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Abstract— Recent advancements in soft robotics have seen
the rapid development of soft grippers for industrial pick-and-
place applications. They are however ill-suited to bear heavy
loads due to their compliant nature. Paradoxically, researchers
have sought to increase the stiffness of soft grippers to improve
load-bearing capabilities. Unfortunately, contemporary soft ac-
tuators with variable stiffness are fabricated using manual
processes and their performance is subject to an individual’s
mastery. They are hence not reliable for long-term industrial
use.

In this paper, we present our work on a 3D-printed metal-
endoskeleton-reinforced actuator (MERA) for industrial pick-
and-place applications. We also highlight the fabrication pro-
cesses needed to recreate it repetitively. Using stainless steel
splints (SSS), we demonstrate that MERA is able to modulate
its stiffness at selective junctures for stable and effective grasp-
ing. We also describe our design rationale with a qualitative
mathematical model and validate its performance quantitatively
using a finite element model, which is further investigated
in the following fatigue test. In our experiments, the MERA
equipped with SSS is able to output a peak tip force of 8N,
which is a 291% increase compared to the one without metallic
reinforcement. In addition, an increase of 76.5% in gripping
load and a maximum holding force per actuator of 13.8N
are realized through the stiffness tuning of a MERA-Gripper.
Despite significantly improving load-bearing capabilities, the
actuator manages to retain an overall low profile with a weight
of 82g. Finally, we adapted the MERA into a reconfigurable
gripper and tested its grasping capabilities on objects of various
shapes, sizes, and weights.

I. INTRODUCTION

Traditional robotic grippers typically consist of rigid joints
and links [1] driven by a combination of actuators and
motors. They are well-researched and are considered the
cornerstone of modern day robotic manipulators. Owing to
their structural rigidity and highly precise control schemes,
these grippers possess load-bearing capabilities with high
repeatability [2]. They are thus well suited for augmenting
robotic automation of industrial processes. However, ad-
vanced grasping that involves handling a variety of objects
is not feasible with the same gripper. High precision and
repeatability are achievable only because traditional ma-
nipulators are programmed to grasp a specific item type
with a narrow definition. Industrial production, on the other
hand, is often multiphasic and involves an assembly line
that comprises different components. Therefore, to simplify
automation and controls, flexible or reconfigurable grippers
are preferred [3], [4] since traditional robotic end effec-
tors lack the adaptability to accomplish different manipu-
lation tasks. More recently, the rapid development of soft
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Fig. 1. With the reinforcement of the SSS, the metal-endoskeleton-
reinforced actuator (MERA) proposed in this research could possess a higher
stiffness that enables it to handle the same payload of 300g more stably.

robotics has precipitated research initiatives that are aimed
at tackling challenging manipulation tasks. One of which
involves improving gripper environmental adaptability using
soft grippers. Research interest in soft grippers stems from
their intrinsic soft nature, which confers a number of advan-
tages over contemporary rigid-body grippers. Amongst these,
notable characteristics include better mechanical compliance
to the workspace and the ability to achieve complex yet
controlled deformations over a wide spectrum of length
scales [5]-[8]. They possess high degrees of freedom, which
enable them to achieve stable grasping by conforming to
objects of different shapes and sizes.

Soft grippers come in numerous designs, which can be cat-
egorized into two broad classes — fingered and non-fingered.
Finger-type grippers may range from anywhere between
two fingers to anthropomorphic hands and tendrils [8]-[10]
that strive to enhance dexterity and stability during grasp-
ing. These bioinspired end-effectors function by bending
or enveloping the finger elements around an object while
simultaneously applying contact forces on its surface, much
like how a human hand grasps items stably. Non-fingered
designs span across a wide variety of mechanisms, such as
jamming and micro-fibers adhesion [11]. Universal gripper,
as a subset of the non-fingered designs, gets its name from its
inherent nature of adaptivity towards different gripping poses
and object orientations. For all universal grippers, granular
jamming is a common technique that [12] utilizes pressure



modulation of grain-filled elastomeric pockets to reversibly
transit between fluid-like and rigid states. In the fluid state,
the end-effector adapts to the exterior surface of an ob-
ject upon contact. Subsequently, applying a vacuum source
causes the gripper to harden and grasp the object rigidly. This
mechanism is known as jamming and shape adaptation is
passive in that the process is entirely autonomous [13]. Other
research groups have also reported success with alternative
forms of non-fingered grippers [14]-[17] that are able to
grasp a large variety of objects with different shapes and
sizes.

Despite having these advantages over traditional manip-
ulators, a few hurdles remain before soft grippers can be
deployed in industrial settings at scale. To date, soft grippers
are not known for their load-bearing capabilities, primarily
because their flexible and low stiffness nature does not
provide adequate structural rigidity [8]-[10], [18]. Object
manipulation is hence limited to those with lower mass like
in surgical procedures [19], [20] and some pick and place
applications [21]-[24] albeit not restricted by neither size
nor dimension. Research groups have therefore attempted to
marry the benefits of both soft and rigid gripper technologies
by melding them into hybrid grippers. Making use of variable
stiffness structures, hybrid grippers are able to modulate and
control their stiffness, which confers strength or flexibility
when needed. For example, Li et al. [25] and Hu et al. [26]
apply negative pneumatic pressure to compress particles
embedded in the gripper to increase its stiffness and load-
bearing capability. With optimized geometry, both actuators
with variable stiffness properties can generate about 8 N
of force per finger. On the other hand, Hoang et al. [27]
used high temperatures to stimulate the transition between
a conformable, rubbery state to a stiff glassy state that can
achieve high-force grasping. Their soft helical gripper is able
to attain 3.8 N and 8N of peak holding forces for horizontal
and vertical pulling respectively. However, to achieve these
forces, the helical fabric has to wrap at least one full
circumference around the object for a secure hold. Aside
from actuation modes, Zhou et al. [28] also demonstrated the
use of variable stiffness structures, in the form of deformable
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phalanges, to enhance contact interactions between the grip-
per and object whilst retaining high durability towards blunt
forces and sharp objects. The finger actuator has a peak finger
force of 6.7N on a smooth surface and 9.7N on a spiky one.
It was adapted into a three-fingered actuator that can pick up
a 1.5kg durian.

In addition, the fabrication of most contemporary soft
grippers requires multiple processes that are typically done
by hand [19], [20], [23]-[28]. Unfortunately, the outcome of
manual processes is highly dependent on one’s experience
and mastery, which curtails scalability and consistency in ac-
tuator performance. In some instances, complex gripper de-
signs necessitate the combination of multiple inhomogeneous
materials [19], [20] while others [23] may be physically
fused from separate casts. In addition, metallic materials have
been introduced into soft actuators before to confer their
variable stiffness properties. One study by Henke et al. [29]
shows the use of shape memory alloy wires to create a
simple variable flexural stiffness beam. Their prototype sees
a maximum stiffness change by a factor of 60 to increase load
capacity. Whilst their recorded stiffness change is impressive,
evidence of the flexural beam withstanding an actual load
is lacking. Cooling the shape memory alloy also takes 200
seconds to reach thermal equilibrium, making it ill-suited
for any fast-moving gripping applications. Another work by
Hao et al. [30] involves the use of low melting point alloys
embedded into a soft robotic gripper. When heated above a
threshold, the alloy transits to a liquid state. It is reportedly
able to withstand 780g of load and 12N of pull-off force.
Nonetheless, much like shape memory alloys, even with
an 8A current supplied to the low melting point alloy, the
heating process takes over 30 seconds, which is too long
for gripping applications. While these studies demonstrated
novel uses of embedded metallic alloys, functionality as a
gripper has been lacking. The durability of the gripper is
therefore determined by how well dissimilar constituents
are joined since interfaces are usually points of failure and
fatigue. Variation in other aspects of gripper performance is
also to be expected when crucial strain-limiting components
are embedded imprecisely in some of these grippers [31],
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(a) Internal dimensions of the variable stiffness actuator (b) A schematic of the components within the actuator



[32]. 3D printing has hence emerged as a viable fabrication
technique that can produce soft actuators with consistent
performance [33]-[36]. Unlike manual processes, 3D print-
ing is fully automated and independent of mastery, which
eliminates the chances of human error. Designs of 3D printed
actuators are also not as limited and material composites can
be extruded using multi-material printing to confer unique
sensing capabilities [37], [38].

In light of these aforementioned issues in existing soft
grippers, a hybrid 3D-printed soft pneumatic actuator is
proposed (Fig. 1). The actuator is able to modulate its
stiffness between flexible and rigid states through pressure
regulation of its pneumatic chambers. The hybrid actuator
has a nonlinear behaviour, which necessitates the use of
finite element analysis to validate its design rationale. To
demonstrate the effectiveness of stiffness tuning towards en-
hancing grasping, a three-fingered gripper is also fabricated
to illustrate its ability to carry a variety of loads.

The rest of this article is organized as follows. Section
IT details the design rationale of the metal-endoskeleton-
reinforced actuator (MERA); Section III illustrates the finite
element analysis of force output from the actuator and com-
pares it with experimental results; Section IV explains the
experimental setups and corresponding results under different
given input parameters; Section V describes the incorporation
of the hybrid actuator into a three-fingered gripper and high-
lights its advantages in pick-and-place applications. Lastly,
discussions are presented in Section VI and conclusions are
drawn in Section VIIL.

II. DESIGN RATIONALE

Soft robotic actuators have the inherent nature of compli-
ance and adaptiveness. However, external impact or collision
may cause undesired deformation and lead to grasp instabil-
ity. On the other hand, a human finger can maintain its grasp
on an object by retaining rigidity in the fingers to withstand
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disturbance. Mimicking the variable stiffness characteristics
of a human finger, stiffness can be tuned in robot fingers
by programming various stimulus-response reactions. Previ-
ous works involving variable stiffness mechanisms include
an embedded layer of thermally activated shape memory
polymer [39], an enclosed chamber of granular particles
responding upon negative pressure [26]; and a self-locking
mechanism attached at the side of the finger actuator [40].
Nevertheless, the structure of the sensor presents a trade-off
between performance (i.e. increase in stiffness or latency)
and bulkiness. In contrast, the MERA designed here is small
in size and has low latency.

The MERA consists of three main components - a base,
a body, and a fingertip (Fig. 2(b)). The length, width,
and thickness of the inserted stainless steel splint(SSS) are
denoted by [, b, and h respectively, and h << b < [. The base
of the MERA hosts the air inlets to two internal pneumatic
chambers - a jamming chamber and a bending actuation
chamber with multiple bellows. Upon pressurization, the
jamming chamber exerts a normal force on the metal strap to
generate high friction. The bending actuation chamber then
makes up the body, which is seamlessly joined to the tip. In
addition, a frame is designed on top of each bellow to house
the SSS and minimize buckling (Fig. 2(b)). Notably, the
jamming channel of the proposed MERA is only 1mm thin
(Fig. 2(a)) to provide sufficient space for an ideally smooth
prismatic joint. If the channel for the SSS is too wide, the
effect of buckling restraining would be compromised, due to
the lack of constraints on lateral movements. Conversely, if
the channel is too thin, the stiffening effect by friction force
would impair the bending performance of MERA.

A. Stiffness Tuning

Buckling is defined as the failure of a structure due to
high compressive stresses, such as the plate buckling of
a thin shell in a pipe or the torsional buckling of an I-
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Pressurizing the bending pneumatic chambers first results in pure bending of the MERA actuator. Subsequent pressurization of the jamming

chamber causes the SSS to be locked in place. If the MERA encounters a payload larger than its threshold, local buckling and insufficient frictional force

from the jamming chamber cause slippage of the SSS.



beam. However, in this study, we proposed a design to
exploit the buckling of a thin plate to tune the overall
stiffness of an actuator, as illustrated at the right of Fig. 3.
Whilst buckling is a simple physical concept, modelling of
a constrained Euler buckling is complex and is sorted using
several categorizations [41]. Therefore, finite element analy-
sis is often the primary methodology adopted to elucidate
post-buckling response [42]. Nonetheless, mathematicians
have been building numerical models to describe elastic
plates with buckling and contact boundaries for the past few
decades [43].
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Here, we recognize any two adjacent bellows as an in-
dependent jamming unit. Therefore, assuming the deflection
of the metal strap within a jamming unit is small and the
inflection point is fixed at both ends, we can use Eq. 1
to describe the critical load of each jamming unit using
the Euler buckling formula, where P., is the critical load,
E indicates the Young’s Modulus of the material, b refers
to the width of the SSS, h refers to the thickness of the
SSS, and L. represents the effective length. Considering
that the proposed design incorporates channels and holes,
it is essential to employ an effective Young’s modulus as a
replacement for the term FE in Eq. 1, alongside the necessary
correction of L. at Eq. 2. The influence of the gap distance
on the overall stiffness of the finger can be elucidated through
the application of homogenization theory [44], wherein the
effective stiffness is directly proportional to the volume
fraction of the constitutive materials. Consequently, larger
gaps result in reduced volume fractions and lower effective
stiffness. We emphasize that the present selection of gap
distance is based on our prior empirical knowledge to avoid
excessive manifestations of either weak or strong stiffening
effects [33], [34].

The proposed jamming mechanism of MERA in our work
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is realized by two forces - a frictional force that prevents
linear displacement of the SSS and a normal force that
restrains the buckling of the SSS in each jamming unit. Input
pressure to the jamming chamber can thereby determine the
stiffness of the MERA. Its palmar surface is also noted to
be inextensible. Consequently, the strain-limiting layer of a
MERA carries out a pure bending motion upon actuation.
In addition, we assume that the SSS is jammed in its pure
bending state. Since the SSS possesses a high slenderness
ratio, low critical buckling stress is expected. Although the
SSS also has low torsional stiffness, lateral torsional buckling
is neglected since the bending of the MERA is symmetric
in its sagittal plane. Further studies on the effect of inserting
multiple SSS were also performed and discussed in Sec-
tion IV. However, it is important to note that the bending
amplitude of MERA is lowered when the SSS increases
in thickness and when more SSS is embedded. While the
critical load is expected to increase when the thickness of
SSS increases, Eq. 1 approximates the critical load when
the MERA is in a bent state. We observe that MERA with
increasing numbers of SSS will experience a corresponding
increase in stiffness and thus generate different bending
amplitudes at the same pressure. We report this observation
in Fig. 5 and emphasize the need to evaluate the trade-off
between increasing stiffness and gripping width. A free-body
diagram of the SSS is depicted in Fig. 4 to further illustrate
the jamming mechanism in the MERA. Buckling of the SSS
can be deemed to be delaminated from the strain-limiting
layer. This suggests that the equilibrium state of the SSS is
reached by the countering forces acting locally as illustrated
in Fig. 4. Similar to composite plates subjected to an in-place
force compression, one with a lower modulus of elasticity
tends to buckle further away from the others [43]. In our case,
the buckling motion would tend to lean dorsally towards the
SSS, which has a lower flexural rigidity. Given the initial
pre-bent state of the MERA, the critical buckling load is
also noted to decrease due to an eccentric load.
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A jamming unit (left) has two neutral bending axes at SSS and MERA respectively. Distance between the axes is fixed by the normal force

provided by the restraining frame. Upon actuation (middle), the SSS goes through a sliding and pure bending motion since frictional force, f, is close to
0. In a jammed state (right), sufficient frictional force is present, f, to counter the torque M created by the load and depressurization.
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Fig. 5. Bending profile of MERA with varying numbers of SSS embedded,
actuated at 140kPa.

B. Failure Mode

Based on the assumptions above, failure modes of the
jammed finger can be categorized into two scenarios - sliding
of the SSS and local flexural buckling at each jamming unit,
illustrated in Fig. 3. Sliding failure occurs when the friction
force between the SSS and the actuator is insufficient to
prevent displacement, which could happen either at the base
or the frame of the body. Since the normal force on the SSS
of each jamming unit is derived from the buckling restraining
frames (Fig. 4), a larger gap between the jamming channels
and a small bending angle would amplify the sliding failure
between jamming units under stress; hence, in this study,
the gaps are set to lmm to mitigate such issue. Subsequently,
local buckling at a jamming unit depends on the critical load
at a certain gap distance, which is correlated linearly to the
bending angle of the hybrid actuator as well as the distance
between the SSS and its neutral bending axis, as explained
in Eq. 2. Namely, local buckling of a jamming unit tends to
occur at a higher bending angle.
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where Lg is the initial gap distance, N is the number of
gaps, 0 is the bending angle and D is the offset, given by the
distance between the neutral bending axis and the SSS, which
is in turn correlated to the height of the actuator. Referring
to Eq. 1, the critical load of each jamming unit will decrease
proportionally against the inverse of the gap distance between
adjacent bellows. Therefore, local buckling can be observed
more easily in thicker MERAs at smaller bending angles.

C. Fabrication

The design of the MERA was drawn in Fusion 360
(Autodesk, Inc.). Subsequently, the MERA was 3D printed
using a modified Flashforge Creator Pro printer (Flashforge,
USA) equipped with a direct drive Flexion extruder (Diabase
Engineering, USA). To achieve sufficient flexibility and
softness of the overall finger actuator, the material adopted
in this design is X60 (Diabase Engineering, USA) with a
shore hardness of 60A. The MERA was also printed with a
layer height of 0.2mm at a maximal speed of 1400mm/min.
No support structure is needed throughout this process since
the pneumatic chambers are designed to be narrow (1.5mm)
to avoid overhang issues. From our experience [33], [34],
the wall thickness of the pneumatic chambers should not
be thinner than 1.5mm to ensure airtightness in the actuator
and improve durability. Additionally, although having more
pneumatic chambers in close proximity will enhance actuator
performance, we recommend that the distance between two
walls be at least twice the size of the nozzle used. This
minimizes the chances of unwanted adhesion due to residue
build-up at the nozzle. In our work, the nozzle diameter
is 0.4mm, which in turn led to a distance of lmm gap
between walls. The finished MERA has a smooth surface
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Fig. 6. Finite element simulation results of the actuation process and the interactions between the actuator and the moving cylinder. (a) The initial state
of the actuator with a SSS inserted (b) The final state of the actuator after applying pressure in the main channel (c) The final state of the actuator after
applying pressure in the jamming channel (d) The intermediate state of the actuator while the cylinder is moving upwards (e) The final state of the actuator

when the cylinder is leaving the contact region.
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Fig. 7. FE simulation results of the stress distribution within the actuator and the SSS. (a-e) give the Mises stress evolution for both the finger and SSS,
showing that SSS is bearing most of the stress induced by the system. (f-j) show the Mises stress distribution within the finger only, indicating that the
stress level within the finger is much lower than that in the SSS. The insets in (a-e) are enlarged views of two units within the red boxes shown in (f-)).
(a,f) Initial state (b,g) Final state of the actuator after applying pressure in the main channel (c,h) Final state of the actuator after applying pressure in the
jamming channel (d,i) Middle state of the actuator when the cylinder is moving upwards (e,j) Final state of the actuator when the cylinder is leaving the

contact region.

and is airtight without additional post-processing. The SSS
is 0.1lmm thick, 20mm wide, and 150mm in length. After
the 3D printing phase is completed, a SSS is then inserted
at the proximal end of the MERA, through the restraining
frames, and into the tip. The overall weight of the MERA is
noted to be 82g.

III. MODELLING

Finite element (FE) simulations were conducted to investi-
gate and validate the design concept as well as to evaluate the
mechanical behaviour of the actuator at different operating
conditions. The X60 material used for 3D printing the MERA
was modelled using a Yeoh hyperelastic material model, with
the parameters calibrated based on the stress-strain curves
obtained from the tensile tests. The density of X60 was
1150 kg/m3, and the coefficients were C'10 = 0.69 MPa,
C20 = —7.80 x 10~* MPa, C30 = 2.68 x 1075 MPa.
Commercial FE simulation software Abaqus (Dassault Sys-
tem, MA) was used to model the behaviour of soft actuators
under external actuation. A cylinder force sensor was placed
in the path of the actuator bending and was moving vertically
to evaluate the reaction force of MERA under deformation.
The cylinder was deemed as a rigid body in the model.
The pressures applied to the main actuation chamber and
jamming chamber in the FE simulations were identical to

the experiments in Section IV.

The simulation was conducted in three steps. In the first
step, we simulated the bending of the soft actuator with SSS
inserted when the main channel was pressurized, as shown
in Fig. 6(a-b). The distal end of the SSS was connected to
the tip of the actuator, and the contact between the proximal
end of the SSS and the jamming chamber of the actuator was
modelled as frictional contact with a friction coefficient of
0.8. In the second step, we pressurized the jamming chamber
to fix the SSS which increased the stiffness of the MERA
(Fig. 6(c)). In the final step, we simulated the interactions
between the actuator and the moving cylinder, whose speed
was fixed at 13.55 mm/s (Fig. 6(d-e)). The dynamic analysis
and explicit quasi-static analysis in Abaqus were conducted
throughout the three steps with a default automatic time
increment no greater than 0.1s. The calculation time was 1s
for the first two steps and 10s for the final step. The frictional
contact between the actuator and the cylinder was modelled
with a friction coefficient of 0.7.

In response to the displacement, the stress distribution
of the MERA throughout the entire process is illustrated
in Fig. 7 and presented in Movie S1. Since the stress
concentration of the SSS is located at the base and the
distal end of the fingertip, we presume the failure of fatigue
or buckling to happen during fatigue tests in similar areas,
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further validation is conducted in Section IV.

Fig. 8(a) plots the simulated and measured contact forces
in the final step against the moving displacement of the
cylinder with different jamming pressures, which was applied
in step 2. In both FE simulations and experiments, the contact
force first increases linearly to a peak value. It then gradually
decreases to zero when the cylinder moves up and eventually
leaves the contact region. The initial slope of the contact
forces in the simulation agrees well with the experimental
results. During this phase, the mechanical behaviour of the
actuator is dominated by the inserted SSS, while the pressure
applied in the jamming channel has limited influence. In the
later phases, the stiffening effect induced by the jamming
pressure starts to take over, resulting in higher peak forces at
higher jamming pressures. Fig. 8(b) illustrates the simulated
and measured peak forces at different jamming pressures.

Essentially, FE simulation can capture the trends that
the peak force is approximated to be increasing linearly
with the jamming pressure. According to Eq. 1, the critical

load is proportional to the effective stiffness of the finger.
When only the jamming pressure is changing, the variation
of the peak force is equivalent to the variation of the
stiffness. Therefore, from Fig. 8(b), we can see that both
the experiments and simulation demonstrate that the overall
stiffness of the finger, namely the effective stiffness in Eq. 1,
is almost increasing linearly with the jamming pressure.
However, slight discrepancies are also evident in terms of the
magnitudes of the peak force, especially when the jamming
pressure applied is low. Additionally, the simulated contact
forces in the later stage are higher compared to the ex-
periments and exhibit “staircase-shaped” behaviours during
the final phase of the contact interaction. Several reasons
may account for the discrepancies and mismatch. Firstly,
the material parameters used in the simulation are evaluated
with the as-print dog-bone tensile specimen. However, given
the inherent hyperelastic material properties of the MERA,
the printed actuator may not exhibit the exact material
parameters and its material properties may also change over
time. This uncertainty causes errors in accurately modelling
the reaction force, especially in a complex stress state and
highly nonlinear mechanical behaviour. Secondly, the actual
slipping phenomenon between the SSS and the actuator,
or between the actuator and the cylinder are challenging
conditions that may not be fully captured in the simulations.
In the current FE model, we assume the entire process to
be quasi-static, and the frictional forces are computed with
estimated constant static friction coefficients. However, in the
later contact phases, the cylinder is sliding across the tip of
the actuator, and the process may have experienced a lower
friction coefficient, which could lead to lower reaction forces.
The staircase-shaped curves from the simulation are possibly
caused by numerical instabilities that occur only when the
tip edge of the actuator is in contact with the cylinder.
Despite these uncertainties and challenges in the FE
model, the simulation still captures key phenomena and
trends in the experiment. This enables us to better understand
the reinforcement effect of the inserted SSS, as well as
the degree to which jamming pressure may influence the
stiffness of an actuated MERA. Furthermore, with the aid
of the current model, the force output of the MERA can be
optimized based on the desired stiffness and reaction force.

IV. ACTUATOR CHARACTERIZATION

A. Experimental Setup

1) Tip Force Characterization: In this section, we first
investigate the effect of inserting different quantities of
SSS and the magnitude of tip force acting on cylinders of
different diameters. With both bending and jamming pressure

TABLE 1
INPUT PARAMETERS OF THE EXPERIMENT SETUP

Bending Pressure 140 kPa
Jamming Pressure 0 to 140 kPa
Cylinder Size 25/50/75mm in diameter
No. of SSS Ito3




arbitrarily set to 140 kPa, the effect of inserting multiple SSS
is reported in Fig. 5 & 9. Although the experimental setup
is fixed (Fig. 9), the point of contact between MERA and
the cylindrical block is observed to differ slightly depending
on the input parameters (Table I). Hence, we investigate the
relationship between the tip force applied by the MERA
and the size of the cylindrical object. An experimental setup
(Fig. 9) is used to characterize the MERA and the input
parameters of each iteration are as summarized in Table I.
Jamming pressure, cylinder size, and number of SSS inserted
into the finger are variables while the distance at which the
MERA and its orientation with respect to the radial axis of
the cylinder are constant. The centre axes of the cylinders
are positioned at the base of the actuator consistently and
pulled upwards until the actuator slips out of the rig, as
simulated in Fig. 6. Additionally, jamming pressure is set
with an arbitrary range of 0 kPa to 140 kPa with a 20
kPa increment per iteration. With reference to Movie S2, the
function of jamming can be seen as creating a temporarily
inextensible layer of SSS throughout the restraining frame,
which leads to an extension motion when the actuation
sequence is reversed. Hence, as shown in Fig. 3, the actuation
sequence is predetermined to be bending-first for all the
following tests in this study. The identical actuation sequence
is adopted in the FE simulations described in Section III.

2) MERA-Gripper Holding Force: A rig in Fig. 10 was
built to investigate the holding force of the MERA-Gripper.
The diameter of the cylinder is 75mm and the gripping
width is fixed at 90mm. The MERA-gripper consists of three
MERAES in this experiment. The holding force of the gripper
is recorded throughout the 3 repetitions with and without the
SSS installed.

Starting Position

Fig. 9. Experimental setup used to measure tip force exerted by the MERA.
A cylinder is placed in the path of the MERA during bending. Subsequent
upward motion generates an equal reaction force that is recorded throughout
the entire process.

3) Fatigue Test: The actuator is susceptible to fatigue
and failure after extended periods of use. Cyclical expansion
and contraction of the pneumatic chambers will inevitably
cause the walls to degrade over time. To quantify the fatigue
endurance of MERA, 0-140kPa of cyclical pressurization
is applied. The actuator is considered fatigued when it is
unable to sustain the upper limit of 140kPa internally due
to the walls rupturing.

B. Results

1) Tip Force Characterization: The MERA was first
tested without the SSS reinforcement and yielded a peak
force of 2N as shown in Fig. 11(a). Modulation of stiffness
is done using varying jamming pressure from 0 to 140kPa.
Results show that the higher the jamming pressure, the
better the force readings. Thus, an operational jamming
pressure and upper limit of 140kPa were eventually decided
upon and used for subsequent experiments. On the other
hand, force readings obtained are studied with the actuation
pressure stabilizing at 140kPa. Notably, during the third
trial of the MERA with one SSS, a lower force profile was
measured resulting in a larger standard deviation (Fig. 11(b)),
owing to the occurrence of local buckling between bellows.
Despite the observed buckling failure, the MERA with one
SSS inserted still managed to gain a 291% increase in the
maximum tip force compared to the MERA without any SSS
inserted.

As discussed in Section II-B, the determination of the tip
force is highly related to two factors, the critical load of
each jamming unit and the frictional force at the jamming
chamber. Respectively, it would lead to the local buckling
between chambers and the sliding of the SSS at failure. From
Fig. 11(b-d), we could see a clear improvement of tip force
with the second SSS installed (Fig. 11(c)), where both of
the SSS have one side in contact with the jamming chamber
directly, which possesses a higher frictional coefficient. With
the third SSS installed, the middle SSS sandwiched in
between would get a much lower frictional coefficient, which

Direction of Pull

Fig. 10. Experimental setup (left) and schematic diagram (right) for testing
MERA-Gripper holding force. The upward motion of the cylinder generates
a reaction force equal to the gripping force that is recorded throughout the
process.
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Fig. 11.  Tip force with respect to cylinder displacement at 140kPa
jamming pressure using the large cylinder (75mm in diameter) with (a)0
SSS, (b)1 SSS, (¢)2 SSS, and (d)3 SSS installed in the MERA respectively.
3 repetitions (n=3) are conducted per experimental run.

leads to sliding failure easily. Hence, embedding three and
above of the SSS would not necessarily improve on the
maximum tip force exponentially, due to the delamination
of SSS and the reduction in friction force.

Tip force recorded from cylinders of three different sizes
is presented in Fig. 12. We note that cylinders with larger
diameters result in a smaller degree of bending in the MERA
and shift the contact point closer with respect to the base
of the MERA. Hence, an increase in tip force is observed.
Referencing Eq. 2 and 1, the increase in L, by bending of the
MERA leads to a smaller critical load between the bellows,
resulting in local flexural buckling. Furthermore, when the
contact point is closer to the base of the MERA, a smaller
countering torque would be required to maintain equilibrium.
Therefore, we can conclude that the MERA is able to grasp
larger objects more firmly than smaller ones with the same
mass.

2) MERA-Gripper Holding Force: As shown in Fig. 13,
the holding force of the gripper yielded a peak force of 23.5N
without the reinforcement of SSS. The data is with low

Peak force (N) 0 metal strap 1 metal strap 2 metal strip 3 metal strip

Small Block 1.6601 +£0.0611  3.9930+0.1300  5.3517+0.4962  6.0091 +0.9222

Medium Block ~ 3.5810+0.2367  6.1629+0.8944  6.3988+ 1.5497  7.0730 + 1.7613

Large Block 2.0439+0.1019  7.9999 + 1.8206  9.5458 £0.6514  9.7688 +0.7486
Fig. 12. Tip force test with three different diameters of cylinders (a)

Small (25mm) (b) Medium (50mm) (c) Large (75mm); The shown table
is the average and standard deviation of the peak force among three trials
alternately, where the jamming pressure of 140kPa is applied.



variation, which indicates the repeatability of the actuator.
With the embedded SSS jamming at 140kPa, the holding
force onto the rig reaches 41.5N on average among the 3
repetitions. The MERA-gripper gains an average of 76.5%
growth in maximum holding force with respect to the gripper
in the absence of the SSS. Nonetheless, given the frictional
and planar buckling factors for embedded SSS in each
repetition, the variation of the holding force beyond the
maximum is larger respectively. A slower extension rate
caused by the frictional force between the frame and the SSS
is also noticed at 100% displacement, as shown in Movie S3.
3) Fatigue Test: Subjecting three MERAs to 0-140kPa
cyclical pressurization, an average of 79973 + 6978 cycles
is recorded before air leakage is observed. It is noteworthy
that air leakage occurred due to small tears between the
folds of the actuator nearer its distal end. This observation
corresponds to our simulation where larger stresses and
strains are to be expected at these regions (Fig. 7), thereby
contributing to the relatively faster rate of rupturing.

V. APPLICATIONS

In this section, a gripper adopting three MERAs is
mounted on a robotic arm to demonstrate its grasp stability
and payload capabilities (Fig. 14). As shown in Fig. 15, the
gripper is put through a simple holding test with various
products of different sizes and weights, with two different
gripping width configurations. Ranging from 415g to 3.4kg,
the shortlisted items come in the shape of cylindrical han-
dles or pouches and have different contact surfaces with
the gripper. The input pressure for both the actuation and
jamming chamber is set to be 140kPa throughout the test.
The success of SSS-reinforced gripping is demonstrated in
Movie S3. For the first few items with a lighter weight
(415g to 1lkg), the MERA-gripper was able to hold them
firmly regardless of the gripping width and item shapes.
Although the contact surfaces of the packages are deformable
and contact points are distributed over the palmar surface of

MERA-Gripper Holding Force (n=3)
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Fig. 13.  The holding force of the MERA-Gripper measured by the

experimental setup in Fig. 10. 3 repetitions (n=3) are conducted per
experimental run. Apparent advantages in payload and gripping stability
were observed from the profile of the MERA with the jamming function
on.

Weii

Powder package 415g
Powder bottle 500g
Sugar package 1000g

Soft drink bottle 1600g

Power drill 1600g
Dumbbell 2000g
Oil bottle 3400g

Fig. 14.  On the left, items of the pick-and-place demonstration and their
corresponding weight are listed. On the right, the two fixed gripping widths
(A&B) of the MERA-gripper adopted in Fig. 15 are illustrated.

the MERA-gripper, better grasp stability and higher success
rates of gripping are observed. Subsequently, the MERA-
gripper failed to pick up the soft drink bottle, weighing 1.6kg,
without the reinforcement of the jamming function at both
gripping widths. As observed in Movie S4, the liquid within
the bottle leads to a fluctuating centre of gravity during
the impact and transport of the bottle. This phenomenon is
amplified during manipulation and fast movements of the
items, which in turn causes the increase of stress in the
base of the gripper and results in gripping instability. On
the other hand, the same issue is vastly mitigated when the
jamming function is on, corresponding to our aforementioned
findings in Section IV-B Nonetheless, the gripping base of
the MERA still needs to withstand a higher torque when the
high payload is further away from the base of the MERA
or imbalanced between different actuators. The power drill
with a heavier end is creating a stress load imbalance within
the gripper. At a smaller gripping width, the magnitude of
this stress load is reduced due to the decrease in torque
required from the MERA. On the other hand, despite the
heavier weight, a well-balanced dumbbell could be easily
picked up at the same gripping width.

As mentioned above in Section IV-B, bigger-sized ob-
jects within a configured gripping width could also aid in
increasing the payload. The result in Fig. 15 epitomizes
this observation in our tip force test with varying sizes of
cylinders. Subsequently, a demonstration of load bearing by
simply relying on the effect of buckling restraining is also
presented in Movie S3.

VI. DISCUSSION

Fabrication of complex shaped soft grippers remains a
challenge because modern day soft actuators possess imprac-
tical geometries to attain desired bending profiles and load-
bearing capabilities. If not manually molded, Bell et al. [45]
show that requirements for automated injection molding of
soft actuators are rigid. Machining of durable metal molds is
limited to simple bellow designs. Soft actuators with multiple
cavities will then face many difficulties and lower success
rates. Although 3D printed molds and soft cores can be
used to circumvent design limitations, durability becomes a
concern as surface finishing and poor resolution introduce
cracks into the walls. Moreover, should inhomogeneous



TABLE I
GRIPPING PEAK FORCE OUTPUT COMPARISON WITH PREVIOUS STUDIES OF JAMMING REINFORCED ACTUATOR

Source Variable stiffness tuning method Peak holding force output (per actuator)
Passive particle jamming soft actuator [25] Passive particle jamming upon actuation approximately 5.58N
Variable stiffness soft actuator [26] Granular jamming via vacuum approximately 7N

Variable stiffness structure (VSS) [27] Thermally activated phase change material 8.IN
Variable stiffness particle phalange (VSPP) [28] Passive particle jamming upon contact 9.7N
3D printed rotational layer jamming unit (RLJ) [46] Layer jamming via vacuum 3.6N
Palm-shape variable-stiffness gripper [47] Fabric jamming via vacuum 8.5N
3D printed positive pressure jamming gripper [48] Layer jamming via positive pressure 40N
3D printed MERA gripper Layer jamming via positive pressure 13.8N

materials need to be embedded, manual intervention is still
needed. Therefore, there is much benefit towards directly
3D printing a soft actuator with more than one cavity or
material. We demonstrate that a normally tedious and mul-
tiphasic fabrication process can be automated and simplified
through direct 3D printing without sacrificing durability and
performance.

In addition, with our novel SSS reinforcement, the three-
fingered MERA gripper has demonstrated its ability to exert
average peak vertical pulling forces of 41.5 + 1.2 N (Fig. 13),
which yields to an average of 13.8 N per actuator. An average
peak vertical grip force of 8.0 £ 1.8 N (Fig. 11(b)) is also
recorded per finger actuator. A comparison table of holding
force between the MERA-gripper and prior studies is also
presented in Table II. The advantage of layer jamming via
positive pressure is evidently presented in the peak holding
force output at its jammed state. Nonetheless, despite the
lower peak holding force output due to the profile of the ac-
tuating unit, the slender profile of the MERA gripper makes it
more suitable for insertion into cluttered and narrow spaces.
Moreover, unlike other metal-infused grippers, our work

features a near-instantaneous actuation, which is paramount
for fast pick-and-place applications. However, the durability
of MERA leaves much to be desired. Given that MERA lasts
an average of 79973 cycles before observable leakage, much
improvement, and design optimization is needed to reach
numbers in the millions. Nonetheless, in its current form,
the MERA gripper can be reconfigured to grasp items of
various sizes and has shown to be capable of picking a wide
variety of commercial products.

VII. CONCLUSION

In summary, we presented our work on a metal-
endoskeleton-reinforced actuator (MERA) that uses a stain-
less steel splint (SSS) to modulate its stiffness. We also
described its design rationale and elaborated on the fabri-
cation steps needed to ensure successful 3D printing of said
actuator. A finite element model is built and simulation is
done to predict the force output of the MERA. We also
studied the effects of inserting multiple SSSs on measured
tip force. A 291% increase in maximal tip force is observed
in the SSS-reinforced MERA compared to one without. It is
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Fig. 15. Demonstration of grasp stability of a gripper equipped with three MERA-design fingers. The base can be reconfigured to two different widths and
subsequently mounted onto a robotic arm which is programmed to pick items of different sizes and weights. Each item is gripped by the MERA-gripper
in two different gripping widths (Fig. 14) both with and without the jamming function accordingly.



noteworthy that inserting multiple SSSs did not impact max-
imal tip force significantly. Finally, we adapted the MERA
into a reconfigurable gripper end effector and demonstrated
that SSS reinforcement is indeed needed to enhance the grasp
stability of certain objects that possess challenging physical
properties.

Variable stiffness is an important characteristic that is
necessary for soft actuators to improve their payload before
they can be deployed in industrial settings with highly varied
grasping requirements. While the concept of reinforcing
soft actuators with metallic structures is not novel, our
methodology provides an automated and repetitive way in
which they can be fabricated through 3D printing. Unlike
contemporary variable stiffness soft actuators made through
manual means, the 3D printed MERAS here are identical and
have similar performance to one another. 3D printing hence
allows scalability and reduces dependency on an individual’s
mastery.

Additionally, the SSS jamming mechanism is simple to
operate, and incorporation into an existing bending actuator
can be done easily. Given the multitude of actuator designs,
SSS reinforcement can be widely applied to improve the
payload of soft actuators. More significantly, the SSS is also
thin and lightweight. Therefore, such an augmentation will
not alter the original profile radically.

In future, several steps can be taken to improve the
force and stiffness tuning performance. Any increment in
absolute force would entail fabricating the actuator with a
different material that is softer than 60A shore hardness.
The actuator’s design can be adjusted, such as through
segmentation into multiple finger joints or modification of
the size of pneumatic chambers, in order to optimize the
force output. The investigation of flexural rigidity in splints
made from various materials is also essential for achieving
improved robustness.

In conclusion, we believe that our work is paramount
towards the large-scale adoption of soft robotic grippers
in industrial automation applications. Through the MERA
presented here, we believe that major obstacles in grasp
stability and payload can be overcome towards pick-and-
place applications using soft robotic grippers.
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