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Abstract— High injury severity occurs when a stiff robot arm
hits an operator. Introducing compliance into robot systems
reduces the impact and enables safe interaction, but at the
expense of positioning performance and payload capacity. This
paper presents a tunable stiffness mechanism for safe human-
robot interaction based on discrete layer jamming. The pro-
posed design of a discrete layer jamming mechanism is a robot
link made of multiple thin layers of ABS and multiple clamps.
By applying high clamping pressure to the laminates, the
link behaves like a rigid link; reducing the clamping pressure
softens the link which yields safer human-robot interaction.
Compared to conventional pneumatic layer jamming, discrete
layer jamming allows for simplicity of installation with dynamic
actuators, faster control, greater portability since no air supply
is needed, and no sealing issues. To validate the concept, this
paper investigates a discrete layer jamming beam made of ten
ABS laminates and two aluminum clamps that cover 10% of
the surface of the beam. Stiffness tests have been performed,
showing that around 17 times bending stiffness change is
achieved by increasing the clamping pressure of two clamps
from 0 to 1 MPa.

I. INTRODUCTION

Collaborative robots (co-robots) work closely with human
operators in a variety of applications such as exoskele-
tons for human strength amplification [1], wearable haptic
devices [2], rehabilitation [3], [4], and flexible production
lines [5]. Compared to conventional robots which are usually
confined in cages and fences to ensure safety, co-robots are
expected to be intrinsically safe such that humans interacting
with them do not suffer injury.

In recent times, introducing controllable compliance into
robotic systems has been proposed to fulfill safety require-
ments. A number of studies have shown that variable stiffness
helps to achieve high performance safely. There are two
representative mechanisms for varying stiffness: variable
stiffness joints (VSJ) and variable stiffness links (VSL). As
the first solution to be investigated, a large number of VSJ
studies have been conducted [6]–[10]. The main research
activities have been focusing on the safe brachistochrone
problem, which is an optimal control problem of minimizing
the time needed to move a mechanical load from one
position to another under certain safety constraints. Head
injury criterion (HIC) [11] has been widely used as a head
injury indicator as well as a safety constraint in the robotics
community [7], [9], [12].

Recent research has indicated an increasing interest in
variable stiffness links. Various approaches have been in-
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vestigated to achieve controllable stiffness. She et al. [13]
proposed a variable stiffness parallel-guided link based on
controlling the area moment of inertia of the cross sec-
tional area of a robot arm. However, the stiffness ratio
of 3.6 provides only a modest opportunity for improving
performance while maintaining a safe HIC value. Stilli et
al. [14] designed a controllable-stiffness robot link made of
an airtight chamber formed by a plastic mesh and silicone
wall; stiffness is varied by controlling the air pressure inside
the chamber. However, the stiffness change capability is
unclear because the stiffness at lower pressure states was
not investigated.

Granular jamming using granular media has been investi-
gated for robotic applications such as robotic spines [15] and
gripping [16]. In another case, if a robotic link is composed
of a volume of granular material, e.g. dry sand or coffee, it
can effectively transition between compliant states and load-
bearing stiff states by applying a vacuum to achieve variable
stiffness [17], [18]. However, it requires a substantial volume
to achieve sufficient stiffness which adds bulk to robotic
manipulators.

A layer jamming system makes use of friction generated
between flexible laminates by applying a jamming force to
transition between soft and stiff states. A variety of methods
have been implemented to provide a jamming force. Henke et
al. [19] proposed a variable stiffness beam that uses an array
of shape memory alloy (SMA) wires wrapped around a stack
of laminates. By changing the temperature generated by an
electrical current flowing through the SMA wires, the wires
can contract or elongate, which changes the compression
force around the layers, hence varying stiffness. However,
this method is limited by the strength and speed of the
SMA wires, and high SMA temperature on the outer surface
may present a hazard. Tabata et al. [20] utilized electrostatic
attractive forces generated by applying high voltage to flex-
ible polyamide thin films with patterned nickel electrodes
to change stiffness. However, high voltages used (from 150
V to 750 V) could be dangerous and the stiffness change
is insufficient (4 times). A common approach, which uses a
vacuum to generate the jamming force, has been investigated
for a variety of applications including continuum robots [21],
user interfaces for human-computer interaction [22], and
minimally invasive surgery [23]. However, it requires an
external vacuum source which adds complexity, bulk, and
weight to the layer jamming system. Furthermore, the thin
membranes used to contain the laminates are susceptible to
damage from contact with rough edges.

In this paper, we propose a novel concept to change
effective bending stiffness termed “discrete layer jamming.”



Our proposed design incorporates variable pressure clamps
at discrete locations along a multilayered flexible beam. The
stiffness of the multilayered beam can be varied by changing
the clamping pressure. For proof of concept, a ten-layered
ABS beam with two aluminum mechanical clamps has been
designed and tested for a range of clamping pressures.
The article is organized as follows: the design purpose and
concepts are presented in Section II. Section III shows the
discrete layer jamming design, and experiments to evaluate
the bending stiffness. Section IV provides a summary of the
study and future work.

II. DESIGN PURPOSE AND CONCEPTS

A. Safety Criterion

A typical free impact between a single robot arm and an
operator is shown in Fig. 1(a). The robot arm is composed
of an end effector with a load at one end and a link that
is connected to a joint at the other end. The robot link has
a length L and a mass mrob. The end load is mload. The
operator’s head with a mass denoted as moper is hit by the
link at a distance r from the joint with an angular velocity
ω. The velocity of the robot link at the impact location r
is calculated as v = ωr. The effective mass of the robot is
meff , which is obtained by equating the kinetic energy of the
mass meff and that of the original flexible vibrating beam,
as shown in [24]. The effective bending stiffness of the link
and the covering material of both the operator’s head and the
robot is keff . A mass-spring-mass impact model, shown in
Fig. 1(b), was proposed by Bicchi et al. [7]. In their model,
robot rotor and link are both considered as rigid, and the
only compliance during impact is from the covering material.
Hence, the HIC formula shown in Equation (1) of [7] is
expressed as a function of robot covering material stiffness,
robot inertia, and operator inertia. She et al. [12] modified
the HIC equation for compliant link robots, replacing the
covering material stiffness in [7] with an effective stiffness
which is a resulting term of joint stiffness, link stiffness, and
robot covering material stiffness. For a short impact period
of T , the HIC is expressed as follows [7]:
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Fig. 1: (a) Human robot collision. (b) Mass-spring-mass model.

HIC = 1.016Tk0.75eff

m−0.75
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eff

(meff +moper)1.75
v2.5, (1)

which shows that HIC is affected by time duration of the
impact, impact velocity, effective stiffness, effective mass,
and operator’s head mass. An HIC value of 100 may be
considered as an appropriate threshold for human robot
interaction [7]. To simplify and consider only the effect of a
compliant link, joint stiffness and covering material stiffness
can be reasonably assumed infinitely large, and the effective
stiffness is simply the link stiffness keff = 3Y I/r3, where
Y is the elastic modulus and I is the area moment of inertia
of the link [12]. Substituting the link effective stiffness and
v = ωr into (1) yields:

HIC(r) = 1.016T (3Y I)0.75
m−0.75

oper m1.75
eff

(meff +moper)1.75
ω2.5r0.25,

(2)
which shows that HIC increases with Y I , angular velocity,
impact length, and impact system masses. Fixing other
parameters, when r = L, HIC is found to be maximum.
Substituting r = L into (2), HIC at L can be calculated as:

HIC(L) = 1.016T

(
3Y I

L3

)0.75 m−0.75
oper m1.75

eff

(meff +moper)1.75
(ωL)2.5.

(3)
Here, 3Y I/L3 is the bending stiffness of an Euler-

Bernoulli beam for small deflections. It shows that the value
of HIC increases with bending stiffness to the power of 0.75.
Reducing bending stiffness helps to reduce the HIC value,
hence improving safety. For instance, fixing other parameters
and decreasing the bending stiffness by 10 times, the HIC
value can be reduced by 5.6 times.

B. Layer Jamming Concept

The layer jamming concept is illustrated in Fig. 2, where
the main structure is a multilayered beam. The most compli-
ant state is shown in Fig. 2(a), where no compression force is
applied and each layer bends almost independently when an
end load is applied. A stiff state with external compression
force applied to the outer surface of the beam is displayed
in Fig. 2(b).

The compression force increases the friction coupling
between the layers during bending to resist sliding and
thus increases bending stiffness. The theoretical maximum
stiffness change that a layer jamming system can achieve
is n2, where n represents the number of layers [19], [25].
Therefore, a 10-layered beam at its stiffest (fully jammed)
state can theoretically be 100 times stiffer than its most com-
pliant (unjammed) state. However, pneumatic layer jamming
is limited by the capabilities of the pneumatic source and the
actuation speed can be too slow for some types of robotic
control.



Fig. 2: Layer jamming concept. (a) Most compliant state. (b) Stiff state.

C. Discrete Layer Jamming Concept

Discrete layer jamming simplifies the variable pressure
actuation system with variable pressure clamps as shown in
Fig. 3. Instead of a pneumatic-based jamming force which
requires a vacuum, a mechanical jamming force is applied by
active clamps. By applying compression forces with discrete
clamps to the outer surface of the beam, the bending stiffness
of the beam can be significantly increased. The whole beam
has a length of L and a width of W . Defining the number
of laminates as n and the thickness of each laminate as t,
the thickness of the beam is therefore T = nt. The whole
length is then divided by two clamps into two segments of
length L1 and L2, where L1 = L2 for simplicity. The two
clamps have the same width so C1 = C2. Pressures P1 and
P2 are applied to clamp 1 and clamp 2, respectively.
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Fig. 3: Concept of discrete layer jamming.

Defining the number of clamps as N , and the friction
coefficient as µ, the ith clamping force CFi can be calculated
as follows:

CFi = PiCiW, i = 1, 2. (4)

Therefore, the friction force Fi between all laminates at the
ith clamp can be calculated as:

Fi = (n− 1)µPiCiW, i = 1, 2. (5)

TABLE I: Specifications and test conditions for experiments.

Symbol Specification Value

Pi ith clamp pressure 0, 0.05, 0.5, 1, 3 MPa
W Width of laminates 70 mm
t Thickness of each laminate 1.5875 mm (1/16 in)
Ci Width of ith clamp 20 mm, i = 1, 2
Li Length of ith segment 200 mm, i = 1, 2
n The number of laminates 10
N The number of clamps 2
µ Friction coefficient 0.6
D Tip deflection 40 mm
Y Elastic modulus 2.2 GPa

The friction force from all clamps is simply:

F =
N∑
i=1

(n− 1)µPiCiW, N = 1, 2. (6)

Equation (6) indicates that the friction force from all
clamps depends on the number of laminates, the clamp
size, the friction coefficient, the clamping pressure, and the
number of clamps. Since the friction force provides the
sliding resistance, the higher the friction force, the more
difficult it is for laminates to slide, and the higher the
bending stiffness of the structure. Therefore, assuming a
two-clamp system with fixed number of laminates, laminate
dimensions, clamping area, and friction coefficients, the
bending stiffness can be increased by increasing the clamp
pressures P1 and P2. However, with fixed total thickness
of the laminates, clamping area, friction coefficients, and
clamping pressures, the bending stiffness can be decreased
by increasing the number of laminates, since the stiffness
of each laminate decreases in the third order of thickness.
In order to investigate the effects of clamp pressures on
the bending stiffness, in this paper we fix the number of
laminates, laminate dimensions, clamping area, and friction
coefficients.

III. DISCRETE LAYER JAMMING EXPERIMENTAL
VALIDATION

A. Prototype and Experimental Setup

To prove the discrete layer jamming concept, a 10-layered
ABS stack was fabricated for testing. Each layer is 70 mm
wide, 400 mm long, and 1.59 mm thick, for a total thickness
of 15.9 mm. ABS was chosen for the test beam due to
its flexibility. The layers were laser-cut to form the desired
shape. Aluminum mechanical clamps were fabricated and
assembled as shown in Fig. 4. Each clamp has a width of
20 mm. To quantify the pressure level, an Omega LC703-1k
load cell is embedded into each clamp. Pressure is applied
to the load cell by a pressure adjustment bolt at one end.
The other end of the load cell is bolted to the pressing plate,
which compresses the laminates. The applied clamping force
can be increased by tightening the pressure adjustment bolt.

Quasi-static cantilever bending tests were set up and per-
formed to evaluate the stiffness of the prototype for different
levels of clamp pressure. Fig. 5 displays the test setup and
Table I shows the prototype and test specifications.
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Fig. 4: Clamp design. (a) Solid rendering. (b) Experimental unit.

Fig. 5: Cantilever bending test setup.

The prototype was clamped at one end and deflected
manually at the other end by a Mark-10 ES30 load frame.
The first and second clamps were placed 180 mm and 380
mm from the fixed end, respectively, so that the beam length
was equally partitioned into two segments. The tip load
and tip deflection were measured by a Mark-10 ME-200
force gauge and a Mark-10 ESM001 digital travel display,
respectively. To indicate the clamp location more clearly, the
first and second clamp are named as the middle and end
clamp, respectively.

B. Test Procedures

Twenty-five pressure states were set up and tested with
pressure combinations of 0, 0.05, 0.5, 1, and 3 MPa applied
to the middle and end clamps. Zero pressure throughout this
paper means no pressure and no clamps, indicating the beam
is free of constraints in clamped regions at the zero pressure
state.

For each pressure state, one cantilever bending test was
performed for three loading and unloading cycles. The tip
was deflected to 40 mm for each loading cycle. For abbre-
viated notation of different pressure states, the pressure for
middle and end clamps are denoted as ”M E ”, where “M ”
denotes the middle clamp pressure and “E ” denotes the end
clamp pressure. The pressure unit throughout this paper is
MPa. For example, M0E3 represents a pressure state with

middle clamp pressure of 0 (no clamps and pressure) and
end clamp pressure of 3 MPa. M0E0 represents the clamp
and pressure free state.

C. Experimental Results and Discussion

The force-displacement curves are shown in Fig. 6 for M0,
M0.05, M0.5, M1, and M3 cases with end clamp pressures
of E0, E0.05, E0.5, E1, and E3. All figures except the
M0 series exhibit similar slopes at very small deflections,
which indicates that the stiffness is independent of the
clamp pressure. This independence is due to the fact that
slipping (laminates sliding relative to each other) occurs only
when the shear force between individual laminates exceeds
the limit for static friction. Below this level, the laminates
effectively stick to each other. Once the laminates begin to
slip, the curves become nonlinear. Fig. 6 (c), Fig. 6 (d),
and Fig. 6 (e) look similar, which indicates that increasing
middle clamp pressure above 0.5 MPa helps little to increase
stiffness. The E0.5, E1, and E3 curves almost overlap with
each other for every middle clamp pressure for the first part
of the loading curve for the first cycle, thus providing similar
stiffnesses. The M0E0.05 curve in Fig. 6(b) exhibits a wavy
behavior at large deflection, and M1E0.05 and M3E0.05
curves both exhibit a drop, which are due to slipping between
the laminates. Hysteresis was observed at all pressure states,
but lower pressure states exhibit higher hysteresis. Hysteresis
is likely a result of internal friction during sliding between
the laminates; because there is less sliding at higher pressure
states, there is less hysteresis.

To compare the overall stiffness of different pressure
states, stiffness was calculated by fitting the slope of the first
20 mm of each force-displacement curve. Fig. 7 illustrates
the stiffness versus end clamp pressure for different middle
clamp pressures. While the overall trends of the curves show
that higher end clamp pressures yield higher stiffnesses, the
stiffness increases little when increasing end clamp pressure
from 0.5 MPa to 3 MPa as we already observed in the
force-displacement curves. Similarly, stiffness increases with
middle clamp pressure and differs little at higher middle
clamp pressures, i.e., M0.5, M1, and M3. The M0.05 curve
shows a downward trend. The reason is that 0.05 MPa
corresponds to a small load relative to the 3.17 MPa range
of the load cell. Both clamps were adjusted between tests,
which resulted in some variability in the applied pressures,
especially for small pressures, i.e., the M0.05 series.

TABLE II: Stiffness for different middle and end clamp pressure combina-
tions from experiments.

Stiffness (N/mm)
Middle clamp pressure (MPa)

0 0.05 0.5 1 3

End clamp 
pressure 
(MPa)

0 0.024 0.12 0.17 0.17 0.17
0.05 0.10 0.19 0.35 0.34 0.36
0.5 0.11 0.22 0.39 0.40 0.40
1 0.12 0.22 0.40 0.40 0.41
3 0.11 0.19 0.39 0.39 0.40
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Fig. 6: Force-displacement curves of different pressure states. (a) M0 series tests. (b) M0.05 series tests. (c) M0.5 series tests. (d) M1 series tests. (e) M3
series tests.

Fig. 7: Stiffness vs. end clamp pressure from experiments.

Stiffness ratio is defined as kp/kmin, where kp is the
stiffness of a certain pressure state, and kmin is the minimum
stiffness, corresponding to the case of no clamps or pressure.
The maximum stiffness ratio is defined as Kr = kmax/kmin,
where kmax is the maximum stiffness over the range of
pressures investigated. Table II and Table III list the stiff-
nesses and stiffness ratios for all 25 pressure states. Here
kmax was found to be 0.41 N/mm at the M3E1 pressure
state and kmin 0.024 N/mm at the no clamp or pressure state
(M0E0). The maximum stiffness ratio Kr is 17, which means
that clamping two discrete clamps can provide a 17 times
increase in bending stiffness. In addition, when comparing
the stiffness on the opposite sides of the diagonal connecting
M0E0 and M3E3 of Table II, e.g., M3E0.05 and M0.05E3,
which are 0.36 N/mm and 0.19 N/mm respectively, it is

TABLE III: Stiffness ratio for different middle and end clamp pressure
combinations from experiments.

Stiffness ratio
Middle clamp pressure (MPa)

0 0.05 0.5 1 3

End clamp 
pressure 
(MPa)

0 1.0 5.1 7.1 7.0 7.2
0.05 4.2 7.9 15 14 15
0.5 4.6 9.3 16 17 17
1 4.9 9.2 17 17 17
3 4.8 8.2 16 17 17

observed that the upper right values are greater than the
lower left values. Likewise, comparing the M0 column with
the E0 row indicates that the middle clamp is more effective
at increasing stiffness than the end clamp.

IV. CONCLUSIONS

This paper presented the principle of discrete layer jam-
ming for tunable stiffness robot links, along with details
of the design concept, prototype, and experimental results.
Detailed analysis of its stiffness properties and verification
of its performance based on experiments proved that beam
stiffness increases with clamp pressure. The stiffness change
of the current discrete layer jamming structure can be as high
as 17 times, which makes discrete layer jamming structures
promising for robotic applications.

Future work will focus on clamp actuator design and
control to maximize safety and performance. The use of
smart materials such as piezoelectrics will be considered due
to their fast response. The design of automated clamping
actuators will be an extension of the current work to be
tackled in subsequent papers. There are a number of op-
tions ranging from conventional electrical actuators to shape



memory alloys. We will also investigate design parameters
that affect bending stiffness, such as the number of clamps
and clamp location.
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