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ABSTRACT 

 

Soft robotic grippers have become an increasingly popular solution for pick and place 

tasks involving both rigid and deformable payloads while maintaining a human safe 

environment. To avoid damage from rigid, motorized linkages and unchangeable stiffnesses, 

compliant materials and tunable stiffness have been introduced in a variety of proposed grippers 

in the form of layer jamming. Independent use of either positive or negative pneumatic layer 

jamming in existing designs, however, has provided varied tunable stiffness profiles that often 

require unreasonably large gripper volumes to achieve complete actuation of a payload.  

This research proposes the design, manufacturing, and testing of a differential jamming 

soft robotic gripper that utilizes the effects of both positive and negative layer jamming. A multi-

chamber pneumatic system is designed to reduce the necessary volume of compliant pneumatic 

systems while maintaining an increased upper limit of tunable stiffness. The gripper is developed 

for use in home living assistance through a multi-fingered hand operable by a UR5 robotic arm.  

The results of this work show absolute stiffness increase of differential jamming in 

actuators of volume comparable to humanoid digits. The design demonstrates a maximum single 

finger differential stiffness of 0.1840 
𝑁

𝑚𝑚
 at 20 PSI jamming pressure. Stiffness of an individual 

finger was increased by up to a maximum of 110.63% when switching from linearly combined 

positive and negative jamming to differential jamming. The multi-fingered design with reduced-

size pneumatic actuators provides a more approachable and implementable actuator design for 

non-expert user applications. The integration of combined jamming techniques allows for the use 

of existing stiffness methods in applications previously considered too small to benefit. 
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SECTION I: INTRODUCTION 

1.1 General Background 

With the rise in logistical problems involving the picking and placing of object payloads, 

robotic grippers have become a common solution to product distribution centers, manufacturing 

assembly lines, and home assistance and automation. While dominated by the use of rigid 

grippers, the use of soft robotic grippers in robotic arm actuation has increased in response to the 

need for manipulation of both rigid and deformable payloads such as textile packaging.  

Necessity for soft solutions has also increased as home assistance and automation enter 

the robotic arm actuation market, where tools interacting with humans must be safe during 

contact or potential impact. Traditional rigid grippers, such as direct motor driven or cable driven 

linkages, produce precise force states and lack necessary compliance to handle soft or 

deformable cargo without the inclusion of feedback from force sensors, such as the iGRIPP 4 in 

[1]. Soft actuation has been an increasingly popular solution to the necessity of safe and 

adaptable robotic grippers [2]. Materials such as soft fabrics, silicones, and rubbers deform on 

contact and provide a buffer of compliance while being able to be inflated or manipulated. These 

qualities are especially helpful in home or human care environments. Excelling at conforming to 

complex surfaces and compressing under load, these grippers work well with deformable or 

delicate items such as clothing and dishware. A blend of soft material and cable driven actuation, 

such as the soft robotic surgical gripper in [3], maintains a deformable touch but lacks the ability 

for tunable stiffness due to inextensible cables. The rubber actuator soft gripper in [4] takes a 

step further to introduce compliant cable tendons with directly driven stiffness profiles.  
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 One of the most common forms of soft actuation is pneumatic control. By determining 

the volume and pressure of a soft expandable enclosure, such as a silicone sleeve, controlled 

actuation and grip can be achieved. The increased size during pneumatic expansion and 

compliant structure, however, causes soft robotic designs to have a low load capacity compared 

to gripper size, such as the robotic apple harvesting design in [5]. The robotic hand proposed in 

Nagase et al., for example, produces only 10.1 N of force for 684 𝑚𝑚2 contact area [6]. Variable 

stiffness jamming, such as layer or laminar jamming, is a common response to soft robotics’ low 

grip strength. 

1.2 Significance 

Due to traditional methods of pneumatic actuation for soft robotic grippers, many 

available solutions to variable stiffness actuation involve high gripper volumes paired with 

relatively low stiffness profiles and maximum carried payloads. For home assistance and 

automation, many spaces are built for actuators of comparable shape and volume to a human 

hand, invalidating many grippers which require large, open areas for which to acquire and 

manipulate an object. Likewise, objects such as dishware and home products are designed for the 

high stiffness to volume capabilities of a human hand. 

The Design Innovation and Simulation Laboratory (DISL) at the Ohio State University 

has researched and proposed a suite of soft robotic grippers for use with a UR5 robotic arm for 

actuation of objects such as dishware. A gripper that mimics the shape, volume, and stiffness 

capabilities of a multi-fingered hand introduces the capability of actuation within a home space 

that is both adequate for existing home environments and safe for use and contact around 
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humans. This approachable and implementable actuator design fills use cases for user 

applications not familiar with robotic actuators. 

1.3 Thesis Objective 

The objective of this thesis is to present a combined form of layer jamming, defined as 

differential jamming, to achieve high variations of stiffness within a reduced-size, multi-fingered 

robotic actuator. This soft pneumatic actuator, in combination with movement from a UR5 

robotic arm, presents a solution to standard design complications such as high volume to 

stiffness ratios and low load capacities for traditional soft pneumatic grippers. 

1.4 Overview of Thesis 

The following work is divided into five main sections. Following the thesis introduction 

and background discussion, a review of the conceptual mechanisms involved in the proposed 

design is discussed. This includes soft actuation methods, negative layer jamming, and positive 

layer jamming. A review of the proposed robotic hand design then explains the soft pneumatic 

actuator muscle, differential jamming air chambers, linkage formation, layer creation, pneumatic 

control system, and physical model designs. Manufacturing, testing, and practical validations are 

then reported. A walkthrough of prototype manufacturing steps precedes results of single finger 

range of motion and variable stiffness as well as a proposed assembled hand design for a UR5 

robotic arm. The thesis is concluded with a discussion of findings, limitations, and future work 

associated with the project.  
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SECTION II: CONCEPTUAL MECHANISMS BACKGROUND 

2.1 Soft Actuation Mechanisms  

To model the curved actuation of a finger with a compliant material such as silicone, soft 

silicone restricted expansion can be used with positive pressure actuation. An elongated, hollow, 

cylindrical, silicone pouch enclosure, when pressurized internally, will expand in both the 

longitudinal and radial directions due to uniform net pressure on the internal walls. By attaching 

an inextensible material such as a plastic sheet to one front longitudinal face, longitudinal 

extension is prevented on one side, detailed in [7]. This uneven deformation causes the pouch to 

curl in the direction of the inextensible layer as the opposing side extends, creating a smooth arc 

actuation of the thick-shelled pouch cross section. To increase the efficiency of this motion, a 

fiber may be wrapped radially around the cylinder’s length to prevent radial expansion and 

promote energy use in longitudinal (therefore bending) direction. A segmented diagram of these 

states is shown in Figure 1 below. 

 

Figure 1: Bending Actuation Due to Restricted Radial and Longitudinal Expansion 
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2.2 Variable Stiffness Mechanisms  

Various jamming practices are a common solution to the need for variable stiffness in 

soft robotics. Laminar jamming methods, or the fixation of bagged layer sheets, are 

advantageous due to the need for a small flat volume compared to other jamming methods such 

as particle jamming. Particle jamming, the fixation of bagged particles, requires a larger volume 

and is subject to the disadvantage of particle rearrangement and inconsistencies between trials 

[8]. 

Negative layer jamming, also known as negative laminar jamming, is a method of 

creating various forms of stiffness by applying vacuum pressure to a stack of layered material 

within an airtight enclosure [9]. A stack of thin material, most often forms of paper or thin 

plastic, is sealed within a soft deformable pouch such as silicone or plastic packaging. During 

normal atmospheric pressure both inside and outside the pouch, layers may shift past one another 

with little friction to allow bending deformation. As a vacuum is applied to the internal air 

through an inserted interface, the surrounding atmospheric pressure applies a net compressive 

force to the stack of layers detailed in Figure 2. Due to the layer surface area in contact with one 

another, frictional shear forces lock the layers together and prevent the shifting of layers needed 

for both longitudinal and bending deformation, described in [10]. This change in stiffness can 

increase bending stiffness by many times more than the unjammed state depending on the 

intensity of applied vacuum pressure. By re-pressurizing the enclosure, compressive forces are 

alleviated from the layers and once again reduce the internal shear forces which inhibit bending. 
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Figure 2: Three-point Flexural Test of Negative Layer Jamming Internal Shear Forces [10] 

 

Positive layer jamming, like negative layer jamming, is a different form of compressing 

layered material using active positive pressure. Unlike negative layer jamming, which applies a 

vacuum within the enclosed pouch of layers, positive layer jamming applies a surrounding 

positive pressure which raises the pressure differential past the internal atmospheric pressure of 

the pouch. This similarly causes a net force applied to the stack of layers attaining the same 

ability to change stiffness previously described. The applied force can be implemented as a 

physical weight, adjacent expanding pouch, or clamping force on the layer stack. Positive 

pressure, because of its commercial accessibility for higher magnitudes of pressure than 

vacuums, can easily operate at higher jamming pressures and stiffness levels. Due to the 

necessity of an externally applied force, however, positive layer jamming often requires a larger 

total design volume to accommodate both the layer stack and adjacent applied force mechanism. 
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SECTION III: ROBOTIC HAND DESIGN 

3.1 Soft Pneumatic Actuator Muscle 

To mimic the actuation pattern of a human finger, a soft pneumatic actuator muscle was 

developed to create bending deformation through positive pneumatic actuation. A soft material 

was first chosen for the construction of the finger inner walls and shell. For this application, 

Dragonskin 30A hardness silicone was chosen. Silicone, by product of its low hardness and high 

elastic deformation, is an optimal material for usage in soft robotic applications that require 

actuation through the pneumatic expansion and stretching of a material. 

Various hardness silicones were tested, including Dragonskin 20A hardness silicone, 

Dragonskin 10A silicone, and various low hardness EcoFlex silicones. A silicone of 30A 

hardness was chosen due to needing a larger initial pressure to expand, increasing the relative 

range of positive applied pressure during full actuation. A silicone with greater hardness was also 

chosen due to the requirement of many solenoid pressure valves for a minimum working 

pressure for switching their channel states. For softer silicones, full actuation may be attained 

before reaching the minimum pressure needed for solenoid valve triggering, invalidating 

pressure switching at lower actuation ranges of the finger. 

A three-part PETG plastic mold, shown in Figure 3, was 3D printed using an E3D 

Toolchanger printer. This plastic mold consists of a central array of rectangular cavity beams 

enclosed in a circular shell. At the base of the mold, the outer walls of the cavity shape are 

formed in a circular cross-section. Degassed silicone mix can be poured and cured in the mold, 

leaving a silicone ‘sleeve’ with one open end when removed from the reusable plastic mold. A 

minimum wall thickness of 2 mm is required to avoid bursts in actuation pressures above 30 PSI. 
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Figure 3: PETG Mold for Silicone Sleeve - Exploded (Left) and Assembled (Right) 

 

As the finger is pressurized, net force is applied to all internal faces of the rectangular 

cavities. This causes longitudinal expansion from applied force to the top internal face and radial 

expansion from applied force to the vertical walls, discussed in Section 2.1. To create bending 

motion from the silicone expansion, one outer flat face of the four faced rectangular finger cross 

section must be restricted in the longitudinal direction. To achieve this, a fitted sheet of thin 

stretched polyester plastic is glued to the outer face of the silicone. Due to the inextensibility of 

the sheet and hardness of the dried glue, this creates an imbalance in longitudinal expansion and 

resultant bending motion of the finger in the direction of the inextensible layer. To promote this 

motion and reduce the energy lost in the finger, radial expansion can also be restricted. Paracord 

rope was wrapped around the circumference of the finger to restrict radial expansion and protect 

the silicone from bursting at high pressure. 
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3.2 Differential Jamming Air Chambers  

To achieve both negative and positive layer jamming in a single design, novel 

“differential jamming” was created using multiple internal air chambers of the finger. Three 

chambers – the inner jamming chamber, actuation chamber, and outer jamming chamber – are 

vertically stacked relative to the direction of finger actuation and separated by thin inner silicone 

walls. Discussed in Section 3.1, an equal positive pressure was applied to all three chambers to 

actuate the finger with a net zero force applied to the internal silicone walls between chambers. 

When either jamming chamber has a vacuum applied to its cavity, negative layer 

jamming occurs on any layers present, much like traditional negative layer jamming with a 

silicone or thin plastic bag. A net force is applied to the dividing wall perpendicular to the layers 

between the negative chamber and center chamber at atmospheric pressure. 

 

Figure 4: Three-Chamber Differential Jamming States 
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To achieve positive layer jamming, the center actuation chamber is inflated to a net 

positive pressure. As the center cavity expands radially, a net force is applied to each silicone 

dividing wall compressing the layers present in the adjacent jamming chambers. Overall radial 

expansion is restricted by the wrapped paracord, increasing the effectiveness of the applied force. 

Through the combined pressure control of the jamming and actuation chambers, any pressure 

differential can be obtained to change the relative stiffness of the jammed layers. A detailed 

diagram of the three chambers and two states can be found in Figure 4. 

3.2 Linkage Formation and Layer Creation  

To interface the soft silicone sleeve with air pressure, a multi-plastic plug insert was 

developed, modeled in detail in Figure 5. This plug insert consists of three soft plastic TPU 

prongs, a hard PETG plastic base, and soft TPU gasket pad. The TPU prongs, inserted into each 

cavity of the silicone sleeve, act as air ways for both positive and negative pressure into the 

cavities of the finger. The circular cross section provides support at the base of the finger to be 

clamped using a worm clamp with even circumferential stress applied. This even stress 

application reduces the ability of air to leak out of the base of the silicone as it stretches and 

deforms. The soft TPU section is printed directly onto a supporting PETG plate using a multi-

toolhead printer so that each plastic may thermally fuse and maintain an airtight seal.  

A soft TPU gasket layer was additionally printed to the bottom face of the plug insert. 

This allows for the finger assembly to be mounted via screw inserts to an adjacent smooth 

surface while maintaining an airtight seal at the contact face. Individual finger assembles can be 

removed and replaced as needed, as both the finger assembly and silicone sleeve are removable 

by unscrewing the mounting screws and worm clamp, respectively. 
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Figure 5: Plug Insert - Base Internals (Left), Exploded (Middle), and Assembled (Right) 

 

The layers chosen for jamming are thin stretched polyester sheets cut to the internal 

dimensions of the jamming chambers of the silicone sleeve. Stretched polyester, commercially 

referred to as Mylar, was chosen as a jamming material due to its flexibility, inextensibility, and 

high relative modulus when jammed in a vertical stack. Various course-grit sandpaper from 60-

80 grit was also tested as a jamming material. High friction sheet materials such as sandpaper 

presented unwanted friction and jamming, even during un-jammed zero pressure states, due to 

the rubbing of adjacent layers. A low relative modulus of the material and ease of tearing 

presented issues with the use of paper layer variants. Layers were bonded with super glue at the 

knuckle-end of the finger and attached to the top face of the plug insert of the two jamming 

cavities. 



19 

 

3.3 Pneumatic Control System  

 To control the independent actuation and jamming cavities of the finger, two pressure 

lines were routed to the appropriate chamber types. An assembly of six 5/2-way pneumatic 

solenoids was used to distribute up to five finger actuation pressures and a shared single 

jamming positive pressure. To actuate, a finger’s respective actuation line (valves 1-5) and 

shared jamming line (valve 6) were pressurized. To jam, the finger’s shared jamming line was 

vented and switched to the appropriate level of vacuum pressure for the intended differential 

pressure of the inner walls. A flow diagram of pressure control can be found in Figure 6. 

 This six-valve array allows for the independent actuation of each finger alongside a full 

finger set jamming state. The valve array is controlled directly from the electrical control box of 

the UR5 robotic arm to allow quick state changes of the respective finger functions. 

 

Figure 6: Pressure Control Flow Chart of Five Finger Assembly 
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3.4 Palm and Knuckle Platform Structure  

 In order to direct the pressure control system to an array of up to five fingers and 

interface with the end of a UR5 robotic arm as an end effector, a palm structure must first be 

designed. For a proposed example prototype of how a multi-fingered end effector may be used, a 

static palm to be 3D printed from PLA material was developed with a mounting plate at the wrist 

for the end mounting bracket of the UR5 arm. An array of ten tube insert holes (two for each 

finger) are positioned on the back side of the palm and internally routed to open holes at the 

knuckle positions of each finger. These pairs of airway holes match the design of the TPU gasket 

of the plug insert of each respective finger. Mounting screw holes are also positioned at the 

corners of each plug platform to ensure even pressure is applied to the TPU gasket to prevent 

leaking or mixing of air channels. A view of the back face and air tube array of the proposed 

model of the palm is shown below in Figure 7.  

 

Figure 7: Back View of Palm Model with Air Tube Array 
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 To simplify the assembly of the knuckle interfaces along the top region of the palm, a 

combined knuckle platform was developed as a joined combination of the previously discussed 

plug apparatus design where each finger assembly can be constructed on the individual four 

plugs. This combined assembly, shown attached to the top of the palm model in Figure 8, allows 

for the easy removal of both the thumb and top platforms for replacement and changes to the 

finger material without damaging or altering the palm structure.  

The thumb platform was positioned in front and beneath the first index plug to ensure the 

ability to pick and place objects with a natural joining of the index and thumb digits, much like a 

human hand may pinch an object. In this configuration, primary dexterous grasping occurs from 

the first digit and thumb while supporting force is provided by the remaining three digits of the 

top platform. 

 

Figure 8: Front View of Assembled Palm with Top and Thumb Platforms 
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SECTION IV: MANUFACTURING, TESTING, AND RESULTS 

4.1 Prototype Manufacturing Process (Single Finger)  

 To validate the effectiveness of differential jamming, a single finger unit was first 

manufactured for isolated testing. This process began with the molding of the main Dragonskin 

30A silicone sleeve. The designed PETG three-part mold was 3D printed and assembled using 

worm clamps as braces. Silicone was poured into the mold and underwent a three-cycle 

degassing treatment to remove any bubbles trapped in the thin two-millimeter walls. Any air 

trapped in the outer or dividing walls can cause bursts or uneven bending of the finger. The 

finger was then removed from the mold, shown in the mold in Figure 9 below, with the help of a 

spray releasing agent. 

 

Figure 9: Three-Part PETG Silicone Mold with Clamped Supports 
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 Following the molding of the finger, the plug insert was 3D printed from TPU and PETG 

using the multi-filament E3D Toolchanger printer, shown in Figure 10. Twelve stretched 

polyester layers were cut for each of the two laminar chambers to match the internal dimensions 

of the chamber. This layer number was chosen arbitrarily to match the thickness of the internal 

chamber with minimal initial friction on the layers from being overpacked. The number of layers 

must be kept consistent for accurate comparisons of jamming practices. Layers were bonded with 

drops of super glue in between the base of each layer. This allows for each layer to shift past one 

another during bending and stay fixed at the knuckle-end of the finger’s length. The full layer 

stack’s base was then super glued to the bracing shield at the top of each of the jamming 

chamber prongs of the top TPU plug section. This creates a firm attachment of the layers to the 

plug interface for the finger while still allowing room for the air channel to inflate or deflate the 

silicone chamber surrounding the layers. 

 

Figure 10: 3D Printed Plug Insert 
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 Once cured, the silicone sleeve can then be slid overtop of the plug, inserting each layer 

stack into its respective outer jamming chambers and leaving the central actuation chamber 

empty. Before fastening the cylindrical base with a worm clamp, a wrapped layer of electrical 

tape was used as a protective film to prevent cutting or tearing of the soft silicone against metal. 

Paracord fiber was then wrapped around the circumference of the finger in a coil pattern starting 

from the tip of the finger and ending at the base just above the worm clamp. Paracord was 

chosen over thinner fiber options due to its high strength and ability to prevent over-expansion 

and bursting of the silicone walls without cutting or digging into the material. Electrical tape was 

again used to fasten the end of the paracord and reinforce the silicone from bursting at the exit 

point of the plug insert, as this portion of silicone experiences the largest bending stress due to 

force at the tip of the finger under load and is most susceptible to tearing at high pressures. A 

step-by-step diagram of the assembly process is shown in Figure 11. 

 

Figure 11: Procedure Steps of Single Finger Assembly 
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For the case of individual finger testing, 6 mm outer diameter polyurethane tubing was 

glued to pressure control holes on the underside of the plug apparatus and fed into the first two 

valves of the six-valve solenoid array. The first valve was attached to the actuation line and 

second valve attached to the jamming line of the finger. Positive actuation pressure was 

controlled through a measurement dial on a wall pressure source and negative vacuum was 

controlled using a vacuum generator with an attached regulator valve and digital measurement 

device. The six-valve array used can be seen below in Figure 12. 

 

Figure 12: Six Valve 5-2 Way Solenoid Array with Attached Tubing 

4.2 Single Finger Actuation Range of Motion 

 The individually assembled finger was first tested for its range of motion and flexion in 

the unjammed state across the appropriate positive pressure range with no negative pressure 

contributions. Due to limitations of the silicone expansion and susceptibility to bursting at high 
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pressures, the maximum safe positive actuation pressure available was found to be 35 PSI with a 

limit of 40 PSI. This limitation allowed for a repeatable flexion of the finger without the 

introduction of any significant permanent deformation or wear of either the silicone sleeve or 

inextensible layer along the front face of the finger. 

 

Figure 13: Flexure Test Setup and Tracking Markers for Individual Finger 

 

Small squares of colored tape were attached as evenly spaced tracking markers along one 

side face of the finger’s length fastened vertically in a vice, shown in the experimental setup in 

Figure 13. Positive pressure was then applied to all three chambers in increments of 5 PSI for the 

full actuation range of 0-40 PSI. While no active jamming occurred for this demonstration, layers 

were still present in the two jamming chambers and may introduce some small residual stiffness 

due to light friction in the sheets. Markers were then processed for their coordinates relative to 

the base of the plug insert at each pressure measurement and plotted as a series of curves 

representing the curvature of the finger in the 2D plane. 
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Figure 14: 2D Flexure Plot Data for Positive Actuation of Single Finger 

 

 Seen in Figure 14, the finger initially has a small forward curvature at 0 PSI due to the 

pre-torsion applied to the silicone from the paracord wrap along the length of the finger. As 

actuation pressure is increased, the finger continues to flex forward until its final state of flexion 

approximately 75mm in front of the plug origin. Because the finger models an available motion 

only of the first two joints of a human finger starting from the tip (the distal interphalangeal and 

proximal interphalangeal joints) and not motion of the base joint (the carpometacarpal joint), this 

limited flexion in the first few markers analyzed is expected. It should be noted that, as actuation 

pressure is increased, the total length of the finger extends during its plotted curvature and is not 

constant between pressure values. 
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4.3 Single Finger Variable Stiffness Comparisons  

 To investigate the effects of differential jamming and the validity of combining positive 

and negative jamming practices, a three-part stiffness analysis can be conducted on the 

individual finger design. First, the full positive jamming range can be evaluated for stiffness 

increase from the zero pressure (no jamming) state. Second, the smaller negative jamming range 

can be similarly evaluated. Once independently recorded, a third case of combined positive and 

negative jamming techniques can be recorded for comparison to the equivalent combined 

positive and negative pressures of the respective differential pressure. 

 Positive jamming was first evaluated by holding the finger in a vice perpendicular to a 

digital force sensor with the inward face of the finger facing away. A paracord line can be 

fastened around both the tip of the finger and force sensor apparatus. The force sensor was then 

pulled away from the finger in increments of 1mm as the extended finger is flexed opposite the 

direction of flexion to simulate the opening of the finger due to a carried load. Load (N) was 

recorded for a deflection range of 0-15 mm for positive jamming pressure between 0-35 PSI (+) 

in increments of 5 PSI. Positive pressure was applied to only the actuation chamber with the two 

jamming cavities left open to the atmosphere. The hysteresis effect in the unloading process as 

the finger returns to the original deflection state was also recorded. Five separate trials were 

conducted at each pressure value and averaged for a final result. The results for zero pressure 

jamming for the same deflection range can be found in Appendix A and are used as an initial 

stiffness baseline for all trial sets. 
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Figure 15: Force-Deflection of Individual Finger Under Positive Jamming 

 

 Seen in Figure 15, the slope of the rising portion of the force-deflection curve 

(representing the linear stiffness of the finger) appears to increase in semi-regular intervals with 

each 5 PSI increase in positive jamming pressure. A somewhat significant change in this rate of 

stiffness increase occurs at 20 PSI, indicating a potential minimal threshold of effectiveness of 

positive jamming for the design. Each trial set displays a good measure of linearity in the rising 

stiffness with the largest deviation from linearity occurring during the first and last data points 

during each set. The largest presence of hysteresis effect occurred during the 0 PSI trial and 

decreased in effect as positive jamming pressure increases. A tabled index of positive jamming 

stiffness values for each trial set can be found in Table 1, and a comprehensive table of all data 

values for each trial set can be found in Appendix B. 
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Table 1: Linear Stiffness Values for Positive Layer Jamming 

 

Trial Set   1 2 3 4 5 6 7 8 

 

Pressure 

(PSI)   0.0000 5.0000 10.0000 15.0000 20.0000 25.0000 30.0000 35.0000 

 

Stiffness 

(N/mm)   0.0671 0.0934 0.1128 0.1235 0.1679 0.1833 0.1937 0.2150 

 

 Negative jamming was then recorded using the same procedure with an altered pressure 

range of 0-10 PSI (-). This shortened range was chosen due to the limitations of vacuum 

generation commercially available to the lab, which is only capable of practical vacuum 

pressures between 0-12.5 PSI (-). Vacuum was applied only to the jamming cavities with the 

actuation cavity left open to the atmosphere. 

 

Figure 16: Force-Deflection of Individual Finger Under Negative Jamming 



31 

 

Following the trends of the positive jamming trial sets, each interval increase in negative 

jamming pressure produced a consistent increase in stiffness. Compared to trial sets at 5 PSI and 

10 PSI positive jamming pressure, the negative trials shown in Figure 16 produced 9.61% and 

12.51% decrease in linear stiffness, respectively. Trial sets again show generally consistent 

linearity in stiffness during the 15 mm deflection with the 5 PSI trial set displaying the least 

linearity. Hysteresis effect was largest for the case of no jamming and decreases as jamming 

pressure increased. A full indexed table of negative jamming stiffness values for each trial set 

can be found in Table 2, and a comprehensive table of all data values for each trial set can be 

found in Appendix C. 

Table 2: Linear Stiffness Values for Negative Layer Jamming 

 

Trial Set   1 2 3 

 

Pressure (PSI)   0.0000 5.0000 10.0000 

Stiffness 

(N/mm)   0.0671 0.0844 0.0987 

 

To directly compare the effects of the combination of jamming techniques, the same 

procedure was conducted for differential pressures from 0-20 PSI in increments of 10 PSI. To 

achieve this, half of the pressure at each recorded pressure value was attributed to negative 

jamming and the other half to positive jamming. At 10 PSI differential, for example, the 

combined jamming consisted of 5 PSI (+) positive jamming and 5 PSI (-) negative jamming. 

Pressure from the positive wall source was split between the vacuum generator and pressure 

regulator lines, both adjusted to limit pressure to the same magnitude for each trial set.  
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Figure 17: Force-Deflection of Individual Finger Under Differential Jamming 

 

Displayed in Figure 17, differential pressure trial sets displayed a much more significant 

initial increase in stiffness compared to the unjammed 0 PSI trial set. It should be noted, 

however, that the increase in stiffness recorded for an absolute pressure change of 10 PSI to 20 

PSI for differential jamming was found to be 0.0262 
𝑁

𝑚𝑚
, 52.43% lower than the same absolute 

pressure increases for the individual positive jamming case. Data could not be compared to the 

same change in pressure for the negative jamming case due to a limitation on concurrent data 

ranges for higher pressures. A full indexed table of differential jamming stiffness values for each 

trial set can be found in Table 3, and a comprehensive table of all data values for each trial set 

can be found in Appendix D. 
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Table 3: Linear Stiffness Values for Differential Layer Jamming 

 

Trial Set   1 2 3 

 

Pressure (PSI)   0.0000 5.0000 10.0000 

 

Stiffness 

(N/mm)   0.0671 0.1578 0.1840 

 

 To isolate the stiffness change contributions of individual jamming practices compared to 

its equivalent differential jamming, a percent stiffness change, 𝛿𝜂, can be calculated. For 

resultant absolute pressure measurements to be equally compared, 𝑘𝑝𝑜𝑠 and 𝑘𝑛𝑒𝑔 represent the 

total stiffness of the finger at a pressure half of the total differential pressure while 𝑘𝑑𝑖𝑓𝑓 

represents the total stiffness of the finger at the total differential pressure. In the example 

previously stated, 𝑘𝑝𝑜𝑠 represents the stiffness at positive 5 PSI jamming, 𝑘𝑛𝑒𝑔 represents the 

stiffness at negative 5 PSI jamming, and 𝑘𝑑𝑖𝑓𝑓 represents the stiffness at a differential jamming 

pressure of 10 PSI. The stiffness of the finger with no pressure, 𝑘0, was consistent for all cases 

and can be subtracted from the absolute stiffness to isolate each variable’s individual 

contribution to a change in stiffness, 𝛿𝑘. All stiffness values are represented in 
𝑁

𝑚𝑚
 and all 

pressure values are considered at the relevant data values in PSI. 

𝛿𝑘𝑝𝑜𝑠 = 𝑘𝑝𝑜𝑠 − 𝑘0 

𝛿𝑘𝑛𝑒𝑔 = 𝑘𝑛𝑒𝑔 − 𝑘0 

𝛿𝑘𝑑𝑖𝑓𝑓 = 𝑘𝑑𝑖𝑓𝑓 − 𝑘0 

 

𝛿𝜂 =
𝛿𝑘𝑑𝑖𝑓𝑓 − (𝛿𝑘𝑝𝑜𝑠 + 𝛿𝑘𝑛𝑒𝑔)

𝛿𝑘𝑝𝑜𝑠 + 𝛿𝑘𝑛𝑒𝑔
× 100% 
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Figure 18: Stiffness Change Contributions of Individual and Differential Jamming 

 

 Seen in Figure 18, the stiffness change contribution of the differential case at 10 PSI and 

20 PSI is significantly larger compared to the contributions of the combined positive and 

negative individual cases (an increase of 𝛿𝑘 = 0.0474
𝑁

𝑚𝑚
 and 𝛿𝑘 =  0.0406

𝑁

𝑚𝑚
, respectively). 

The percent stiffness change for the 10 PSI and 20 PSI differential jamming comparisons were 

found to be an increase of 𝛿𝜂 = 110.63 % and 𝛿𝜂 = 54.34 %, respectively, indicating a decline 

in percent increase in stiffness contribution at the higher-pressure trial set. A full table of all 

stiffness change contributions of differential trial sets can be found in Table 4. 

Table 4: Stiffness Change Contributions of Various Jamming Practices 

Jamming Type   Positive Negative Differential 

Pressure (PSI)   5.0000 10.0000 5.0000 10.0000 10.0000 20.0000 

 

Stiffness Contribution 

(N/mm)   0.0263 0.0450 0.0165 0.0298 0.0902 0.1154 
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4.4 Prototype Manufacturing Process (Assembled Hand) 

 Following the validation of the stiffness effects of differential jamming in the single 

finger case, a prototype for the assembly of a five-fingered hand end effector was manufactured 

for use with a UR5 robotic arm. The palm model was 3D printed out of PLA and sanded along 

the top and thumb faces to ensure the TPU gasket is level. Threaded heat inserts were added to 

the screw pilot holes. Top and thumb plug platforms were then printed in the same manner as the 

individual plug used for finger testing and attached to the relevant faces of the palm, shown 

below in Figure 19.  

 

Figure 19: Printed Palm Model (Left) and Attached Plug Platforms (Right) 

 

 Polyurethane tubing was then glued to the input interface on the back side of the hand 

and fed to the relevant valve outputs of the six designated solenoid valves. Fingers were then 

assembled on respective plug platforms in the same manner described in Section 4.1. 
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SECTION IV: CONCLUSION 

5.1 Summary and Review of Results  

 The single finger stiffness under individual positive layer jamming increased from 

0.0671
N

mm
 at 0 PSI to 0.2150

N

mm
 at 35 PSI. Individual negative layer jamming stiffness 

increased from 0.0671
N

mm
 at 0 PSI to 0.0987

N

mm
 at 10 PSI. Differential jamming produced a 

stiffness contribution change increase of 110.63 % and 54.34 % at 10 PSI and 20 PSI, 

respectively, compared to linearly added contributions of positive and negative jamming. This 

indicates a significant advantage to the use of differential jamming opposed to individual uses of 

positive or negative layer jamming. This effect, however, shows trends of having a diminishing 

return on increase approaching higher differential pressures. The single finger validation was 

able to produce independent control of positive, negative, and differential jamming types in a 

small profile finger similar to the size of that of a human hand.  

5.2 Discussion of Limitations and Error 

 A variety of material-based limitations were met during the construction of both the 

finger and palm design. Silicone, by consequence of its elasticity and low hardness, is subject to 

bursting during positive pressures above certain thresholds. For the testing included in this 

research, positive pressure was therefore limited to 35 PSI. Furthermore, the silicone expansion 

was assumed to be linear and elastic with complete retention of properties after unloading. 

Silicone molds may break down after high cycles of use due to micro-tearing in the material 

walls. Additionally, a soft plug insert made of TPU was necessary to allow even circumferential 

clamping stress on the base of the silicone. This choice of soft plastic introduced bending 
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deformation in the base of the finger compared to the rest of the finger’s length, slightly 

diminishing the ability of the finger to utilize its jamming stiffness. 

 Equipment complications additionally limited the scope of the presented research. The 

vacuum generator available to the laboratory permits a highest practical vacuum of 12.5 PSI, 

limiting the scope of negative layer jamming data. By extension, this limits the scope of the 

available data for comparison with differential jamming trials. The quality of printed materials 

also introduced some variance in finger manufacturing in which certain plugs may have more 

stiffness due to offsets in printing layers and thicker plastic elements. 

5.3 Future Work 

 Future work for this research primarily includes the validation and control of the multi-

fingered hand model proposed. This will include a wide variety of practical demonstrations of 

pick and place tasks, a dataset of grip ability at a variety of jamming types, and a more 

streamlined method of changing the states of finger actuation to common grasps. A digital 

control of pressure states may also introduce a more robust grasping sequence directly integrated 

with a UR5 robotic arm.  

 An expansion of pressure values tested for each jamming case will also further clarify the 

trends of differential jamming compared to individual jamming practices. Widening the dataset 

for negative layer jamming to higher pressures would allow further comparison points for 

differential jamming stiffness contributions. 
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APPENDIX A – Zero Pressure Baseline Trial Set Force-Deflection Data 

 

  0 PSI 

  Force (N) 

Deflection 

(mm)  1 2 3 4 5 

0.000  0.020 0.020 0.020 0.020 0.020 

1.000  0.100 0.060 0.040 0.040 0.040 

2.000  0.200 0.140 0.120 0.100 0.120 

3.000  0.280 0.220 0.200 0.160 0.160 

4.000  0.380 0.280 0.260 0.240 0.240 

5.000  0.460 0.360 0.320 0.320 0.320 

6.000  0.520 0.420 0.400 0.360 0.340 

7.000  0.600 0.480 0.480 0.440 0.440 

8.000  0.640 0.560 0.520 0.520 0.460 

9.000  0.720 0.620 0.600 0.580 0.560 

10.000  0.760 0.700 0.680 0.660 0.620 

11.000  0.820 0.800 0.700 0.680 0.700 

12.000  0.880 0.800 0.820 0.800 0.760 

13.000  0.960 0.940 0.860 0.840 0.840 

14.000  1.000 1.000 0.940 0.940 0.940 

15.000  1.080 1.060 1.040 1.020 0.980 

14.000  0.840 0.640 0.760 0.740 0.720 

13.000  0.640 0.480 0.580 0.560 0.520 

12.000  0.500 0.380 0.420 0.420 0.380 

11.000  0.380 0.240 0.320 0.320 0.280 

10.000  0.260 0.160 0.200 0.200 0.180 
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9.000  0.180 0.100 0.140 0.120 0.100 

8.000  0.120 0.040 0.060 0.060 0.020 

7.000  0.060 0.000 0.020 0.000 0.000 

6.000  0.020 0.000 0.000 0.000 0.000 

5.000  0.000 0.000 0.000 0.000 0.000 

4.000  0.000 0.000 0.000 0.000 0.000 

3.000  0.000 0.000 0.000 0.000 0.000 

2.000  0.000 0.000 0.000 0.000 0.000 

1.000  0.000 0.000 0.000 0.000 0.000 

0.000  0.000 0.000 0.000 0.000 0.000 
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APPENDIX B - Positive Layer Jamming Trial Set Force-Deflection Data 

 

  5 PSI (P)  10 PSI (P) 

  Force (N)  Force (N) 

Deflection 

(mm)  1 2 3 4 5  1 2 3 4 5 

0.000  0.000 0.000 0.020 0.020 0.020  0.020 0.020 0.040 0.000 0.040 

1.000  0.120 0.160 0.120 0.200 0.160  0.100 0.140 0.200 0.140 0.180 

2.000  0.200 0.260 0.240 0.340 0.240  0.180 0.220 0.340 0.260 0.280 

3.000  0.260 0.400 0.320 0.440 0.360  0.260 0.280 0.460 0.340 0.380 

4.000  0.340 0.460 0.340 0.560 0.400  0.340 0.400 0.580 0.480 0.480 

5.000  0.420 0.600 0.520 0.680 0.480  0.420 0.500 0.700 0.600 0.580 

6.000  0.520 0.700 0.600 0.800 0.600  0.500 0.600 0.820 0.700 0.680 

7.000  0.620 0.700 0.720 0.880 0.520  0.600 0.720 0.940 0.820 0.800 

8.000  0.720 0.880 0.700 1.040 0.700  0.720 0.820 1.000 0.860 0.940 

9.000  0.820 1.000 0.860 0.900 0.820  0.820 0.940 1.140 0.980 1.080 

10.000  0.920 0.940 1.000 1.120 0.720  0.920 1.060 1.260 1.120 1.200 

11.000  1.020 1.140 0.960 1.200 0.940  1.020 1.100 1.420 1.240 1.340 

12.000  1.120 1.260 1.140 1.260 1.040  1.140 1.220 1.420 1.360 1.500 

13.000  1.220 1.320 1.260 1.300 1.080  1.260 1.360 1.580 1.500 1.620 

14.000  1.260 1.420 1.380 1.440 1.200  1.380 1.500 1.720 1.520 1.800 

15.000  1.360 1.520 1.400 1.560 1.280  1.520 1.620 1.840 1.680 1.940 

14.000  1.060 1.240 1.100 1.240 0.820  1.100 1.280 1.480 1.300 1.540 

13.000  0.840 0.980 0.860 0.980 0.600  0.840 1.000 1.220 1.000 1.260 

12.000  0.640 0.800 0.660 0.760 0.420  0.620 0.760 0.960 0.780 1.020 

11.000  0.460 0.600 0.480 0.580 0.280  0.420 0.560 0.740 0.560 0.800 

10.000  0.300 0.420 0.320 0.420 0.100  0.280 0.380 0.540 0.400 0.600 
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9.000  0.160 0.280 0.200 0.240 0.020  0.160 0.220 0.360 0.260 0.420 

8.000  0.080 0.160 0.080 0.120 0.040  0.080 0.140 0.240 0.160 0.280 

7.000  0.020 0.080 0.020 0.060 0.000  0.060 0.080 0.140 0.080 0.180 

6.000  0.000 0.020 0.000 0.020 0.000  0.000 0.040 0.080 0.040 0.100 

5.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.040 0.020 0.060 

4.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.040 

3.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 

2.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 

1.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 

0.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 

 

  15 PSI (P)  20 PSI (P) 

  Force (N)  Force (N) 

Deflection 

(mm)  1 2 3 4 5  1 2 3 4 5 

0.000  0.040 0.040 0.040 0.040 0.040  0.040 0.040 0.040 0.040 0.040 

1.000  0.200 0.240 0.220 0.180 0.160  0.220 0.240 0.240 0.200 0.260 

2.000  0.300 0.360 0.320 0.280 0.280  0.360 0.360 0.380 0.320 0.420 

3.000  0.420 0.460 0.460 0.400 0.380  0.480 0.540 0.540 0.460 0.580 

4.000  0.520 0.580 0.560 0.480 0.480  0.600 0.700 0.680 0.580 0.740 

5.000  0.620 0.680 0.680 0.600 0.580  0.740 0.860 0.860 0.740 0.920 

6.000  0.740 0.800 0.800 0.740 0.700  0.900 1.040 1.000 0.880 1.080 

7.000  0.840 0.940 0.920 0.840 0.820  1.040 1.240 1.160 1.040 1.260 

8.000  0.960 1.040 1.020 0.960 0.900  1.180 1.400 1.340 1.160 1.440 

9.000  1.100 1.180 1.140 1.100 1.020  1.320 1.600 1.500 1.360 1.600 

10.000  1.220 1.300 1.260 1.220 1.180  1.500 1.780 1.660 1.560 1.780 

11.000  1.360 1.440 1.420 1.360 1.300  1.640 2.000 1.820 1.740 1.920 

12.000  1.480 1.500 1.560 1.500 1.440  1.740 2.180 1.980 1.880 2.080 
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13.000  1.640 1.660 1.680 1.580 1.600  1.960 2.320 2.180 2.080 2.340 

14.000  1.760 1.780 1.720 1.740 1.560  2.120 2.540 2.340 2.260 2.540 

15.000  1.900 1.960 1.920 1.880 1.760  2.300 2.760 2.520 2.440 2.740 

14.000  1.500 1.600 1.280 1.500 1.360  1.880 2.300 2.100 1.780 2.300 

13.000  1.220 1.320 1.060 1.220 1.080  1.560 1.980 1.780 1.500 1.960 

12.000  0.960 1.040 0.820 0.980 0.820  1.280 1.680 1.480 1.240 1.660 

11.000  0.760 0.840 0.620 0.740 0.620  1.040 1.400 1.220 1.000 1.380 

10.000  0.560 0.620 0.440 0.540 0.440  0.800 1.180 0.980 0.780 1.100 

9.000  0.400 0.460 0.320 0.380 0.280  0.580 0.900 0.740 0.560 0.880 

8.000  0.260 0.320 0.220 0.260 0.180  0.420 0.700 0.520 0.400 0.640 

7.000  0.180 0.200 0.140 0.160 0.140  0.280 0.500 0.360 0.260 0.460 

6.000  0.120 0.140 0.100 0.120 0.080  0.200 0.400 0.240 0.180 0.320 

5.000  0.080 0.080 0.060 0.080 0.060  0.140 0.240 0.160 0.120 0.200 

4.000  0.020 0.060 0.040 0.040 0.040  0.100 0.160 0.100 0.080 0.160 

3.000  0.000 0.020 0.000 0.020 0.020  0.060 0.100 0.060 0.040 0.080 

2.000  0.000 0.000 0.000 0.000 0.000  0.040 0.080 0.040 0.020 0.040 

1.000  0.000 0.000 0.000 0.000 0.000  0.020 0.040 0.020 0.000 0.020 

0.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 

 

  25 PSI (P)  30 PSI (P) 

  Force (N)  Force (N) 

Deflection 

(mm)  1 2 3 4 5  1 2 3 4 5 

0.000  0.040 0.040 0.040 0.040 0.040  0.040 0.040 0.040 0.040 0.040 

1.000  0.240 0.240 0.240 0.280 0.280  0.280 0.280 0.280 0.280 0.280 

2.000  0.360 0.380 0.340 0.460 0.440  0.460 0.440 0.460 0.460 0.460 

3.000  0.480 0.520 0.480 0.620 0.600  0.600 0.600 0.640 0.600 0.620 

4.000  0.600 0.660 0.620 0.800 0.760  0.760 0.720 0.800 0.780 0.820 



44 

 

5.000  0.740 0.820 0.800 0.980 0.940  0.920 0.900 0.980 0.960 0.980 

6.000  0.900 0.980 0.940 1.160 1.120  1.100 1.100 1.180 1.140 1.180 

7.000  1.040 1.200 1.100 1.360 1.300  1.300 1.240 1.380 1.300 1.380 

8.000  1.200 1.340 1.280 1.580 1.520  1.440 1.440 1.560 1.500 1.600 

9.000  1.340 1.540 1.460 1.780 1.740  1.640 1.660 1.780 1.700 1.780 

10.000  1.500 1.720 1.660 1.980 1.940  1.800 1.800 1.960 1.900 1.980 

11.000  1.680 1.920 1.860 2.200 2.200  2.000 2.020 2.160 2.160 2.200 

12.000  1.900 2.120 2.060 2.380 2.360  2.240 2.200 2.380 2.320 2.400 

13.000  2.060 2.360 2.280 2.600 2.580  2.400 2.440 2.600 2.520 2.600 

14.000  2.240 2.540 2.500 2.820 2.800  2.620 2.640 2.820 2.720 2.840 

15.000  2.400 2.740 2.700 3.040 3.040  2.800 2.840 3.040 2.960 3.060 

14.000  1.960 2.260 2.140 2.560 2.540  2.320 2.360 2.620 2.520 2.300 

13.000  1.580 1.860 1.760 2.180 2.200  1.960 2.000 2.280 2.160 2.000 

12.000  1.220 1.540 1.480 1.860 1.840  1.660 1.700 1.880 1.800 1.720 

11.000  0.980 1.240 1.180 1.520 1.520  1.360 1.420 1.660 1.580 1.360 

10.000  0.700 0.980 0.880 1.220 1.240  1.060 1.120 1.380 1.300 1.100 

9.000  0.460 0.720 0.640 0.940 0.960  0.840 0.900 1.100 1.020 0.860 

8.000  0.320 0.500 0.440 0.700 0.720  0.560 0.660 0.840 0.780 0.640 

7.000  0.240 0.360 0.280 0.480 0.480  0.400 0.480 0.620 0.560 0.440 

6.000  0.160 0.220 0.200 0.340 0.340  0.260 0.300 0.400 0.360 0.300 

5.000  0.120 0.160 0.120 0.220 0.220  0.180 0.180 0.260 0.220 0.200 

4.000  0.080 0.100 0.080 0.140 0.200  0.120 0.120 0.160 0.140 0.120 

3.000  0.040 0.060 0.060 0.080 0.080  0.080 0.080 0.120 0.080 0.080 

2.000  0.020 0.040 0.020 0.060 0.040  0.040 0.040 0.060 0.040 0.040 

1.000  0.000 0.020 0.000 0.020 0.020  0.020 0.020 0.020 0.020 0.020 

0.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.020 0.000 0.000 
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  35 PSI (P) 

  Force (N) 

Deflection 

(mm)  1 2 3 4 5 

0.000  0.040 0.040 0.040 0.040 0.040 

1.000  0.320 0.340 0.320 0.300 0.280 

2.000  0.480 0.540 0.520 0.480 0.480 

3.000  0.640 0.720 0.700 0.660 0.680 

4.000  0.780 0.900 0.900 0.860 0.880 

5.000  0.960 1.080 1.100 1.080 1.100 

6.000  1.120 1.320 1.300 1.260 1.340 

7.000  1.320 1.500 1.520 1.500 1.560 

8.000  1.460 1.700 1.760 1.740 1.800 

9.000  1.640 1.900 1.980 1.980 2.040 

10.000  1.880 2.100 2.200 2.200 2.280 

11.000  2.080 2.300 2.420 2.460 2.520 

12.000  2.280 2.520 2.640 2.720 2.720 

13.000  2.480 2.740 2.880 2.920 3.020 

14.000  2.700 3.000 3.100 3.160 3.300 

15.000  2.900 3.180 3.340 3.400 3.480 

14.000  2.400 2.700 2.840 2.900 3.000 

13.000  2.040 2.360 2.500 2.520 2.660 

12.000  1.640 1.980 2.160 2.220 2.320 

11.000  1.360 1.700 1.860 1.920 1.960 

10.000  1.120 1.380 1.520 1.600 1.700 

9.000  0.840 1.120 1.240 1.300 1.360 

8.000  0.600 0.840 0.960 1.040 1.140 

7.000  0.400 0.600 0.700 0.780 0.880 
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6.000  0.260 0.420 0.520 0.560 0.640 

5.000  0.180 0.280 0.300 0.340 0.400 

4.000  0.120 0.160 0.200 0.200 0.240 

3.000  0.080 0.100 0.120 0.120 0.140 

2.000  0.040 0.060 0.060 0.060 0.080 

1.000  0.020 0.020 0.020 0.020 0.020 

0.000  0.000 0.000 0.000 0.000 0.000 
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APPENDIX C - Negative Layer Jamming Trial Set Force-Deflection Data 

 

  
5 PSI (N)  10 PSI (N) 

  Force (N)  Force (N) 

Deflection 

(mm)  1 2 3 4 5  1 2 3 4 5 

0.000  0.020 0.020 0.020 0.020 0.040  0.040 0.040 0.040 0.040 0.040 

1.000  0.140 0.140 0.120 0.120 0.140  0.180 0.140 0.160 0.160 0.140 

2.000  0.240 0.220 0.220 0.200 0.240  0.240 0.220 0.260 0.240 0.200 

3.000  0.300 0.300 0.300 0.260 0.300  0.300 0.300 0.320 0.340 0.300 

4.000  0.420 0.360 0.400 0.340 0.380  0.360 0.380 0.420 0.440 0.400 

5.000  0.480 0.440 0.450 0.420 0.460  0.440 0.460 0.500 0.520 0.520 

6.000  0.560 0.520 0.500 0.480 0.540  0.520 0.560 0.600 0.620 0.640 

7.000  0.640 0.600 0.600 0.560 0.620  0.600 0.640 0.720 0.740 0.720 

8.000  0.720 0.680 0.700 0.640 0.700  0.700 0.760 0.800 0.860 0.840 

9.000  0.820 0.780 0.780 0.720 0.800  0.760 0.860 0.920 0.960 0.960 

10.000  0.900 0.860 0.940 0.800 0.880  0.840 0.940 1.020 1.060 1.060 

11.000  0.980 0.960 1.040 0.900 0.960  0.980 1.060 1.140 1.180 1.180 

12.000  1.060 1.020 1.080 0.980 1.040  1.060 1.160 1.240 1.280 1.300 

13.000  1.140 1.100 1.160 1.060 1.140  1.140 1.200 1.340 1.400 1.400 

14.000  1.240 1.200 1.280 1.140 1.200  1.220 1.360 1.440 1.500 1.520 

15.000  1.300 1.280 1.320 1.220 1.320  1.320 1.440 1.560 1.580 1.620 

14.000  1.020 0.940 1.080 0.940 1.020  1.020 1.160 1.260 1.320 1.320 

13.000  0.780 0.740 0.860 0.740 0.820  0.820 0.940 1.020 1.080 1.120 

12.000  0.600 0.520 0.660 0.580 0.660  0.640 0.740 0.860 0.900 0.920 

11.000  0.440 0.400 0.520 0.440 0.520  0.480 0.600 0.680 0.740 0.760 

10.000  0.320 0.280 0.380 0.320 0.380  0.360 0.440 0.540 0.600 0.600 

9.000  0.220 0.200 0.260 0.200 0.280  0.260 0.360 0.440 0.480 0.480 
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8.000  0.160 0.120 0.180 0.140 0.180  0.200 0.260 0.320 0.360 0.360 

7.000  0.100 0.080 0.120 0.100 0.140  0.140 0.200 0.220 0.260 0.280 

6.000  0.060 0.060 0.080 0.060 0.080  0.100 0.140 0.160 0.200 0.200 

5.000  0.040 0.040 0.060 0.040 0.060  0.080 0.100 0.140 0.140 0.140 

4.000  0.020 0.020 0.040 0.020 0.040  0.040 0.080 0.080 0.100 0.100 

3.000  0.000 0.000 0.020 0.000 0.020  0.020 0.040 0.060 0.080 0.080 

2.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.040 0.040 0.040 

1.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 

0.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 
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APPENDIX D – Differential Layer Jamming Trial Set Force-Deflection Data 

 

  10 PSI (D)  20 PSI (D) 

  Force (N)  Force (N) 

Deflection 

(mm)  1 2 3 4 5  1 2 3 4 5 

0.000  0.040 0.040 0.020 0.000 0.000  0.040 0.040 0.040 0.040 0.040 

1.000  0.180 0.220 0.200 0.200 0.200  0.280 0.280 0.280 0.280 0.280 

2.000  0.320 0.360 0.340 0.320 0.320  0.460 0.440 0.460 0.460 0.460 

3.000  0.420 0.480 0.480 0.460 0.480  0.600 0.600 0.640 0.600 0.620 

4.000  0.560 0.620 0.620 0.620 0.620  0.760 0.720 0.800 0.780 0.820 

5.000  0.700 0.780 0.780 0.780 0.780  0.920 0.900 0.980 0.960 0.980 

6.000  0.840 0.940 0.940 0.960 0.960  1.100 1.100 1.180 1.140 1.180 

7.000  0.980 1.080 1.100 1.100 1.120  1.300 1.240 1.380 1.300 1.380 

8.000  1.080 1.260 1.280 1.280 1.320  1.440 1.440 1.560 1.500 1.600 

9.000  1.260 1.420 1.440 1.460 1.480  1.640 1.660 1.780 1.700 1.780 

10.000  1.360 1.620 1.620 1.640 1.660  1.800 1.800 1.960 1.900 1.980 

11.000  1.520 1.780 1.780 1.820 1.840  2.000 2.020 2.160 2.160 2.200 

12.000  1.640 1.920 1.960 1.980 2.020  2.240 2.200 2.380 2.320 2.400 

13.000  1.760 2.100 2.140 2.160 2.240  2.400 2.440 2.600 2.520 2.600 

14.000  1.920 2.260 2.320 2.320 2.400  2.620 2.640 2.820 2.720 2.840 

15.000  2.060 2.360 2.480 2.540 2.540  2.800 2.840 3.040 2.960 3.060 

14.000  1.680 1.960 2.080 2.100 2.200  2.320 2.360 2.620 2.520 2.300 

13.000  1.380 1.680 1.820 1.800 1.860  1.960 2.000 2.280 2.160 2.000 

12.000  1.100 1.400 1.520 1.560 1.620  1.660 1.700 1.880 1.800 1.720 

11.000  0.900 1.180 1.280 1.320 1.360  1.360 1.420 1.660 1.580 1.360 

10.000  0.680 0.960 1.060 1.100 1.140  1.060 1.120 1.380 1.300 1.100 
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9.000  0.500 0.760 0.860 0.860 0.940  0.840 0.900 1.100 1.020 0.860 

8.000  0.320 0.540 0.660 0.680 0.740  0.560 0.660 0.840 0.780 0.640 

7.000  0.220 0.380 0.480 0.500 0.560  0.400 0.480 0.620 0.560 0.440 

6.000  0.140 0.280 0.360 0.340 0.360  0.260 0.300 0.400 0.360 0.300 

5.000  0.080 0.160 0.220 0.240 0.260  0.180 0.180 0.260 0.220 0.200 

4.000  0.040 0.100 0.140 0.140 0.160  0.120 0.120 0.160 0.140 0.120 

3.000  0.020 0.060 0.080 0.100 0.100  0.080 0.080 0.120 0.080 0.080 

2.000  0.000 0.040 0.040 0.040 0.060  0.040 0.040 0.060 0.040 0.040 

1.000  0.000 0.000 0.000 0.020 0.020  0.020 0.020 0.020 0.020 0.020 

0.000  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.020 0.000 0.000 



 


