This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON ROBOTICS

A Novel Layer Jamming Mechanism With Tunable
Stiffness Capability for Minimally Invasive Surgery

Yong-Jae Kim, Shanbao Cheng, Sangbae Kim, and Karl lagnemma

Abstract—This paper presents a novel “layer jamming” mecha-
nism that can achieve variable stiffness. The layer jamming mech-
anism exploits the friction present between layers of thin material,
which can be controlled by a confining pressure. Due to the mech-
anism’s hollow geometry, compact size, and light weight, it is well
suited for various minimally invasive surgery applications, where
stiffness change is required. This paper describes the concept, the
mathematical model, and a tubular snake-like manipulator proto-
type. Various characteristics of layer jamming, such as stiffness and
yield strength, are studied both theoretically and experimentally.

Index Terms—Layer jamming, minimally invasive surgery
(MIS), snake-like manipulator, tunable stiffness.

I. INTRODUCTION

INIMALLY invasive surgery (MIS) has become widely
M used due to its clear clinical benefits compared with open
surgery. MIS patients tend to have shorter and better recoveries,
and less trauma and postoperative pain. A challenge to MIS
is that the dexterity of the surgeon is greatly reduced due to
the use of smaller openings and long instruments, therefore,
motivating the development of highly dexterous and flexible
medical tools [13].

Snake-like manipulators have been investigated by many re-
searchers for MIS applications due to their unique character-
istics and advantages: high flexibility, increased safety, high
dexterity, obstacle-avoidance capability, potential for miniatur-
ization, and so on [1]-[4], [14]. Several prototypes for robotic
surgery and endoscopy based on snake-like manipulators have
been developed and commercialized [1]-[3]. Recently, new at-
tempts to perform laparoscopic surgery through a single port or
a natural orifice reveal that increased flexibility can hinder pay-
load operation, despite the advantages over multiport surgery in
terms of traumatic movement [4]. However, externally actuated
snake-like manipulators (i.e., those with actuators located away
from the manipulator structure and driven by cables or linkages)
typically have an inherent disadvantage compared with angled
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joint manipulators (i.e., those with actuators integrated with the
structure): a substantial lack of stiffness and strength.

In general, externally actuated snake-like manipulators have
an underactuated structure with a compliant “backbone” [5],
which often results in low stiffness at the end effector. In order
to overcome this drawback, various stiffening mechanisms have
been developed. One popular approach is to amplify the control
wire tension and exploit the natural friction between rigid links,
to modulate stiffness [2]. In practice, however, the wire tension
must be high, and thus, the links must be large enough to sustain
large loads. As a result, the links can occupy substantial space,
and thus, it is often difficult to create a compact, lightweight
manipulator based on this approach.

Recent research in the robotics community has focused on
the use of tunable-stiffness materials, such magnetorheologi-
cal (MR) or electrorheological fluids, to achieve variable me-
chanical properties. These materials can change their apparent
viscosity through modulation of an external field. MR fluids
have been successfully applied in robotic applications such as
gripping [6] and exoskeleton actuation [7]. These technologies
are most commonly used for precise control of damping and
have been applied in tunable automotive suspensions. However,
these materials have often limitation in achieving high stiffness
or yield strength required in MIS when activated.

Phase-change materials can also be used as tunable stiffness
elements in robotic devices. Previous work has involved using
thermally activated materials, such as wax or solder, to create
locking mechanisms in soft robotic applications, since such ma-
terials can transition between liquid and solid states [8], [9].
These methods have been shown to demonstrate large change
of stiffness and strength. However, most phase-change materi-
als (e.g., thermorheological or photorheological materials) have
long activation timescales (on the order of seconds) that are not
ideal for practical manipulation applications.

Particle jamming technology using granular media has re-
cently been researched as another way to achieve tunable stiff-
ness [10]. If each robotic joint is composed of a volume of
granular material (e.g., dry sand or coffee), it can effectively
transition between a fluid-like, compliant state, and a solid-like,
stiff state if, for instance, a vacuum is applied on the volume
such that the grains pack together to “jam” and develop a yield
stress [11]. Particle jamming has interesting features such as
high deformability in the fluid state and drastic stiffness in-
crease in the solid state, without significant change in volume.
However, it requires a substantial volume of granular material
to achieve significant stiffness. In addition, the bulk mechanical
properties of jamming are not yet well understood, and (perhaps
for this reason) jamming has not yet been demonstrated as part
of a practical engineering system.

1552-3098/$31.00 © 2013 IEEE
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Fig. 1. Application of layer jamming mechanism: flexible main stem used for
MIS.
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Fig. 2. (a) Prototype snake-like manipulator, including three linear actuators.

(b) Closeup view of tubular shape of device with a large, central hollow section
for tool passage shown on the left side, and the layer jamming scales shown on
the right side.

In this paper, we propose a novel mechanism to achieve tun-
able stiffness termed “layer jamming,” which made use of fric-
tion in between layers with the negative air pressure, along with
the design of a tunable stiffness manipulator. This thin-walled
tubular mechanism with tunable stiffness has several desirable
properties for MIS applications, one of which is shown in Fig. 1,
where the variable stiffness tubular mechanism can be used as
main stem for other snake-like manipulators in MIS. Fig. 2
shows the thin-walled, tubular shape of the layer jamming mech-
anism. First, due to its hollow form, it can be used as a guide
tube to deliver one or multiple MIS tools inside the human body.
Second, during insertion of the manipulator into the body, it can
assume a very flexible/low stiffness state to achieve a desired
configuration and avoid accidental injury. Third, after insertion,
it can be assumed that it is in a very rigid/high stiffness state to
maintain a desired configuration while guiding insertion of MIS
tools inside the body. A preliminary introduction of this device
is published in [16], and more detailed and comprehensive study
and analysis of its properties and its manufacturing process and
application are presented herein as a journal article for the first
time.

There are some researchers who have already made use of
friction to realize the state transition between “flexible” and
“rigid” of devices [17]-[19]. Our design was invented totally

IEEE TRANSACTIONS ON ROBOTICS

Fig. 3. Concept of layer jamming element.

independently. Our design and implementation are totally dif-
ferent from others. We designed and developed a thin-wall,
tubular manipulator consisted of a spiral form of thin plastic
layer shown in Fig. 2. This spiral plastic layer [see Fig. 1(b)]
is wrapped by latex rubbers to apply vacuum pressure so that
friction between layers can modulate the overall stiffness of the
device. Due to its unique topology of the structure, it has the
desired characteristics of 1) minimum volume, 2) light weight,
3) fast state transition, and 4) high payload. The combination of
these characteristics is suitable for a guiding channel in MIS.
Another key difference from [19] is that Bureau et al. [19] only
described empirical results, whereas we are presenting a rigor-
ous analytical model with experimental validation.

Section II briefly introduces one-degree-of-freedom (1-DOF)
layer jamming joint including its concept, analysis, modeling,
manufacturing process, and experimental results. In Section III,
the tubular snake-like manipulator is presented, and its design,
actuator implementation, and experimental results and MIS
application are described and discussed in detail. Section IV
presents conclusions.

II. ONE-DEGREE-OF-FREEDOM LAYER JAMMING MECHANISM
A. Basic Concept of Layer Jamming

The basic concept of the layer jamming mechanism is illus-
trated in Fig. 3, where each overlapping plate represents a flap
of flexible material (e.g., paper or mylar), and p,w, L, and F’
denote, respectively, pressure onto the outer flap, the width and
length of the flaps, and the maximum resisting tensile force.

Defining the number of contact surfaces between flaps as n
and the interflap frictional coefficient i, F' can be calculated as
follows:

F = punpwL. (D

The resisting force can, thus, be modified by changing the
number, size, or frictional properties of the overlapping flaps.

For instance, assuming that the pressure p and the size of the
contacting surface of flaps wL are fixed, the resisting force can
be increased by increasing the number of contact surfaces n or
frictional coefficient u. In other words, if an appropriately thin,
rough material is selected, a high resisting tensile force could
potentially be achieved in a compact volume. This suggests
that a simple, compact mechanism could provide a significant
tunable stiffness capability.
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Fig. 5. Section view of assembled layer jamming joint.

B. I-DOF Layer Jamming Joint

1) Design of 1-DOF Layer Jamming Joint: Based on the
layer jamming concept, a 1-DOF joint can be designed. Fig. 3
shows a design of a 1-DOF rotational joint based on layer jam-
ming. This is a simple pin joint, with both the upper link and
lower link in Fig. 4(a) having 15 mm inner diameter and 24 mm
outer diameter. A 20-mm diameter surface on both the upper
and lower joint serves as a mounting surface to attach two iden-
tical patterned flaps of flexible material. These two links form
a 1-DOF revolute joint that is constrained by a central tension
wire (see the dotted green line in Fig. 5).

The upper flap pattern and lower flap pattern in Fig. 4(b) both
have 15 mm length and 5 mm width, and a “toothed” pattern to
minimize creasing or buckling during individual flap deforma-
tion. Matte surfaced Mylar film (polyethyleneterephthalate) is
used for the flaps, with a thickness of 0.12 mm and measured
frictional coefficient is 0.6. The stiffness of the flap material is
important because the layered flaps can be subjected to com-
pressive and bending forces according to the direction of an
external applied load and can potentially fail in buckling (in-
stead of applying a resisting force). Increasing the flap material
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Fig. 6. Parameters of a flap at arbitrary position.

stiffness thus increases the external load that can be tolerated
before material failure.

2) Manufacturing of 1-DOF Layer Jamming Joint: Fig. 5
shows a sectional view of the assembled joint. The joint is
assembled by hand. The flaps are cut via a laser cutting process.
The upper and lower links are made of ABS plastic by a 3-D
printing process. As shown in Fig. 4(b), there exist holes on two
sides of the links where two fishing wires are passed through
and tightened on both sides, therefore, pressing the upper links
against the lower links to keep the two in contact. The flaps are
glued together on each link and overlapped on top of each other
with the pattern shown in Fig. 3. An elastomeric membrane is
wrapped around the inside and outside of the assembled joint.
The membrane is a latex rubber tube with a thickness of 0.2 mm.
Flexible tubing is admitted into the membrane and connects to
an external pump in order to supply a vacuum. O rings are used
to fit the latex rubber onto the flexible tubing and the rigid links
to achieve a vacuum seal. When vacuum pressure is applied,
the air inside the membrane is drawn away, and the membrane
applies a confining pressure to the outside flap surface. The
pressure can be 101.3 kPA (1 atm) at maximum.

The process of making the customized latex rubber tube is as
follows. The raw material that was employed was an abrasion-
resistant natural latex film rubber with the desired thickness
(0.2 mm), which is commonly available. Liquid latex rubber
was also employed in a diluted form (with an equal volume of
water). Flat cardboard was used as a mold. The width of the
cardboard was determined based on the required diameter of
the tube. A mold release was applied to the cardboard to prevent
the latex film from sticking to the cardboard. The latex film was
then wrapped around the cardboard. Afterward, the latex film
was brushed with the diluted liquid latex on the overlapping
sections of the film, to form a closed tube. Weight was placed
on top of the overlapping film region, and then, a heat gun was
used to heat the glued, overlapping area. The tube was left to
dry for 24 h, and after that, the weight was removed, and the
finished tube was rolled off of the cardboard.

3) Modeling of 1-DOF Layer Jamming Joint: The effect of a
given flap at an arbitrary position on the rotational joint stiffness
can be analyzed with the diagram shown in Fig. 6(a). For a
1-DOF rotational joint, the motion of a “side flap” (with the flap
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face oriented normal to the axis of joint rotation) is rotational
along the axis of the pivot, whereas motion of a “front flap”
(with the flap face oriented parallel to the axis of joint rotation)
is purely translational, as in Fig. 3. Intermediate flaps have
combined motion of rotation and translation.

Considering two arbitrary points P; and P, on a flap face that
have nonzero separation distance w’, the amount of motion of
the points caused by rotation @ of the joint can be calculated as
follows:

Amy = rsin ¢ Af
Amsy = rsin ¢po Al ()
where ¢ and ¢, denote the angles from the joint axis to each

point, and r is the radius of the cylinder formed by the flaps. If
w’ is sufficiently small, it can be expressed as

w = (g — ¢r1). 3

From (2) and (3), and by converting ¢; and ¢» to ¢, which
is the angle from the joint axis to a point on the flap, the rota-
tional motion component A and translational motion compo-
nent Am are obtained as follows:

Amy — A
Ay lim =22 s gAG 4)
Q1,02 —¢ w
A A
Am = lim e A 7 sin pA6.
é1.02 = 2

The relationship between the frictional force of the flaps and
the resisting torque on the joint can be calculated by using the
virtual work method. If a flap is sufficiently long, the motion
Awv of an infinitesimal part of the flaps in Fig. 6(b) is as follows:

|Av| = \/(ZAw)Q +Am? = \/(lcos ¢)* + (rsin ¢)* Af.
&)
In order to satisfy energy conservation, the following equation
should hold:

L

2 T
TAO = / |Av|ppwdl = 2/ |[Av|ppwdl.  (6)
L 0

Substituting Av into (6) with (5), the resisting torque 7(¢)
can be obtained as follows:

7(¢) = Zpr/O7 \/(lcos $)? + (rsin¢)’dl (7

(rsin ¢)?

4 | cos |

L L ’
xIn [ =|cot ¢| + —cotp | +1
2r 2r

From this equation, the total resisting torque of a 1-DOF layer
jamming joint can be calculated as follows:

Tipor =n Y 7(9). ®)

Nflap

=ppw (l;\/(ljcos@2 + (2rsin¢)? +

where ng,, denotes the number of flaps around the cylindrical
frame. Fig. 7 shows the change in resisting force of one flap as
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Fig. 8. Resisting torque variation according to the number of flaps around the
frame.

a function of the change of the angle ¢, as computed from (7),
where the radius of the cylinder r is 10 mm. All of the flaps
of Fig. 7(a)—(c) have an identical size of 40 mm, although with
widely varying aspect ratios. Note that ¢ = 0° represents the
location of a front flap, and ¢ = 90° represents the location of a
side flap.

When the length of the flap is four times longer than the radius
of the cylinder [see Fig. 7(b)], the resisting force of the front
flap is exactly the same as the side flaps, and the intermediate
flaps contribute slightly more than either the front or side flap.

As shown in Fig. 7(c), the greatest contribution to resisting
force is derived from a relatively long flap at the front position,
which agrees with intuition. Also, the contribution of the side
flaps does not change as a function of aspect ratio, which also
agrees with intuition. It should be noted that, in practice, there is
a geometric constraint on flap length caused by overlapping and
interference of adjacent flaps during joint bending. In addition,
another practical constraint derives from the fact that long flaps
can be prone to buckling or creasing.

Fig. 8 represents the resisting torque according to the number
of flaps ng.p, Where the size of total contact surface remains
constant, i.e., ngap,w = constant. Considering the scale of the
y-axis of the graph, we can notice that the resisting torque is
not changed significantly, and it converges to a constant value.
The torque in the region of lower numbers of ng,, has small
fluctuation. It is caused by the placement of the flaps around
the frame. Fig. 8 was obtained assuming that the first flap is
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Fig. 10.  Schematic of elastomeric membrane tension.

aligned with the pivot direction. If the position of the first flap
is changed, the shape of fluctuation will be changed. Ideally, we
can choose an arbitrary number of ng,,, without losing resisting
torque performance. However, if ng,, is extremely high, the
width of the flaps w becomes too small to resist buckling and
creasing, and in the opposite situation, an unnecessarily large
flap width decreases the flexibility of the mechanism. Here, we
have chosen ng,, between 8 and 12.

4) Modeling of Membrane Tension: Besides the friction be-
tween flaps in the layer jamming mechanism, the tension be-
tween the elastomeric membrane (here, latex rubber) and the
flaps plays an important role in determining joint stiffness. The
elastomeric membrane tends to resist relative movement when
the flaps slide on top of one another. In order to better understand
the mechanism, membrane tension was modeled analytically
and validated by 3-D finite-element analysis (FEA) simulation.

Fig. 9 shows a diagram of two flaps covered by an elastomeric
membrane moving in opposite directions, while subject to a
confining pressure. Let us assume that the friction acts only
between the flap and the membrane and that there is no friction
between the flaps, and then, the tension 7 of the membrane at
the contacting edge between the two flaps (see black dotted line
of Fig. 7) is the same as pulling force of each flap.

The elastomeric membrane can be represented as a number of
lumped elements connected by springs, as illustrated in Fig. 10.

Here, AF' is the confining force on the membrane and flap
caused by the pressure p, and 1 A F'is the corresponding friction
force between the membrane and flap. Thus

F =pwAzx )
T(x)=T(x)+ AT + pF. (10)

From (9) and (10), we can obtain
AT =—pF = —ppwliAzx (11)

where AT is the difference in tension across a small section of
membrane Az, and the boundary condition for this equation is
T|._, = Tp. Therefore, the tension along the entire membrane
can be obtained by integrating over the length x:
T(x) = / AT = / ppwde, T(0)=T,. (12)
0 0
Since the membrane cannot take compressive force, T'(x)

always has a positive value. Thus, the tension distribution along
the membrane is

T,
T, —ppwz, x<p,uw
T(z) = ’ (13)
0, x> —2.
pprw

What we are interested in is the relationship between the
displacement of the two flaps and the tensile force of the flaps
Ty. If we assume that L, is the displacement of the two flaps,
which is the same as total elongated length of the membrane,
and based on Young’s modulus definition, we can obtain

Az
To To
1;—2/ﬂ7d1—2/ﬁ735¢n (15)
t — 0 t — 0 EA

where Al is infinitesimal elongation of the membrane in the
region of Az, and A is the cross-sectional area of the membrane.
The elongation of a membrane occurs at the both sides of the
contacting edge, and thus, L; in (15) has a doubled value of the
integral. Using (13) and (15)

To To
peo T vew T, — puwx
L, =2 —dr =2 ——d
! lﬁ BA™ A BA

(14)

To
ppw

l (TOIE _ Mﬁ)

EA 2 0
_i T, puw T, 2
EA\ “ppw 2 \ppw
__ T
- FAppw’

As a result, the membrane tension as a function of L; is
obtained as follows:

T, =/ EAppwlL,.

We can also calculate the length of the region of nonzero
tension by using (13) and (16):

T, EAL,
Lmax — — .
ppw ppw

In order to better understand the tension distribution and
effect of membrane physical parameters on the layer jam-
ming mechanism performance, the membrane tension was mod-
eled analytically. This model was then validated by 3-D FEA
simulation.

(16)

a7
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Fig. 11. Modeled membrane tension distribution.

It can be seen that the membrane tension increases linearly
to a maximum value that occurs at the contacting edge of the
top flap with the membrane. The maximum tension and the
elongated length are determined by the Young’s modulus of the
membrane F, the cross-sectional area of the membrane A, the
pressure acting on the membrane p, the friction coefficient of
the flap material p, the width of the flap w, and the contacting
distance between two flaps L, as illustrated in (16) and (17).

Fig. 11(b) (bottom two) shows ANSYS simulation results of
the stress distribution of the membrane. Ansys 13.0 workbench
(static structure) was used. The width of both flaps and rubber
was all 6 mm, the length of flaps was 60 mm each, the thickness
of the flaps is 0.2 mm, the length of the rubber is 100 mm, the
thickness of the rubber was 0.15 mm, and the frictional coeffi-
cient between flap and rubber was 0.5. The flaps were modeled
as rigid and not stretchable. The rubber was selected as latex
rubber with a Young’s modulus set to 0.02 GPa and a Poisson
ratio set to 0.5. The piecewise linear tension distribution from
the FEA simulation (bottom two) closely matches the membrane
tension distribution pattern computed from the analytical model.
This serves as an initial validation of the theoretical modeling
of the membrane tension distribution.

In the similar way as Fig. 9, a model of the membrane under
shear stress can be obtained. Fig. 12 shows a diagram of two
flaps under shear force S,. The force distribution along the
membrane is the same as (13), and the following deduction
is also similar, except that the Young’s modulus E should be
substituted with shear modulus G. Therefore, assuming that
L is the shear displacement between the flaps, the resultant
membrane shear force as a function of L, can be obtained as
follows:

S, =vGAppuwLg. (18)
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Fig. 12.  Flaps and rubber skin movement under shear force.

Let us consider the relationship between rotation angle and
the resisting torque of the joint. If we assume that the rotation
is sufficiently small, the tensile motion L; and the shear motion
L, of the flap edge can be calculated from (4) as

<§ cos QS) 0.

Again, by using virtual work concept to satisfy energy con-
servation and substituting (16), (18), and (19) into (20), shown
below the following equation can be obtained:

Ly = (rsing)d, L, (19)

Tm A0 = T,AL; + S,AL
= /EAp pw (rsin¢) |0] (rsin ¢) A

+ \/GApr (g cos QS) 16 (g cos qb) A6. (20)

If we consider the nature of rubber material, we can notice that
the membrane cannot make resisting force under compressive
motion of the flaps; on the other hand, the shear motion in
the both directions can produce resisting force. Therefore, the
resisting torque caused by membrane elongation and shear is

3
<\/EApuw(rsinqﬁ)3 + \/G’Apuw (%cowﬁ) ) |9\%

T = 0<op<m (2D

L Sl
GApuw<§cos¢) CIE

From this equation, the total resisting torque of a 1-DOF layer
jamming joint due to membrane can be calculated as follows:

Tm1 DOF = Z T (@).

flaps

<< 2T,

(22)

Here, substantial approximation was applied because only the
membrane mechanics at the edge of the flaps was considered,
and the complex shape of whole flaps was ignored. However,
it is notable that the membrane contributes the resisting torque
then and not until then the flaps has relative displacement and
the contribution has square root relation with the bending angle.

5) Characteristics of 1-DOF Layer Jamming: In order to
validate the layer jamming model, bending stress tests were
conducted on a physical prototype of the simple 1-DOF layer
jamming joint described in Sections II-A and B.
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TABLE I Bending
SPECIFICATIONS AND TEST ENVIRONMENTS OF 1-DOF LAYER JAMMING JOINT torque (Nm)
3
Specification Value 4
Radius of the cylinder r, 10mm 25 Maximum resisting i i
Width of flaps w , Smm torque2.3Nm_
Overlapped length of flaps L, 15 mm
No. of flaps per circle 3 ap? 10 4
Jlap —— Experiment
No. of contact surface 7, 7 ™ Gl
.. . 1.5 o = lheoretical
Frictional coefficient 4, 0.60 . Qé,é& result
&
Vacuum pressure p , 0, 33.3,66.7, 101kPa Y (101kPa)

Bending
torque (Nm)
3 =
2.5
2
—— 101kPa
1.5 ——66.7kPa
——33.3kPa
1 —— 0kPa
05 - — i m
_ A is approximately constant
= e Bending
0 1 2 3 4 Angle (deg)
Fig. 13. Bending torque-angle curves of 1-DOF layer jamming joint.

Table I shows specifications of the 1-DOF layer jamming
joint and the test environment. From these specifications and
(7) and (8), the resisting torque can be calculated theoretically.
The calculated resisting torque under 101 kPa (1 atm) vacuum
pressure was calculated as 2.3 N-m.

Also it is clear from (1) that when n increases, the total
resistant force is increased. The maximum number of layers
n is limited by the thickness requirement of the tube and the
stiffness requirement of the mechanism. The outer diameter of
the tube is set to be 22 mm, which is smaller than the maximum
umbilical incision diameter 40 mm. Inner diameter is 15 mm and
is decided by outer diameter and thickness of flaps and rubber
skin, which is enough for insertion of other flexible surgical
tools.

Experiments to measure the stiffness properties of the 1-DOF
joint were conducted by using a texture analyzer. The texture an-
alyzer can simultaneously apply controlled bending forces to the
endpoint of the joint while measuring endpoint displacement.
The texture analyzer has a 49 N maximum force capability and
0.001 N sensitivity.

The experimental value measured by repeated stress test was
found to range between 2.2 and 2.7 N-m, which agrees reason-
ably well with the theoretical value of 2.3 N-m.

Fig. 13 presents bending stress—strain curves under various
vacuum pressures. Within the resisting torque range, it shows

1 /
0.5 /
0 . . Bending

o 1 7 3 4 Angle (deg)

Fig. 14. Comparison between the theoretical and experimental results of bend-
ing torque-bending angle relationship.

a high linear stiffness (0.95 N-m/deg) that is independent of
vacuum pressure level. This independence is due to the fact
that failure (due to flaps sliding with respect to one another)
occurs only when the shear force between individual flaps ex-
ceeds the friction limit; below this level, the flaps are effectively
bonded to one another. Once the external torque exceeds the
resisting torque, however, the curve becomes nonlinear. How-
ever, in contrast with a typical Coulomb friction curve which
has approximately zero slope, the torque increases continuously
as it bends, which is caused by the increasing resistant nonlinear
bending force from the flaps and the membrane tension, as we
derived in (21).

Fig. 14 shows the comparison between the experimental and
the theoretical torque. The slope of the theoretical curve un-
der resisting torque is adopted from the experimental result
(0.97 N-m/deg), and it goes until the theoretical resisting torque
(2.3 N-m) obtained by (8) and, above the resisting torque, the
curve follows the torque provided by the membrane of (22).
These curves have two distinct differences. First, the experi-
mental curve does not exhibit a sharp inflection point near its
maximum resisting torque, because all of the relative motion
between flaps does not occur at the same time. Second, the ex-
perimental slope above the resisting torque shows greater stiff-
ness. It is speculated that the resisting torque of the membrane
comes not only from the end edge of the flaps but from the side
edge of the flaps as well. If more precise identification of this
is needed, precise modeling on whole edges of flaps should be
conducted.

Note that the bending torque without vacuum pressure is
a constant nonzero value, because the flaps without vacuum
exhibit a finite level of friction. This gives insight into desirable
characteristics of the film material. For instance, if the stiction
of the material is extremely high, it will be difficult to achieve
a high stiffness change, because the flaps will adhere to one
another, even in the absence of vacuum pressure. In addition,
the effect of the rubber membrane is negligible when it is not
subject to vacuum pressure, because the membrane does not
adhere to the flaps, and the stiffness of the membrane itself is
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Fig. 15. (a) Double-side flap pattern for layer jamming manipulator having
inner flaps and outer flaps. (b) Single-side flap pattern for layer jamming ma-
nipulator having outer flaps only.

very low. In addition, it also implies that the returning torque
caused by flap flexion is almost 0, because the thickness of flaps
is sufficiently thin enough to neglect the bending force of the
flaps. However, if thicker flaps are chosen for other application,
it should be considered in calculating the resisting torque.

III. DEVELOPMENT OF TUBULAR SNAKE-LIKE MANIPULATOR
WITH LAYER JAMMING

The 1-DOF layer jamming joint described above was intended
to illustrate and model the basic functionality of the layer jam-
ming mechanism. In this section, we introduce a new design
concept for a tubular manipulator that is composed primarily of
thin flap material, a latex membrane, monofilament wires, and
flexible transmission rods. The manipulator provides large flex-
ibility in a thin structure, while maintaining the tunable stiffness
properties of layer jamming.

A. Construction of a Tubular Layer Jamming Structure

A flap pattern geometry suitable for a tubular manipulator is
illustrated in Fig. 15. The patterns are composed of inner flaps
or outer flaps (gray sections) and a middle strap (green section).
Fig. 15(a) shows a double-side flap pattern for manipulators
having both inner flaps and outer flaps; Fig. 15(b) shows a single-
side flap pattern for manipulators having only outer flaps. The
difference between the double-side and single-side flaps is that
double-side flaps have flaps on each side of the middle strap:
One flap lays on the outer surface of the tube, and the other flap
lays on the inner surface of the tube, as shown in Fig. 16(b).
Therefore, double-side flaps theoretically have up to twice the
friction force compared with single-side flaps. For this reason,
the layer jamming manipulator prototype described in this paper
uses double-side flaps.

On the middle strap, there is a pattern of holes and slots,
through which are woven a monofilament wire to constrain the
tubular structure. Fig. 16(a) illustrates an assembled structure
with a single-side flap pattern, where the woven wire (red curve)
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Outer flaps

(c)

Fig. 16. (a) Assembled one-side flap pattern. (b) Section view of double side
flap pattern. (c) Assembled double-side flap pattern.

has a helical shape, and the pivots (black line) formed by holes
and slots of the middle strap are evenly positioned at every
240° of the helical shape. Due to these pivots, in addition to
the flexibility of film material, the tubular structure can be bent
to an arbitrary angle as well as extended or shrunk in the axial
direction.

The middle strap has a curved shape that forms a helical
surface when rolled up. This enables it to stack without changing
diameter, as shown in Fig. 16(b). By simple calculation, the gap
T;ap between the helical surfaces can be obtained as follows:

coned itch
Tgap = ’ 2ﬂ,pt 1 23)

where @cone is the inclination angle of the middle strap per
winding. For actual implementation, T}, should be larger than
the thickness of the flap pattern 7, since extra gap is required for
the wire to allow room for bending. Ycone, T, and dpipen, used
for implementation were 18°, 0.14 mm, and 6 mm, respectively.
Therefore, T;,, was 0.3 mm, and the extra gap was 0.16 mm.
As can be seen in Fig. 16(b), the length of flaps L, the height
of middle strap h, and the pitch dyic, determine the number
of overlapped flaps nqap,s and that of overlapped middle strap
Ngtrap as follows:

(24)
(25)

From (23)—(25), the total thickness of the tubular manipulator
can be calculated as follows:

Nfaps = L/dpitch

Nstrap = h/dpitch-

Ttubc = 2nﬁaps,-r + nstrapTgap . (26)

As L and h were 30 and 24 mm, respectively, the thickness
of the tube is 1.9 mm. Adding the thickness of the latex rubber
membrane for inside and outside sealing, the total thickness of
the manipulator wall is 2.1 mm. This is a small value compared
with other snake-like manipulators with tunable stiffness capa-
bility and, therefore, suggests that such a device could be useful
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Fig. 17.  (a) Concept design of layer jamming manipulator. (b) Section view
of manipulator and one actuator.

for various MIS applications. Specifically, a thin, stiff device
would be useful as a manipulable guide sheath for endoscopic
tools.

B. Actuation and Transmission System

The actuation and transmission system of the manipulator is
composed of transmission wires, linear actuators, and a vacuum
system as shown in Fig. 17(a). In order to actuate the manip-
ulator, three NiTi wires of 1 mm diameter were used for the
transmission wires. They were placed at every 120° inside of
the manipulator and passed through the loops made by film
flaps and woven wires. Distal ends of the wires were fixed at the
distal end of the tubular structure, and the proximal ends were
connected to three linear actuators.

This approach is relatively simple and requires a small num-
ber of components. However, care must be taken in designing
the device for vacuum sealing, because the sealing membrane
must contain both the tubular structure and transmission wires.
Placing the transmission wires outside the sealing membrane is
desirable for a simple sealing design in the case when a thin
structure is not needed. As shown in Fig. 17(b), silicon tubes
were used for vacuum sealing of the transmission wires. To
increase the sealing effect, Dow Corning high-vacuum grease
silicone was applied inside the silicon tubes, which can also act
as lubricant and reduce the friction in between the silicon tubes
and the NiTi wires.

For actuation, three linear actuators were used. Each actua-
tor is composed of a 1-mm pitch ball screw, linear guide, and
8-W brushless dc motor with a 5.4:1 gearhead. As the maximum
continuous torque of the motor is 8§ mN-m and the efficiency of
the gearhead is 84%, the approximate continuous output force
of the linear actuator is 230 N.

Fig. 17(b) shows a sectional view of the manipulator and
one of the linear actuators. The length of the manipulator is

Fig. 18. Motion of layer jamming manipulator. (a)—(c) Free motion with-
out vacuum. (d) and (¢) Motion under external constraint without vacuum. (f)
Stiffened state with vacuum.

400 mm, and the length of actuation components is 430 mm.
The assembly of the manipulator is also done by hand. Most
parts, including the frame, motor holders, NiTi wires tightening
stand, and others, are made of ABS plastics via 3-D printing.
The flaps are made of Mylar sheets and cut via laser cutting.
The latex rubber skin is made with the same manufacturing
method as introduced in Section II. The NiTi wires are threaded
through the flap trigonal pivot holes on each layer along the
outside of the flaps and are glued onto only the top side of the
manipulator. One latex membrane wraps inside and outside of
the tubular manipulator and is sealed to one frame on both its
top and bottom sides with two rubber O rings. The vacuum tube
and transmission pass through the frame between the O rings.
The NiTi wires are tightened onto the linear actuators via the
tightening stands. The three linear actuators are mounted onto
the frame by machine screws.

C. Characteristics of Tubular Snake-Like Manipulator With
Layer Jamming

Fig. 18 shows several snapshots of motion of a tubular ma-
nipulator prototype under various conditions. The motion starts
from a straight pose as shown in Fig. 18(a). As shown in
Fig. 18(b) and (c), the manipulator without external force bends
to approximately arc shapes. When subject to an external force,
as shown in Fig. 18(d) and (e), the manipulator demonstrates
compliant motion due to its underactuated structure. In an arbi-
trary shape, it can be stiffened via application of vacuum pres-
sure, as shown in Fig. 18(f). Close examination of Fig. 18(f)
shows that the elastomeric membrane is compressed tightly
against the underlying layers, due to the application of vacuum
pressure.

For quantitative performance characterization, tests similar
to those reported on the 1-DOF layer jamming joint were



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

10

Resisting
Force(N)
5 ’
4
3 ——101kPa
*66.7 kPa
=——33.3kPa
2
1
vl
-1 4 9 14 19 24

Displacement (mm)

Fig. 19. Resisting force versus displacement curves of layer jamming
manipulator.

Left Pose
(0.74)

Straight . /
Pose (1) /  / DownPose

Fig. 20. Tube stiffness of the layer jamming manipulator at different poses.

conducted. A lateral (bending) force was applied at the tip of the
manipulator, and applied vacuum pressures were the same as in
Table I. The maximum breaking strength or resisting force is
defined as the force where if it is released the manipulator would
return to its initial pose. It is found out experimentally that the
measured maximum resisting force under 101 kPa (1 atm) vac-
uum pressure was approximately 2 N, which indicates that the
manipulator can bear a 2 N tip load, including its own weight
and return to initial pose if the load is removed. Fig. 19 shows
resisting force-displacement curves under various vacuum pres-
sures. While the overall shape of the curves is similar to that
of Fig. 13, the curve is generally smoother, and it is hard to
differentiate a discrete failure point. This is due to the fact that
the manipulator has more flexibility than the 1-DOF joint, and
thus, there is more possibility of slippage between individual
flaps, which results in a more gradual failure.

It was also observed experimentally that the bending stiffness
of the tubular snake-like manipulator with layer jamming varies
as a function of the manipulator pose. This effect is partly caused
by the varying effect of gravity loading on the manipulator and
partly by the deformation of the flaps and NiTi wires at various
poses. Fig. 20 shows the stiffness of the manipulator at four
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TABLE 11
DDU LENGTH DIAMETER AND PAYLOAD COMPARISON

DEVICES ?N?Ng LENGTH I(;::;;iilagi (l;\)YLOAD
IREP [1] 60 15 2
SPRINT [12] 142 30 5

LAYER JAMMING 400 22 2

DDES [4] 550 22 N/A
ENDOSAMURAI [4] 1030 15.7 N/A
NOTES SCOPE [4] 1330 14.3 N/A

10P [4] 1100 18 N/A

poses: an upward pose, a downward pose, a straight pose, and
a leftward pose. Due to symmetry, the rightward pose has the
same stiffness as the leftward pose.

MIS applications typically require that surgical manipulators
should be able to have three controlled spatial DOFs. The ma-
nipulators should have high payload, high stiffness, and high
resolution, with specific requirements dictated by the needs of
particular surgeries. The required force for ordinary soft tissue
surgery, such as needle insertion into the liver, has been stated
as having a maximum of 2.5 N [20]. The payload of our pro-
totype is about 2 N, and as it is explained previously in this
paper, it can be easily increased by increasing the flaps numbers
and contacting areas. Here, the desired stiffness of the proposed
manipulator is 0.3 N/deg.

Table II compares the distal dexterity unit (DDU) length (not
including surgical or manipulation tools like grippers or scis-
sors), outer sheath diameter, and payload, for the layer jamming
manipulator and some other MIS prototypes including IREP [1],
SPRINT [12], and commercial products including DDES, En-
doSAMURALI, NOTES scope, and IOP [4]. Due to the limited
available data for some devices, the payloads of the commercial
MIS products are not available. For MIS, DDU usually refers
to robotic arms that start from a fixed entry port into patients’
bodies, with attached surgical tools on the distal ends. The outer
diameter of the prototype presented in this paper is 22 mm, with
an inner diameter of 15 mm; however, it can be made smaller if
the inner diameter is decreased.

Compared with these devices, the layer jamming manipula-
tor has a relatively long length and small diameter, with a high
payload. Furthermore, the payload of the layer jamming manip-
ulator can be increased by increasing the number of layers, with
a penalty of a small increase in the tube thickness, as shown
in (1). Therefore, with the added advantage of tunable stiffness
capability, this long, light, and very thin snake-like manipulator
is very promising for MIS applications.

IV. CONCLUSION

This paper has introduced a novel layer jamming mechanism
to achieve tunable stiffness in a compact articulated manipula-
tor. Design, modeling, analysis, and experimental results of the
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tubular layer jamming manipulator are presented. Experimen-
tal results demonstrate that the proposed mechanism has the
capability of significant stiffness change and payload carrying
capability, while it occupies a small volume. Therefore, the de-
vice could be well suited for MIS applications.

When vacuum pressure is not applied, the manipulator con-
figuration can be controlled by actuating the Ni-Ti transmission
wires, to guide the manipulator around obstacles to a desired
location. The external surface of the manipulator is relatively
compliant due to the use of an elastomeric membrane and, thus,
is unlikely to cause damage to internal organs due to acciden-
tal contact. The manipulator can be used as a guide for other
MIS tools or could potentially be used in concert with another
variable stiffness manipulator. In this concept, two tubular ma-
nipulators would advance alternatively, one within the other,
with the guiding tube in a high stiffness state, while the advanc-
ing is in a low stiffness state [15]. The performance of the device
can be predicted with reasonable accuracy through the proposed
analytical models.

For future research, quantitative friction modeling of the
membrane and analysis of the optimal shape and thickness of
the flaps will be investigated. Surveying and testing appropri-
ate materials for the elastomeric membrane is another aspect
of further research. It is hoped that this unique layer jamming
mechanism will inspire various snake-like and flexible mecha-
nisms with the aim to further improve surgical performance in
MIS and, thus, will benefit patients.
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