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Abstract— Stiff robots lead to high injury severity
when there is an impact between a robot and an operator.
Introducing controllable compliance into robotic links
reduces the severity of impact and enables safe human-
robot interaction. Layer jamming, airtight chamber, and
shape morphing are effective variable-stiffness mecha-
nisms. This paper proposes a hybrid jamming mech-
anism for safe human-robot interaction that combines
the above three mechanisms to further improve stiffness
changing performance. The hybrid jamming mechanism
is composed of two thin sheets which can be multi-
layered and an air bladder is placed in between the two
sheets; inflating the air bladder increases the curvature
of the layers and the cross-section area, hence increasing
the stiffness. System stiffness is further increased by
increasing the pressure since all layers are compressed
firmly. The concept is validated by quasi-static cantilever
bending experiments. The measurements show that a
maximum stiffness ratio of 66 can be achieved.

I. INTRODUCTION

As collaborative robots (co-robots) work closely
with human operators, safety becomes a key con-
sideration. Variable stiffness mechanisms have been
integrated into co-robots to meet both performance
and safety requirements. The two major approaches
to achieve variable-stiffness co-robots are variable-
stiffness joints (VSJ) and variable-stiffness links
(VSL). As the first of its kind, extensive research have
been conducted on VSJ [1], [2].

Different approaches have been recently investi-
gated to achieve variable-stiffness links. Stilli et al. [3]
proposed a VSL that is an airtight chamber made with
plastic mesh and a silicone wall; variable stiffness
is achieved by regulating the air pressure inside the
chamber. Based on that, Gandarias et al. developed
an open-loop position control method for a two-link
VSL robot and demonstrated that the VSL robot
outperforms the position control compared to a 3D
printed rigid manipulator [4].

Jamming provides significant variable stiffness ca-
pability [5]. A jamming structure typically consists of
a collection of loose elements that has a low stiffness
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in its unactuated state; once a pressure gradient is
applied to the structure, such as when applying a
vacuum, the frictional coupling between the elements
increases, resulting in increased stiffness. Three repre-
sentative element shapes for jamming have been stud-
ied for variable stiffness robotics, including granular
jamming, layer jamming, and fiber jamming. Granular
jamming, the most commonly investigated form of
jamming, typically consists of granular elements in
an airtight membrane, such as coffee grounds or
plastic beads. Multiple robotic applications have been
proposed based on granular jamming, such as haptic
devices [6], variable-stiffness grippers [7], [8], and
variable-stiffness joints [9]. Moreover, robotic links
based on granular jamming have been investigated
for articulated manipulators [10] and MIS surgery
manipulators [11]. Granular jamming is particularly
useful for 3D conformability and stiffness tunabil-
ity [5]. Fiber jamming consists of longitudinal fibers
in an airtight envelope [12]. Fiber jamming structures
allow for varying flexural bending stiffness in multiple
directions and are attractive for use in surgical manipu-
lators because of their long and slender elements [13].

Layer jamming, on the other hand, consists of sheets
of a compliant material; application of a jamming
force enables transition between soft and stiff states.
Zeng et al. [14] developed a parallel guided link with
layer jamming actuated by a vacuum to achieve vari-
able stiffness. They proposed a feedback-linearization
based controller to track desired trajectory under cer-
tain safety constraints [15]. Zhou et al. [16], [17]
proposed a discrete layer jamming mechanism actu-
ated by mechanical clamps that achieved a 17-fold
stiffness change. Wang et al. [18] used electrostatic
attractive forces generated by high voltages to change
the stiffness of flexible polyimide thin films. Layer
jamming is more appropriate for varying stiffness in
one direction compared to the other two jamming
approaches.

In this paper, we propose a VSL mechanism that
combines three types of variable-stiffness methods:
layer jamming, shape morphing, and airtight chamber.
Our proposed design uses multi-layered thin sheets
with an air bladder sandwiched between them. The
cross section of the beam can be changed by varying
the pneumatic pressure inside the air bladder. Increas-
ing the pressure further introduces antagonistic effects
into the system, resulting in even higher stiffness. For
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proof of concept, the beam consists of three compo-
nents including a TPU (thermoplastic polyurethane)
air bladder, a nylon cloth cover, and two spring steel
plates enclosed in a cloth cover. Bending tests are
performed over a range of pneumatic pressures.

This paper is organized as follows: the shape
morphing concept is presented in Section II. Sec-
tion III shows hybrid jamming demonstrator design.
Section IV includes experiments to characterize the
bending stiffness. Section V concludes this work and
provides future work.

II. SHAPE MORPHING MECHANISM

In this section, we will first look at single-layered
beam morphing before moving on to multi-layered
beam morphing.

A. Single-Layered Beam Morphing

The concept of shape morphing for a single-layered
beam is demonstrated in Fig. 1, where Fig. 1(a) and
Fig. 1(b) illustrate the flat state and a curved state,
respectively. Beam cross sectional height and width
are h and w, respectively. Beam radius and center
angle are p and ¢, respectively, in the curved state.
We let y. denote the distance between the center of
the cross section area of the beam and the center of
the curve. Changing the cross section shape increases
the area moment of inertia, hence increasing stiffness.
For a pneumatic system, the shape changing force is
provided by the pressure to an enclosed air bladder
between the layers.

Fig. 1: Cross section of a shape morphing beam. (a)
Flat state. (b) Curved state.

In order to investigate how much stiffness and
stiffness change the mechanism can provide, it is
essential to compute the area moment of inertia I and
change of I since the material is fixed. We denote
T4 and I, the area moments of inertia of a beam
in its flat and curved states, respectively, about their
area centroids along the x direction. Iy, is calculated
as

In order to calculate I.;,.., the area moment of inertia
about the x-axis I, is computed as

I, = / y2dA
A

= 2/§(pcose)2pwd9 ()
0

= pPw (;ﬁ —&—singcos (g) ,

-

where A is the area of the cross section hw. In
addition, . is calculated as
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The area moment of inertia in the curved state is
calculated as
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Because p = h/¢, (4) can be further written as
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We define the ratio of the area moments of inertia

between the curved state and the flat state as 7, which
is computed as
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where it is observed that 1 only depends on the beam
cross sectional aspect ratio h/w and center angle ¢.

Fig. 2 shows the ratio of the area moment of inertia
vs. center angle for different cross sectional aspect ra-
tios. It is observed that large center angles (curvature)
and large cross sectional aspect ratios result in larger
values of 7. For a constant beam height, the thinner
the beam, the lower the area moment of inertia, and
the lower the stiffness. Therefore, the cross sectional
aspect ratio h/w needs to be considered for both the
original stiffness and stiffness ratio.

B. Multi-Layered Beam Morphing

For a multi-layered beam with /N laminae, the area

1, moment of inertia in the flat unjammed state is simply
Ifiar = Ehw . (1) calculated as
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Fig. 2: Ratio of the area moments of inertia vs. center
angle for different cross sectional aspect ratios.
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The area moment of inertia in the curved jammed state
is then written as
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Therefore, the ratio of the area moments of inertia

between the curved state and the flat state for an N-

layered beam is computed as

o Incire _ Nlcirc
Inflat Nljiar

NN =1, ©
which indicates that increasing the number of lami-
nates does not increase the ratio of the area moment of
inertia, hence there is no increase of the stiffness ratio.
However, more laminates result in a higher stiffness,
which can be used to increase the unactuated system
stiffness.

III. HYBRID JAMMING DEMONSTRATOR WITH AIR
ACTUATION

A 3D rendering of an air-actuated shape morph-
ing beam is shown in Fig. 3. The beam consists
of three components including a TPU (thermoplastic
polyurethane) air bladder, a nylon cloth cover, and two
spring steel plates enclosed in a cloth cover. Fig. 3(b)
and Fig. 3(c) show the cross section of the beam in
the flat state and fully circular state, respectively. The
beam is in the flat equilibrium state without actuation.
A pneumatic source is used to effect the shape change.

The cloth cover used to contain the spring steel
plates has a thickness of 0.28 mm. Four layers of
nylon fabric are sewn together to create two pouches.
A spring steel plate is inserted between layers 1 and 2
and a second one between layers 3 and 4. Each steel
spring plate is 0.127 mm thick and 110 mm wide.
Thus the ratio of the area moments of inertia between
the curved and the flat state is 86,393 based on (6).
The length of the main beam structure, which is the
distance between the fixed and free end fixtures, is

Free end fixture

Fixed end fixture

Beam

(a)
_Nylon cloth cover

TPU air bag

Spring steel
" laminates

(b) ©

Fig. 3: 3D rendering of a shape morphing beam. (a)
Overall view. (b) Cross-section view of the flat state.
(c) Cross-section view of the curved state.

205 mm. Thin spring steel plates are selected due to
their high modulus and flexibility, which result in high
stiffness and ease of shape morphing. The TPU air
bladder is made of two layers of 0.5 mm thick TPU
film which are joined around the perimeter using an
impulse sealer.

Fig. 4 illustrates the end fixtures which are designed
for a cantilever bending test. The end fixture for the
fixed end has multiple components which are 3D
printed except for the carbon fiber rods. The middle
plate is used to guide the vertical motion of the beam.
The rods guide the laminates and cloth cover to move
along the rods and ensure smooth sliding and fix the
beam when forces are applied to the free end. The side
caps constrain the beam and serve as a fixture for the
rods. The end fixture for the free end has a similar yet
simpler structure. Since no moment is applied to the
free end, it is unnecessary to add rods to the free end
fixture.

IV. HYBRID JAMMING EXPERIMENTAL
VALIDATION

To investigate the relationship between stiffness
performance and pneumatic actuation pressure, quasi-
static cantilever bending experiments for various pres-
sure states are conducted, as shown in Fig. 5. The
effective length of the beam is 205 mm, which is the
distance from the fixed end to the free end. The spring
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Fig. 4: End fixtures. (a) End fixture for the fixed end.
(b) End fixture for the free end.

steel has a height of 110 mm in the flat state, while
the beam has a diameter of 70 mm in the fully circular
state. The beam is pressurized using standard shop air.
The applied pneumatic pressure is measured using a
pressure gauge and adjusted with a pressure regulator.
A Mark-10 ES30 load frame is used to apply a tip
load to the free end of the prototype beam structure.
A Mark-10 ME-200 force gauge is used to measure
the tip load. The pressures applied to the actuator
are 0, 13.8 kPa, 41.4 kPa, and 68.9 kPa. For each
pressure state, the beam is loaded and unloaded for a
tip deflection of 10 mm and the test is repeated three
times.

Ao <4

Pressure gauge

T
" S=

Fig. 5: Cantilever bending test setup for the air-
actuated shape morphing mechanism. (a) Overall view.
(b) Air source. (c) Pressure gauge and regulator.

The force-displacement curves are shown in Fig. 6.
The repeatability for each pressure state is shown to
be good. It is observed that the higher the pressure,

the larger the slopes of the force-displacement curves,
and the larger the stiffness. Hysteresis and residual
displacement are present at all pressure levels, which
are likely a result of internal friction during sliding
between the laminates; because there is less sliding
at higher pressures, less residual displacement is ob-
served.

680 kPal
100 |—68.9 kPa-2
—68.9 kPa-3
41.4 kPa-1
801 41aipaz
41.4kPa-3
13.8 kPa-1
601 138kpaz
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Fig. 6: Loading and unloading force-displacement
curves at different pressures.
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Fig. 7: Averaged force-displacement curves of the
loading process for different pressures
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Fig. 8: Stiffness and stiffness ratio results. (a) Stiffness
versus pressure. (b) Stiffness ratio versus pressure.

The force-displacement curves are averaged to ob-
tain a single loading force-displacement curve as
shown in Fig. 7. The averaging process consists of two
steps. First, interpolate the force at multiple deflection
points for each curve in Fig. 6. Secondly, obtain the
average and standard deviation of the force at each
deflection point.

In order to characterize the stiffness performance,
the stiffness is obtained by fitting a slope for each
averaged force-displacement curve from 0 to 2 mm in
Fig. 7. The results of stiffness and stiffness ratio are
illustrated in Fig. 8. It is observed that the stiffness
increases from 0.26 N/mm to 17.42 N/mm when
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increasing pressure from 0 kPa to 68.9 kPa, which
results in a 66-fold stiffness increase.

The experimental stiffness change (66x) is much
lower than the calculated ratio of the area moments
of inertia between curved and flat states (86,393 x)
because the experimental minimum stiffness is much
higher than that of the calculated spring steel in the
flat state.

The stiffness for a single flat spring steel plate in
cantilever bending can be calculated as

. Ehw?
ko = 3EI/13 = 1
flat = 3EI/ e (10
Substituting h = 110 mm, w = 0.127 mm, [ =

205 mm, and £ = 200 GPa into (10) one obtains
kfiar = 1.09 % 10~7 N/mm. If we assume that the two
layers of spring steel are not jammed, the stiffness of
the two spring steel plates is ko f1qr = 2%k f1qr = 2.18%
10~% N/mm, which is much smaller than 0.26 N/mm.
This is because the cloth cover and the air bladder
increase the stiffness of the beam, and the cross section
of the fabricated beam is not completely flat at zero
pressure due to the air bladder in the cloth cover.
In addition, the anisotropic effects between the air
bladder and cloth cover as well as the spring steel
increase the stiffness of the beam at zero pressure.

The stiffness of a single curved spring steel plate
with a center angle of ¢ in cantilever bending can be
calculated as

kcirc = 3E-[circ/l37 (11)

where I.;.. can be computed by (5). Substituting the
numerical values and ¢ = 7 (a half circle) into (11)
yields keire = 9.42 N/mm. If we assume that the
two spring steel plates in the half-circle state are not
jammed, the stiffness of the two spring steel plates is
kocire = 2 % keire = 18.83 N/mm. However, because
of antagonistic effects between the outer sheets and
inner air bladder, the real maximum stiffness should
be higher than the above calculated value. The experi-
mental maximum stiffness 17.42 N/mm is still slightly
lower than the calculated maximum stiffness. This is
due to slipping between the main beam structure and
the fixed-end fixture in the experiments.

V. CONCLUSIONS

This paper presented the design concept, prototype,
and experimental results for hybrid jamming for tun-
able stiffness robot links. The stiffness of the beam
increases with pneumatic pressure, according to a
detailed analysis of its properties and experimental
verification of its performance. The current hybrid
jamming structure achieves a stiffness change of up to
66 times, making hybrid jamming structures promising
for variable-stiffness robotic applications.

Design and control will be the focus of future work
in order to maximize safety and performance. The
development of a more integrated hybrid jamming link
will be a continuation of the current research, which
will be addressed in future papers. We’ll also look into
design factors that influence bending stiffness, such as
the number of sheets and sheet thickness.
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