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Abstract

In the medical field, many tools have to be sufficiently flexible to follow the human body natural
paths but stiff enough to transmit force. This dual requirement in stiffness can be solved with
smart medical devices able to tune the stiffness of flexible tubes. In this work, the Granular
Jamming solution is proposed to change flexible tube rigidity, by applying a pressure differ-
ence across a membrane. The solution is based on glass beads packed in a waterproof latex
membrane. The device is flexible if the pressure difference is low, while it is more rigid when
this pressure difference is increased. The contribution of this paper is a full characterization of
the Granular Jamming solution for several granular materials and pressure differences. Triax-
ial compression tests give the equivalent compression Young modulus (E.), while three-point
bending tests provide a flexural stiffness (1) from which an equivalent bending Young modu-
lus (Ey) is deduced. The grain size has low influence on the Young modulus while the pressure
difference has a large impact on the results both in compression and in bending. In the bending
tests, a smaller diameter of the flexible tubes filled with the granular media leads to the largest
equivalent bending Young modulus. As already reported, the Granular Jamming solution gives
a significant change in flexural rigidity. Miniaturized solutions and bending models have to be
further studied.

Key-words: Granular Jamming / Controllable stiffness / Bending test / Tri-
axial compression test / Medical devices.
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Nomenclature
Parameter | Units | Definition
D mm Tube diameter
d mm Mean diameter of the glass beads
£y MPa | Equivalent Young Modulus of the specimens in bending
EyI Nmm? | Flexural stiffness of the specimens
E. MPa Equivalent Young Modulus of the specimens in compression
E, GPa Young Modulus of the glass beads
F. N Force applied on the specimen in compression
Ey N Force applied on the specimen in bending
1 mm? Second moment of area of the specimen
L mm Length of the specimen
Ly mm Support span length in three-point bending test
n none Exponential coefficient in exponential law
P kPa Pressure in the specimen
Py kPa Pressure of the surrounding environment
P kPa Atmospheric pressure
i MPa | Mean effective stress
q MPa | Deviatoric stress
Qu MPa Deviatoric stress at failure
t mm Thickness of the membrane
o} none Stiffness gain between rigid and flexible states
AP kPa Pressure difference across the membrane
) mm Deflection measured during the bending test
€ none New strain after correction of starting of triaxial compression test
€x none Strain of triaxial compression test in initial conditions
o1 MPa | Longitudinal or axial principal stress
P MPa | Lateral principal stress
o3 MPa Radial principal stress
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1 Introduction

The vascular occlusion, one of the widespread cardiovascular diseases, is a reduction of the
cross-section of a blood vessel. One of the possible interventions for removing this occlusion
is the appositioning of a stent. In order to treat vascular stenosis by stenting, a guidewire has to
pass through the occlusion such that a balloon catheter can deliver the stent at the right location
[1]. In this case, the guidewire has to be flexible to reach the stenosis after having followed a
possible tortuous path through the blood vessels. Once it has reached the stenosis, it requires a
rigid support to pass through the occlusion for treatment, to avoid buckling or deformation due
to the force application. During treatment of chronic total occlusions, 63% of the procedural
failures are due to the inability of the guidewires to cross the occlusion [2].

During minimally invasive procedures, most of the devices (endoscopes, catheters, guidewires,
etc.) need to be sufficiently flexible to avoid damaging patient tissues or causing pain, but
have to be stiff enough to transmit force (e.g. to support other tools or to puncture tissues
[3]). These needs can be found in laparoscopic, endoscopic, gastro-enterologic and cardio-
vascular interventions. In order to solve this duality on the rigidity, various controllable stiffness
mechanisms have been proposed [4, 5, 6,7, 8,9, 10, 11, 12, 13, 14].
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Figure 1: Equivalent flexural rigidity (Eyl) for variable stiffness endoscopic solutions de-
scribed in the literature. The current upper limit corresponds to the stiffest endoscope on the
market. The current lower limit corresponds to pediatric endoscopes. Several other solutions
exist, but have not been quantified.

Figure 1 gives a quantitative comparison of most relevant solutions for variable stiffness and
shape-locking solutions. Currently, most of the endoscopes have a fixed stiffness. In this figure,
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the maximal limit corresponds to the stiffest endoscope currently available on the market [15],
and the minimal limit corresponds to the stiffness of pediatric endoscopes [15]. The goal is
therefore to have a flexible state more flexible than a pediatric endoscope and a rigid state more
rigid than the stiffest endoscope. With this target, the controllable stiffness endoscope would
have a larger range than the endoscopes on the market for now. The Granular Jamming is
based on the locking of granular material, while Layer Jamming uses locking of layers. The
wire-based solutions use locking of wires or tensions in wires to lock the device in a given
configuration. The smart materials solutions are based on shape memory polymers, alloys and
composites.

Variable stiffness mechanisms can be applied to other fields as for instance in robotics with
the development of a robotic foot [16], in adaptative vibrations damping [17] and in bio-
engineering for developing extracellular matrix [18]. This work focuses on endoscopic so-
lutions with controllable stiffness and shape-locking effect. One of the promising solutions to
achieve this objective and still open to various research questions is based on Granular Jamming
[5]. In this study, the samples are composed of a flexible and waterproof membrane (1) filled
with a specific granular material (glass microspheres (2)) as shown in Figure 2. The stiffness
of the sample is related to the pressure difference across the membrane given by

AP =P, — P, (D

where P, is the pressure corresponding to the surrounding environment and P, is the pressure
observed inside the sample (in the membrane). If suction in the specimen is used to create the
pressure difference, a filter (3) is required.
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(a) Flexible state (b) Rigid state

Figure 2: Granular Jamming enables the change of stiffness by modifying the pressure differ-
ence AP = P, — Py. (a) For low AP, the specimen is flexible. (b) For large AP, the specimen
is rigid. D is the tube diameter and L the tube length. 1) Membrane; 2) Granular material; 3)
Filter.

When the pressure difference is low (the pressure in the sample is close to the pressure of the
surrounding environment), the grains are free to move with respect to each other (Figure 2a).
In this configuration, the system is flexible [19]. When the pressure difference is increased, the
system is more rigid as the grains start to be locked to each other (Figure 2b). A fluidic control
of the pressure difference across the membrane allows for adjusting the stiffness of the sample.

The Granular Jamming principle based on suction is suitable for medical applications as in case
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of failure of the vacuum source, the system is flexible. It is therefore possible to remove easily
the device in case of problem during the intervention. Furthermore, the use of suction is less
dangerous than a source of high pressure in the human body.

This research aims at scaling such solutions down to 2.8 mm diameters, while current endo-
scopic solutions reported in the literature target the range from 15 mm to 22 mm. Therefore,
scaling laws must be integrated and the optimization of this solution must vary many influenc-
ing parameters.

2 Materials and Methods

The Granular Jamming solution can be characterized by two different mechanical testing meth-
ods. On the one hand, the triaxial compression test is routinely used in geomechanics to char-
acterize the granular material itself in shearing conditions for various grain sizes and pressure
differences. On the other hand, the three-point bending tests are performed in order to char-
acterize the samples in a configuration closer to the final embodiment with several granular
materials for different pressure differences.

2.1 'Triaxial Compression Test

The triaxial compression test is used in geomechanics to characterize soils and granular mate-
rials under a defined confinement [20]. Triaxial tests permit to characterize the axial proper-
ties (stiffness and ultimate stress) under non-isotropic loading thanks to an isotropic pressure
applied by pressurized water which is superimposed on the axial stress. This test allows for
characterizing soils in conditions closer to the field. As shown in Figure 3, a sample (1) (gran-
ular material in a membrane (2)) is placed in the so-called triaxial cell (3) filled with water.
The cell is placed on a loading frame equipped with an axial force sensor outside the cell. The
mechanical connection bewteen the sample and the sensor (4) therefore induces friction forces
in the sealing which have been measured to be negligible compared to the range of forces mea-
sured. The principal stresses can be controlled in the axial and radial directions (the triaxial
test is cylindrical). The cylindrical sample has a length L approximately twice its diameter D.
This ratio is used to ensure a proper observation of shearing [21].

The radial stress o3 is set by the confining pressure, fixed by a pressure controller and defined
for each test. The longitudinal or axial stress oy is equal to the sum of the confining pressure
and the increasing longitudinal stress applied during the compression. The deviatoric stress ¢
is defined in Equation 2 as the difference between the total longitudinal stress o and the radial
stress o3 corresponding to the confinement [22].

q=01—03 (2)

A waterproof and elastic membrane of latex with diameter D = 35mm and thickness ¢ =
0.070 mm is used to separate the dry granular material contained by the sample from the con-
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Figure 3: Triaxial compression test set-up. D is the tube diameter, L the tube length, F. the
compression force, oy the longitudinal stress and o3 the radial stress. 1) Triaxial test specimen;
2) Membrane; 3) Triaxial cell; 4) Mechanical connection between loading frame and specimen;
5) O-rings; 6) Drainage valve; 7) Cell valve.

fining water filling the cell. A constant weight of glass beads is used in each specimen, ensuring
a length of L =~ 70 mm (the bulk density is very similar for each class of glass beads as seen
in Table 1). The sealing of the sample is ensured by o-rings (5). The length L and diameter
D of each specimen is measured for the stress-strain calculations to adjust the low variation in
sample dimensions. In order to have a defined, repetitive and ideal cylindrical shape of speci-
men, a two-part mold is used to keep the sample under the form of a cylinder. As dry granular
material (e.g. sand or glass beads) has no cohesion, the sample does not keep its shape due
to gravity. Vacuum is therefore applied via the drainage valve (6) to the sample to solidify it
(by using the principle of Granular Jamming) so that it remains in a well defined cylinder for
the compression test. The specimen is placed in the triaxial cell and the confining pressure is
applied via the cell valve (7), to reach the defined conditions of the test. Once the confining
pressure is reached in the cell, the drainage valve is open to remove the vacuum in the sam-
ple and ensure that atmospheric pressure is set. Thanks to this procedure, a constant pressure
difference is applied during the whole compression test (imposed by the confining pressure).

The triaxial compression tests can be drained (water inflow in the sample - remember that the
confining water is separated from the granular material) or undrained (no water inflow in the
sample) and consolidated (by confining pressure) or not (by quick application of loads). The
drainage is ensured by the opening of a valve and a connection to a pressure controller. In
this study, dry granular material is characterized. Therefore, only consolidated and quasi-static
(with low strain rate) tests are performed with a drainage valve open to ambient air conditions to
ensure a constant atmospheric pressure in the specimen. The strain rate is set to 0.35 mms ™.
This strain rate has been determined during the preliminary study and validation step of the

procedure for quasi-static tests, using dry sand of well known characteristics.
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2.2 Three-Point Bending Test

There exist different ways to measure the flexural stiffness given by /. The cantilever beam
bending test and the three-point bending test are used to induce a bending in the sample by
application of a static force as shown in Figure 4. The measurement of the bending force F
and the displacement 6 can be converted into the measurement of the flexural stiffness Fj/,
knowing the length between the supports Lj:

E, = s 3)

where a is a constant (¢ = 3 for cantilever beam bending test and a = 48 for three-point
bending test).

D|O) ; D[ l%

®
(O3
L,
L L
(a) Cantilever beam bending test (b) Three-point bending test

Figure 4: Flexural stiffness can be calculated from cantilever beam and three-point bending
tests. D is the tube diameter, L the tube length, ¢ the deflection, I, the bending force and L
the support span length for the three-point bending test.

In [5, 7, 23], the main test to evaluate the performance of their Granular Jamming solution is the
cantilever beam bending test. In [15], three-point bending test is used to measure the flexural
stiffness of endoscopes. In [24], the authors propose to compare several methods and use the
properties of buckling. Using material strength theory, the buckling threshold can be linked to
the flexural stiffness. Other solutions to measure the flexural stiffness £/, can be performed
in a dynamic regime [25].

In this study, the performances of the Granular Jamming solution are quantified by a three-
point bending test. The samples are cylindrical with two possible diameters (D) = 15 mm and
D = 20 mm), for a fixed length of L = 200 mm. This test bench is adapted to different sizes as
the span length L can easily be adjusted. For these specimens, a span length of Ly = 120 mm
has been used. In the standardized three-point bending test [26], the length of the sample should
be sufficiently larger than the sectional dimensions. Furthermore, the sample length should be
larger than the span length to ensure that it exceeds the supports.

A natural rubber membrane, with a thickness of £ = 0.3 mm, is used for these tests. The glass
beads fill the membrane to the desired length L = 200 mm. The extremities of the specimens
are 3D printed caps with an Objet Eden260VS from Stratasys. O-rings are used to ensure
a good sealing between the membrane and the caps of the specimens. On one side, the cap
has an hose tail for vacuum pump connection, on the other side, the cap is plain to ensure the

Mechanics & Industry 8



Controllable Stiffness by Granular Jamming

vacuum in the sample. The vacuum pump is a VCP 130 from VWR International. This pump
is constantly connected and turned on during each test to ensure a constant vacuum in the
specimen during the bending test. This vacuum is controlled with an IRV20 vacuum regulator
from SMC Pneumatics.

In order to remove the influence of the weight of the specimen in the measurement of the
flexural stiffness, the slope of the force-displacement curve is used instead of the absolute force
obtained at a given displacement. This definition of stiffness removes the need of absolute
values which improve the results of stiffness as no force or displacement offset could disturb the
measurement. This allows for calculating the stiffness more precisely in the linear regime and
differentiating the elastic and plastic phases. In this work, only the elastic regime is observed
as no or very low strain losses are desired for medical applications. Absolute values at a given
displacement are used in [5] to estimate the performance of the solution, while a range of forces
is considered in [7], but the plastic deformation is not considered.

2.3 Granular Material

The granular materials used in this study are grinding materials, purchased at Sigmund Lind-
ner GmbH. These beads are polydisperse, polished and made of soda lime glass with a specific
weigth of 2.5kgl™*. The Young modulus of these glass beads is £, = 63 GPa. Five differ-
ent mixes of glass beads are studied, with sub-millimetric diameters. Their characteristics are
given in Table 1. The final goal targeted by this study is to obtain variable stiffness catheters or
guidewires. This means that the diameter of the solution should not exceed 2.8 mm correspond-
ing to the operating channel of classically used endoscopes [27]. Too large grains are therefore
excluded. The sphericity of the glass beads has been chosen to simplify the interpretation of
the results and to ease the development of a general model. The roundness used in Table 1
is defined by the ratio of the width (smallest dimension in the cross-section) over the length
(largest dimension in the cross-section). However, spherical particles does not guarantee the
highest stiffness obtained by Granular Jamming. In [5, 28], the edgy particles are giving better
results in terms of stiffness. It is assumed that the flexible state is also impacted by this type of
particles as the particles lock better to each other.

Table 1: Glass beads characteristics from Sigmund Lindner GmbH

Class | Article | Diameters Mean diameter d | Roundness | Bulk density
A 5214-7 | 0.100 — 0.200mm | 0.170 mm > 0.89 1.42kgl™!
B 5216-7 | 0.200 — 0.300 mm | 0.255 mm > 0.89 1.44 kgl™!
C 5223-7 | 0.300 — 0.400 mm | 0.341 mm > 0.89 1.46 kgl ™t
D 4502 0.500 — 0.750 mm | 0.684 mm >0.95 1.49 kgl ™!
E 4503 0.750 — 1.000mm | 0.941 mm >0.95 1.50 kgl =t

3 Results

In this section the results obtained by the previously described test benches are presented.
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3.1 Triaxial Compression Test

The triaxial compression tests have been performed for all the different glass beads summarized
in Table 1. Four different confining pressures have been used. These confining pressures cor-
respond to pressure difference of half the atmospheric pressure (AP = 50.5 kPa), atmospheric
pressure (AP = 101 kPa), two and four times the atmospheric pressure (AP = 202 kPa and
AP = 404 kPa). Using pressurized water for confinement allows for overpassing the limit of
the atmospheric pressure encountered in the three-point bending test for which vacuum in the
specimens is applied (as the surrounding environment cannot be controlled). The tests have
been repeated three times for each confining pressure AP and each type of glass beads. The
first test is a compression test until the specimen failure. It is used to determined the ultimate
force in compression for the testing conditions. It has been observed that the initial conditions
(packing of particles, contact forces of loading frame, dry friction, etc.) influences the be-
ginning of the loading curve, which prevents a repeatable measurement of the Young modulus.
Therefore, a specific procedure is applied for the two last tests in order to evaluate an equivalent
Young modulus in compression E.. The specimen is loaded up to 85% of the ultimate force
observed in the first test. Then, the specimen is unloaded (reverse displacement of the loading
frame), until the force drops to F. ~ 0 N. Finally, a complete compression test is started again
up to the failure of the specimen that ends up the test. Thanks to this cycling procedure, the
initial conditions of the triaxial test are not influencing the calculation of the Young modulus
E. any more as it is calculated after the cycling phase only.

MPa MPa
e | ! ' ‘ Final test | [0-25]
031 A S /
/Wn v d Oo
0.25} //,/ | 02 [10%
0.2+ / ,
0.15
0.15
0.1
0.1+
0.05+ i 0.05 i~ Unloading
g y/ [10%
fra | | | | 4 . .
0.00 001 002 003 004 0.00 0.002 0.004

€ >4

Figure 5: (A) Deviatoric stress evolution for new equivalent strain with cycling procedure for
class C glass beads at P = 101 kPa. The failure is measured at q, ~ 0.280 MPa. The new
strain € is set to zero at the beginning of the second loading phase. The initial strain €* starts
at the beginning of the triaxial compression test. (B) Zoomed-in of highlighted data in (A). A
10% margin on the stress is chosen for the linear regression over the new loading curve. The
slope of the regression gives the compression Young modulus E..

In Figure 5, stress-strain curves from these triaxial compression tests are drawn for class C
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glass beads (cfr. Table 1) at AP = 101 kPa. The deviatoric stress ¢ is preferred as it does not
count for the value of the confining pressure. The initial test giving the ultimate stress and the
two repetitions of the tests with the cycling procedure are presented in this figure. The cycling
phase ensures a better linear behavior. An equivalent Young modulus £, can be calculated
from this new loading phase. In this study, the Young modulus E. is calculated on the new
and more repetitive loading curve on which a linear regression is calculated. The slope of this
linear regression gives the equivalent Young modulus in compression F,. of the specimen. A
10% margin around the limits of the loading curve, as shown in Figure 5, are chosen to ensure
repetitive and linear results. The values of Young modulus £, obtained by this method are
more repetitive than based on the simple triaxial compression test because of the chaotic initial
behavior [28]. The initial strain €* starts at the beginning of the triaxial test. The new strain e
starts after the cycling procedure.

The different confining pressures give different stress-strain curves. Figure 6 shows the strong
dependence of the curve with the pressure difference obtained by the confining pressure. In this
figure, the new loading curve after the cycling is represented with the new strain €. The ultimate
load increases with the pressure difference. The equivalent Young modulus in compression £,
(calculated on the linear regression slope) is also increasing.

Figure 7 represents the evolution of the equivalent Young modulus in compression F, for the
various glass beads that have been tested and for the different confining pressures in the triaxial
compression tests. In the lower range of confining pressures (up to 101 kPa), the behavior can
be assumed to be linear. It actually follows an exponential law if larger confining pressures
are used in the calculation. Hicher and Rahma [29] proposed a model for the Young modulus
in compression E,. of specimen filled with glass beads based on Hertz’s relation of contact
between the spheres and their initial configuration. Simplifying this expression for general
granular materials gives this exponential law:

E. = a(p)", “)

with a a constant taking into account the material characteristics and the arrangement of the
grains, n = 2/3 for glass beads and p’ is the mean effective stress defined as [22, 30]:

’ (O'1+O'2+O'3> (0'1+20'3)

P = 3 = T (5)

Considering the calculation of the Young modulus £, at low (negligible) deviatoric stress, the
mean effective stress corresponds to the radial stress (confining pressure):

o~ (03 + 203)

3 = 03. (6)

Figure 7 illustrates the exponential expression of the Young modulus in compression E, for the
five classes of glass beads (cfr. Table 1). The mean stress has been assumed to be equivalent to
the confining pressure varying between AP = 50.5 kPa and AP = 404 kPa. In this case, the
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equivalent Young modulus E. follows an exponential law. The calculation with a 95% confi-

dence of the exponential coefficient gives n ~ (.53 which is relatively close to the theoretical
2
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Figure 6: Stress strain curves for the Figure 7: The logarithmic law of the compression
different confining pressures AP. The Young modulus E, is confirmed within the range AP =
Young modulus E. and the ultimate 50.5kPa — 404kPa. The exponential law is E. =

stress q,, are increasing with AP. K (d)p°>312. A low dependence on the mean diameter
d of the glass beads is observed.

3.2 Three-Point Bending Test

The three-point bending tests are performed for a given pressure difference A P obtained from
a vacuum pump applying a suction in the specimen. Notice that the maximum theoretical
difference of pressure that can be reached by using a vacuum pump is AP, = Pum ~
101 kPa if a high vacuum is reached in the specimen. In the case of the triaxial tests, a larger
pressure difference can be reached as the pressure of the environment can be controlled. The
initial test is performed at A P = 70 kPa and allows for studying the influence of the grain size
of the different glass beads. The influence of the specimen diameter D is also studied. Figure
8 shows the force-displacement curves for class C beads (cfr. Table 1) and for the specimen
with D = 15mm. The procedure used in these tests is similar to the triaxial tests: in order
to ensure a good linear behavior and a more repeatable measurement of the equivalent Young
modulus in bending Fj, a series of ten loading and unloading cycles are performed. The small
hysteresis observed in the zoomed-in Figure 8 (B) between the loading and unloading curves is
acceptable as the slope hysteresis is even smaller. The equivalent flexural stiffness is evaluated
by Equation 3.

The forces and displacements used in the stiffness calculation correspond to the linear region
of the new loading curves (with a 10% margin on the force as in the triaxial compression
tests). It has been observed that the repeatability is better for the last loading/unloading cycles.
Therefore, the stiffness results are evaluated on the last six cycles out of the ten as they show
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a stable result. This choice is motivated by the definition of a procedure that gives repetitive
results for bending tests. The ultimate force is not measured in theses tests evaluating the linear
behavior only.

A0 i FN]
1.5
1.5+
1
1L
0.5+ 0.5
10 cycles
0 I I | I L I ot A 1 I 1
0 0.5 1 1.5 2 25 3 3.5 2.8 3 3.2 3.4

0 [mm] 0 [mm]

Figure 8: (A) Force-displacement curves with ten cycles of loading and unloading used to
cancel initial conditioning and to improve the measurement of the stiffness of the specimens.
(B) Zoomed-in of highlighted data in (A). The slope giving Ej, is measured by a linear regression
on a specific part of the curve with a 10% margin on the bending force F,. Small hysteresis is
observed during the load and the unload.

Figure 9a gives the flexural stiffness £/ and Figure 9b gives the equivalent Young modulus £,
for the different classes of glass beads for the two diameters of the specimens with a pressure
difference of AP = 70kPa. The eqivalent bending Young modulus Fj is a function of the
compression Young modulus . and has therefore not the same meaning as this modulus F..
It appears that the specimens with a lower diameter have a larger equivalent Young modulus
in bending Ej,. This characteristic should be proper to an equivalent continuous material, but
it seems to be dependent on the cross-section of the specimens, unlike it is described in [29].
We can also see from these figures that the class C (cfr. Table 1) of the glass beads seems to
be an optimum in terms of flexural stiffness and equivalent Young modulus in bending Fj, as
observed in [5].

In order to compare the results of the bending tests with the triaxial tests, a variation on the
pressure difference is performed for specimens filled with the optimal class of glass beads
(class C, cfr. Table 1). In Figure 10, the equivalent bending Young modulus Fj is compared
for several pressure differences. The bending Young modulus Fj is increasing linearly with
AP for a range of pressure difference AP = 30 — 70 kPa. The gain of stiffness « is given by
Equation 7. The calculation of this gain between a rigid state at AP = 70kPa and a flexible
state at A P = ( kPa for class C beads gives & = 46 and o = 56 for tube diameters D = 15 mm
and D = 20 mm respectively.

Eb,m'gid[ o Eb,rigid

(7

o = g
Eb tieziviel  Ei, flezivie
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Figure 9: The value of the second moment of area has a strong influence on the flexural stiff-
ness, unlike the mean diameter d of the glass beads. The specimens with smaller diameter D
seem to have an advantage in terms of equivalent Young modulus in bending E.
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Figure 10: The pressure difference influences greatly the flexural stiffness and the equivalent
bending Young modulus E of the specimens. The smaller diameter D specimens perform better
on the bending Young modulus Ej, for all pressure differences.

4 Discussion

In the previous sections, the experimental results of the Granular Jamming solution have been
presented and briefly commented. The pressure difference is the main parameter able to tune
the stiffness of the specimens. Following an exponential law, the largest stiffness is obtained
with the largest pressure difference. In the case of triaxial bending test, a pressure difference
larger than the atmospheric pressure can be achieved. In the case of the bending tests, the
maximum theoretical pressure difference is equivalent to an atmospheric pressure as a suction
is applied in the specimens working in ambient conditions. A linear relation between bending
Young modulus and pressure difference has been observed from 30 kPa to 70 kPa

The size of the micro glass beads has a low influence on the stiffness of the specimens. An
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optimum seems to be obtained for class C beads. This optimum is not yet very well understood,
but further investigations on this optimum have to be performed in the case of miniaturised
specimens.

A model linking the results of the triaxial compression tests and the bending test has to be
developed. The exponential law of Young modulus in compression £, with respect to pressure
difference may be extended to Young modulus in bending £,

5 Conclusion

The Granular Jamming principle has been used in this study to perform a change of stiffness
of tubular-shaped specimens for future medical applications. Their performances have been
characterised through different and complementary manners (compression and bending test-
ing). This solution gives good tunable stiffness results by vacuuming the specimen or applying
a pressure difference as gain of stiffness of the order of 50 can be obtained for a pressure dif-
ference lower than the atmospheric pressure.

The Granular Jamming solution is close to meet the required performances compared to the
current range of flexural stiffness of endoscopes on the market. This solution has to be further
studied for medical application on the aspects of biocompatibility, safety and miniaturised de-
sign. Numerous studies can still be performed to complete the understanding of this solution
to the variable stiffness problematic about the various parameters that can be adjusted.
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