, and the silicone epoxy used to 

attach the tendons to them, kept the tendons from bulging at either of its ends.  
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Figure 5.6 The Square Used in Wrist Prototype 3 

 Furthermore, the same spring configuration used on second prototype was 

used on third prototype. With this, configuration the wrist was able to bend and 

restore itself without difficulty. However, whether or not this wrist would be able to 

actuate properly when integrated with the final palm prototype would only be seen 

through experimentation. 

5.3 Modeling and Testing 

5.3.1 Static Model 

It is possible to predict the wrist component’s behavior through mathematical 

modeling. Two static models were used to explain the wrist’s potential behavior. The 

first model illustrates the combined spring force required for the wrist to perform well 

during actuation. The second will dictate the relationship between the tendon’s 

actuated force and the level of possible wrist deformation. As a static model implies, 

acceleration of the wrist or any if its components is not considered.   
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Figure 5.7 Free Body Diagram Without Actuation Force 

 A free-body-diagram, as seen in figure 5.7, illustrates the forces acting on the 

wrist. It is important to note, that in this instance the wrist tendon’s force is only in 

the x-direction. This model does not take into account the force the tendons will 

eventually actuate on the wrist, and focuses completely on the capabilities of the 

spring configuration. If the forces in the x and y direction are summed, the following 

equations are produced. 

 

Therefore, 

 

Also, 
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Finally, the equation will be solved for the total spring stiffness. In this way, it 

is possible to come up with a final equation that displays the condition the spring 

configuration must meet to hold up the wrist. 

 

Therefore, the combined spring stiffness will be able to uphold the SUR Hand, as 

long this condition is met. The combined spring stiffness must be greater than or 

equal to the SUR Hand’s weight, and the total spring deformation must be small. 

  

 

 

 

Figure 5.8 Free Body Diagram With Actuation Force 

A model can also be created to predict the wrist tendon’s ability to actuate the 

entire SUR Hand properly. The free-body-diagram displaying the forces and their 

relationships can be seen in figure 5.8. If the forces in the y-direction is summed the 

following equations will be constructed. 
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This equation represents the hypothesis that, to actuate the wrist, the tendons need to 

actuate a force that is greater than the combined spring’s restorative force. Therefore, 

these equations prove that the combined string stiffness needs to be stiff enough to 

hold up the palm, and flexible enough to actuate when the tendons expand. 

Experimentation on the wrist will further prove this point.  

5.4 Wrist Testing 

The wrist and palm were finally attached to complete the SUR Hand’s 

integration. The testing apparatus for this round of experimentation was very simple. 

The wrist was clamped to the side of a table, and left (like a free-fixed beam) to hold 

up its own weight. If the spring configurations were not of sufficient stiffness, this 

setup would make it readily apparent. To perform the test the wrist tendons were 

actuated, by feeding into them 20psi of air, and the wrist was left to bend. It was 

theorized that if the wrist possessed full functionality it would flex when the tendons 

actuated, and restore itself to the original 180degrees when the tendons relaxed.  

 Three different spring configurations were used during this testing. Each 

configuration tested a different facet of the static modeling discussed previously. Two 

types of springs were used in these configurations. The first was the same spring used 

in prototype 2. For the purposes of this testing it was labeled the type1 spring. The 

second was a much stiffer spring that had a stiffness of 2381.8 N/m. It was labeled the 

type2 spring. The spring stiffness was found using the same Hooke’s Law method 
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described above. However, this spring was so stiff, that it required a weight of 

1.118kg to deform it. Even with that weight, it did not deform more than 4.6mm. This 

wide range of springs aided in the proper testing of the static model. 

 The first spring configuration tested on the wrist was the same as that of the 

second prototype. The type1 spring was connected two-by-two in series to span the 

length of the wrist. Six of these full-length combinations were arranged in parallel, 

with two on each wrist bone. With this configuration, the wrist was left to freely 

deform. Unfortunately, this configuration was far too flexible, and was not able to 

hold up the weight of the entire SUR Hand. The total spring stiffness in this 

configuration can be expressed via the equations below. Let the individual springs be 

represented by the variable  where , and let it be asserted that the 

spring stiffness is the same. The following relationship emerges. 

 

 

Therefore, the total spring stiffness for the final configuration is the following: 

 

If we plug in the numerical stiffness values into the equation, we arrive at a total 

stiffness of 22.17 N/m. From equation 5.5, and the results of this first round of 

testing, it is clear to see that this is not enough stiffness to hold up the entire SUR 

Hand’s weight. Thus the principles behind the first static model were confirmed.  

 The second spring configuration, utilized the type2 springs. Two of the type2 

springs were connected in series to form the full-length chain. Two of these chains 
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were connected in parallel, one on each end of the wrist. The wrist was clamped and 

allowed to freely deform. It held up the full weight of the SUR Hand without any 

problem. However, when the tendons were actuated, the wrist only deformed a 

minute amount. Thus, even though the tendons could hold up the hand, they could not 

actuate enough force to fully bend the wrist.  

 This concept can be seen in the following equations. Let the individual spring 

stiffness be represented by  where , and let it be asserted that the springs 

are of the same stiffness. Therefore, the following mathematical relationships emerge. 

 

 

Then, the final equation that represents the second spring configuration is seen below. 

 

If the type2 stiffness is plugged into the equation, the final total stiffness is found to 

be 2381.8 N/m. This is more than enough weight to hold up the wrist, as equation 5.5 

reveals. However, from equation 5.7 it is clear that this is more stiffness than the 

tendons can handle. If we plug the values of the SUR Hand weight into the equation, 

it becomes clear that the tendons would have had to actuate a force of over 2,000 N. 

This was clearly too much for the tendons.  

 The third configuration featured a combination of the previous configurations. 

Two full-length string combinations were made with the type1 spring. These were 

connected in parallel on the wrist’s ends. In the middle of the wrist, was connected a 

full length of the type2 springs. More stiffness was needed in the configuration, but 

another type2 full-length spring would be too stiff. It was also clear that another type1 
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full-length spring would be too flexible. Therefore, another type2 spring was added to 

the middle in parallel. A picture of the final configuration can be seen in figure 5.9. 

This spring configuration performed the best. It was able to hold the SUR Hand at 

approximately an 180degree angle, and it the tendons were able to produce full 

actuation. Figures 5.10 and 5.11 show the results of this round of experimentation.  

 

 

 

Figure 5.9 Final Wrist Prototype Spring Configuration 
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Figure 5.10 Final SUR Hand at approximately 180degree Angle 

 

Figure 5.11 Fully Actuated Sur Hand Wrist 

 This behavior can be justified using these final sets of equations. Let the 

individual spring stiffness be represented by the variable  where . In this 

configuration stiffness  are of equal value (type1), and stiffness are of equal 

value (type2). Therefore, the following equations emerge to represent the 

configuration of type1 springs.  

 

 

Also, the following equation can be formulated for the type2 spring configuration. 
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Therefore, the total stiffness for this configuration is given by the following equation. 

 

If the stiffness values are plugged into the final equation, the total stiffness of this 

configuration proves to be, 65.28 N/m. This proves to be just the right amount of 

stiffness to hold up the SUR Hand, and allow the tendons to fully actuate.  

 At the end of this experimentation, there was only one drawback. After the 

tendons actuated, the stiffness in the springs changed, and they were no longer able to 

hold the SUR Hand at an 180degree. The type2 springs have a tendency to lose 

stiffness if they are over actuated. The tendons may have done just this. Thus, moving 

forward this design flaw will have to be taken into consideration. It has been 

suggested that the springs should be replaced with variable stiffness springs. This 

would further improve the design by meeting the requirements outlined in equations 

5.5 and 5.7 without loosing functionality. Nonetheless, the wrist showed that it did 

have the potential functionality that would complete the third goal of this thesis.  

5.5 Summary 

In this chapter, the design, manufacturing and testing process for the SUR 

Hand’s wrist component was discussed. The “living hinge” concept of the second and 

third prototypes proved the most effective in producing a fully functional wrist. The 

model used to predict the wrist’s behavior proved very accurate. It was able to predict 
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the outcome of each of the spring configurations, and even hint at the potential 

problem the last configuration would face.  

 Furthermore, we developed the new process to connect the soft tendons to the 

hard plastic base. This was an adaptation from the “silicone well” process discussed 

in chapter 4. We also determined that there is an acceptable combination of string 

stiffness and tendon actuation force. This acceptable combination promotes a proper 

balance between the two component’s forces. Similarly, there must be enough 

flexibility in the tendons for proper actuation. If the tendons are too stiff, the wrist 

will not be able to actuate a full bend.  

 With the completion of this process, the fully integrated SUR Hand has finally 

been created. Its final design is composed of a combination of hard and soft materials 

that endow it with the stability and flexibility necessary for proper functioning. In the 

future, further testing will be completed on it. It will be combined with a Baxter robot 

to test its increased performance when given added degrees of freedom. The variable 

spring idea will also be tested on the wrist, to see if this adds any functionality. 

Hopefully, this will prove that a soft robotic hand does have the same or similar 

functionality to a conventional hand, and that it might even be able to perform the 

same tasks as any human hand.  
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Chapter 6:  Conclusions 
 

The purpose of this thesis was to create a soft, underactuated robotic hand 

with an integrated wrist component that was able to perform a variety of dexterous 

grasping and manipulated tasks. This work was meant to further the knowledge of 

soft robotics as well as improve the capabilities of soft robotic hand platforms. The 

three thesis goals outlined in the beginning were a means to that end. They 

represented a series of steps, that when achieved, would make possible the 

advancement of soft robotic knowledge and capabilities. For example, a better 

understanding of the how design parameters change the behavior of a soft pneumatic 

finger would, in the future, lead to an optimized design. Furthermore, creating a wrist 

would improve the degrees of freedom and overall capabilities of a soft robotic arm 

platform.  

As outlined in the previous chapters, all of these goals have been met. The 

SUR Hand, possessing an opposable thumb, is able to reach down and perform a 

variety of grasps. It has attempted both fine motor and gross motor grasping 

strategies, and while not perfect in its execution, demonstrated an advance in the 

understanding of soft component capabilities. In its design is the successful 

combination of anatomical and kinesiology understanding with soft and hard 

composite technology. This was further exemplified in the testing and modeling 

performed on the SUR Hand. 
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6.1 Contributions Gained from this Research 

The overall contributions of this research include mathematical and physical 

advances in knowledge. Some of these contributions have been listed below.  

1. A	  new	  semi-‐empirical	  actuation	  model	  for	  designing	  soft	  underactuated	  

fingers.	  This	  model	  will	  enable	  a	  streamlined	  process	  for	  finger	  

production,	  and	  will	  lead	  to	  more	  improved	  designs	  in	  the	  future.	  	  

2. Created	  a	  SUR	  Hand	  Design	  using	  a	  palm	  made	  of	  hard	  and	  soft	  composite	  

material.	  This	  palm	  accommodated	  the	  soft,	  underactuated	  fingers	  

without	  restricting	  their	  free	  movement,	  and	  possessed	  a	  fully	  opposable	  

thumb	  for	  grasping.	  

3. The	  novel	  addition	  of	  a	  wrist	  component	  made	  of	  composite	  hard	  and	  soft	  

materials,	  that	  gives	  a	  soft	  robotic	  hand	  added	  capability	  and	  

functionality.	  This	  achievement	  fills	  a	  gap	  in	  one	  of	  the	  biggest	  

advantages	  that	  conventional	  robotic	  hands	  have	  had	  over	  soft	  robotic	  

hands.	  Now	  soft	  robotic	  hands	  do	  not	  need	  to	  be	  propped	  up	  for	  

grasping.	  They	  can	  independently	  actuate	  to	  grasp	  an	  object.	  The	  wrist	  

can	  also	  accommodate	  the	  SUR	  Hand	  when	  it	  is	  attached	  to	  a	  robotic	  

forearm.	  	  

4. Developed	  and	  then	  validated	  a	  model	  for	  grasping	  using	  the	  SUR	  Hand.	  

This	  model	  gives	  a	  geometric	  characterization	  of	  the	  precise	  spatial	  

relationship	  between	  the	  fingers	  during	  proper	  grasping.	  This	  

relationship	  can	  be	  readily	  seen	  and	  reproduced	  for	  future	  designs.	  	  
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Added benefits of this research include an improved robotic hands design that can be 

used in dangerous situations. The SUR Hand’s robust material makes it ideal for 

situations that can cause a lot of wear and tear to conventional materials. The added 

degrees of freedom afforded the hand by the wrist gives the SUR Hand a higher level 

of functionality, and provided a template for other soft robots.  

 It was also proven that the original pneumatic finger concept could be adapted 

to fit multiple needs and requirements. Smaller versions of the original design have 

been made into tendons of various sizes. The pneumatic fingers themselves have been 

adapted for precision manipulation capabilities. The addition of a fingertip made of 

harder silicone, also proves that this design can be fortified for harder tasks. This 

broadens the potential applications of these pneumatic members, adding the 

possibilities of their use in more than free grasping situations.   

 This research has also created a soft hand design that is cheaper and easier to 

manufacture. It has led to a better understanding of hard and soft material 

combinations. Overcoming the incompatibility of hard and soft materials will 

contribute future, better manufacturing processes.  

6.2 Future Work 

The SUR Hand is a very functional platform. However, there are some future 

improvements that can be made to add further capability. It does not yet possess all 

the ability characteristic of a highly complex conventional hand or the human hand.  

 Firstly, the opposable thumb design can be further improved by making its 

position and angle a changeable parameter rather than a fixed one. This will add more 

degrees of freedom to the overall platform and improve upon the SUR Hand’s fine 
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motor capabilities. The thumb’s position would be made to match the task at hand, in 

a way similar to human fingers. This improvement can be achieved a number of 

ways. The thumb can be a composite of two pneumatic fingers with the air channels 

in facing two different directions. The two pneumatic sections can be of variable 

length, which would constrict the thumb’s movement and ensure that it is not overly 

flexible. The thumb can also be put on a rotating base, which would allow the 

thumb’s position to change. However, if this idea were to be accomplished the 

composite structure of hard and soft actuators would need to be taken into 

consideration.  

 Currently, the SUR Hand’s fingers have a relatively slow actuation speed. 

Therefore, increasing the actuation speed would increase the SUR Hand’s 

performance, by allowing it to perform tasks that require fast and repetitive 

movements. Including some of the accordion structures mentioned in Chapter 2 

would improve the finger’s speed. This might also be accomplished by making the 

fingers out of a rubber that is slightly stiffer than the EcoFlex 00-50 silicone, and has 

a higher yield strength. A material with higher yield strength would allow the finger 

to return to an un-deformed state quicker, and thus be actuated again at a faster rate. 

A composite structure of the EcoFlex 00-05 silicone and a material like this might 

also make faster actuation possible. 

 A third improvement to the design involves giving the pneumatic finger the 

ability to splay outwards. Some tasks that human hands perform require that they 

increase the space between their fingers. This is usually done for the purpose of 

grasping an object that might be bigger than the space between the fingers at rest. 



 

 110 
 

Currently, the SUR Hand’s fingers sit with a fixed distance between them, but if they 

were given the ability to splay they would be able to perform more fine motor tasks. 

Splaying can be done if an inflatable bladder is position between the fingers. This 

bladder can be actuated by air, and fortified through material layering techniques.  

 A fourth improvement is a design concept that would further increase the SUR 

Hand’s degrees of freedom, and give it a capability that currently no robotic hands 

possess. The SUR Hand should be given a palm that can be actuated. The use of soft 

materials may be able to accomplish this in ways that hard materials cannot. A palm 

that can be actuated would give the SUR Hand the ability to better grip an object by 

conforming its palm to match the object’s shape. The human hand has this capability 

and uses it all the time for tasks that require extra gripping force such as pitching a 

baseball. This improvement might be accomplished by putting air channels, similar to 

the one in the pneumatic fingers, in the base of the palm. These would act like 

muscles, expanding and contracting the palm’s base. Maintaining the stiffness 

required for structural support while giving the palm this new flexibility would prove 

to be a challenge. However, if this were to be accomplished it would give the SUR 

Hand a greater capability than any current robotic hand design, and definitively prove 

that soft materials can be made to make highly capable robotic hands.  

 Finally, the wrist design should be further improved. Currently the wrist can 

only actuate in the x,y direction. Even though rotary motion can be achieved through 

the use of a separate robotic arm, it would improve the SUR Hand’s design to possess 

a wrist with more degrees of freedom. This is difficult to achieve with the current 

tendon technology. However, the tendon design could be adapted to be more flexible. 
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Thus oppositional movement, and the potential for more degrees of freedom, would 

become possible. 

 The SUR Hand has proven that it is possible to make a robotic forearm with 

soft materials that is very functional. Future improvements on this design have the 

potential to revolutionize the field of humanoid robotics. As we move forward, we 

will continue to reach towards this goal.   
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