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Abstract:

All soft robots require the same functionality, i.e., controlling the shape of a structure made

from soft materials. However, existing approaches for shape control of soft robots are primar-

ily dominated by modular pneumatic actuators, which require multi chambers and complex flow

control components. Nature shows exciting examples of manipulation (shape change) in animals,

such as worms, using a single-chambered soft body and programmable stiffness changes in the

skin; controlling the spatial distribution of changes in stiffness enables achieving complex shape

evolutions. However, such stiffness control requires a drastic membrane stiffness contrast between

stiffened and nonstiffened states. Generally, this is extremely challenging to accomplish in stretch-

able materials. Inspired by longitudinal muscle fibers in the skin of worms, we developed a new

concept for fabricating a hybrid fiber with tunable stiffness, i.e., a fiber comprising both stiff and

soft parts connected in a series. A substantial change in membrane stiffness was then observed by

the locking/unlocking of the soft part. Our proposed hybrid fiber cyclically produced a membrane

stiffness contrast of more than 100× in less than 6 s using an input power of 3 W. A network of
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these hybrid fibers with tunable stiffness could manipulate a single-chambered soft body in multi-

ple directions and transform it into a complex shape by selectively varying the stiffness at different

locations.
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Introduction

Soft animals, such as octopus, worm, squid, and cuttlefish, change their shapes for performing var-

ious tasks such as locomotion, manipulation, and camouflage.1–4 This diversity observed in nature

has inspired robotics. Because of recent advances in their shape change feature achieved by con-

trolling the deformation of a soft material, soft robots now have demonstrated various applications,

such as crawling, gripping, manipulating objects as well as three-dimensional texture morphing.5–9

Although technologies, such as a dielectric elastomers,10 magnetic composites,11 shape memory

polymers,12 and thermofluidic polymers,13 have been developed for facilitating shape change in

soft materials, the pneumatic actuator5,6 is the most popular among these technologies.

Today, a significant limitation of many shape change demonstrations in soft robots is the fixed

path of motion, which restricts a variety of tasks performed. Adaptable shape change of soft robots

is necessary for performing multiple tasks. An example is shape change feature in a soft pneu-

matic manipulator, which can change the shape to more than one configuration through pressure

control in different chambers.5 However, adaptive shape change in a soft pneumatic manipulator

is challenging because it requires a complicated modular design, multichambers, numerous tubes,

and flow control valves.5,6 In nature, although most fluid-filled soft biological structures, such

as the octopus arm, earthworm, and nematodes, are single-chambered soft bodies, they can still

change their body shape through change in their skin stiffnesses.2 A single-chambered pneumatic

soft body that can tune its membrane stiffness can also produce a similar shape change whenever

required, resulting in a straightforward system.

A membrane stiffness of a soft body is a resistance against the in-plane deformation, whereas
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a bending stiffness is a resistance against out-of-plane deformations. The manipulation process

in a soft body involves two kinds of deformations: 1. in-plane stretching of a part of the soft

body, which depends on the direction of motion, and 2. bending of the whole structure, which is

independent of the direction of motion (see Supplementary Fig. S1 in the Supplementary Data).

For pneumatic manipulation, where flexure is the main motion, we need to stiffen the membrane

response at selected locations while preserving a minimal flexural rigidity. When the pressure in

a chamber increases, introducing asymmetry in the surrounding membrane’s stiffness is a simple

way to create a flexural motion. The motion (direction and amplitude) can be controlled by the

spatial distribution and intensity of the stiffness. Although the active and real-time control of skins

membrane stiffness is a critical factor for manipulation, it remains a relatively unexplored area.

Existing stiffness tunable technologies14 have some intrinsic limitations. For example, many

demonstrated applications of tunable stiffness involve a significant increase in the bending stiffness

along with change in membrane stiffness,15–19 which greatly affects the compliance of the soft

body. Therefore, it would be a hindrance when used for manipulation. For instance, Peters et al20

worked on tuning the bending stiffness of soft actuator via phase change of low-melting-point-

alloy, and Must et al. worked on reversible osmotic actuation and tunable bending stiffness of

a tendril-like soft robot.21 Whereas some other studies22 focused to tune the bending stiffness

of a fiber-like structure through softening-stiffening of a thermoplastic material for high payload

capacity. Tonazzini et al. developed a fiber using low melting point alloy (LMPA) enclosed by a

rubber primarily to obtain tunable bending stiffness for various rigid-soft applications and tried to

extend for manipulation of a soft body.23 However, when used along the entire length of the soft

manipulator for stiffness control, the sizable volume fraction of rigid solid LMPA can introduce

high bending resistance to the manipulator, resulting in insufficient bending deformation even at

high pressure.

Moreover, technologies such as the magnetic-based approach require a large set of machin-

ery,14,24 the electro-active system requires a high driving voltage (kV),25,26 and the variable-

stiffness twisted rubber requires a motor for each twisted rubber.27 The most efficient system for
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membrane stiffness change is based on vacuum-assisted jamming; however, it has the same draw-

backs of multi-chambered pneumatic manipulators because it requires numerous tubes and flow

controlling units.28–32 Electrostatic layer jamming is a promising approach to overcome drawbacks

of vacuum-assisted jamming; however, the contrast in membrane stiffness change is relatively

small even at a very high driving voltage (kV).33 Also, when used for manipulation, reversibility

can suffer from the buckling of layers due to sliding friction. An ideal system with tunable stiffness

should be reversible, compact in size, simple in operation, and produce a considerable change in

membrane stiffness without introducing any bending stiffness.

Objective

This work addresses the above-mentioned challenges, i.e., obtaining a controllable high contrast

in membrane stiffness of a stretchable rubber without introducing any significant changes in its

bending stiffness. Therefore, we propose a novel concept of a hybrid fiber: a combination of in-

extensible (stiff) and stretchable (soft) parts in a single thread. Adding a small volume fraction

of a highly soft fiber to a stiff fiber enabled excellent stretchability in the newly formed hybrid

fiber. Introducing a locking mechanism based on a phase change material (PCM) inside the soft

part helped to control the entire hybrid fiber’s membrane stiffness. Typically, a fiber-containing

20% of soft matter considerably changed the membrane stiffness (> 100×) and exhibited suffi-

cient stretchability when PCM was transformed from the solid to liquid state. Upon cooling, the

solidification of PCM allowed the hybrid fiber to regain its original membrane stiffness value, with-

out introducing any significant change in the bending stiffness owing to the small volume fraction

of the soft part and the PCM. This fiber’s membrane stiffness could be directly controlled using

low-voltage or low power equipment, resulting in a compact and fast responding stiffness-tunable

system. Finally, few hybrid fibers were integrated around the single-chambered soft body, which

helped to program its shape through a stiffness change in the fiber. To the best of our knowledge,

neither soft–stiff hybrid fiber nor phase-change locking to control only the membrane stiffness,
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which is one of the most essential tunable physical properties in stretchable rubber for adaptive

shape-change applications in soft robotics, have been previously reported.

Design and Methods

Bio-inspiration

For tunable-stiffness-based manipulation, we were initially inspired by the bending deformation of

a hydrostatic skeleton of worms. A hydrostatic skeleton is a single-chambered soft body supported

by fluid pressure (Fig. 1A, B). Some of these animals can create a dynamic skeleton by producing

stiffened sections at various parts of their bodies and by controlling the stiffness’s spatial distribu-

tion.2 The co-contraction of antagonistic muscle fibers (helical, circular, and longitudinal) in the

skin creates sufficient pressure and membrane stiffness asymmetry required for the bending (Fig.

1C). A single-chambered soft robotic actuator can also produce a similar flexural motion by in-

troducing asymmetry in membrane’s stiffness (see Supplementary Fig. S1 and Section SS2 in the

Supplementary Data). Inspired by the muscle fibers’ role in stiffness change and manipulation, we

developed a novel flexible hybrid fiber with a tunable membrane stiffness for the manipulation of

single-chambered soft body. A schematic diagram of the proposed hybrid fiber (“lmno”) is shown

in Fig. 1D. It contains a small soft fiber that is serially connected to a stiff fiber. Here, the soft

part (“mn”) represents a highly deformable rubber, enabling excellent stretchability in the hybrid

fiber. By locking/unlocking the soft part, a high contrast in membrane stiffness can be achieved

without increasing the bending stiffness (Fig. 1E). We designed a unique structure using gallium, a

metal having a low melting point, to cyclically lock/unlock the soft part whenever required. Here,

the PCM is merely used as a locking mechanism to lock or unlock the stretchable part. Finally,

because the soft part’s volume fraction is small, the PCM required would be tiny. A small quantity

of PCM required only a low electric power for phase change, making it easy to control the stiffness

using low-voltage equipment.
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Concept of hybrid fibers : a component with tunable stiffness

To achieve a drastic contrast in membrane stiffness, we propose a new structure of the hybrid

fiber: a single fiber with both inextensible and stretchable parts connected in series (Fig. 2A),

in which a substantial change in membrane stiffness could be achieved by locking or unlocking

the stretchable part. By controlling the choice of stiffness for the fiber parts, the volume fraction,

and the alignment, the stiffness of the composite structure may be tailored to meet specific design

requirements.

For example, the considered two materials have stiffnesses of E1 and E2 and corresponding

volume fractions of f1 and f2 connected either in parallel or in a serial manner, as shown Fig. 2A.

For the parallel configuration, the effective stiffness, Ep, can be evaluated as follows:

σtotal = f1σ1 + f2σ2 = f1E1εx + f2E2εx =⇒ Ep =
σtotal

εx
= f1E1 + f2E2 (1)

For the serial configuration, the effective stiffness, Es, can be evaluated as

εtotal = f1ε1 + f2ε2 = f1
σx

E1
+ f2

σx

E2
=⇒ Es =

σx

εtotal
=

E1E2

f1E2 + f2E1
(2)

The above equations yield two well-known bounds (upper and lower bounds known as Voigt

and Reuss bounds, respectively) for the effective stiffness of the composite material. However, our

proposed hybrid fiber structure falls in the category of the lower bound (serial).

Figure 2B shows a plot of the effective stiffness of the hybrid structure (given by Equation (1)

and (2)) with respect to the volume fraction of the first component ( f1) for both serial and parallel

connections and for specific values of E1 and E2. The value of E1 was kept highly stiff (1.6 GPa),

whereas (E2) was assigned to have a range of values from moderately stiff (0.6 GPa) to soft (100

kPa). Results showed that for the parallel connection, the effective stiffness linearly varied with

variation in both E2 and f2. However, for the serial connection, there was a drastic change in the
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effective stiffness of the fiber for a small value of f2 when E2 continually became softer. The

above study revealed that a serial connection of a small volume fraction (5%–20% of the total

length) of a highly soft fiber (material 2, modulus ∼ MPa) to a stiff fiber (material 1, modulus

∼ GPa) allows the newly formed hybrid fiber to be highly stretchable, making it suitable for soft

robotic applications. A simple practical example of this hybrid fiber concept using a stiff fiber and

soft fiber (silicon rubber) is shown in Fig. 2C (see Supplementary Fig. S3 and Section SS3 in the

Supplementary Data for more details).

Design approach and material selection for the hybrid fiber

Figure 3A shows a schematic diagram of a hybrid fiber showing the volume fraction of the stiff

and soft parts as f1 and f2 respectively. Figure 3B shows the integration of this hybrid fiber on the

top and bottom skin of a soft manipulator. The fibers are connected to the manipulator only at both

of its ends. By introducing a locking/unlocking mechanism in the soft part, these fibers can create

on-demand stiffness asymmetry required for manipulation.

First, we must optimize the hybrid fiber design (select the material for the stiff and soft part and

the corresponding volume fractions) to obtain the highest stiffness contrast re¬quired for soft body

manipulation. Therefore, we need to understand the factors affecting the stiffness of hybrid fiber,

particularly in two extreme states, i.e., unlocked (stretchable) and locked (inextensible) conditions.

Let E1 and E2 be the stiffness and f1 and f2 be the volume fractions of the stiff and soft parts,

respectively. Then, Equation (2) indicates the effective stiffness of the fiber before locking (E f b).

Thus, we can express it as

E f b =
E1E2

f1E2 + f2E1
. (3)

After locking the soft part, the stiffness of the soft part (E2) will be dominated by the stiffness

of PCM, which can be relatively high in the case of metal (see Supplementary Fig. S6A). To

simplify the stiffness equation, let us assume it is a immovable rigid locking, then the stiffness of

7



the soft part may be approximated to infinity. Then, the effective stiffness becomes (E f a)

E f a =
E1

f1
(4)

Thus, the ratio of stiffness change before and after locking is expressed as

E f a

E f b
= 1+

f2

f1

E1

E2
(5)

According to the above equation, it is clear that to obtain a large stiffness change after locking,

we have to keep f2 >> f1 or E1 >> E2. However, here, f2 exhibits some design constraints. A

higher value of f2 will lead to a larger quantity of PCM along the manipulator’s length. Then,

upon solidification, it will lead to a high bending stiffness, which will become a bottleneck for the

manipulation itself. Thus, it is desirable to keep the f2 as low as possible. Therefore, the only

option to increase the contrast in membrane stiffness change after locking is by using a material

having a significantly large tensile modulus for the stiff part and a low modulus for the soft part

(i.e, E1 >> E2).

To obtain the highest contrast after locking, we considered cotton fibers (0.66 GPa) and com-

mercially available silicone rubbers (Elastosil (E2≈7 MPa) or Ecoflex (E2≈ 0.1 MPa)), as the stiff

and soft parts, respectively. Figure 3C illustrates the effective modulus of the hybrid fiber (given

by Equation (1) and (2)) using these two materials. For the parallel combination, the modulus lin-

early decreased with the volume fraction of the soft part. However, in the case of serial connection,

Ecoflex showed an abrupt change in modulus compared with Elastosil, because the Ecoflex (E2≈

0.1 MPa) is much softer than the Elastosil (E2≈7 MPa). A semi-log plot of the hybrid fiber’s ef-

fective modulus (LogE f ) with respect to f1 with the serial connection is shown in Fig. 3D. Adding

5% percentage of Ecoflex20 drastically reduced the effective stiffness (blue curve) compared with

that of Elastosil (red curve). At 10% volume fraction (indicated by point B), the effective stiffness

of the cotton Ecoflex fiber was in the range of 106 Pa, which was comparable to that of the soft
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material used to fabricate the manipulator. Conversely, the stiffness of the cotton Elastosil fiber

was greater than 107 Pa at point B, which was relatively high. Such a high stiffness fiber could be

used for high-pressure applications. Thus, either by varying the volume fraction or by selecting a

suitable grade of silicone rubber as the soft part, hybrid fibers with a wide range of membrane stiff-

nesses and stretchabilities can be produced. A tensile test on cotton Ecolex serial fibers validated

the above-mentioned findings (Fig. 3E). The tested pure cotton fiber possessed a high modulus;

thus, it was observed to be inextensible. However, adding 5% Ecoflex in series made the cotton

fiber soft and stretchable. It featured a strain of 40% before rupture, which further increased to

70% when the volume fraction increased to 10%.

Design of a simple hybrid fiber

For a uniform bending of a single-chambered soft body integrated with hybrid fibers, the stiffness

of hybrid fibers should match with that of the soft body. To determine the volume fraction of the

stiff and soft parts a simple hybrid fiber, which is required for the manipulation of a given soft

body with a stiffness range from 105 Pa to 106 Pa, we used the design graph which is shown in

the Fig. 4A. The gray-shaded region indicates the stiffness range of a soft manipulator (Young’s

modulus = 105 Pa to 106 Pa).

The blue curve shows a semi-log plot of the effective modulus of the hybrid fiber (LogE f ) based

on Ecolex and cotton with a serial connection, and the red curve represents that with a parallel

connection. To achieve a smooth manipulation, the effective stiffness of the serially connected

hybrid fiber should match the stiffness of the soft manipulator, which is the region where the blue

curve meets the gray rectangular area, i.e., at f2 = 10% (point “A”in Fig. 4A). According to the

graph, using f2 = 10% to 20 %, we can fabricate a hybrid fiber exhibiting stiffness comparable to

a given soft manipulator.

To fabricate the stiff part, we used Ecoflex and cotton itself; however, they required being con-

nected in a parallel configuration. Therefore, we reinforced 15% of the area of the cross section of

an Ecoflex fiber using few cotton fibers in a parallel configuration, which could raise the stiffness
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of the Ecoflex from ≈ 105 Pa to ≈ 108 Pa (point “B”in Fig. 4A), making the fiber almost inex-

tensible (stiff part). By serially adding this stiff material (90 % of L) to pure stretchable Ecoflex

(10 % of L), we can obtain a complete hybrid fiber of length L that is soft and stretchable (see

Supplementary Fig. S4 for more details). The 10 % soft part implies that the approximate stiffness

of the hybrid fiber will be 106 Pa, as indicated by point “A”in Fig. 4A. If we lock the soft part,

the entire fiber’s stiffness will increase, primarily depending on the stiffness of the stiff part, which

is approximately 108 Pa as shown by point ‘B’ in Fig. 4A. Thus, theoretically, we should yield a

stiffness change of approximately 102× before and after locking the soft part of the hybrid fiber,

as indicated in Fig. 4A. A stiffness contrast of 102× is relatively high in a stretchable material.

Hybrid fiber with tunable stiffness using phase-change locking

A system with tunable stiffness operated directly using low-power electrical sources will be simple

in operation, compact in size, and suitable for portable applications. Thus, we used a phase-change

locking mechanism using gallium owing to its ease of fabrication, compactness, and simplicity

in operation. The locking/unlocking mechanism can be easily activated by solidifying/melting

gallium. A small quantity of gallium required only a low electric power for phase change, which

ensured a faster response. To fabricate the proposed hybrid fiber with tunable stiffness, a thin

gallium strip (width = 0.8 mm and thickness = 0.8 mm) along with a Nichrome heating wire was

kept in a tiny channel created within the soft part, which interconnected the two stiff parts, as

shown in Fig. 4B. Joule heating liquefies gallium inside the channel and disconnects the two stiff

parts. As a result, the soft part was unlocked and would thus be free to stretch. Upon cooling,

the solidified gallium interconnected the stiff parts to regain the stiffness. Figure 4C shows the

actual fabricated sample with 5% of the soft part along with embedded gallium. We fabricated

four samples with volume fractions ranging from 5% to 20% for various tests.
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Results and Discussion

Stiffness analysis of the hybrid fiber

First, we analyzed the repeatability of fiber’s stiffness change through heating and cooling of gal-

lium. Figure 5A shows the force–displacement test performed on the fiber with and without locking

the soft part. Line AB indicates the force required to deform the hybrid fiber from 0 to 3 mm when

the stretchable part was locked (gallium is in the solid state here). The large force of 14 N at 3 mm

indicates that the fiber was stiff. Gallium was liquefied via heating using an input power of 3 W.

The melted gallium unlocked the soft part; thus, the force dropped abruptly, as indicated by line

BC. This massive reduction in force illustrates the considerable change in stiffness. After reverting

to its initial position (line CA), gallium was allowed to cool for stiffness recovery. The test was

repeated for three cycles, and the graph shows excellent repeatability of the cycle stiffness change.

We further evaluated the magnitude of stiffness change before and after locking the fiber (Fig.

5B). The blue and red curves display the fiber’s stress–strain curve when gallium is in solid and

liquid phases, respectively. The fiber showed a stiffness change of approximately 106× between

two states merely using an input power of 3 W owing the low-volume fraction of the soft part

and gallium. Moreover, 106× is a considerable change in membrane stiffness, which is sufficient

for shape change applications. To the best of our knowledge, there is no study that has reported

such a massive change in membrane stiffness in a stretchable rubber fiber without any significant

increase in bending stiffness using a low voltage/input power (see Supplementary Fig. S7 in the

Supplementary Data).

The change in stiffness with respect to the volume fraction of the soft part is presented in Fig.

5 C. As the f2 increased from 5% to 20%, the stiffness in the unlocked state gradually approached

the stiffness of the manipulator’s soft body (E). The locked hybrid fiber was 200× stiffer than the

soft body. However, when 5%, 10%, 15%, and 20% of the total length were sequentially unlocked

(details provided in the experimental section), the fibers’ stiffness with respect to the soft body also

reduced by 4.7×, 3.1×, 2.7×, and 2.2×, respectively.
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80 % of our stiffness tunable hybrid fiber is composed of highly flexible silicon rubber and

cotton fiber, and so it posses negligible bending resistance, irrespective of whether the soft part is

in a locked (gallium solid) or an unlocked (gallium liquid) state. The resistance of fiber against

bending is analyzed through a compression test of 50 mm cross-head displacement (Fig. 5D). The

result shows that the fiber offers negligible bending resistance (compression force is almost zero

in both locked and unlocked states) and hence the proposed hybrid fiber is very suitable for all soft

robotic manipulation.

Response time of stiffness change

For the response time study, we fabricated different hybrid fibers with gallium structures of various

thicknesses (see Experimental Section in the Supplementary Data for more details). Figure 6A

depicts gallium’s (width = l mm and thickness = l mm) phase change under an input power of 3

W. Gallium began to melt at approximately 2 s, and most of the volume melted by 6 s (see also

Supplementary Movie SM1). This illustrates that the time for unlocking can be less than 6 s with

an input power of 3 W. Figure 6B shows the force–time curve in which the force in the unlocked

fiber reduced from 2 N (stiff) to approximately 0 N (soft) in 9 s with an input power of 1 W. The

time required for the stiffness change for different input powers is shown in Fig. 6C, showing that

the higher the input power, the lower the time required. However, the stiffness recovery involved

the cooling of liquid gallium, which is a passive process. Thus, the time depends primarily on the

dimensions of the gallium structure, the volume fraction of the melted gallium inside the channel,

and the passive cooling rate. The time required for stiffness recovery using gallium structures of

three different sizes are provided in Figs. 6E, F, and G. Figure 6D shows the displacement–time

curve used to study the time for recovery (see Experimental Section in the Supplementary Data

for more details). For a gallium structure having a width and thickness of 1.5 mm (Sample1),

the earliest stiffness recovery occurred at 92 s (Fig. 6E). However, when the same dimensions

decreased to 1 mm (Sample2) and 0.5 mm (Sample3), the earliest recovery occurred at 44 s (Fig.

6F) and 20 s (Fig. 6G), respectively. In general, the smaller the thickness, the quicker the stiffness
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regains but there needs to be a compromise in the load-bearing capacity. Thus, for small pressure

applications in which time is a major concern, using gallium with smaller dimensions is preferable.

Application in a soft actuator

Our proposed hybrid fiber exhibiting tunable stiffness properties are useful for a programmable

shape change in single-chambered soft bodies to behave like a simple manipulator (Supplementary

Movie SM2). Figure 7 shows the bidirectional bending of a single-chambered soft rectangular

body that is integrated with a hybrid fiber with tunable stiffness inside the channel (see Fig. 3B

and Supplementary Fig. S5). The fabricated rectangular soft body has two stretchable skins on the

left and right sides. Two fibers with f2 = 20% were fixed on the left skin, and two were on the right

skin. Only the ends of the fibers were glued to the soft body, and the rest of the fiber parts were

free to move inside the channel. Initially, the fibers were in a locked state, which prevented any

dimensional change under a load. Then, the fibers on the right skin were unlocked using a suitable

input power. The reduction in membrane stiffness allowed dimensional changes in the skin under

applied pressure. The resulting stiffness asymmetry allowed the structure to bend toward the left

(Fig. 7B). The structure is then reverted to its initial position, and gallium was cooled to recover the

fiber’s initial stiffness. The process was repeated on the left side’s fibers, to bend toward the right

side (Fig. 7C). Thus, it is a bidirectional manipulator (Supplementary Movie SM3). In another

experiment, multiple fibers were integrated inside the soft rectangular body (Supplementary Fig.

S5C). The local stiffness changes in some selected fibers resulted in a complex shape change

(Supplementary Movie SM4), as shown in Figs. 7D, E.

Conclusions

Inspired by the muscle fibers’ role in stiffness change in hydrostatic skeletons, we introduced a

novel concept of a tunable-stiffness-based hybrid fiber wherein the stiff and soft parts were con-

nected in series. We demonstrated the concept of hybrid fiber using cotton-fiber-reinforced silicon

13



rubber (Ecoflex) as the stiff part and pure Ecoflex as the soft part. The low tensile modulus of

the soft part ensured high stretchability, which is required for shape-change applications. We

illustrated that our hybrid fiber’s stiffness can be tuned by locking/unlocking the soft part; this

was accomplished through a phase-change locking mechanism using gallium. The small volume

fraction of the soft part resulted in a small quantity of gallium; thus, our fibers exhibited only neg-

ligible bending stiffness with solidified gallium. With f2 = 20%, we obtained a substantial change

of approximately 100× in membrane stiffness after unlocking the fibers’ soft part. The locking

mechanism based on gallium ensured a high load-carrying capacity (14 N), a faster response (<6

s), and a low input power (3 W). Finally, we demonstrated the applications of our hybrid fiber in

manipulating a single-chambered soft body, by selectively changing the stiffnesses of some fibers.

We believe that this new concept of hybrid fiber is optimum to obtain massive membrane stiffness

changes in soft rubber-like materials without any significant change in bending stiffness. Thus,

these fibers are suitable for many shape-change applications in soft robotics.
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Figure 1. Stiffness change and shape control: (A) schematic diagram of a hydrostatic skeleton
(worm), (B) the cross-sectional view of the body (M-M’) showing longitudinal (black) and circular
muscle fibers (red), (C) the body’s in-plane view (PQRS) shows the arrangements of two types of
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Figure 5. Stiffness analysis of the hybrid fiber: (A) force–displacement curve of the hybrid fiber
with tunable stiffness for three heating–cooling cycles, (B) tensile test conducted on the fiber be-
fore and after unlocking the soft part ( f2 = 20%), (C) change in tensile modulus before unlocking,
after progressive unlocking the soft part ( f2 = 5%, 10%, 15%, and 20%), and a comparison with
the stiffness (E) of the soft manipulator (soft robot), (D) compressive extension test conducted on
the fiber before and after unlocking the soft part.
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Figure 7. Application of the proposed hybrid fiber with tunable stiffness: (A) a bidirectional
rectangular manipulator integrated with a total of four hybrid fibers with tunable stiffness on the
left and right skin inside the channel; the fibers are free to move inside the channel when unlocked,
(B) left bending due to stiffness reduction in the fibers on the right skin, and (C) right bending
when the stiffness of the fibers on the left skin reduced due to unlocking, (D) a simple rectangular
soft body integrated with multiple fibers inside, and (E) with a complex shape owing to a local
stiffness change when the hybrid fibers were unlocked. The inset (D, E) shows , the Abaqus FEA
simulation of the manipulator taking a complex shape with differential stiffnesses on the skin.
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