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Abstract: There has been a notable focus on the adoption of jamming-based technologies, which in-
volve increasing the friction between grains, layers, or fibers to achieve variable stiffness capability in
soft robots. Additionally, magnetorheological elastomers (MREs) that show magnetic-field-dependent
viscoelasticity have great potential as a material for varying stiffness. This study proposes a hybrid
method (magnetic jamming of MRE fibers) for enhancing the stiffness of soft robots, combining a
jamming-based with a viscosity-based method. First, a fiber jamming structure is developed and
integrated into a soft robot, the STIFF-FLOP manipulator, to prove the concept of the magnetic
jamming of MRE fibers. Then, based on the proposed method, a variable stiffness device actuated by
electro-permanent magnets is developed. The device is integrated into the same manipulator and
the electronically controlled magnetic jamming and stiffening of the manipulator is demonstrated.
The experimental results show that stiffness gain in bending and compression is achieved with the
proposed method. The outcomes of this investigation demonstrate that the proposed hybrid stiffening
technique presents a promising avenue for realizing variable and controllable stiffness in soft robots.

Keywords: variable stiffness; fiber jamming; magnetic jamming; magnetorheological elastomer;
electro-permanent magnet; soft robotics

1. Introduction

The demand for developing soft robots with high deformability and compliance
has led to a growing interest in utilizing unconventional materials and structures [1,2].
Although a high degree of deformability and compliance is desirable, the stiffness of a
soft robot must be in a delicate balance: it should be rigid and precise enough to exert
significant force on its environment and perform tasks accurately, yet compliant enough to
adapt to its environment. Achieving the ability to vary and control stiffness is still a major
concern in soft robotics [3].

Various variable stiffness technologies have been used to achieve stiffness varia-
tion in soft robots [3]. These technologies fall into two main categories based on their
use of active and semi-active elements. Active elements, like electroactive polymers [4],
flexible fluidic actuators (FFAs) [5], and tendon-driven actuators [6], are used antagonisti-
cally and in combination with passive structures [7]. Additionally, semi-active elements
(e.g., low melting point materials [8], shape-memory materials [9], viscosity-based materi-
als, and jamming-based materials) are used to achieve variable stiffness. Alternatively, the
stiffening of soft robotic structures is achieved through structural optimization. Childs and
Rocker [10] introduced a rthombus-patterned backbone structure made of thin-walled plates,
demonstrating a shear and torsional stiffness increase while permitting bending. Sun et al. [11]
utilized 3D topology optimization to achieve multi-axis designs for flexure joints, enhanc-
ing the torsional stiffness of the structure. Among them, the concept of jamming transition
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stands out as one of the most widely embraced due to its scalability, ease of fabrication,
and cost-effectiveness [12]. Liu and Nagel [13] initially introduced the concept of jamming.
Later, it has been described as frictional interactions by nearest-neighbor jamming parti-
cles [14,15]. In other words, an increase in relative shear stress between the particles results
in a phase change in the structure. This change is generally supplied by external pressure.
The structure is in the unjammed state (compliant) in the absence of pressure; whereas, it is
in the jammed (stiff) state when uniform pressure is applied. Thus, the structure makes a
transition from a compliant state to a rigid state.

Jamming can be induced through various mechanisms, including mechanical, elec-
trostatic, magnetic, and pneumatic [16]. High directional pressure can be applied by me-
chanical actuation methods, such as clamps [17], cables [18,19], and meshes [20]. However,
they require mechanical actuators, which may complicate system integration depending
on the application field. Electrostatic [21,22] and magnetic jamming [23,24] methods also
provide directional pressures; however, the applied pressure decreases as the distance
between the charged or magnetized surfaces increases. Moreover, high voltages are es-
sential, potentially limiting their application in safety-sensitive scenarios. In pneumatic
jamming, using a vacuum is practical as it can maintain a uniform isotropic pressure within
a jamming structure. However, it has several drawbacks. First, it requires a pump and an
external membrane, which can make system integration difficult. Ensuring an effective
seal for the membrane enclosing the stacked elements without restricting the movement
of the structure is essential. Second, a ceiling exists for the maximum vacuum pressure
achievable within the enclosing structure, particularly when reaching a perfect vacuum
state. This limitation results in an applied pressure equivalent to the atmospheric pressure,
thus restricting the range of slip thresholds the structure can attain. Third, the speed of
this technology, which operates in seconds, is not remarkable, particularly the prolonged
duration needed for the transition from a rigid state to a soft state [3].

Jamming structures have employed elements with diverse shapes and configurations,
including grains, layers, and fibers. Granular jamming involves granular elements in an
airtight envelope. In the absence of pressure, the grains can move freely with respect to each
other; whereas, they are constrained when pressure is applied. Manti et al. [16] reported that
granular jamming structures demonstrated stiffness changes (up to 40:1), which makes them
well suited for robotic applications, such as soft grippers [25,26], manipulators [27-29], and
haptic interfaces [30]. However, the application of granular jamming in soft devices presents
certain disadvantages, including the displacement of granular materials during activation
and the unpredictable system behavior. Layer jamming consists of compliant sheets instead
of granules. The stiffness is modified using the friction between the layers [31]. It has several
advantages over granular jamming. It offers a stiffness increase without a substantial
change in volume, potentially more compact designs, and precise stiffness control. In
addition, it can provide better stiffness variation because the increased contact area between
the overlapping layers results in a higher friction force. A remarkable bending stiffness
ratio (1800:1) is achieved through the utilization of layer jamming in the literature [32].
However, this substantial improvement is applicable only in one direction, which poses a
notable challenge for soft robotic applications. On the other hand, fiber jamming emerges
as a promising option among the jamming technologies. It is composed of longitudinal
fibers. The fibers can rearrange like grains along one plane; whereas, they slide with respect
to each other like layers on the two other orthogonal planes. This property makes fiber
jamming very useful in applications in which variable bending stiffness in more than one
direction is needed. Brancadoro et al. [33] pioneered the use of fibers as filler material to
achieve jamming. Later, they demonstrated the applicability of fiber jamming technology in
a minimally invasive surgery (MIS) manipulator [34]. Recently, Arleo et al. [35] developed
a stiffness tunable actuator utilizing the fiber jamming principle. They have achieved a
stiffness ratio of up to 21.3:1.

Magnetorheological (MR) materials, i.e., magnetorheological elastomers (MREs) and
magnetorheological fluids (MRFs), belong to the category of smart materials whose stiffness
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is modulated when exposed to a magnetic field. They are composed of magnetic-field-
sensitive particles distributed or aligned in a specific direction within an elastomer or a
fluid. These particles exhibit a MR effect when exposed to a magnetic field, resulting in a
field-dependent property for the material, including a modifiable modulus and damping.
This property is no longer present in the material in the absence of a magnetic field. Early
work on MR materials [36-39] examined the changes in storage modulus and developed
corresponding theoretical models for the behavior of elastomeric polymer materials with
ferrous particles under a magnetic field. Since the early 2000s, there has been a remarkable
increase in interest in MREs and their stiffening behavior [40-42]. For example, Schu-
bert [43] performed several large-strain experiments with and without magnetic fields to
characterize MREs. He developed constitutive models that capture the behavior of MREs
using experimental data.

MR materials hold great promise for soft robotics because they allow rapid stiffness
changes within milliseconds [44,45]. For instance, McDonald et al. [46] developed a valve
utilizing MRFs for flow control in soft robots. Later, they [47] utilized electro-permanent
magnets (EPMs) to modify the material properties of MRFs, enabling the regulation of
pressure within soft actuators. An EPM is a solid-state device whose external magnetic flux
can be stably switched on and off by a discrete electrical pulse. This makes an EPM a more
desirable magnetic field source than an electromagnet since the energy is consumed only
during the switching between the states and the transition can be controlled electronically.
Gaeta et al. [24] introduced a magnetically controlled stiffening technique utilizing MRFs
and jamming-based stiffening methods with the assistance of EPMs. However, challenges,
such as particle settling and control difficulties, limit the use of MRFs. MREs address
these issues associated with MRF applications [45,48]. The use of MREs in soft robotics is
reviewed in [49], which highlights several applications of MRESs, such as magnetostriction-
based actuators [50], micro-actuators capable of rotation [51], pneumatic valves [52], soft
inchworm robots [53,54], and soft skin sensors [55]. Furthermore, the article presents an
illustrative case of a surgical manipulator with variable stiffness [56], which employs MREs
and electromagnets within the design of a soft robot. MREs stand out in their effectiveness
in terms of the speed of stiffening and destiffening (in milliseconds) and offer versatility
in different modes of stiffening, such as bending, tension, and compression. However,
achieving high stiffness variation requires the application of very strong magnetic fields.

In this paper, we present a new variable stiffness device for soft robots that exploits
the fiber jamming technology and the variable viscoelastic behavior of MREs. The device
employs magnetic jamming of MRE fibers to achieve increased stiffness variation, accom-
plished through a single magnetic actuation powered by electro-permanent magnets. Both
jamming and viscoelasticity modification are achieved by this actuation. We implement
this novel hybrid approach on a soft robot, the STIFF-FLOP surgical manipulator [57,58].
To demonstrate the concept of magnetic jamming of MRE fibers, a fiber jamming structure
is initially developed and incorporated into the soft manipulator. Various experiments are
carried out with this proof-of-concept test setup to investigate the stiffness alteration result-
ing from the jamming and variable viscoelasticity of MRE fibers. Finally, this paper exhibits
the stiffening of the manipulator through electronically controlled magnetic jamming using
the variable stiffness device.

2. Variable Stiffness Device Based on Magnetic Fiber Jamming
2.1. Design

The proposed variable stiffness device comprises MRE fibers and electro-permanent
magnets (EPMs) designed to be incorporated into the STIFF-FLOP manipulator (see
Figure 1). The MRE fibers are axially packed within the stiffening chamber of the ma-
nipulator. The geometry of the stiffening chamber is configured in a hexagonal shape,
allowing for the highest packing density achievable for circles. The main reason to use the
MRE fibers is to benefit from both the viscoelasticity change in MREs under a magnetic
field (MR effect) and the increase in magnetic jamming force (jamming effect).
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Figure 1. Conceptual design of the variable stiffness device. (Left) CAD drawing of the stiffening
device. (Middle) A cross-sectional view indicating the magnetic polarity of the EPMs and explaining the
jamming principle. (Right) The variable stiffness device is integrated into the STIFF-FLOP manipulator.

Six EPMs are used to induce the jamming of the fibers. Each EPM is composed of
two permanent magnets with identical retentivity but differing coercivity, along with two
iron caps and a coil system. The operational principle of an EPM device is detailed in
Appendix A, providing energy consumption calculations. The EPMs are placed at the
bottom and top areas of the manipulator in a way that they can move freely in the radial
direction. They have two functions, which are to clamp the MRE fibers and create magnetic
fields to make the MREs stiffer. The MRE fibers are positioned between the EPM caps.
When the EPM is in its ON state, it generates a substantial magnetic field in that region,
facilitating the MR effect. In addition, the identical EPMs with opposing magnetic poles on
their facing caps create clamping forces for the jamming effect. The orientation of the EPMs
is configured so that the proximal caps of two adjacent EPMs possess different polarization.
This orientation is achieved when the polarity of a hard magnet pair forms a 120-degree
angle. The tips of the iron caps that are facing each other are trimmed in such a way that
the surface normals aligned in the same direction. This modification enhances the magnetic
and jamming force generated. The EPMs are radially oriented around the central axis of
the manipulator in a manner that allows copper wires to make tangential contact with the
fibers. When the EPMs are activated, a significant magnetic force is generated between the
facing caps of the EPMs (see Videos S1 and S3). This force exponentially increases as the
caps approach each other. Consequently, the EPMs clamp the fibers, enabling jamming, and
provide the necessary magnetic field, stiffening the MREs. This results in the manipulator
becoming stiffer due to both factors: the jamming and MR effects.

According to the Euler—Bernoulli beam theory, the bending stiffness depends on E
(Young’s moduli) and I (area moment of inertia). The theoretical prediction of the bending
stiffness for the fiber jamming structure, which comprises circular fibers arranged in a
hexagonal configuration, can be approximated by evaluating the area moment of inertia
of the resulting hexagon (assuming no gaps between the fibers) [16]. Consequently, this
estimation could help predict the change in stiffness during jamming. The area moment of
inertia during the pre-slip region would be:

5v/3N2d4
ypesip = —g7— M
preslip 144

where N is the number of fibers and df is the diameter of the fibers. The area moment of the
inertia of a hexagon would be:
nINd4

Islip = 6Tf (2)

which leads to a stiffness change of 1.23 N.
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A soft manipulator structure designed for MIS offers several advantages. It enhances
dexterity and allows for a gentle interaction with soft tissue, thereby reducing the risk of
injury to healthy tissue. The STIFF-FLOP manipulator is made up of a cylindrical elastomer,
including a main body, a base, and a tip. It has three pneumatic chambers and a central
channel that can perform certain tasks, such as carrying camera cables if mounted or a
different implementation of a stiffness modulation mechanism or system. The kinematic
model of the STIFF-FLOP manipulator is detailed in [58]. FFAs are used to actuate the three
chambers, enabling the manipulator to squeeze and elongate without being damaged and
perform omnidirectional bending.

The transition of the state of the EPMs between the “ON” and “OFF” states requires a
current for a short period of time. Moreover, it is essential to have the capability to reverse
the current direction to change the polarity of the soft magnet. This functionality can
be accomplished through a motor driver and a microcontroller. Utilizing a single power
supply and a motor driver for each EPM enables precise control over the entire system
(see Figure 2), minimizing time lag and ensuring maximum efficiency. An Arduino Mega
operates as the microcontroller, coordinating the activation and deactivation of the EPMs,
while a computer is utilized to transmit control commands to the microcontroller. This
setup provides a systematic and synchronized approach to control the states of the EPMs
in the soft robot. The commercially available motor drivers (BTS7960) are employed for
this purpose. They have the capability to send current pulses in both directions at specific
times, as directed by input from the microcontroller. The motor drivers operate on 12 V
power supplies.

Power Supply 6X

Computer

i
- | I
s A @ The EPM integrated
Motor Driver EPM I STIFF-FLOP Manipulator

Figure 2. A schematic representation of the control unit of the variable stiffness device.

2.2. Proof-of-Concept Test Setup for the Jamming of MRE Fibers

A proof-of-concept test setup was developed to thoroughly investigate the stiffness
change caused by the magnetic jamming of MRE fibers. The setup consists of a fiber
jamming structure embedded in the STIFF-FLOP manipulator. The structure contains
MRE fibers covered by a flexible sleeve made of NdFeB particles. Two sets of sleeves
were manufactured: a non-magnetic sleeve with non-magnetized NdFeB particles, and
a magnetic sleeve with magnetized NdFeB particles. The non-magnetic sleeve is used to
induce the condition where the MRE fibers are not jammed while the magnetic sleeve is
used to jam the MRE fibers. The proof-of-concept test setup is shown in Figure 3. The
fiber jamming structure possesses a length of 50 mm and a diameter of 6.5 mm, with a
flexible sleeve having a wall thickness of 1 mm. Two different fiber jamming structures
were designed to be added to the stiffening chamber of the manipulator, separately. The
first structure utilizes one piece of a MRE to observe the stiffness gain caused solely by the
MR effect. The second structure is designed with the optimal packing of congruent pieces,
which is described in [59] and presents the best packing densities of circles within a circle.
Due to manufacturing limitations, the structure is comprised of seven MRE fibers. The
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MRE fibers are shown in Figure 3. The diameter of the MRE piece is 1.5 mm and the seven
fibers have a diameter of 4.5 mm.
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Figure 3. Proof-of-concept test setup. (Left) Conceptual design of the fiber jamming structure. The
magnetic polarization of the sleeve with magnetized NdFeB particles changes to a radial direction
when the magnet is bent. (Middle) A cross-sectional view of the manipulator shows the densely
packed MRE fibers and the sleeve within the stiffening chamber. (Right) CAD drawing of the
fiber-jamming-structure-integrated STIFF-FLOP manipulator.

2.3. Fabrication

The MRE samples used in the experiments were fabricated using Ecoflex 00-30
(Smooth-On Inc., Macungie, PA, USA) as an elastomer matrix and 5 um of carbonyl
iron particles (CIPs). The matrix material is comprised of two components: Part A and
the hardener component Part B. Initially, Part A and CIPs were mixed to facilitate the
fabrication process. Subsequently, Part B was thoroughly mixed into the homogenous mix-
ture until all ingredients were evenly distributed. The mixture was placed into a vacuum
chamber for 3 min at —1 bar to ensure proper elimination of air bubbles. It was then poured
into 3D-printed PLA molds and the curing process was performed at room temperature
for four hours. MRE samples with a volume fraction of 30% (f = 0.3) were prepared for
conducting the experiments. The size of the samples used in the tests was 50 mm in length.
The diameters of the fibers used in the fiber jamming structure were 4.5 mm and 1.5 mm;
meanwhile, they were 2.2 mm and 1.34 mm for variable stiffness devices.

The EPM device is composed of a rigid NdFeB magnet, an AINiCo magnet, two steel
caps, and a copper wire. The N42 grade NdFeB magnets and the AINiCo 5 magnets were
purchased from K] Magnetic, Inc. and McMaster-Carr, respectively. The diameter and the
length of the magnets were 3.18 mm and 6.35 mm, respectively. The magnets were glued to the
caps using an epoxy adhesive and wrapped with a coil of 80 turns of 28 AWG copper wire.

Fabrication of the STIFF-FLOP manipulator required several silicone molding steps.
The fabrication process of the manipulator can be seen in Figure 4. First, the chamber molds
were threaded with an inextensible polyester thread around a 3D-printed cylinder. The
cylinder is made up of three parts: an inner core and two side parts. Six molds were placed
in a module mold, as shown in Figure 4a. In this way, the radial expansion of the chamber
was prevented. The mold was filled with uncured silicone (Ecoflex 00-50, Smooth-On)
and left to cure at room temperature [see Figure 4b(i)]. The chamber molds were removed
after the silicone had completely cured, beginning with the core and then sliding out the
other two side parts. This disassembly of the chamber molds allowed them to be loosened
within the cured body, allowing easier removal while keeping the thread in place. Second,
another layer of silicone was applied to the inside of the chambers to integrate the thread
within the body. In order to complete the second layer process, the thin rods (core) with
a diameter of 2 mm were inserted into the chamber. The second curing step was, thus,
performed by pouring the same uncured silicone into the remaining free space of the side
parts, as shown in Figure 4b(ii). Then, the U-shaped Polyvinyl chloride (PVC) tubes with
an inner diameter of 1.5 mm and an outer diameter of 2 mm were placed in the fluidic
chamber, as depicted in Figure 4b(iii). They were used to connect the double chambers.
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The third curing step involved pouring the same uncured silicone into the remaining free
space within the module mold.

(a) Chamber Mold Assembly (b) Silicone Casting (Main Body) (c) Silicone Casting (Caps)
side parts helical Chamber 3D-printed EcoFlex U shaped Tip & Base Molds PVC

thread Mold alignment part 0050 tubes tubes
/\ Assembly (x6)

Dragon
core (i) Skin 30A
(d) The Fabricated Manipulator (e) Fibers
(i) The STIFF-FLOP (ii) Variable Stiffness Device
Manipulator Integrated STIFF-FLOP
Manipulator
Tip
Section view
A-A
Main °

Body

(f) EPM
MRE

EPM ¢ -
Base fibers 5

Copper Wire

Steel Caps

—
10 mm

Figure 4. Fabrication of the STIFF-FLOP manipulator with the proposed variable stiffness device.
(a) The 3D-printed side parts and a core are assembled; then, polyester is wound around the mold.
(b) The silicone casting steps (i-iii) of the body of the manipulator. (c) Fiber jamming structures
are inserted; then, the top and bottom ends are sealed to the body. (d) Images of (i) the fabricated
STIFF-FLOP manipulator and (ii) the variable stiffness device implemented version. (e) The fibers
and (f) an EPM.

Third, the main body of the manipulator is sealed at the top and bottom caps with hard
silicone (DragonSkin 30A, Smooth-On), as depicted in Figure 4c. Additionally, an adhesive
(Sil-Poxy, Smooth-On) was applied to three of the air channels and PVC tubes were used in
the remaining channels to prevent hard silicone from blocking the air channels. Finally, the
MRE fibers were inserted into the corresponding positions with the help of a 3D-printed
part encapsulating the fibers. Then, the EPM devices (in the OFF state) were placed in the
corresponding positions at the final stage. Figure 4d shows the STIFF-FLOP manipulator
with the variable stiffness device. The molds used in the fabrication were disposable
and manufactured using a 3D printer (Bambu Lab X1-Carbon). Three manipulators were
fabricated to demonstrate their reproducibility for use in stiffening tests. The fabricated
parts of the variable stiffness device are shown in Figure 4e f.

Flexible sleeves that are used in the proof-of-concept test setup were manufactured
to provide both jamming force and a magnetic field to the MRE fibers (see Figure 5a).
The elastomer of the sleeve was PDMS (Sylgard 184, Dow Corning Inc.) loaded with
neodymiume-iron-boron (NdFeB) microparticles (QP-5-11-9-20001, Magnequench, Co. Ltd.,
Tianjin, China, density: 7.43 g/cm?®) in a mass ratio of 10:1 (mass of NdFeB microparticles to
the mass of PDMS). The fabrication methods used for MRE fiber production were applied to
the production of the flexible sleeve as well. Half of the manufactured flexible sleeves were
exposed to a large uniform magnetic field of 2.1 T using a dipole electromagnet (5403AC,
GMW Associates) to obtain magnetic sleeves. The length, width, and thickness of the
magnets were 50 mm, 20 mm, and 1 mm, respectively. Magnetic field measurements were
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carried out using a Tesla meter (PCE-MFM 2400). The magnetic properties of the sleeve
were provided directly by the manufacturer and were calculated based on an estimation
using the volumetric loading of magnetic powder. The retentivity and coercivity values
were set at 447 mT and 296 kA /m (H,), respectively.

(b) Fiber jamming structure

(a) Magnetic Sleeve integrated STIFF-FLOP

A-A view

Magnetic
Sleeve
Magnetization —
Profile t=1 mm 5 mm

Figure 5. Fabrication of the fiber jamming structure. (a) Images of a flexible magnetic sleeve made
of NdFeB microparticles and PDMS. (b) The fiber jamming structure is integrated into the STIFF-
FLOP manipulator.

The fabrication process for the STIFF-FLOP manipulator with the integrated fiber
jamming structure closely followed the same steps, with the only difference being the
insertion of the structure into the stiffening chamber before casting the tip and base of the
manipulator. Additionally, Parafilm tape was placed at the ends of the fibers before casting
the tip and base of the manipulator to protect against potential leakage. Twelve manipula-
tors were manufactured to perform stiffening tests, encompassing four cases: combinations
of two sets of sleeves and two different numbers of fibers in the stiffening chamber. For
each case, three manipulators were manufactured to highlight the reproducibility.

2.4. Modeling

A 3D model with identical dimensions and magnetic properties to the physical model
has been constructed using the Maxwell 3D module in ANSYS. The model consists of three
radially oriented EPMs, seven MRE fibers, and a surrounding region. An EPM is composed
of an AINiCo magnet, a NdFeB magnet, two steel caps, and a copper region. The N42 grade
NdFeB magnet (Br = 1.23 T) and AINiCo 5 (Br = 1.26 T) magnet were used in the simulation.
The diameter and length of the magnets were 3.18 mm and 6.35 mm, respectively. The
magnets were enclosed with the copper region. The pole directions of the magnets were
adjusted as illustrated in the model. Specifically, the pole directions of the magnet pairs
were set to differ by 120 degrees from each other. The MRE fibers were modeled with a
relative permeability based on [43]. The surrounding vacuum domain was modeled as a
rectangular prism with a 100% offset in the -X, -y, and -z directions. The meshing process
utilized automatic adaptive meshing, employing a total of 65,000 elements. The number of
passes within the simulations was set at 10, with an energy error of 1%. The simulations
were conducted for all EPMs in their ON and OFF states.

Two simulations were conducted on the model. First, a magnetic jamming force created
by an individual EPM was simulated by selecting components, including the magnets, the
caps, and the copper region. Second, a simulation was performed to calculate the magnetic
flux density passing through the MRE fibers. In addition, to validate the accuracy of the
simulations, magnetic measurements were taken using the Tesla meter from the center of
the caps of the EPM pairs that were oriented toward each other. These measurements were
conducted repeatedly at distances d of 3 mm, 2.5 mm, and 1 mm. Furthermore, magnetic
simulations were conducted for scenarios involving distances (0.5 mm and 0.1 mm) where
measurements could not be taken due to geometric limitations.
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Assuming the hard and the soft magnets within the EPM are fully magnetized in the
same direction and there is no gap between the caps and the target object, magnetic force
can be theoretically calculated. The formula for determining the magnetic force exerted by
an EPM is expressed as:

_ 1 NBrdgnNrods 2

where F represents the magnetic force; dy; is the diameter of the magnets; N, is the
number of magnets within the EPM, which is two; yg is the permeability of free space;
and 4 (10 mm) and b (1.5 mm) are the width and thickness of the caps, respectively. The
equation was retrieved from [60].

The measurement and simulation results are presented in Figure 6. It can be inferred
from Figure 6e that the simulation results match the magnetic measurements. An ex-
ponential regression is employed to model the resulting magnetic simulation force data,
offering a forecast of exponential relationships between variables. The magnetic jamming
force generated by an EPM is calculated to be 8.39 N when d = 0.1 mm. Analytically, the
magnetic jamming force is determined to be 20.12 N when d = 0 mm. The outcomes indicate
that the regression aligns closely with the analytical equation when d is approximately
0.049 mm, a value very close to zero. Considering that the EPMs jam the MRE fibers from
their tangential surfaces (note: the contact area is calculated from the CAD drawing to be
3mm x 10 mm), the magnetic pressure is determined to be 670 kPa. The EPMs produce a
mean magnetic field of 0.25 mT in the OFF state and 20.1 mT in the ON state.
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Figure 6. Magnetic simulations of the three EPMs and MRE fibers enclosed in the jamming region.
Magnetic field lines when EPMs are in ON states (a) and OFF states (b). (c) Top view of the model,
indicating magnetic flux density passing through the MRE fibers when the distance d is 3 mm.
(d) Magnetic flux density of the cross-sectional area for each d. (e) Results of the magnetic measure-
ments vs. simulations. (f) Magnetic jamming force produced by an EPM vs. the cap distance d.
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3. Experimental Evaluation

Two sets of experiments were conducted to assess the stiffening capabilities of the
proposed designs described in Section 2. The proof-of-concept test setup and the variable-
stiffness-device-integrated STIFF-FLOP manipulator were tested under two scenarios:
magnetically OFF and ON states. In the ON-state experiments, the actuation mechanisms
were activated to evaluate the increase in stiffness resulting from the proposed hybrid
stiffening method. We investigated both the MR effect, whose working principle relies
on the intrinsic properties of MREs, and the jamming effect, which is achieved through
kinematic and frictional interactions between the fibers. In the OFF-state experiments, the
objective was to determine the base stiffness state, disregarding any changes in stiffness
caused by either the MR effect or the jamming effect. The tests were carried out in the base
condition, with no actuation in the fluidic chambers.

3.1. Proof-of-Concept Magnetic Fiber Jamming Tests

The experiments were conducted with the fiber jamming structure-integrated ma-
nipulators using unmagnetized flexible sleeves in the OFF state and magnetized sleeves
in the ON state. Stiffening tests were performed in two deformation modes (bending vs.
compression) and with two different numbers of MRE fibers (N is either one or seven).
First, a cantilever bending test was conducted on the manipulator, deflecting the tip to
measure the change in stiffness. Second, a compression test setup was conducted and the
manipulator was strained in the longitudinal direction. Both tests were performed with
the fiber jamming structure having one piece of a MRE fiber (N = 1) and seven MRE fibers
(N =7). Additionally, the tests were carried out on three separate manipulators to demon-
strate the repeatability of the results. Each test was repeated five times for statistical
purposes. In total 120 trials were performed.

The schematic of the experimental setup can be seen in Figure 7a,d. The setup includes
a force measuring unit equipped with a 3 kg miniature load cell, a micrometer screw gauge
with a resolution of 0.01 mm, and a stepper motor. During the stiffening experiments, the
base of the STIFF-FLOP manipulators was clamped using 3D-printed parts and the tip was
left free. In compression tests, the manipulator was tested up to 10% engineering strain
using the stepper motor running at a constant rotational speed corresponding to 0.1 mm/s
compression speed; meanwhile, it was deflected by 10 mm at a constant speed of 0.2 mm/s in
the cantilever bending tests. The resulting force was measured by the load cell and the tests
were displacement controlled.

The results of the compression tests of the fiber jamming structure are shown in
Figure 7b,c. The results indicate that the resultant stress (calculated by dividing the resultant
force by the initial cross-sectional area of the manipulator) upon loading shows a nearly
linear behavior with strain for each case (R? > 0.9960). The slopes of the stress vs. strain
curves upon loading are assumed to give compression modulus values of the fiber jamming
structures. It can be inferred from the figures that the compression modulus increases when
the magnetized sleeves are used in the structure. The modulus of the OFF-state structure is
calculated as 394.9 kPa when N = 1 while the ON-state modulus is calculated as 436.8 kPa.
In addition, the results indicate that the compression modulus decreases with increasing N.
For example, the modulus of the unjammed structure is calculated as 394.9 kPa when N =1
while it is 378.4 kPa when N = 7.

The results of the cantilever bending tests of the fiber jamming structure are shown
in Figure 7e,f. The stress—strain curves exhibited a highly noticeable hysteresis behavior.
The area between the curves signifies the amount of dissipated energy. The slope of
the force vs. displacement curves upon loading gives the bending stiffness value of the
fiber jamming structure. The results indicate that the resulting stiffness increases when
the magnetized sleeves are used in the jamming structure. For instance, the OFF-state
stiffness of the structure with a single piece of a MRE is calculated as 0.39 N/cm while the
ON-state stiffness is calculated as 0.43 N/cm in the cantilever bending tests. In addition,
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the corresponding increase is also observed when N = 7. The stiffness is increased from
0.33 N/cm to 0.40 N/cm.
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Figure 7. (a,d) Schematics of the compression and cantilever bending test setup, respectively. Com-
pression test results of the structure-integrated STIFF-FLOP manipulators are indicated in (b) when
the number of MRE fibers N = 1 and in (c¢) when N = 7. The same manipulators were tested in the
cantilever bending tests. Results are shown in (e f) for the number of MRE fibers N=1and N =7,
respectively. Solid lines show the mean of all tests and the shaded area indicates the standard error of
the mean.

In addition to the presented stiffness values for the fiber jamming structures, the
stiffness ratio (K, the ratio of jammed stiffness to unjammed stiffness) is calculated as
well. The cantilever bending results show that K increases with increasing N. K is 1.1
when N =1 while it is 1.21 when N = 7. As for compression tests, the change in modulus
is calculated as 1.11 for each case. Considering the fact that axially oriented fibers in
a jamming structure have no effect on stiffness change under compression, the change
in stiffness can be considered due to the MR effect. The optimal stiffness change of the
structure is observed when N =7. We observed a 21.2% increase in the stiffness variation of
the structure.

3.2. Electronically Controlled Variable Stiffness Tests

To demonstrate the variable stiffness device’s ability to stiffen, we conducted cantilever
bending experiments using the device-integrated STIFF-FLOP manipulator. Our tests
considered three experimental factors: two operating modes of the EPMs (ON or OFEF),
two materials for the fibers (pure silicone or MRE), and the number of MRE fibers (either
seven or nineteen). The cantilever bending test results are shown in Figure 8. The bending
stiffness values of the manipulator are determined by analyzing the slopes of the resulting
loading force versus the deflection curve. Stiffness for each case is computed through
a linear fit (R > 0.9938) across the entire loading range. The results indicate that the
stiffness of the jammed manipulators is higher than that of unjammed ones. This aligns
with expectations as the EPMs create both magnetic fields and jamming forces, collectively
augmenting the overall stiffness of the manipulator. Additionally, the results demonstrate
a decrease in manipulator stiffness with an increase in the number of fibers utilized within
the variable stiffness device. For instance, when employing MRE fibers where N = 7, the
stiffness values for unjammed and jammed manipulators are calculated as 0.39 N/cm
and 0.45 N/cm, respectively. The values are decreased to 0.34 N/cm and 0.42 N/cm,
correspondingly, when N = 19. The results revealed that using more fibers in the device
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raises the K value. For instance, with pure silicone fibers (Ecoflex 00-30), the K value is 1.12
when N = 7; however, this rises to 1.17 when N = 19. Similarly, adding MRE fibers increases
stiffness, with corresponding K values of 1.17 and 1.23 when N =7 and N = 19, respectively.
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~03 ~037
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8 8
502 502}
w w
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Figure 8. Cantilever bending test results of the stiffening-device-integrated STIFF-FLOP manipulator.
Force vs. deflection curves in (a,b) and (c,d) represent the results when the number of fibers are
N =7and N =19, respectively. Corresponding stiffness values are indicated at the bottom right of
the subfigures.

3.3. Bending Angle Tests

The bending angle of the manipulator was assessed in two configurations: magnetic
(ON state) and non-magnetic (OFF state), employing the proposed variable-stiffness-device-
integrated STIFF-FLOP with 19 MRE fibers (see Video S2). To calculate the bending angle,
a video capturing the manipulator carrying a 20 g weight at the tip was recorded from
a front-view perspective. This video was further processed using the vector graphics
software Inkscape, 1.2.1. An algorithm was employed to analyze the final captured image,
determining the bending angle. An imaginary line drawn on the tip served as a reference
and the angle between this line and the vertical axis indicated the bending angle. The tests
were repeated five times for each configuration. The captured images shared identical
aspect ratios and pixel counts. The results of the bending angle tests are shown in Figure 9.
The results indicate that the bending angle is decreased from 12.74 (deg) to 10.07 (deg),
resulting in a 20.97% change when the magnetic state of the EPMs within the variable
stiffness device is switched from the OFF to ON state.
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©
o
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Figure 9. Bending angle results of the STIFF-FLOP manipulator with the variable stiffness device.
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4. Discussion

The primary rationale of this study is to investigate the jamming behavior of MRE
fibers to leverage both the alteration in the viscoelasticity characteristic of MREs under a
magnetic field and an increase in the magnetic jamming force. The changes in stiffness
can be attributed to two key factors: the jamming effect and the MR effect. In our experi-
ments, we conducted tests using a non-magnetic material—pure silicone (Ecoflex 00-30)
fibers—in the variable stiffness device. This approach allowed us to eliminate the MR
effect and solely examine the impact of jamming. The outcomes obtained from the variable
stiffness device affirm that the proposed design is more effective when employing MREs
instead of the Ecoflex 00-30, emphasizing the advantage of incorporating MREs in the
system. For instance, when N =7, the stiffness increase in the manipulator with the Ecoflex
00-30 and MRE fibers is calculated at 11.53% and 13.23%, respectively, resulting in a 1.70%
difference. Meanwhile, when N = 19, this discrepancy is calculated as 5.90%. Addition-
ally, the MR effect achieved through the variable stiffness device is comparatively lower
than that observed in the fiber jamming structure. This discrepancy arises because the
jamming is induced discretely, occurring solely in the base and tip regions. The magnetic
fields supplied by the EPMs cover only two-fifths of the fiber region, limiting the extent
of the MR effect generated within the device. Moreover, we have showcased an alternate
approach to implementing a magnetically driven jamming technique, offering a rapid
response time and requiring reduced energy consumption compared to the current pneu-
matic jamming method. The proposed actuation mechanism exhibits a response time of
100 ps and consumes an estimated 49.92 m] of energy, as outlined in the calculations
provided in Appendix A.

In the proof-of-concept magnetic fiber jamming tests, the jamming is induced continu-
ously and the flexible sleeve supplies magnetic fields throughout the fibers’ entire length.
We observed a noticeable increase in stiffness change due to both the MR effect and the
jamming effect. Our estimation suggests that these approaches contributed almost equally
to the overall effect. Specifically, we observed a consistent 11% increase in stiffness during
compression mode due to the MR effect, regardless of the fiber count within the structure.
This percentage escalated to 21.2% in the bending test, owing to the combined hybrid
effect of both mechanisms. The resulting stiffness change theoretically should have been
K =8.61for N =7, [16]. However, we obtained K = 1.21 from the experiments. This devia-
tion primarily results from a substantial portion of unjammed material present within the
manipulator. Specifically, the diameter of the jammed region measures 4.5 mm (excluding
the sleeve thickness) while the overall manipulator diameter spans 18 mm.

5. Conclusions

In this study, a novel variable stiffness device combining jamming with viscoelasticity
modification has been developed to achieve stiffness modification. The proposed device
is innovative as it utilizes the benefits of magnetic jamming in MREs to enhance stiffness
variation. We demonstrated the increase in stiffness by utilizing this hybrid method in the
STIFF-FLOP manipulator under different deformation modes. The results indicate that the
proposed hybrid stiffening method is promising for achieving variable and controllable
stiffness in soft robots.

We investigated the behavior of the magnetically induced jamming of MRE fibers as a
first step toward a hybrid variable stiffness method. The fiber jamming structure consisting
of MRE fibers and a flexible sleeve was implemented on the STIFF-FLOP manipulator.
The stiffening tests were performed on the device-integrated manipulator. The tests were
repeated with the magnetized and unmagnetized sleeves to explore the stiffness change.
The manipulator achieved stiffness variation under different deformation modes, such as
bending and compression.

The originality of this work is based on the development of a novel variable stiffness
device utilizing two stiffening methods: a jamming-based method and a viscosity-based
method. The device comprises MRE fibers and EPMs, compactly positioned within the
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manipulator’s stiffening chamber. Stiffening tests were conducted on the device-integrated
STIFF-FLOP manipulator to assess its ability to enhance stiffness. The outcomes obtained
from the variable stiffness device confirm that the device exhibits greater effectiveness
when utilizing MREs rather than pure silicone. Additionally, the incorporation of EPMs
offers rapid jamming transitions, leading to reduced energy consumption.

The stiffening method proposed in this study has the potential to achieve a high
range of stiffness variation, a fast response time, and suitability for different modes when
implemented in a soft manipulator. With this device, it is also possible to obtain various
stiffening states. In the softest state, the six EPMs are in the OFF state; whereas, the rigid
state is obtained when the EPMs are switched to the ON state. Different stiffness states
can be obtained between the maximum and minimum values depending on the number of
activated EPMs and the configuration. Furthermore, the hybrid methodology utilized in
this study exhibits potential for application in diverse industrial scenarios where rapid and
energy-efficient transitions are requisite for variable stiffness requirements.

The response of the manipulator to the applied magnetic jamming force is notably
complex. The variable stiffness device consists of MRE fibers and EPMs at both the
base and tip, delivering discrete magnetic jamming forces. Furthermore, the device is
embedded within the manipulator’s central channel, contributing to its complexity. The
manipulator comprises three soft materials (MRE, Ecoflex 00-50, and Dragon Skin 30A)
and three rigid materials (NdFeB, AINiCo, and steel). Due to this intricate geometry and
material composition, a comprehensive analysis involving complex mathematical equations
or multi-physics finite element analysis is needed. This aspect is a potential avenue for
future investigation.

There exists sufficient space for additional enhancements in the proposed device. First,
the high permeability of the magnetic particles can be incorporated into the elastomer
matrix to maximize the MR effect. Second, employing advanced manufacturing methods
like micro-molding and extrusion-based 3D printing can reduce the diameter of MRE
fibers in the variable stiffness device. Consequently, this allows for a greater number
of fibers to be stacked within the device. Third, there is potential for optimizing the
geometry of the manipulator without compromising its performance. Enhancements
could focus on adjusting the ratio between the jammed and unjammed regions without
impeding the robot’s capabilities. Finally, six EPMs, which account for almost half of the
manipulator’s weight, provide discrete jamming in this study. However, the design can
be further developed to provide continuous jamming, aiming to reduce the number of
EPMs used in the manipulator. Because most of the soft robotic tasks are performed in
cylindrical coordinates, there is a demand for novel EPM designs that facilitate jamming
in the radial direction. Achieving this would involve utilizing magnets featuring radial
magnetic polarization and optimizing the cap geometry of the EPMs.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/robotics13010016/s1, Video S1: Jamming of the MRE fibers
utilizing the EPMs. Video S2: Bending of the STIFF-FLOP manipulator with the variable stiffness
device. Video S3: Variable-stiffness-device-integrated STIFF-FLOP manipulator.
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Appendix A

An EPM consists of two permanent magnets (a hard and a soft magnet), metal caps,
and a coil. The target surface and the caps are separated by an air gap, which is denoted
as g. The soft and hard magnets have almost the same remanent magnetization; however,
they have different coercivity values. The hard magnet has a very high coercivity; whereas,
the coercivity value of the soft magnet is relatively low. The magnets have the same length
(L) and diameter (d;,). The caps and coil are made from iron and copper, respectively. The
working principle of an EPM device in operation can be seen in Figure Al. The directions
of the current and magnetic flux in the EPM device are illustrated as orange and cyan
arrows, respectively. The switching current flows through the coil and the soft magnet is
magnetized up to a saturation point. A part of the flux flows through the target surface
(illustrated by cyan dotted lines); however, the majority of the flux device goes through the
EPM device. When the soft magnet is fully saturated, the switching current is turned off,
i.e., the magnetic field intensity is reduced to zero. However, the magnetic flux density is
equal to the remanent magnetism. The remanence (i.e., retentivity) value is almost the same
for the hard and soft magnet in the ON state. When switching to the OFF state, the current
is turned on in the opposite direction. The soft magnet is demagnetized up to the point of
full saturation but, this time, in the third quadrant of the B-H curve. The polarity of the soft
magnet is changed. When the soft magnet reaches full saturation, the switching current is
turned off again. The magnetic flux density is equal to negative remanent magnetism. In
the OFF state, magnetic flux flows only through the magnets.

The EPM'’s resistance is measured to be 1.5 () and the inductance is calculated ana-
lytically as 20.1 pH from Equation (A1), where L.,; is inductance, y is vacuum magnetic
permeability, N is the number of turns, r is the radius of a magnet, and L, is the length
of the magnet. The pulse time of the current applied is 100 us. The energy consumption
to change the state of an EPM is calculated as 8.32 m] from Equation (A2), where Ry is
resistance, L, is inductance, and t is the pulse time. The equations are retrieved from [61]:

27pg(Nr)?
L

V2 { Leoil
E = 4 —coid [(e_chilt/Lcoil) — 1} } (A2)
R coil R coil

Lcoil = (Al)
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Figure A1l. The operation principle of the EPM device. (a) An EPM device. (b) The operation states
and corresponding B—H curves of the soft and the hard magnets.
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