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ABSTRACT

The intent of this thesis it to find a correlation between the stiffness of granular jammed particles
and the pressure of the vacuum initiating the jamming force. Currently, granular jamming is
being used to create palpation simulators for physicians to practice feeling the variety of
stiffnesses of organs when healthy or ill. Because granular jamming allows for variable stiffness
of any shape, it is an apt phenomenon to simulate the change of rigidity organs like the liver
undergoes when diseased. For physicians to correctly identify how stiff the organ must be when
using these palpation simulators, there needs to be a way to know how much pressure must be
applied to correctly simulate the stiffness of the organ for each specific scenario. This thesis will
discuss how pressure affects stiffness by using a three-point bending test. To perform this test, a
tubular balloon filled with coffee granules was used to represent the beam. An impact force as
well as a hanging force was used to displace the beam. The displacement of the beam is adequate
to find the Young’s Modulus or stiffness of the beam of granules at different negative pressures
provided by the vacuum. It was found that there is a correlation between stiffness and pressure of
a granular jammed system. This will allow for future physicians to accurately and consistently

use model organs to practice palpation techniques.
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INTRODUCTION

Background

In the early 2000s researchers discovered that the jamming of granular materials could serve as a
reversible phase transition between a fluid like state to a solid like state and vice versa. Early
forms of granular jamming were tested by moving a large object like a sphere or cylinder
through a closed container of granular materials or by using a torsional oscillator emersed in a
granular medium [1], [2]. For the next several years much knowledge was gained in terms of the
ideal shape and conditions the grains should be in for optimal jamming behavior. However, it
was not until around 2015 when granular jamming was beginning to be used in soft robotics. The
basics of granular jamming in soft robotics include a vacuum pump connected to a rubber
membrane filled with granules. When the vacuum pump is activated, the air will exit out of the
membrane and the coffee granules will become tightly connected to each other, thus capable of

holding items in place or keeping a certain shape.

Soft Robotics and Medical Devices

Grippers

Granular Jamming in soft robotics has tremendous upside because of its innate ability to achieve
variable stiffness in a rapid and safe manner. However, in some robotic applications there is a
need for a large supporting force with various changes in direction. The article by Park et al.
showed a jamming structure that combined the granular jamming idea with a line of chain

jamming chambers to allow for an increase in overall average stiffness and various changes in
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direction throughout the chain structure. This multilink hybrid jamming structure was tested and
proved to assist in upper body limbs and robotic arms [56]. This idea was also popularized by
another group because they found that using this chain structure, we can achieve a long range of
stiffness instantaneously, just like human limbs. Because the chain structure splits up the
granules that are being jammed, it is not possible to create even longer arms that still can be
jammed at the same stiffness [88]. Researchers have combined this idea of using jamming to
create arms with soft robotic grippers. By using the jamming idea, it is possible to pick up
objects by jamming granules around it, move the object elsewhere with a robotic arm, and place
the object back down by decompressing the granules. A team was able to create such a device
and compare it with a human’s ability to perform daily tasks. They also compared the device
with the speed of humans doing the same task [43]. Another group of researchers saw immense
potential in granular jamming grippers. They saw how granular jamming takes form of whatever
object it is encasing and believes that it can perform highly in picking up odd-shaped objects.
They use a “one shot” technique where the gripper encases the object when unjammed and picks
up the object when jammed. They also focused on improving the production of the device so that

the entire gripper, including the membrane and grains were created by 3D printing [61].

Minimally Invasive Surgery Devices

Recently, minimally invasive surgery (MIS) has become popular among surgeons. However, this
type of surgery requires a lot of skill and has many technical limitations [82]. This is because
MIS uses tools that limit dexterity. Thus, some people have used soft robotics to solve this

problem because of its safe interactions with the human body. More specifically, granular



jamming has become the soft robotic solution to this problem. This way they can use granular
jamming to stiffen the mechanism when they need to while also using soft material to ensure
safety [67], [78]. This concept has become increasingly successful in laparoscopic partial
nephrectomy for renal tumors. Previously, the laparoscopic approach for this procedure required
tools with high degrees of freedom and low adjustability. However, with these granular jamming
MIS devices, the laparoscopic tools can now be reconfigured and jammed to the correct position

for long periods of time [68].

Other Medical Devices

An idea has been proposed to improve 3D printing and its stability when printing with liquid.
This fluid instability limits the ability for 3D printed objects to hold their shape. Using granular
jammed microgels as a medium for printing, it is possible to improve stability even before the
printed liquid has solidified [53]. In working with hydrogels, research finds that they seem to
mimic biological tissue but lack brittle properties and have poor gelation. However, by jamming

the microgels they exhibit shear-thinning and are capable of bridging muscle defects [62], [81].

An interesting interpretation of the benefits of granular jamming lies in the ability to create
shapes unique to everyone. This is particularly advantageous in medical devices where the
patient must wear a device for long periods of time. For example, orthotic insoles have

predetermined unchangeable shapes and properties. With granular jamming, there are now

insoles being created so that clinicians can change the stiffness of the orthotic as well as the size



and shape based on the patient [75]. Another concept comes from transnasal skull base surgery
where the patient’s head must be fixated to maximize accuracy and minimize error. Using
granular jamming, a fiducial marker cap has been created for the patient to wear and then
granular jam the cap to the head. The fiducial markers on the cap will allow for the surgeon to
mark where the patient’s head is supposed to be. It can be used and fit everyone perfectly

because of granular jamming’s ability to take the shape of anything it encases [72].

Controllable Organs

In the medical field, whether it be those in training or experts, tactile hands-on training is
important. However, the equipment currently being used is expensive and lacks variability. To
combat this, granular jammed controllable organs are being created to simulate different
scenarios where medical palpation is necessary and requires haptic training. One party has
constructed a granular jamming surface to mimic the abdominal region. They simply tested
whether people could tell the difference between different shapes in the “haptic surface” created
by granular jamming. They were able to form shapes that could be present in human bodies like
hard and soft lumps as well as unnatural shapes like rings. This team has also implemented
“ferro granular” jamming by combining magnetic paint with the granules to allow for more
control and precision of the grains [6]. More specifically, there has been research done to create a
palpation device capable of imitating the stiffness of tumors as well as size and shape. It has been
noted by physicians that there is a need for physical contact with the patient to diagnose tumors.
To train for this, a granular jamming palpation device has been created to simulate this process.

The device includes a nodule that can vary stiffness while maintaining the same shape to mimic



different types of tumors [46]. Like this idea, another research team noticed that there is no entire
controllable organ with tumor simulation. This team created a soft robotic controllable liver that
can simulate different diseases and symptoms for training all modeled by granular jamming.
With granular jamming they were able to simulate inflammation, tumor size, liver stiffness, and
liver size. They used rubber balloons and coffee grains to mimic the “craggy” surface of liver
tumors. In addition, a specific sample of silicone and softener was created for the liver to match
the material stiffness to human liver tissue. This intriguing design was sent to the UK to test at
hospitals [86]. Lastly, there has been training done by physicians to regulate palpation forces
during a patient’s “guarding phase”. This phase is when the patient is experiencing discomfort
and surface muscles react by contracting. The challenge for physicians is to elicit just enough
surface tension without the patient initiating their guarding phase. A group of researchers
decided to create a granular jamming palpation simulator with a haptic mouse to help with
training. With the haptic mouse, they were able to give feedback on a screen about whether the
virtual “patient” was feeling pain. They also combined granular jamming with multiple different
layers of glass beads, polystyrene beads, latex layers, and mylar layers to mimic skin and fat

layers in the body [90].

Current Status of Granular Jamming

Today, granular jamming is still a relatively new technique and discovery. Thus, the research
being done is still varied and minimal. The most popular use of granular jamming is still in soft

robotics. Many people have taken a liking to the reversibility between solid and fluid properties
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that jammed grains can demonstrate. This has resulted in the creation of granular jammed
grippers that can lift oddly shaped items of varying weights that previous robots have had trouble

with [61].

Another group of researchers have used this idea and applied it to the medical field. A popular
application comes from minimally invasive surgeries (MIS) where the need for a reversible but
stable way to hold biological and surgical materials together without hurting the patient has been

resolved by granular jamming.

There has also been a large portion of research that has been dedicated to understanding the
physics and dynamics behind granular jamming. Before its conception, granular jamming had
never been questioned in terms of how and why these grains jam this way and how we can
predict the behavior and structure of these jammed grains. Naturally, a way to explain the
physics behind jamming was to compare it with different phenomena in science like protein
folding and more [71]. The information that was found on granular jamming also created the
need to improve and innovate on the topic. Current research is being done on improved methods
to granular jamming that expand on the idea. For example, fiber jamming, and twisted rubber

jamming have been proposed as an improvement to granular jamming [87], [89].



Statement of Problem

The effect granular jamming has had on soft robotics has been the greatest and most tangible. In
particular, the medical field has had improvements in minimally invasive surgery, robotic arm
devices, and palpation simulators. For minimally invasive surgery, there is no longer a need for
multiple assistants to hold instruments in place because of the increase in stability that granular
jamming devices provide. In hospitals, granular jammed arms have provided upper body limb
assistance and were even capable of performing human tasks with a gripper attached to the end
of the arm. However, palpation simulators need improvements. Palpation simulators can teach
current and future physicians what certain tactile changes around the body would feel like
because of the variability in stiffness that granular jamming can provide. These palpation
simulators can affect the future of physicians and haptic training. Yet, these palpation simulators
have yet to be used by doctors because they do not know how to properly measure the stiffness
of each organ or tumor when using the palpation simulators. If there was a way to know how to
jam the simulator to match the desired stiffness consistently, then the simulators would have a
concrete method for training. In addition, we also need to know if the granular jamming

palpation simulators can reach the stiffnesses of organs when healthy and diseased.



Scope of the Study

While investigating the correlation between pressure and stiffness of granular jammed systems
we included an impact test. Whilst the common practice of palpation testing in the medical field
involves rubbing motion rather than a tapping motion which the impact test more closely
resembles. However, this test was done solely to test the stiffness through a three-point bending
test. Also, as a result, the granular jammed system shape used was a beam rather than organ-
shaped because of the requirements for a three-point bending test. In addition, the scope of the
study is limited to 10kPa maximum because of the instruments used. Finally, for this experiment
granular jamming is defined to use irregular particles for the granular media. Further research

may be done to test the effects of using every type of granular media.



IMPACT THREE-POINT BENDING TEST

Introduction

Finding the stiffness of granular jammed systems can be complex because of the different shapes
and sizes these systems are made to be. Thus, a uniform shape must be used to have consistent
data. If the shape of the system is a beam, it is possible to perform a three-point bending test to
find the stiffness of the granular jammed beam. In a three-point bending test, a beam of any
material is placed on two pins a certain distance away from each other. A force is then applied to
the center of the beam causing the beam to bend. Once the force is finished, it is possible to
measure the displacement of the beam from its original position before the force was applied.
This displacement can then be applied to the flexural stiffness equation. Flexural Stiffness
measures the maximum amount of stress the material experiences. From the flexural stiffness we
can finally find the Young’s Modulus or also known as the Elastic Modulus which shows us the
stiffness of the material. Performing this test for a granular jammed beam at different pressures
will give us the stiffness at each different pressure. In this “Impact Three-Point Bending Test”, a
weight was dropped from a certain height and its impact with the beam was used as the force.
We then measured the displacement caused by the falling weight and put it into the flexural
stiffness equation and later manipulated this equation to find the Young’s Modulus. The flexural
stiffness equation is as follows [91]:

FbLs3
ad

Eyl = (1)



Where E, I is the flexural stiffness in Nmm?, Fj, is the bending force in N, L, is the length
between supports in mm?, a is a constant equal to 48 for three-point bending, and § is the

displacement in mm.
Manipulating this we can find the Young’s Modulus as shown below:

o FyLs®
b= asl

(2)

Where I is the second moment of area in mm?*, and E, is the Young’s Modulus found from the

bending in also known as MPa.

mm?’

To find the second moment of area I, we use the following equation:

|=— 3)

Where 7 is the radius of the weight face in mm.

Methods and Materials

With the equations set, performing the experiment requires the granular jamming mechanism. To
create the jamming mechanism an 18-centimeter-long uninflated balloon was used to hold the
coffee granules. The balloon holds 11.5mL of coffee granules but only was filled to 10mL. The
type of coffee was Nescafe Instant Coffee because the granule size and shape were conducive for
jamming. The coffee filled balloon was then attached and sealed to a tube connected to a S00mL
syringe acting as the vacuum. When the syringe is pulled, it takes the air out of the balloon and

jams the coffee granules together. An air filter was placed in between the balloon and tube so
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that the coffee grains stayed inside. Finally, a third tube was attached to the mechanism by a
three-way stopcock to connect an electronic TEKCLOPLUS Air Pressure Manometer. This is
needed to know the pressure inside the balloon after the air has been taken out. We used this
mechanism to jam the coffee granules at a certain pressure shown by the electronic manometer.

The jamming mechanism is shown below:

Digita
Figure 1: The jamming mechanism g ital manometer, syringe, tube balloon, and stopcock.
Manometer

Next, to create the three-point bending test we placed two 4.5cm Styrofoam boxes 10cm away

from each other. On the edge of each Styrofoam box, a wooden cylinder was superglued down to
act as the supports of the bending. The coffee filled balloon was centered and placed onto the
supports. Another support was placed 10cm above the wooden cylinders so that the weight can
be dropped from 10cm consistently. The weight was a metal cylinder with a mass of 103.87g, a

radius of 12.59mm and a length of Scm. A string was attached to the weight so that a drop of

11



10cm would hit the balloon each time. About 2000g of weights were also placed onto the boxes
to prevent them from moving at all during testing. Lastly, a laptop with Microsoft Excel was

present to record the data of each test. A diagram of the assembled mechanism and weight is

shown below:

Figure 2: The entire assembled mechanism including the jamming mechanism with the supports and

measuring ruler added.
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Figure 3: The impact weight measuring as 10cm long including the string, 103.87¢g, and radius of 12.59mm.

To perform the test, the weight was dropped from the support 10cm high and made an impact
with the balloon. The balloon was jammed by the syringe at different pressures. A ruler was
attached to the box and a camera recorded each drop. This was to record the initial height of the
balloon and final height of the balloon after contact. Subtracting these two values gives us the
displacement. The test was done from OkPa to 10kPa increasing by 0.5kPa each test. The process

is shown in the diagrams shown below:
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Figure 4: This sample is taken from the 9.5kPa test. This shows the process from unjammed, to jammed, to

after impact. This is also how the displacement was measured.

Table 1

Impact Three-Point Bending Test

Pressure (kPa)

Displacement (mm)

Results

Young's Modulus (MPa)

Flexural Stiffness

(Nmm~2)

0.5

1.5

2.5

3.5

48
45
43
40
37
36
35
33
32

15

0.022434934
0.023930597
0.025043648
0.026921921

0.02910478
0.029913246

0.03076791
0.032632632
0.033652401

442.7083333
472.2222222
494.1860465
531.25
574.3243243
590.2777778
607.1428571
643.9393939
664.0625



4.5

5.5

6.5

7.5

8.5

9.5
10

30
29
25
24
23
20
17
15
13
11
10

0.035895895
0.037133684
0.043075074
0.044869869
0.046820732
0.053843842
0.063345697

0.07179179

0.08283668
0.097897895
0.107687684
0.153839549

708.3333333
732.7586207
850
885.4166667
923.9130435
1062.5

1250
1416.666667
1634.615385
1931.818182
2125
3035.714286

The Young’s Modulus and Flexural Stiffness were calcuted using Equations 2 and 1

respectively.

The figures below shows the pressure vs displacement and the pressure vs Young’s Modulus

from Table 1:

60
50
40
30

20

Displacement (mm)

10

Pressure (kPa) vs Displacement (mm)

Pressure (kPa)

y =-3.9169x + 46.87
R?=0.9943

10
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Figure S: This is the pressure vs displacement of the impact three-point bending test. The line of best fit, line

of best fit equation, and the r-squared value were added through Microsoft Excel.

Pressure (kPa) vs Young's Modulus (MPa)

0.18
0.16
0.14
0.12

0'1 L
y=0.0094x +0.0049 A

008 RZ = 07478 ..........
0.06

Young's Modulus (MPa)

0.04
0.02

Pressure (kPa)

Figure 6: This is the pressure vs Young’s Modulus of the impact three-point bending test. The line of best fit,

line of best fit equation, and the r-squared value were added through Microsoft Excel.

Discussion

From Figure 5 we see that the pressure and displacement have a clear correlation. As pressure
increases, dispalcement decreases at a almost constant linear rate. This is shown to us by the r-
squared value of 0.9943 showing an almost perfect correlation. This is expected because it is
natural for the balloon to have less displacement after impact with an increase in jamming

pressure.

In terms of the Young’s Modulus, it seems to have an exponential relationship at first glance.

However, it was found that this data contains one outlier at the 10kPa data point as shown below:
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Pressure vs Young's Modulus Outlier

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

y =0.0094x + 0.0049
R*=0.7478

Young's Modulus (MPa)

s
ee*®

Pressure (kPa)

Figure 7: Pressure vs Young’s Modulus Data from Figure 6 but highlighting the outlier at 10Kpa.

It is resonable to see how the data changes once this outlier is removed:

Pressure (kPa) vs Young's Modulus (MPa) without

Outlier
0.12
©
0.1
s y =0.0077x +0.0104
» 0.08 R2=08215 & .-
2t N
E
©
o
=
"
=
c
=}
o
>
0
0 2 4 6 8 10

Pressure (kPa)

Figure 8: Shows how the Pressure vs Young’s Modulus data will change without the outlier.
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Note that the r-squared value has increase by 7.37%. Before the outlier was removed there was
already a decent linear correlation but after the outlier was removed there is now a good linear

correlation.

Next, we will see if the pressure vs Young’s Modulus has an exponential correlation. If the
exponential correlation is greater than the linear correlation, then we may assume the data is
exponential. We do this by taking the natural logarithm of the Young’s Modulus and graphing it

against the pressure values. This is shown below:

Pressure (kPa) vs In(Young's Modulus)

Pressure (kPa)

0 2 4 6 8 10 12
0
-0.5
w» -1
=
3 15
g y = 00192601683 ®
2 2 R2=0.9269 e
w ’ ......
oo -2.5 Lodenet
S e ""
3 3 e . ®
Z '.b‘ ¢e
£ -35 . @@
[} .!..Q.-'-"
a9
-4.5

Figure 9: Pressure vs In(Young’s Modulus) with the line of best fit, line of best fit equation, and r-squared

value included.

From the Pressure vs In(Young’s Modulus) data we can see that there is a strong linear

correaltion from the r-sqaured value of 0.9269. This suggests that there is indeed a exponential

19



correlation between the pressure data because it has a greater r-squared value than the linear

correlation.
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HANGING THREE-POINT BENDING TEST

Introduction

In the previous Impact Three-Point Bending Test, it was found that some of the displacement
was coming from the force of the impact of the weight rather than just the weight. In other
words, the velocity of the falling object was causing most of the displacement. In order to erase
this effect, we tried a Hanging Three-Point Bending Test to only account for the weight of the

object and to minimize the elastic properties of the materials.

Methods and Materials

In order to conduct the Hanging Three-Point Bending Test, we use the same assembly as Figure

2, however it is now placed over a table edge as shown below:

21



Figure 10: The entire jamming assembly now placed over a table edge. Note that more weight were added on

top of the Styrofoam supports for added stablility.

The assembly was placed over a table edge to allow for the weight to hang from the beam. To
perform this experiment, we jam the balloon to a specific pressure and then hang the weight at
the center of the beam and allow for the force to only consider the mass of the weight and
gravity. We repeat this for every pressure value from OkPa to 10kPa in 0.5kPa increments (as
done in the Impact Test). However, in this case we use a different weight. This new weight has a

mass of 12.08g and a radius of 4.8 1mm as shown below:

22



Figure 11: The Hanging Weight is shown. Note that we do not need the length of the weight for this

experiment because we hang the weight from the side of a table.

After we perform the experiment, we will still use Equations 1, 2 and 3 to find the Young’s
Modulus and Flexural Stiffness of the jammed balloon. The distance between the supports
remains at 10cm and the process is still recorded from the front view to find the displacement

afterwards. The process is shown in steps below:

23



Figure 12: Shows three steps of the Hanging Test: Unjammed, Jammed, and Hanging. The displacement was

taken by finding the difference in height when unjammed and the height when hanging.

Results

24



Table 2

Hanging Three-Point Bending Test

Pressure (kPa)

Displacement (mm)

Young's Modulus (MPa)

Flexural Stiffness (Nmm~2)

0.5

15

2.5

3.5

4.5

5.5

6.5

7.5

8.5

9.5
10

25
19
18
17
16
14
13
13
12
11
11

=
o

A OO N NN 00w

0.23488975
0.309065461
0.326235765
0.345426104
0.367015235
0.419445983
0.451711059
0.451711059
0.489353647
0.533840342
0.533840342
0.587224376

0.73403047

0.73403047

0.73403047

0.73403047
0.838891966
0.838891966
0.838891966
0.978707294
0.978707294

98.75
129.9342105
137.1527778
145.2205882

154.296875
176.3392857
189.9038462
189.9038462
205.7291667
224.4318182
224.4318182

246.875
308.59375
308.59375
308.59375
308.59375
352.6785714
352.6785714
352.6785714
411.4583333
411.4583333

The Young’s Modulus and Flexural Stiffness were calcuted using Equations 2 and 1

respectively.

The figure below shows the pressure vs displacement and pressure vs Young’s Modulus of Table

2:
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Figure 13: This is the pressure vs displacement of the hanging three-point bending test. The line of best fit,

line of best fit equation, and the r-squared value were added through Microsoft Excel.

Pressure (kPa) vs Young's Modulus (MPa)
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Figure 14: This is the pressure vs Young’s Modulus of the impact three-point bending test. The line of best fit,

line of best fit equation, and the r-squared value were added through Microsoft Excel.
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Discussion

From Figure 13 we see a strong correlation between pressure and displacement as also seen in
the impact test. This is expected because it is natural to believe that as the pressure of the
jamming increases, the displacement will decrease. On another note, the OkPa data point apears
to be an outlier from the naked eye. This may be because when the balloon has not undergone
jamming, the hanging weight causes more displacement by applying constant force, whereas in
the impact test there was only one instance of connection. However, by statistical rules, the OkPa
data point lies within 1.5 times the Interquartile Range of the third quartile. So, it is not an

outlier. The intercept of the y-axis in Figure 14 comes from the stiffness of balloon tube itself.

From Figure 14 there is no doubt that pressure and Young’s Modulus are correlated, in fact, they
are almost perfectly linearly correlated. It worth noting that the Young’s Modulus of the Hanging
Test are significantly greater than in the Impact Test. This is most likely because the Impact Test

created more displacement than the Hanging Test did for reasons previously mentioned.
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GENERAL DISCUSSION

In the Impact Test, we found that the pressure and stiffness (Young’s Modulus) are decently
linearly correlated but even more so exponentially correlated. As the pressure increased the
stiffness increased more and more by every increment. However, this is most likely due to the
velocity of the falling weight and the elastic properties of the materials like the coffee granules
and the rubber balloon. The force by Newton’s Second Law will remain the same but dropping
the weight makes the impact the biggest contributor to the displacement. Similar to how falling
from one meter is less damaging than falling from one hundred meters even though the force

remains the same.

So, to improve on the Impact Test, the Hanging Test was done. The Hanging Test eliminates the
falling velocity and impact as a factor because we simply place the weight onto the balloon. This
way the only force that interacts with the jammed balloon is the mass of the weight and gravity.
The data from Table 2 shows this to be true because the Young’s Modulus throughout each

pressure is greater than in the Impact Test or Table 1.

As it relates to how palpation simulators can be consistently jammed to certain stiffnesses, we
can now predict how stiff the jamming makes the device by the pressure created by the vacuum
used. The values found from the Hanging Test indicate that there is a very strong, almost perfect,
linear correlation between the pressure and stiffness of granular jammed systems. This way,

future palpation simulators can use the stiffness at the unjammed state and the stiffness at the

28



maximum jammed pressure to predict how stiff the jamming of the simulator is. Physicians can
then tune the palpation simulator to what ever pressure they would like to match the stiffness of
the model organ in any given situation. This begs the question: Is it possible to jam the palpation

simulators to match the range of stiffnesses organs undergo when healthy and/or diseased?

From the data collected in Table 2, it is reasonable to assume that we can jam a palpation
simulator for a range of about 0.2 MPa to 1 MPa (200kPa to 1000kPa). According to the research
done by the Memorial Sloan Kettering Cancer Center [91], the liver can vary in stiffness from
about 2kPa to 20kPa when healthy to diseased. Kidney tissue ranges from 4kPa when healthy to
100kPa when diseased. Prostate tissue can range from 42kPa when healthy to over 200kPa when
diseased [92]. Finally, lungs when healthy are about 6kPa and lung tumors get to be 30kPa [93].
Overall, it seems like the stiffness of the coffee-filled balloons may be too stiff for the simulation
of human tissue. Perhaps coffee-granules can simulate prostate palpation tests but most organs
would not be valid. It is also worth noting that the size of the organ may be a reason. Since this
experiment uses a three-point bending test, the shape and size of the balloon was that of a beam.
The balloons used for palpation are more “organ” shaped. The problem with testing with “organ”
shaped balloons is it is difficult to test the stiffness of these shapes since they are irregular
especially when jammed. A common way to find the stiffness of materials is to apply a tension
test where a tensile testing machine pulls the material apart to test its stiffness. But doing this
with a coffee-granule filled balloon will most likely be testing the stiffness of the balloon rather

than the jammed coffee.
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There are a few ways to combat this however. For example, physicians can use the coffee-
granule devices to test the difference between stiffnesses of healthy and non-healthy organs. For
example, the liver has about a 20kPa difference in stiffness when healthy and diseased. So they
can practice finding that specific difference in stiffness. Another idea is to change the granule
material. Historically, coffee-grains are the most popular granular jamming material because of
its ease of access, irregular granule shape, granule size, and its rigidity. However, it may be poor

at mimicing the properties of human tissue.

There were ideas of using other types of granules like water beads to closer mimic human tissue.
Water beads are small granule size spheres that have a softer texture than coffee and also have
more similar thermal properties to human tissue than coffee. The user may also control the size
of the water beads by leaving them in water for more or less time depending on how large or
small they need the granules to be. It is expected that they will have a much lower stiffness than

coffee grains and perhaps similar to human tissue.

Lastly, the user may be able to use a thicker rubber for their balloon. The balloon used in this
experiment was very thin so that the coffee represented most of the stiffness in the test. However,
using a thicker rubber can combat the high stiffness range of coffee grains. This was tested once
in a study by He et al. [86] where they used a 6.5mm thick balloon to simulate liver tumors.
Their stiffness was about 50kPa at the lowest and 125kPa at the maximum which is a lower

value as needed but not quite low enough to reach the range of liver stiffness. You can also see
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that increasing the thickness of the rubber greately lowers the range of stiffness the jamming can

be capable of.
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CONCLUSIONS

In this paper, we discuss the correlation between pressure and stiffness in granular jammed
devices. We proposed that there is a linear relationship between pressure and stiffness by using
three-point bending tests in the lab. We found that over a stiffness range of 200kPa to 1000kPa
the pressure increase remains linear almost perfectly. We also found that the stiffness of coffee
granules causes the simulation of organs for palpation slightly too large and it may be reasonable
to work with other materials for granules. Future work may be focused on how to identify finer

jam materials and thinner rubber skin at a similar stiffness as human organs and tissue.
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