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Abstract— Here we present a new class of variable stiffness 
actuators for soft robotics based on biohybrid materials that 
change their state from soft-to-hard by creating their own 
bones. The biohybrid variable stiffness soft actuators were 
fabricated by combining the electromechanically active 
polymer polypyrrole (PPy) with a soft substrate of 
polydimethylsiloxane or alginate gel. These actuators were 
functionalized with cell-derived plasma membrane 
nanofragments (PMNFs), which promote rapid mineralization 
within 2 days. These actuators were used in robotic devices, 
and PMNF mineralization resulted in the robotic devices to 
achieve a soft to stiff state change and thereby a decreased or 
stopped actuation. Moreover, perpendicularly and diagonally 
patterned actuators were prepared. The patterned actuators 
showed programmed directional actuation motion and could 
be fixated in this programmed state. Finally, patterned 
actuators that combined soft and rigid parts in one actuator 
showed more complex actuation motion. Together, these 
variable stiffness actuators could expand the range of 
applications of morphing robotics with more complex 
structures and functions.  

I. INTRODUCTION 

Soft robotics have many applications such as in medical 
devices for surgery [1], to augment human movement during 
rehabilitation and as assistive devices [2, 3], mimicking the 
human body for advanced prostheses [4], and in biosensing 
[5]. However, although soft robots predominantly use soft 
materials to achieve compliance or to enable a safe 
interaction with humans, stiff segments or stiff components 
are still essential as load-bearing structures. These robotic 
devices composed of soft and hard materials can also be 
modified to show variable stiffness and are of great interest. 
In recent years, biohybrid materials have received wide 
attention [6-8], because biohybrid materials are inspired by 
nature and composed of biological and non-biological 
components, thus they can be widely used in various fields, 
especially for applications as bioinspired and biohybrid 
robotics [9-11]. 

Here, we report the development of biohybrid variable-
stiffness actuators that create their own bone owing to the 
ability of the bioactive component, cell-derived plasma 
membrane nanofragments (PMNFs), to promote rapid 
mineralization in vitro within 2 to 3 days [12, 13]. Fig. 1a 
shows the proposed structure of PMNFs and the mechanism 
of PMNF mineralization, involving the hydrolysis of 
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phosphate-containing substrates and release of free 
phosphate ions that further participate in the formation of 
calcium-phosphate minerals [e.g. amorphous calcium 
phosphate (ACP), hydroxyapatite (HAp)] [14]. As the 
mechanically active component in our biohybrid actuator, we 
chose the electroactive polymer polypyrrole (PPy). The basic 
actuation relies on the electrochemically induced volume 
change of PPy caused by the exchange of ions and solvent 
into the polymer matrix through reversible 
oxidation/reduction reactions [15]. When PPy doped with 
large immobile anions is reduced, the amount of positive 
charges on the PPy chains decrease, cations (Na+) and 
solvent enter the PPy matrix to maintain the overall charge 
neutrality and the osmotic pressure respectively, leading to 
an expansion of the PPy volume. Reversing the applied 
potential to oxidize PPy results in the opposite behaviour: the 
Na+ cations and solvent are expelled to maintain the charge 
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Fig. 1. (a) Process of mineral formation from PMNFs. (b) Principle 
of variable stiffness actuator bending behaviour of PDMS/Au/PPy 
actuator (b-I) before and (b-II) after MEM incubation; 
PPy/Alg(PMNF) actuator before (b-III) and after (b-IV) MEM 
incubation. 



neutrality, causing the PPy to shrink. This volume change is 
used to make actuators with various configurations [16]. By 
attaching PPy to a passive layer forming a bilayer (or 
unimorph) actuator, the reversible volume change is 
converted into a bending motion (Fig. 1b). In this work, gold 
coated soft polydimethylsiloxane (PDMS) and alginate (Alg) 
hydrogel were used as the passive layers of the bilayer 
actuators. 

We designed three variants of the variable stiffness 
actuators using three different methods for PMNFs 
immobilization to study the effect of the immobilization 
method on the mineralization and thus on the variable 
stiffness change. Two are based on the gold-coated PDMS 
substrate (Fig. 1b-I, II) and the PMNFs are functionalized on 
the PPy layer, either by doping the PPy with the PMNFs or 
by doping the PPy with Poly(4-styrenesulfonic acid-co-
maleic acid) (PSA) and covalently attaching the PMNFs to 
PSA, which should result in the formation of a thin layer of 
minerals. The third variant is based on the Alg hydrogel (Fig. 
1b-III, IV) and the PMNFs are functionalized in the Alg gel 
layer, which should form a thicker and stiffer mineralized 
layer. Upon incubation in a medium with abundant of 
phosphate-containing substrates and calcium, the PMNFs 
induced rapid mineralization in the soft layers, making the 
layer mechanically rigid and thus reducing the actuator 
movement (Fig. 1b-II, IV). This allowed the development of 
unique soft-to-hard variable-stiffness actuators for potential 
applications in soft (micro-)robotics. 

II. MATERIALS AND METHODS 

2.1. Materials 

Pyrrole (Py) (Fluka, Switzerland) was vacuum distilled 
and stored at -20℃ prior to use. Poly (4-styrenesulfonic acid-
co-maleic acid) sodium salt (PSA, average Mw ~20,000), 
sodium chloride (NaCl), sodium dodecylbenzenesulfonate 
(NaDBS), sodium alginate (NaAlg), calcium chloride 
dihydrate (CaCl2·2H2O), sodium-L-lactate, iron (III) chloride 
(FeCl3) and Minimum Essential Medium (MEM) were 
purchased from Sigma-Aldrich. Positive photoresist S1818 
was purchased from Shipley Company. Negative photoresist 
SU-8 3035 was acquired from MicroChem. Mr-Dev 600 was 
purchased from Micro Resist Technology. PDMS in the form 
of Sylgard 184 (base and crosslinking curing agent) was 
obtained from Dow Corning and was mixed in the ratio of 
10:1 before use. Isopropanol (IPA) was purchased from 
Honeywell. Gold-plating solution of Na3Au(SO3)2 was 
obtained from Technic Inc. Amine Coupling Kit with EDC 

and NHS was purchased from Cytiva. Ultrapure water (18.2 
MΩ) was obtained from Milli-Q Plus water equipment and 
used for the experiments. 

    PMNFs were isolated from pre-chondrogenic ATDC5 
cells as reported previously [12]. In brief, the cells were 
cultured in flasks until confluency, trypsinised, and harvested 
by centrifugation. A total of 1 × 107 cells in 1 mL of 
ultrapure water were submitted to ultrasonication for 3 min 
for cell fragmentation. PMNFs were then isolated by serial 
centrifugation steps followed by ultracentrifugation. 

2.2. Preparation of PDMS/Au/PPy actuators 

A piece of silicon (4 mm × 2 mm) was precoated with 
1000 Å Au using thermal evaporation (Fig.2a1,b1)[17]. SU-8 
3035 was spin coated onto the Au surface and dried on a 
hotplate at 95 ℃ for 5 min (Fig.2a2,b2). Then, SU-8 3035 
was developed in Mr-Dev 600, resulting in the SU-8 being 
removed from the Au/Si. The process of SU-8 allowed to 
weaken the adhesion between Au and Si to enable easy 
peeling off the Au layer in the next step. IPA was used to 
wash Au/Si for 3 min and Au/Si was thereafter dried with 
nitrogen. Next, PDMS was spin coated (500 rpm for 30 s) on 
the SU-8 treated Au/Si wafer. The assembly was then placed 
in an oven at 90 °C to cure for 60 min. Thereafter, the 
PDMS/Au film was peeled off from the Si wafer 
(Fig.2a3,b3). The PDMS/Au film was then placed into a 
gold-plating solution of Na3Au(SO3)2 in an electrochemical 
cell. 

A classical three-electrode cell consisting of a stainless-
steel mesh as the counter electrode and a 3M NaCl Ag/AgCl 
electrode (BASi RE-5B) as the reference electrode was used 
in all experiments, unless stated otherwise. All the potentials 
are referred to this reference electrode. An additional layer of 
gold was plated by applying a potential of -0.9 V for 5 min. 
This modified electrochemical gold plated PDMS/Au 
substrate was applied to all PDMS based actuators in this 
study. 

The fabrication procedure of PDMS/Au/PPy actuators 
with PMNFs is shown in Fig. 2a, b. First, the PDMS/Au film 
was set in the three-electrode cell as the working electrode, 
immersed into 0.1 M Py and 100 µg/ml PMNFs (dopant) or 
0.1 M Py and 2 mg/ml PSA (dopant) electrolyte solution to 
electropolymerize a PPy film at a constant potential (0.7 V 
and 0.6 V for PMNFs and PSA, respectively) (Fig.2a4,b4). 
The electropolymerization was stopped when 1 C charge was 
consumed, which is the lowest synthesis charge to achieve a 
homogenous coating of PPy on the Au film. The 
PDMS/Au/PPy(PSA) actuator was then coupled with 100 
µg/ml PMNFs using the EDC/NHS crosslinking method. 
Briefly, the PPy(PSA) surface of actuator was immersed into 
the mixed solution of 200 µl EDC (400 mM) and 200 µl 
NHS (100 mM) for 50 min, washed with ultrapure water and 
immersed into 500 µl of 100 µg/ml PMNFs for 2 h at room 
temperature (Fig.2a5). After PMNFs immobilization, the 
PDMS/Au/PPy(PSA)-PMNF actuator was obtained and 
stored in a petri-dish.  

2.3. Preparation of unpatterned PPy/Alg(PMNF) actuator 

The fabrication procedures of the unpatterned 
PPy/Alg(PMNF) actuator (Fig. 2c) were based on a previous 
report [17]. A NaAlg solution containing PMNFs was 
uniformly cast onto a Au/Si substrate, which was precoated 
with 30 Å Cr and 1000 Å Au films on a Si wafer using 

TABLE 1. ACTUATION PARAMETERS OF ACTUATORS. 

                          Parameters             
 
Actuator                                              

Strip 
size 
(mm) 

Actuation 
cycles 

Actuation 
time for each 
step (s) 

PDMS/Au/PPy(PSA)-PMNF 2 × 20 4 200 

PDMS/Au/PPy(PMNF) 2 × 20 4 200 

unpatterned PPy/Alg(PMNF) 2 × 20 5 120 

patterned PPy/Alg(PMNF) 2 × 25 3 300 

patterned Au/PPy(DBS)-
PPy(PMNF) 

2 × 25 5 20 

 



thermal evaporation (Fig.2c1). The NaAlg-PMNF solution 
was then crosslinked in a 1 M CaCl2 solution (Fig.2c2). 
Thereafter, the Au/Si substrate with the Alg gel was set as 
the working electrode, to polymerize the PPy film doped 
with 0.1 M LiClO4 using the same methods described in 
section 2.2, at 0.7 V until 70 C charged was consumed 
(Fig.2c3). The obtained PPy/Alg(PMNF) actuator layer was 
then peeled off from the Au/Si substrate and used(Fig.2c4). 

2.4. Preparation of patterned PPy/Alg(PMNF) actuator 

Preparation of the patterned PPy/Alg(PMNF) actuator 
(Fig. 3a) was based on the procedures reported before [17]. 
In brief, NaAlg solution with sodium-L-lactate and PMNFs 

was uniformly dispensed onto the Au/Si substrate and 
crosslinked by immersing into 0.1 M FeCl3 solution. The 

Fig.4. The results of actuation behaviour before and after MEM incubation. Photograph and displacement for (a) PDMS/Au/PPy(PSA)-PMNF actuator, 
(b) PDMS/Au/PPy(PMNF) actuator, and (c) PPy/Alg(PMNF) gel. 

Fig.2. Fabrication step of the different actuators with PMNFs, (a) 
PDMS/Au/PPy(PSA)-PMNF actuator, (b) PDMS/Au/PPy(PMNF) 
actuator, and (c) PPy/Alg(PMNF) gel actuator. 

 

Fig.3. (a) The fabrication of patterned PPy/Alg(PMNF) actuators. 1. Drop-
casting of sodium Alg gel with iron (III) (Fe3+), 2. Photolithographic 
patterning of the Alg gel using UV light, 3. Development of the pattern in 
the Alg gel with Fe3+, 4. Ion exchange of the Fe3+ using CaCl2 solution 
under UV light, 5. Crosslinking of the patterned Alg gel by Ca2+, 6. 
Electrosynthesis of PPy layer inside the Alg gel (reproduced from [17]). (b) 
Fabrication of patterned Au/PPy(DBS)-PPy(PMNF) actuators. 1. Si wafer, 
2. Evaporation of Au on Si wafer, 3. Polymerization of PPy(DBS) film on 
Au layer, 4. Spin-coating of S1818 on PPy(DBS) and UV patterning, 5. 
Polymerization of PPy(PMNF) layer, 6. Removal of S1818, 7. Peeling off 
Au/PPy film from Si.  



iron (III)-Alg gel was patterned by a photolithographic Cr 
mask using UV light (Karl Suss MJB3 mask aligner). Two 
different patterns (perpendicular and diagonal) were 
fabricated. The resulting patterned iron (III)-crosslinked Alg 
gel was immersed in a 0.1 M CaCl2 solution under UV light 
to exchange the ions and thereafter PPy was synthesized in 
the Alg gel as described in section 2.3. Finally, the obtained 
patterned PPy/Alg(PMNF) actuator was peeled off from the 
Au/Si substrate and used. 

2.5. Preparation of patterned Au/PPy(DBS)-
PPy(PMNF)actuator 

The procedures for preparation of the patterned Au/PPy 
actuator are illustrated in Fig. 3b. A piece of silicon (3 mm × 
2 mm) was precoated with 1000 Å Au film using thermal 
evaporation. Onto the Si/Au substrate, a PPy film doped with 
0.1 M NaDBS was electropolymerized using the same setup 
as in section 2.2, at 0.7 V (4 C of charge). Then, a layer of 
S1818 photoresist was spin-coated (500 rpm, 5 s and 3500 
rpm, 30 s) on the prepared Si/Au/PPy(DBS) substrate and 
exposed through a Cr mask using UV light (Karl Suss MJB3 
mask aligner) and developed to pattern the photoresist. The 
Si/Au/PPy(DBS) substrate with the patterned S1818 layer 
was placed into the three-electrode setup with 0.1 M Py and 
100 µg/ml PMNF at 0.7 V potential (2 C of charge) to 
fabricate a PPy film doped with PMNF on the PPy(DBS) 
layer that was not covered by the photoresist [PPy(PMNF) 
layer]. After polymerization, the S1818 layer was removed, 
and the obtained patterned Au/PPy(DBS)-PPy(PMNF) 
actuator was peeled off from the Si substrate. 

2.6. Actuation of actuators 

Electrochemical actuation of actuators was performed in 
0.1 M NaCl solution using the same electrochemical setup as 
described in section 2.2. The actuators were cut into strips 
and actuated in NaCl electrolyte to measure the bending 
behaviour using potential steps between -0.7 V and 0.5 V. 
The actuation parameters of the developed actuators, before 

and after MEM incubation actuators keep the same 
measuring conditions, are listed in Table 1. A portable USB 
microscope (Edge, Dino-Lite) was used to record the 
movement of the actuators. The displacement of the tip of the 
actuator was obtained from the video using a bespoke 
programmed Matlab R2017b-based script.  

2.7. Characterization 

Analysis of the PPy structure before and after MEM 
incubation was performed using scanning electron 
microscopy (SEM, Leo1550 Gemini SEM, Zeiss, Germany), 
at 3 kV, and element components were evaluated using 
energy-dispersive X-ray spectroscopy (EDX, Oxford 
Instruments, UK) with an electron acceleration voltage of 20 
kV. 

III. RESULTS AND DISCUSSION 

3.1. Actuation behaviour of actuators 

The PMNFs hydrolyse the phosphate from the MEM and 
the released free phosphate ions further form calcium-
phosphate minerals resulting in variable stiffness, which has 
confirmed in our previous work [17]. Here, we fabricated 
three different actuators with different PMNF 
functionalization strategies and compared the bending 
motion change in these different actuators. Fig. 4 shows the 
displacement change of the actuators before and after 

Fig. 7. The actuation concept of patterned Au/PPy(DBS)-PPy(PMNF) 
(a) before and (b) after MEM incubation. Photographs of patterned 
Au/PPy(DBS)-PPy(PMNF) actuators (c) before and (d) after MEM 
incubation. Red circles indicate the PPy(PMNF) segments that stiffened 
and lost their flexibility due to PMNF mineralization after incubation in 
MEM. 

Fig.6 Actuation results of patterned PPy/Alg(PMNF) actuators before 
and after incubation. a, c) Schematic design of the perpendicular (a) 
and diagonally patterned (c) PPy/Alg(PMNF) actuators, and their 
respective bending modes. b, d) Photographs of the perpendicular 
(b1,b2) and diagonally patterned (d1,d2) PPy/Alg(PMNF) actuators’ 
bending movement before (b1, d1) and after (b2, d2) incubation in 
MEM for 3 days. (reproduced from [17].) 

Fig. 5. SEM results of PDMS/Au/PPy(PSA)-PMNF actuators,  
PDMS/Au/PPy(PMNF) actuators and PPy/Alg(PMNF) before (a, c, e) 
and after (b, d, f) MEM incubation. Inset graphs are EDX results. 



incubation in MEM. The results indicate that the 
displacement of PDMS/Au/PPy(PSA)-PMNF actuator 
decreased from 2 mm to 1 mm after incubation. A similar 
change also happened in the PDMS/Au/PPy(PMNF) actuator, 
whose displacement decreased from 1 mm to 0.5 mm. These 
two PDMS/Au/PPy actuators did not show a large bending 
before incubation, probably due to the stiffer PDMS/Au 
substrate in the bilayer configuration as compared to the Alg 
gel layer in the PPy/Alg actuator. However, the displacement 
decreased to half after the incubation. On the other hand, the 
PPy/Alg(PMNF) actuator displayed a large decrease of the 
actuation after MEM incubation, from the initial 18 mm to 
0.4 mm. It is evident that incubation of PMNFs in MEM 
promoted mineral formation and consequently, stiffening of 
the actuator and suppression of its displacement. Longer 
incubation times (> 5 days) would expectedly stop the 
PPy/Alg(PMNF) actuator completely [17].  

3.2. Morphological characterization of actuators 

For further evidence of the PMNF-formed minerals in the 
actuators, SEM and EDX measurements were carried out. 
The formation of minerals was detected in all three actuators 
after MEM incubation (Fig. 5). As can be seen in Figs. 5b, d, 
the formed minerals have a similar cauliflower-like structure 
as is normally seen in PPy (Figs. 5a, c). This is due to the 
fact that the PMNFs initially form ACP, and they are 
immobilized either onto PPy or in PPy, as dopants. Based on 
the microstructure observed by SEM, we concluded that 
PDMS/Au/PPy(PSA)-PMNF and PDMS/Au/PPy(PMNF) 

actuators only formed a thin layer of minerals on the PPy 
layer that was not able to completely suppress the actuators’ 
displacement. The EDX results of these two actuators 
demonstrated a Ca peak, which indicates the formation of 
minerals after incubation of the actuators in MEM. On the 
other hand, PPy/Alg(PMNF) actuators showed an evident 
and distinct mineralization structure after MEM incubation 
(Fig. 5f). Since Alg(PMNF) gel is crosslinked by CaCl2, 
there is also a Ca peak in the EDX results before incubation, 
with a Ca/P ratio of 9.99/0.35. However, the Ca peak after 
incubation increased markedly as compared to that before 
incubation, and the Ca/P ratio became 12.9/1.49. This Ca and 
P increase further evidenced that minerals were formed. 

3.3. Actuation of patterned PPy/Alg(PMNF) actuators 

Next, we designed actuators with a programmed control 
of the directional movement (“morphological computing”), 
as shown in Fig. 6. When the step potential was applied, the 
perpendicularly patterned actuator could bend to form a 
semicircle, while the diagonally patterned actuator formed a 
spiral. Both actuators could recover to their initial straight 
state under normal actuation conditions. However, after 
incubation in MEM, the PMNF-mineralization in the soft 
layer induced a fixation of the actuators’ shape. In other 
words, after the incubation of the actuators in MEM for 3 
days in their semicircle and spiral shapes, they could 
thereafter not recover the initial straight shape. This fixation 
was maintained even after application of redox potentials. 
These results demonstrate that actuators with controllable 

TABLE 2. ADVANTAGE AND DISADVANTAGE OF DIFFERENT ACTUATORS 

  Features 
Actuators 

Actuator 
state 

Prepared 
procedure 

Amount of 
PMNFs 

Mineralization 
performance 

Bending behaviour 

PDMS/Au/PPy 
(PSA)-PMNF 
actuator 

Strong PDMS 
substrate and 
easy to handle 

Six process 
steps 

The amount of 
PMNFs is very 
limited due to 
EDC/NHS 
method and 
carboxylic acid 
availability 

A thin layer of minerals 
formed onto the PPy layer 
surface 

Medium movement before 
incubation, sharp actuation 
reaction, but least variable 
stiffness change after 
mineralization 

PDMS/Au/PPy 
(PMNF) actuator 

Strong 
substrate and 
easy to handle 

Five process 
steps 

Medium amount 
of PMNFs 
because of 
PMNFs are 
incorporated as 
dopants 

A thin layer of minerals 
formed on the PPy layer 
surface, because most 
PMNFs inside the PPy 
matrix could not 
mineralize 

Least movement before 
incubation, fast actuation 
reaction, but medium stop 
of the movement after 
mineralization 

Unpatterned 
PPy/Alg(PMNF) 
gel actuator 

Soft gel 
substrate and 
easy to break 

Five process 
steps 

Highest amount of 
PMNFs because 
the Alg gel could 
contain a high 
concentration of 
PMNFs 

A thick layer of minerals 
was formed onto and inside 
the Alg gel. The gel also 
increased in stiffness due 
to calcium crosslinking 

Best movement before 
incubation, mild actuation 
reaction, most clearly 
variable stiffness change 
and almost no movement 
after mineralization 

Patterned 
PPy/Alg(PMNF) 
gel actuator 
 

Soft gel 
substrate and 
easy to break 

Relative 
complicated 
operation, 
longer 
preparation 
time  

Highest amount of 
PMNFs because 
Alg gel could 
contain high 
concentration of 
PMNFs 

A thick layer of minerals 
was formed onto and inside 
the Alg gel. The gel also 
increased in stiffness due 
to calcium crosslinking 

Higher bending before 
incubation, and fixate 
shape well after 
incubation, almost freeze 
movement. 

Patterned 
Au/PPy(DBS)-
PPy(PMNF) 
actuator 

Soft gold 
substrate but 
relatively 
easy to handle 

Complex 
operation, 
cleanroom 
condition 
needed 

Medium amount 
of PMNFs 
because of 
PMNFs are 
incorporated as 
dopant 

A thin layer of minerals 
was formed onto the PPy 
layer surface 

Both parts show good 
movement before 
incubation, soft and rigid 
segments show  
significantly different 
movement after 
incubation.  

 



morphing structures can be fixated into a final, 
predetermined shape after biological mineralization and 
stiffening of the soft layer. 

3.4. Actuation of patterned Au/PPy(DBS)-PPy(PMNF) 
actuators 

Next, based on this shape fixation function, we designed 
a more complex variable stiffness actuator as a first step 
towards bio-morphing robots. Using clean room 
microfabrication and photolithographic patterning, we 
designed an actuator that combined two different kinds of 
PPy segments: the segments doped with DBS were used as 
soft and movable segments, while those doped with PMNFs 
would become rigid parts after mineralization. The soft-to-
hard transformation concept is shown in Figs. 7a, b. Before 
incubation, the actuator or microrobot is fully flexible and 
both PPy segments can be fully actuated, i.e. fully bent. 
However, after MEM incubation, the PPy(PMNF) segments 
become rigid, leading to a decrease of the movement of 
PPy(PMNF) segments of actuator due to PMNF-induced 
mineralization: The actuator/microrobot has grown its own 
bones and is transformed from a completely soft state to an 
articulated state. In Fig. 7c, the patterned Au/PPy(DBS)-
PPy(PMNF) actuator showed indeed that before incubation 
both PPy(DBS) and PPy(PMNF) segments were flexible and, 
that both of them could bend completely. However, after 
incubation (Fig. 7d) in MEM, the PPy(PMNF) segments 
(one indicated by the red circle) stiffened and lost their 
flexibility due to PMNF mineralization. It can be seen that 
the PPy(PMNF) segments in Fig. 7c showed more bending 
movement than those in Fig. 7d, while the PPy(DBS) 
segments remained flexible and could bend freely. This kind 
of soft-to-hard biohybrid actuators could inspire the 
fabrication of novel variable stiffness actuators and the 
design of novel transforming microrobots with complex 
shapes and multidirectional functions. 

3.5. Comparison of different actuators 

The features, advantages and disadvantages of the 
different developed actuators are listed in Table 2. The 
comparison is based on five aspects of performance. 

IV. CONCLUSION 

This study introduced the concept of bio-induced 
variable-stiffness actuators that can morph in various, pre-
programmed shapes and change their stiffness from soft-to-
hard by mineralization of the soft layer. We designed three 
variants of actuators using different immobilization strategies 
and showed that the mineralization process can vary the 
stiffness of the actuator and thus alter the actuator behaviour 
by suppressing their bending movement. We also fabricated 
two types of patterned actuators. One is designed with a 
patterned alginate gel, that showed a large soft-to-hard 
change and could be fixated in the programmed shape. The 
other patterned actuator was designed with alternating PPy 
segments that were permanently soft and PPy segments that 
had variable stiffness, showing a programmed restructuring 
after mineralization, i.e. going from a fully flexible state to 
an articulated state. This concept of patterned soft and 
variable stiffness segments can expand the range of 
applications for soft (micro-)robots with more complex 
structures and functions. 
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