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Abstract. Robotic exoskeletons have been a focal point of research due
to an ever-increasing ageing population, longer life expectancy, and a
desire to further improve the existing capabilities of humans. However,
their effectiveness is often limited, with strong rigid structures poorly
interfacing with humans and soft flexible mechanisms providing limited
forces. In this paper, a scalable variable stiffness revolute joint is pro-
posed to overcome this problem. By using layer jamming, the joint has
the ability to stiffen or soften for different use cases. A theoretical and ex-
perimental study of maximum stiffness with size was conducted to deter-
mine the suitability and scalablity of this technology. Three sizes (25 mm,
18.75 mm, 12.5 mm diameter) of the joint were developed and evaluated.
Results indicate that this technology is most suitable for use in human
fingers, as the prototypes demonstrate a sufficient torque (0.054 Nm) to
support finger movement.
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1 Introduction

Robotic exoskeletons have been a recent focus of robotics research due to rise of
areas such as power augmentation and rehabilitation robotics. Robotic exoskele-
tons are advantageous as they combine the strength of robots and dexterity and
control of humans to create a man-machine system which is more intelligent
than a robot, but also more powerful than a human [8]. In recent years, the
majority of research into robotic exoskeletons has focused on creating a rigid
frame which the user is strapped onto to reduce the strain on the user when a
large torque is applied by the exoskeleton [7]. Although a rigid exoskeleton can
provide extra structural integrity to the man-machine system, multiple rotary
joints may also cause loss of degrees of freedom (DOF) in certain configurations
[13]. Misalignment of the exoskeleton and human joints can also result in inac-
curacies in measurements as well as applying unergonomic forces upon the user.
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Fig. 1. The developed variable stiffness joints based on layer jamming technologies at
three radii:(a) 25 mm, (b) 18.75 mm, and (c) 12.5 mm.

Solutions to these problems have already been proposed, but are at the cost of
increased mechanical complexity [4] [16].

An alternative approach is to utilise soft wearable robotics which are less
bulky and do not need to be aligned to each user as accurately as their rigid
counterparts. In general, soft exoskeletons are used in cases where the user re-
quires assistance to carry out daily tasks which are not intensive. Researchers
have developed different forms of wearable exoskeletons to suit different pur-
poses [9] [15]. Soft exoskeletons can also no longer be actuated using motors
that require a rigid framework, instead, tendons and artificial muscles are most
commonly used in these devices. A downside of soft exoskeletons are that they
are inherently controlled by tension, which loses the ability of holding a certain
position rigidly. This is a necessary function to protect joints of the user in cases
of rehabilitation.

A solution to this is to improve current soft wearable exoskeletons by us-
ing elements from continuum robots, which are variable stiffness limb segments
that can be reconfigured to suit the user’s needs [6] [12]. If a variable stiffness
element can be incorporated into designs of current soft exoskeletons, advan-
tages of a soft exoskeleton can be preserved while ensuring sufficient protec-
tion to the joints when required. Currently, the most reliable continuum robots
achieve variable stiffness using one of two mechanical methods: layer-jamming
and granular-jamming [5] [10] [11]. Both of the above-mentioned technologies
rely on applying pressure to increase friction between mechanical objects to con-
trol the stiffness of the overall limb. However, layer-jamming is advantageous
over granular-jamming due to a smaller volume required, a lighter weight as well
as being hollow [6]. In the case of an exoskeleton, the layer-jamming technology
could be set up around the user’s joints, in which its advantages allows it to be
more suitable in creating a comfortable interface with human users.
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Fig. 2. (a) Layer jamming principle: With a pressure applied over stacked layers, force
F is required to separate the layers and (b) schematic diagram outlining equation 2
parameters of the variable stiffness joint in relation to the revolute axis.

Kim et al. [11] described a design of a variable stiffness joint based on layer-
jamming and activated using a vacuum pump, successfully demonstrating the
effectiveness and feasibility of layer-jamming technologies. In their research, the
1 DOF variable stiffness joint was used as a proof of concept in the development
of a snake-like manipulator with variable stiffness. In this paper, we leverage
this design principle to implement a scalable variable stiffness joint by applying
negative pressure to contract layers of Mylar films. We present a novel 1 DOF
variable stiffness exoskeleton joint, differing from previous research which has
focused on continuum robot implementations. As shown in Fig. 1, three proto-
types were produced to measure the capabilities of the layer jamming technology
at different scales. By investigating the operation of the variable stiffness joint
under varying conditions, scaling of stiffness can be calculated. These results are
useful to improve the design of soft exoskeletons to be used on joints of varying
sizes on the human body.

The rest of this paper is organised as follows. In section II, the expected
forces and stiffness of the joints are calculated and compared against scale. In
section III, development and manufacturing details are discussed, with inclusion
of consideration of specific design aspects. In section IV and V, results and trends
are analysed and feasibility of use in soft exoskeletons are reviewed. Finally,
conclusions and practicalities are discussed in section VI.

2 Theoretical Analysis

When looking at the effectiveness of a variable stiffness joint, the maximum
stiffness of the joint is a good indicator. To evaluate the maximum stiffness in
terms of a maximum resistive torque, the tensile strength of the layers must be
considered, which can be expressed as the maximum static friction between the
layer jamming layers:

F = µnPWL, (1)
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Fig. 3. Unwrapped singular Mylar layer, with actual design of the Mylar layer (left,
black) and simulated Mylar layer used in calculation of total resistive torque (right,
red).

where µ is the static coefficient of friction, n is the number of contact surfaces,
P is the applied pressure in the normal direction, and W and L are the width
and length of the layer jamming flaps respectively. This is shown in Fig. 2a.

It is to be noted that this is an approximation of the tensile strength which
assumes that all the contact areas of the layers will ’slip’ at exact the same
moment. As the kinetic coefficient of friction is lower than the static coefficient
of friction, this approximation will lead to an estimation of the tensile strength
that is greater than reality.

Now, the maximum resistive torque can be considered. It is important to
realise that the resistive torque that each of the flaps provides is dependent
on the orientation of the flaps with respect to the rotational axis of the joint.
The motion of overlapping flaps with normal axis parallel to the axis of rota-
tion is purely rotational, while flaps with normal axis perpendicular have purely
transnational motion. Flaps in between will naturally have contributions from
both translational and rotational motion, resulting in challenging calculations.

Instead of considering both motions separately, Kim et al. has carried out the
calculation through analysing the motion of a infinitesimal segment of the layers
[11]. From this, Kim et al. was able to derive the maximum resistive torque as:

τ(φ) = pµw

(
L

4

√
(L cosφ)2 + (2r sinφ)2
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cosφ
ln

(
L

2r
cotφ+

√
(
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2r
cotφ)2 + 1
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where r is the radius of the jamming cylinder. It is seen from equation (2)
that the resistive torque of each flap is a function of φ, which is defined as the
angle between the normal axis of the flaps and the axis of rotation of the joint,
shown in Fig. 2b.
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Fig. 4. Simulated torque contribution of the flaps at each orientation at bending angles
of 0◦ (red) and 45◦ (blue) of the joint.

To extend this calculation to include the bending orientation of the joint, a
modification of the effective overlapping length of the flaps can be imposed:

L′(φ) = L+∆Lθ(φ) = L− θrsin(φ), (3)

where θ is the angle that defines the orientation of the joint. By replacing L
with L′ in equation (2), the resistive torque of a flap at any bending angle
of the joint can be determined. From here, the total resistive torque can be
calculated through summing the contributions of each flap in equation (2) to
define a theoretical value of maximum resistive torque of the layer jamming
joint.

The theoretical results of the individual flap contribution to the total torque
with respect to the angle at which the flap is situated is modelled using the
structure shown in Fig. 3 and results are shown in Fig. 4. The parameters used
in this analysis are equivalent to the design parameters used in designing the
largest prototype, namely r = 25 mm, L = 40 mm, p = 80 kPa, µ = 0.4 and
w = 5 mm. A total of 10 layers were used with 24 flaps in each layer. From Fig. 4,
a symmetric contribution of torque can be seen as expected at 0◦ bending of the
joint. On the other hand, at 45◦ bending, an asymmetric contribution is observed
as a result of the modifications in effective overlapping length around the joint.
Between angles 0◦ and 180◦, a significant decrease in torque is the direct result
of a decreased L′, whereas the opposite effect is observed between angles 180◦

and 360◦.
Interestingly, the modification of an bending orientation as introduced by

the inclusion of consideration of effective overlap in equation (3) has no effect on
the total resistive torque, which remains a constant with varying θ. This can be
explained as the increase in overlap of a flap is exactly equivalent to the decrease
of overlap in the flap directly opposite, resulting in a zero net effect on the total
torque.
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Table 1. Design parameters of the variable stiffness joints

Radius (mm) Length (mm) L (mm) W (mm) τtotal (Nm) Force (N)

25 160 50 4.9 34.09 426.09
18.75 140 22.5 3.4 6.60 82.55
12.5 120 15 2.0 1.68 20.97

Fig. 5. CAD drawing of the designed variable stiffness joint (25 mm design): (a) Outer
view showing overlapping layers and (b) cross sectional view showing internal structure.

Table 1 shows the results of the simulation of total torque and maximum
rotational force that can be applied to the end of the joints. It would be expected
that the scaling of the total force would be quadratic due to the quadratic scaling
of surface area of the flaps with radius. However, the total torque seems to
scale exponentially instead. This is non-physical and highlights the failures in
simplifications of the model at large scales. A suggestion to improve this model
is to derive the net torque based on each infinitesimal surface area instead of
flap segment.

3 Development of Joint

The development of the joint was based off previous designs of layer jamming
proposed by other authors [11] [12]. The basic setup consisted of circular layers of
flaps which overlapped, encapsulated by two layers of membrane as seen in Fig. 5.
By using a vacuum pump to generate a negative pressure between the layers,
atmospheric pressure compresses the layers together to achieve layer jamming
which stiffens the overall structure. Variable friction can then be fine tuned
through control of the applied negative pressure, with a theoretical maximum of
−101.3 kPa.

In this paper, three prototypes at different scales are presented, each with
24 flaps in each of the 10 Mylar (polyethyleneterephthalate film) layers, manu-
factured using a laser cutter. The end housing were 3D printed in acrylonitrile
butadiene styrene (ABS) material, and connected to a vacuum pump via a 6 mm
PVC tubing. The latex membrane were cut to required size by hand from a large
sheet and formed into a tubular shape with adhesive; once dried, they were then
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Fig. 6. Experimental setup for evaluating maximum resistive torque of the joint.

attached to the end housing to create the vacuum chamber. Specific design pa-
rameters of each prototype can be found in Table 1, where the smallest prototype
of radius 12.5 mm was a limit as prototypes with smaller radius were too difficult
to manufacture. The prototypes were created such that they shared the same
base radius, ensuing fair and comparable results when mounting onto a test bed.

During development of the prototypes, design parameters were specified with
respect to the chosen radius of the central joint and a desired maximum bending
angle (45◦). All parameters follow the principle of minimising the overall struc-
ture without compromising functionality. By defining the central radius and
maximum bending angle, the overall length of the joint is determined by consid-
ering the amount of room required for the Mylar layers to slide across each other
with a minimum overlap of 2r for each flap at the maximum bending angle. Fol-
lowing this calculation, the minimum length of the Mylar flaps are 2r+ 3

2θmaxr,
which defines the minimum length of the whole joint to be 2(r+ θr). The radius
of the inner membrane was also chosen with consideration of the thickness of
each layer to ensure they can be contained within the membranes.

4 Experimental Evaluation

4.1 Experimental Setup

To evaluate the performance of the layer jamming joints at varying operational
parameters, the test setup shown in Fig. 6 was used. The test-bed was based
on an optical bench with threaded holes of 6mm diameter spaced in a square
lattice of 25 mm separation between adjacent holes. Housing for each of the
components were created and 3D printed in ABS material to match the spacing
on the bench.

The tests conducted focused solely on the stiffness of the joint, which was
measured using a load cell(DBBSM 5kg) connected to a linear actuator (Ac-
tuonix L12-100-100-12-I). Each test would consist of the linear actuator pressing
the load cell 10 mm into the end of the variable stiffness joint to measure the
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Fig. 7. Bending capabilities of the developed variable stiffness joints of radius 25 mm
(a), 18.75 mm (b), and 12.5 mm (c).

maximum resistive force. From the force experienced by the load cell, the length
of the joint was used to calculate the resistive torque exerted by the joint. Read-
ings were acquired using a NI DAQ (LabView 6211), from which the maximum
reading of force was extracted from the measured data.

For each of the three joints created, tests were conducted in 3 orientations:
clockwise push at 0◦ (upright) and −45◦, and anticlockwise push at 45◦. The
three positions for each of the joints are shown in Fig. 7. Negative pressure
levels of 0− 80 kPa were tested in increments of 20 kPa for each joints at each
orientation. It is noted that due to the natural springiness of the joints, tests at
0 kPa could only be conducted at the 0◦ orientation as the joints cannot hold
its orientation at 45◦ and −45◦ when no pressure is applied. To ensure reliable
results, the pressure and orientation of the joints were reset between each repeat
measurement by turning off the vacuum pump and moving the joint across its
whole range before setting it into the desired orientation.

4.2 Results

The results of the experiment are shown in Fig. 8, confirming the increase of
stiffness with pressure in most scenarios. The 9 sets of data do not show a clear
linear trend between pressure and total torque as predicted, and fluctuations
indicate large margin of errors in the collected data. The maximum torques
observed for the 25 mm, 18.75 mm and 12.5 mm were 0.216 Nm, 0.138 Nm and
0.054 Nm respectively.

Results also indicate an overall increase in stiffness with radius as expected.
However, no conclusive trend of stiffness against scale can be observed from the
results gathered.

Comparing the three orientations, it is seen that the 0◦ orientation provided
the highest stiffness out of the three examined orientations, which differs from
the simulated results where bending angle does not result in a net effect. Further
comparing results from the −45◦ and 45◦ orientation, it is observed that the two
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Fig. 8. Maximum resistive torque of the variable stiffness joints under different vacuum
pressures and orientations: (a) 0◦ pushing clockwise, (b) −45◦ pushing clockwise, and
(c) 45◦ pushing anticlockwise.

sets of data do not correlate well. This is unexpected as the joints were designed
to be symmetric, which suggests that the results should also be symmetric across
bending angles.

The measurement of the anticlockwise push at −80 kPa is not measured due
to a leakage in the r = 18.75 mm joint which prevents the vacuum pump from
reaching the desired pressure. The other points of the r = 18.75 mm joint at
−80 kPa also exhibit unexpected results, with a decrease of stiffness at 0◦ and
−45◦ orientations from its previous point.

Comparing the measured results with the simulated values, the simulated
values are all substantially higher than the measured values, with the simulated
value at r = 25 mm being 2 degrees of magnitude higher than the measured
value. This discrepancy is discussed further in the section below.

In Fig. 9, an implementation of the joint used as a restrictive elbow ex-
oskeleton is seen. This use case would be most suitable for users with injured
elbows, biceps or triceps, in which the stiffening capabilities will support the
user’s muscles in maintaining a desired elbow orientation.

5 Discussion

Specific trends cannot be extracted from the measured results, and correlation
between measured datasets at different radii are not observed across the pres-
sure range. This emphasises the great margin of systematic error seeing as the
standard error of the measurement does not encompass the range of fluctuation
of the measured data. There are three potential causes of systematic error and
their effects are discussed below.
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Fig. 9. The developed variable stiffness joint implemented as a restrictive elbow ex-
oskeleton: (a) Variable stiffness off with arm bent, (b) Variable stiffness on with arm
bent, and (c) Variable stiffness off with arm straight.

Firstly, structural deformation of the layer jamming structure due to high
pressures will cause the recorded stiffness of the structure to decrease. This
occurs when the pressure applied by the membranes on the Mylar layers causes
them to buckle and lose structural integrity, which allows the joint to bend
without the Mylar layers sliding across each other at all. The effect of this is
most clearly seen for the r = 18.75 mm joint, where an increase in pressure from
60 kPa to 80 kPa has not increased the stiffness at the tested orientations.

Another source of significant systematic error is the inconsistencies in the
manufacturing process. To ensure that results are comparable, the joints are
designed to scale proportionally. However, during the lengthy process of man-
ufacturing, alignment of each of the parts with respect to another cannot be
ensured to perfection. This results in an increase in the spread of the measured
results, and also provides an explanation to the observed asymmetry in results
of the clockwise and anticlockwise orientations.

A persistent source of error may be caused by leakages of the inner mem-
brane. As maximum reachable pressures of each of the joints decrease over the
experimental process, it is clear that punctures in the outer membrane are de-
veloping. Leakages in the outer membrane do not affect measured results as long
as the barometer indicates the desired pressure reading. However, leakages in
the outer membrane also indicate the possibility of punctures in the inner mem-
brane, which could be problematic. This is because in the design of the joints,
the volume within the inner membrane is also sealed air-tight, if a leakage exists,
the effective vacuum would extend to within the inner membrane. As a result,
only the outer membrane would provide pressure onto the layers, which would
substantially decrease the observed resistive torque of the joints.

Discrepancies between the simulated values and the measured values can
be explored in three respects. At non-zero bending angles, the Mylar cylinders
deform and are no longer exactly circular, which causes structural deformation
that causes a reduction of torque. This may explaine to how the bending angle
influences overall torque. Next, the simulation assumes that all of the layers
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slip at the same time. Since static friction is larger than kinetic friction, this
assumption will cause the force estimated to be greater by up to a factor of
µstatic/µkinetic ≈ 2. Lastly, the model supposes that bending of the joint can
only be allowed through slipping of the layers, which is not always the case. If the
structural strength of the Mylar cylinder is weaker than the resistive strength of
the Mylar friction, the structure may bend under buckling of the layers, which
will cause a lower observed torque.

Relating the measured results to physical parameters of the human body. The
average human finger (middle) has a diameter of 23.2 mm (male) and 20.4 mm
(female), wrist with a diameter of 55.7 mm (male) and 49.0 mm (female) [1].
These values are comparable to the 12.5 mm and 12.5 mm joints presented in this
paper. In activities of daily living, the amount of force required by the proximal
interphalangeal (PIP) joint in the finger ranges from ∼ 1.8 − 43.5 N [3]. This
corresponds to a minimum torque of 0.004 Nm, which is within the range of
resistive torque the 12.5 mm joint can provide at 80 kPa [2]. This comparison
suggests that the design is suitable for use in robotic finger exoskeletons in its
current state.

On the other hand, torque required by the wrist for activities of daily living
are estimated to be 8.62 Nm (male) and 5.20 Nm (female) [14]. This is signif-
icantly higher than the maximum torque of 0.22 Nm supplied by the 25 mm
joint, making this version of the variable stiffness joint unsuitable for use in the
wrist.

6 Conclusion

In this paper three variable friction joints at radii of 12.5 mm, 18.75 mm and
25 mm were manufactured to explore the scalability of layer jamming joints and
their uses in soft robotic exoskeletons. The maximum stiffening capabilities of the
joints were measured in three orientations: 0◦ and −45◦ bending angle pushing
clockwise, and at 45◦ bending angle pushing anticlockwise. At each orientation,
the joints were measured at pressures of 0− 80 kPa in increments of 20 kPa to
investigate the overall trend.

The joints demonstrated maximum resistive torques of 0.216 Nm, 0.138 Nm
and 0.054 Nm for the 25 mm, 18.75 mm and 12.5 mm joints, respectively. Alge-
braic trends of the prototypes are not observed with respect to scale or pressure
from the results due to large margin of systematic errors. From comparing the
maximum resistive torques, this technology in its current form is most suited for
use in robotic exoskeletons for the human finger joint for support and protection
for activities of daily living. Future work may explore manufacture techniques to
further optimise the product as well as methods to increase resistive torque to
enable usage in soft exoskeletons that support other joints of the human body.
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