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Abstract:  22 

Soft robotics greatly benefits from nature as a source of inspiration, introducing new means of safe 23 
interaction between robotic appliances and living organisms. In contrast, the materials involved are 24 
often non-biodegradable or stem from non-renewable resources, contributing to an ever-growing 25 
environmental footprint. Furthermore, conventional manufacturing methods such as mold casting 26 
are not suitable for replicating or imitating the complexity of nature’s creations. Consequently, the 27 
inclusion of sustainability concepts alongside the development of new fabrication procedures is 28 
required. We report a customized 3D-printing process based on fused deposition modeling, printing 29 
a fully biodegradable gelatin-based hydrogel (biogel) ink into dimensionally stable, complex 30 
objects. This process enables fast and cost-effective prototyping of resilient, soft robotic 31 
applications from gels that stretch to six times their original length, as well as an accessible 32 
recycling procedure with zero waste . We present printed pneumatic actuators performing 33 
omnidirectional movement at fast response times (less than a second), featuring integrated 3D-34 
printed stretchable waveguides, capable of both proprio- and exteroception. These soft devices are 35 
endowed with dynamic real-time control capable of automated search and wipe routines to detect 36 
and remove obstacles. They can be reprinted several times or disposed of hazard-free at the end of 37 
their lifetime, potentially unlocking a sustainable future for soft robotics. 38 

 39 
One-Sentence Summary: 3D-printing of biodegradable hydrogels for omnidirectional actuators 40 
with multifaceted sensing abilities. 41 
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Main Text:  49 
 50 
INTRODUCTION 51 

Embedding robotics into our daily life bears promise in creating new machine-assisted 52 
environments, supporting healthcare and rehabilitation, or augmenting haptic sensation for 53 
interaction in virtual realities(1–3). However, such dynamic environments typically require 54 
extensive control algorithms, sensors, and feedback loops to enable safe interaction with 55 
people, in addition to customizable designs to fit both user and application. Robots made 56 
from soft materials mitigate some of these challenges through their adaptive, soft 57 
structure(4). Yet, without any sensor feedback, soft robots still rely on the observation and 58 
intervention of an operator. New and rapidly changing technologies also contribute to 59 
increasing amounts of tech-waste, accumulating to as much as over 100,000 tons per day in 60 
2019 (5). Soft robotics in particular needs to improve in terms of sustainability, due to the 61 
limited lifetime of soft materials or for applications where, for example, deployed robots 62 
cannot be retrieved. Thus sustainable soft actuators and sensors from renewable, 63 
biodegradable, and recyclable resources are required to avoid additional waste streams(6). 64 

Recent demonstrations of biodegradable soft robots approach this materials challenge with 65 
synthesized polyesters(7), self-healing proteins(8), or gelatin-based hydrogels(9, 10). 66 
Despite achieving the high stretchability and resilience required for pneumatically driven 67 
actuators, these robots are processed by conventional molding techniques that only yield 68 
objects of limited geometry and feature size. This constrains their applicability, as their 69 
locomotion is often reduced to a single predefined pattern and limited rudimentary sensing 70 
capabilities are implemented. Achieving more complex tasks requires advanced and more 71 
versatile fabrication strategies such as extrusion-based 3D-printing that enable unmoldable 72 
robot geometries with integrated sensor designs.  73 

Gelatin is a versatile biopolymer, which allows melt-extrusion and, when methacrylated, 74 
photopolymerization based printing(11). Applications range from scaffolds for tissue 75 
engineering(12–15) to micro-robots(16) and smart optical fibers(17). However, 76 
commercially available bioplotters or direct laser writing systems are very cost-intensive 77 
and essentially only yield small scale (micro- to millimeter) objects with moderate 78 
stretchability(16, 18). Rapid prototyping of soft robots has a high demand for low-cost 3D-79 
printing of centimeter-sized, highly-stretchable actuators and sensors. Keeping the 80 
technology sustainable also requires efficient reuse of previously printed materials to spare 81 
resources and establish ecological recycling routes in addition to biodegradation (Fig. 1 A).  82 

Herein we present sustainable material approaches, fabrication strategies, and design 83 
concepts for 3D-printed soft actuators with integrated sensor networks. We utilize a 84 
customized extrusion system to 3D-print resilient yet entirely degradable biogels in a fused 85 
deposition modeling (FDM) printing process with a minimal feature size of 0.6 mm and 86 
aspect ratios of more than 3 (height to width). The printed biogels are highly stretchable to 87 
more than 500% ultimate strain and are directly reused by reprinting them up to five times. 88 
In combination with the improved mechanical properties of the material, our fabrication 89 
strategy enables us to realize dexterous soft pneumatically driven actuators capable of 90 
omnidirectional motion with bending angles up to 74 degrees. Inspired by nature, where 91 
intricate sensor networks are essential for all forms of locomotion, we directly combine 92 
optical sensor networks based on stretchable waveguides with these soft robotic actuators. 93 
This combination enables integrated curvature, direction, and force sensing with high 94 
precision. By incorporating our 3D-printing technique to print the main actuator body and 95 
the waveguides, we minimized the production steps for this multifunctional device. We 96 



 

demonstrated the robot’s capabilities by implementing a search and wipe routine, utilizing 97 
its sensing features to detect and remove obstacles (Fig. 1 B). At the same time, the printed 98 
biogel can be easily reused or disposed of without environmental concerns since it is fully 99 
biodegradable(10) and dissolves in water within practical timescales (Fig. 1 C). Going 100 
beyond previously reported mold-casting of biogels, the here presented controlled printing 101 
process allows finer features and fabrication of multi-degree of freedom (DOF) actuators 102 
with soft sensors, while at the same time increasing the material’s stretchability by about 103 
140%. Mold-free fabrication and material re-usability in addition speed up prototyping and 104 
reduce waste generation.  105 

 106 

 107 
RESULTS  108 

3D-printing of biogel inks 109 
 110 

Soft and highly stretchable materials are mandatory in the engineering processes of soft 111 
robotic applications. Despite their vast proliferation, silicone elastomers such as 112 
polydimethylsiloxane (PDMS) are non-biodegradable, require non-renewable resources 113 
and, once crosslinked, are no longer reshapeable or reusable. Addressing resource 114 
sustainability and waste reduction, elastic materials from biopolymers like gelatin(9, 19), 115 
alginate(20, 21) or cellulose(22, 23) and synthetic polyesters such as poly(glycerol 116 
sebacate)(24) have emerged as promising candidates for biodegradable, renewable, and/or 117 
recyclable solutions across many application areas. However, these existing approaches 118 
either lack the mechanical stability, reusability or biodegradability necessary for completely 119 
sustainable and practical devices. In this work, we use previously reported resilient yet 120 
entirely degradable gelatin-based hydrogels(10). Their tunability (elastic modulus, 0.3-3 121 
MPa) and high stretchability (> 300%) result from the introduction of glycerol and sugar 122 
syrup to the main gelatin network, whereas the addition of citric acid regulates the pH-value 123 
to prevent bacterial growth. This composition allows enzymatic degradation within a few 124 
days in sewage (see supplementary materials for details, Fig. S1), yet has a long shelf life 125 
and nearly unchanged mechanical properties for timescales beyond one year in ambient 126 
conditions. 127 
For the extrusion of these biogels within a 3D-printing process, we used an existing paste 128 
extruder design(25) and adapted it to fit the needs of biogel printing. To this end, we 129 
integrated the extruder into a Makerbot 2X (© 2009–2021 MakerBot Industries) 3D-printer 130 
and implemented a two-stage heating system (Fig. 2 A) to control the temperature of the 131 
reservoir and at the extrusion point separately (Fig. S2). In contrast to traditional FDM-132 
filaments that often require heating of the build plate, it is paramount to accelerate the 133 
gelation process by cooling the print to keep the shape of the extruded biogel stable. This is 134 
realized by attaching a commercially available air conditioning system to the printing 135 
chamber, which reduces the chamber temperature to about 10-15°C. Therefore, the printed 136 
biogel ink is cooled fast enough to keep the gelation time within a few seconds (< 10 s) to 137 
allow dimensionally stable printing of complex 3D-objects (Fig. 2 B-D and Movie S1) with 138 
aspect ratios over 3 (at a base diameter of 16.6 mm) out of soft biogels with low Young’s 139 
moduli (< 1 MPa). The width of a single printed line is about 0.6 mm, which results from 140 
the nozzle diameter (0.4 mm), the gels viscosity, and the cooling during printing. 141 
Consequently, the minimum line spacing where adjacent lines are still separated is 0.5 mm 142 
(Fig. 2 E). Notably, the direction of the infill printing lines has negligible influence on the 143 
material properties, indicating that there is no preferential polymer orientation induced due 144 
to the extrusion process (Fig. S3).  145 



 

The thermoreversibility of the biogel allows direct reuse in subsequent printing processes. 146 
Damaged or obsolete biogel devices are therefore easily recycled by reheating the material 147 
and printing new ones (Fig. 2 F). We studied the influence of material storage time, reuse-148 
cycles, and heating time to gain insights into the evolution of the mechanical properties 149 
during fabrication. Directly after printing, samples were soft (Young’s modulus of 0.27 150 
MPa) and stretchable to about 507% ultimate strain (Fig. 2 G), but subsequently underwent 151 
aging and became stiffer with slight changes in stretchability. The ultimate strain changes 152 
to 470% after 24 h, which still considerably exceeds the performance of mold-cast biogels 153 
by about 140% (Fig. S4).  Under storage in ambient conditions, a small fraction of the gel’s 154 
free water content evaporates, leading to a moderate 10% weight loss within 5 days (Fig. 155 
S5 A). At this point. an equilibrium is reached where weight and mechanical properties have 156 
stabilized. This stabilization process causes an increase in Young’s modulus to 2.2 MPa 157 
(Fig. 2 H). The biogel remains stretchable to above 430% ultimate strain and endures an 158 
ultimate stress of about 2.2 MPa after 12 days of storage under ambient conditions. We note 159 
that the dehydration-induced stiffening of the gel may affect the mechanical response time 160 
and, in the case of pneumatic actuators, necessitates higher pressures for the same state of 161 
actuation. Generally, soft robotic applications often require Young’s moduli in the range of 162 
0.1 to 10 MPa and ultimate strains greater than 200%(6); performance metrics that our 3D 163 
printed biogels perfectly meet or exceed even after aging.  164 

At the end of a printed part’s lifetime, it can be introduced into a reuse cycle that utilizes 165 
the biogel’s thermoreversibility. We reprinted samples several times to investigate the 166 
influence of subsequent prints on the biogels mechanical properties (Fig. 2 I). This 167 
procedure leads to an increased Young’s modulus after five printing cycles (Fig. S5 B), 168 
whereas ultimate strain and ultimate stress remain at 85% and 72%, respectively, of their 169 
initial values. After that, further prints failed due to discontinuous extrusion since the biogel 170 
became too viscous. Another process that alters the biogels mechanical properties is the 171 
temperature-induced degradation of gelatin, which occurs at prolonged heating 172 
durations(26). In this respect, the required heating time and temperature of the printing 173 
process affect its mechanical properties and thus the maximum achievable printing cycles 174 
(Fig. 2 J and Fig. S5 C).  175 

When comparing the printed biogels to mold-cast ones, we found that printing yields 176 
samples with improved performance, reaching higher stretchability and ultimate stress (Fig. 177 
S4). The printed material generally shows a nearly linear stress-strain behavior when 178 
stretched to 100% strain and moderate hysteresis under cyclic loading (Fig. 2 K).  After the 179 
first cycle, where the material is conditioned due to a degree of plastic deformation, the 180 
dissipated energy decreases and plateaus at around 13 kJ m-3 (Fig. S6). Printing of the biogel 181 
can also be used for future designs that benefit from heterogeneous material combinations. 182 
Therefore, we studied the adhesion properties of the biogel to various surfaces, including 183 
metals, plastic, and wood. The measured debonding energies range from 12.5 J m-2 for 184 
aluminum up to 220 J m-2 for wood (Fig. 2 L and Fig. S7) and are higher than cast gels(10).   185 

Printed stretchable waveguide sensors 186 

With the growing demand in device functionality, soft robots require solutions for proprio- 187 
and exteroception to allow controlled navigation and interaction with their environment. 188 
Networks of stretchable waveguides present an economical choice to implement spatially-189 
resolved sensing for both touch and body deformations(27). In particular, lossy waveguides 190 
(either with or without cladding) show high sensitivity to length changes when stretched. 191 
They can be realized from various materials such as silicone elastomers, ultraviolet (UV) 192 
curable resins or hydrogels(28–31). Gelatin-based materials benefit from their thermoplastic 193 



 

properties, which permit large-scale fabrication of waveguides through melt-extrusion(17) 194 
or, as demonstrated here, rapid and versatile production through 3D-printing.  195 

We printed waveguides without cladding directly from our biogel ink to transmit light 196 
utilizing a length-dependent loss to sense deformations (Fig. 3 A). As biogel inks with low 197 
sugar to glycerol weight fractions (< 0.35) are highly transparent in the visible and near-198 
infrared (IR) spectrum, the absorption in this region is increased at higher weight fractions 199 
(Fig. S8). For strain sensors, the loss mechanisms have to be tuned according to the design, 200 
fabrication and quality of the waveguides. When scattering is the dominant mechanism, the 201 
material requires high transmittance to allow enough light to be transmitted to the read-out 202 
electronics. Besides determining transmittance, the components of the biogel also influence 203 
the materials refractive index. We investigated their effects and found that the compound 204 
index is a linear combination of the indices of each component weighted by the mass 205 
fraction (Fig. S9 and Table S1). This relation is generally valid when each material's 206 
refractive index is smaller than 2 and, hence, linearly depends on the material density (see 207 
Supplementary Discussion). Tuning the refractive index is of importance for applications 208 
that benefit from waveguides with claddings, resulting in step-index fibers. Using hydrogels 209 
conveniently allows tuning of the refractive index by adjusting the hydrogel’s water content. 210 
Yet, the operation of these waveguides in ambient conditions poses a challenge as the 211 
evaporation of water increases the refractive index over time. We addressed this issue by 212 
substituting some of the biogel’s water content with glycerol (Fig. 3B), which increases the 213 
bound water content and slows down dehydration(32). As a glycerol to water mass ratio 214 
(mgly:mw) of 5:8 leads to a refractive index increase from 1.445 to 1.49 within 10 h, a ratio 215 
of 11:2 stabilizes the optical properties at a refractive index of about 1.48. This behavior is 216 
quantitatively described by modeling the diffusion kinetics of the water in the biogel (see 217 
Supplementary Discussion). However, substituting water with glycerol increases the 218 
viscosity of the biogel ink, which negatively influences printability. We found that a 219 
glycerol-water mass ratio of 9:4 is a suitable compromise between drying-induced changes 220 
and printability and used this composition for our waveguides.  221 

The slab waveguides were printed with a square cross section (2 mm x 2 mm) in a one-step 222 
process and connected to light-emitting diodes (LEDs) and photodiodes (PDs) to complete 223 
the sensors. The viscosity and surface tension of the melted biogel ink allows printing of 224 
generally smooth surfaces, yet the layer morphology—typical for FDM prints—remains 225 
visible at the side walls. When stretched, the waveguides show a near linear intensity 226 
decrease when extended to 20% or 40% strain and no hysteresis (Fig. 3C, D). The light 227 
attenuation here stems from an increased optical path length and hence higher losses through 228 
light scattering and absorption. Bending of the waveguides changes the curvature and leads 229 
to losses through out-coupling of light, which misses the criteria for total internal reflection. 230 
We utilized this mechanism to measure the light intensity as a function of the bending 231 
radius, which resulted in an intensity drop of 30% upon a radius change from 72.5 mm to 232 
36 mm (Fig. 3E, F, Fig. S10 and Movie S2).  233 

Additionally, our waveguides function as touch sensors, when they are in contact with 234 
external objects or other waveguides. Compressing a region along the waveguide leads to a 235 
decrease in transmitted intensity, as light is absorbed or scattered at the newly created 236 
interface. Hence, a crossing of two waveguide sensors can be used to localize a touch event 237 
on that crossing as the intensity drops in both waveguides. We used this effect to build a 238 
video game-style controller pad with six buttons, uniquely resolved by a simple network of 239 
three waveguides (Fig. 3 G). The six controller buttons compress the waveguide network at 240 
different positions when touched, either at a single waveguide or a crossing of two 241 
overlapping waveguides. In this manner, pressing a single button corresponds to a distinct 242 



 

intensity pattern recorded from the waveguide sensors (Fig. 3 H) and allows to resolve for 243 
the button pressed (left, right, up, down, A, B). We used low-cost LEDs and PDs to reduce 244 
background noise from ambient light, which operate in the infrared spectrum. Since the 245 
infrared background is negligibly small compared to the transmitted light intensity, this 246 
leads to a high signal-to-noise ratio and the transmitted intensity is then read out using a 247 
current amplifying circuit (Fig. S11). 248 

 249 

3D-printed omnidirectional actuators 250 

Soft robotic devices, with their compliance and adaptability, show great potential to improve 251 
quality of life, enhance efficiency in industrial processes or enable diverse applications 252 
harnessing biomimicry. So far, soft fluidic actuators have been demonstrated in various 253 
applications spanning surgical tools(33), rehabilitation devices(34), grippers(35),  254 
walking(36) and swimming robots(37, 38). The motility of these devices, driven by 255 
hydraulic or pneumatic pressure, is guided either by the design of inflatable cavities(39) or 256 
by reinforcements for movement restriction(40, 41). Single chamber actuators usually only 257 
achieve a single DOF movement such as elongation, contraction, bending, or twisting. 258 
Applications with higher DOF are realized by combining several modules based on such 259 
actuators(42) or implementing arrays of inflatable cavities inside their soft bodies(43, 44). 260 
Utilizing our 3D-printing technique, we printed a biodegradable pneumatically-driven 3-261 
chamber actuator (16.6 mm diameter, 60 mm height) (Fig. 4 A, S12 A and Movie S3). The 262 
parallel arrangement of individually inflatable cavities allows omnidirectional actuation 263 
with a single pressure source and three electro-pneumatic pressure regulators. However, this 264 
type of actuator experiences a performance loss due to unwanted radial expansion besides 265 
the desired longitudinal expansion. Therefore, we applied a cotton fiber reinforcement, 266 
which consists mainly of abundant cellulose biopolymers, on the outer walls to increase its 267 
bending performance (Fig. S12 B). Adapted to the symmetry of the actuator, three pairs of 268 
cotton threads were fixed on its bottom in 120° rotation, alongside the chamber walls. Then 269 
one thread of each pair was obliquely wound to the top in a 10° angle clockwise, the other 270 
threads counterclockwise. To quantitatively describe the performance of this device, we 271 
measured the response time, where the actuator deformation is evaluated following a 272 
pressure step. The response times are fast and within 0.63 s at 50 kPa applied pressure (Fig. 273 
4 B). Furthermore, we achieved highly uniform bending performance of individually 274 
actuated chambers (Fig. 4 C), which is crucial for reliable positioning and repeatability. 275 
Although dehydration of the biogel changes its mechanical properties, we found that the 276 
associated increase of response time slows down drastically 24 hours after the fabrication 277 
process (Fig. S12 C and D), accounting for reliable controls. Additionally, accurate 278 
navigation of these soft devices is challenging due to the non-linear mechanical behavior of 279 
the hydrogel, which necessitates the implementation of customized control mechanisms. By 280 
capturing and tracking the actuators motion, we created a 2-dimensional map of actuation 281 
states and corresponding pressure values (Fig. S12 E and Movie S4). This allowed us to 282 
precisely pilot the device to certain positions in real-time and perform predefined motion 283 
patterns, using a commercially available videogame controller (Movie S5) or our waveguide 284 
sensor controller pad (Movie S6). Despite their ease of control, future applications demand 285 
the capability of self-sensing as well as reacting and interacting with their environment. 286 
Combining our 3D-printed waveguide sensors with the actuator enables sensing of the 287 
bending direction and touch, yet remaining fully biodegradable. We arranged three 288 
waveguides alongside each chamber, overlapping at the top, to facilitate the detection of 289 
bending in all directions. In this manner, pressurizing a chamber leads to an intensity drop 290 
in the corresponding waveguide (Fig. 4 D and Movie S7), which renders the soft robot 291 



 

exteroceptive even after at least 20 days of aging under ambient conditions (Fig. S13). 292 
Furthermore, the design without cladding accounts for higher sensitivity when detecting 293 
low-force touch events (Fig. 4 E and Movie S8). The initial contact between the core and 294 
any object with higher refractive index than air causes a local change of the angle of total 295 
reflection at the respective area. This allows more light to escape, which consequently leads 296 
to an intensity drop in addition to losses from mechanical deformation upon applying higher 297 
forces. 298 

By combining the features introduced in this work, we implemented a search and wipe 299 
routine to remove obstacles in the proximity of the actuator (Fig. 5 and Movie S9). The 300 
routine starts with the actuator’s tip following a circular path around its center. After this 301 
initial calibration, where the respective intensity changes are recorded, the actuator is ready 302 
to search for obstacles in its vicinity. On the circular search path our program looks for 303 
deviations from the initially recorded intensity values. In this manner the actuator senses 304 
contact events with obstacles within its path. Upon detection, the search routine stops and 305 
pressure is released from all chambers. Finally, actuation is performed with maximum 306 
pressure into the direction of the detected obstacle, which is subsequently pushed away. 307 
After the actuator has fulfilled its designated purpose and is no longer of use, it can be 308 
disposed of. Immersing it in water triggers the swelling and dissolution of the biogel (Movie 309 
S10) and, in the presence of enzymes, complete decomposition. The undissolved parts (e.g. 310 
air inlet tubes or cotton threads) can thus be simply taken out and reused or disposed of 311 
separately. Alternatively, the coated biogel can readily be recycled after removal of the 312 
additional components to create a new generation of sustainable devices (Fig. S14). 313 

 314 

 315 
DISCUSSION  316 

In this work, we present an omnidirectional soft actuator, 3D-printed from sustainable 317 
biomaterials, which features multifaceted sensing capabilities realized by 3D-printed soft 318 
optical waveguides. The versatile and high-precision sensor network is capable of acquiring 319 
information on the actuators bending state and touch events with objects in its surrounding. 320 
This enables the implementation of a search and wipe routine, which allows the soft robot 321 
to autonomously localize obstacles in its vicinity and remove them with a push.  322 

Despite the successful implementation of this task, we note that the signal output of the 323 
waveguides can vary for similar events. The spatial resolution of touch events alongside the 324 
actuator body is difficult, even more so when multiple events occur simultaneously. 325 
Therefore, depending on the field of operation, distinguishing between different stimuli (e.g. 326 
bending and touching) remains challenging. Implementing distributed fiber-optic networks 327 
that operate at various wavelengths or light modulation can help to overcome these 328 
limitations(27). Interpreting a multitude of signals will be aided by machine learning 329 
algorithms to better distinguish multiple deformations(45) and thus enhance the versatility 330 
of this robot design.  331 

Increasing the level of complexity will also require more advanced actuator shapes and 332 
multi-material combinations. So far, the viscosity and cooling time hinder printing of 333 
overhanging features or cavities. Developing suitable biodegradable support materials will 334 
solve these issues in combination with multi-material printing. Moreover, multi-material 335 
printing will enable combinations of mechanically, electrically, and optically tuned biogels 336 
to achieve actuation mechanisms beyond pneumatic control and enhance sensing and 337 
control capabilities for highly integrated robots.  338 



 

Accompanying technical improvements, end-of-life considerations are critical for future 339 
sustainable development. The main structure of our robot, including the fiber reinforcement 340 
and waveguides, is entirely biodegradable. Additionally, the biogel’s water solubility 341 
enables a simple method to separate the robot from its non-biodegradable control parts, 342 
allowing their reuse. Alongside this eco-friendly fabrication approach using biodegradable 343 
materials, we introduced an additional reuse cycle where the biogel is reprinted up to 5 344 
times, maintaining more than 70% of the initial performance metrics. More reprint cycles 345 
could be realized by restoring the printability through rehydration of the biogel and reducing 346 
the printing temperature or shortening the heating period by increasing the printing speed. 347 
The presented accessible, sustainable and cost-effective fabrication strategy will likely have 348 
a positive influence on soft and collaborative robotics through a reduced ecological 349 
footprint.  350 
 351 

 352 
MATERIALS AND METHODS 353 
 Materials 354 

The biogel inks are based on previously reported recipes(10). Sugar syrup (7 g) was heated 355 
to 60°C to reduce its viscosity. Citric acid (1 g) and glycerol (9 g) were dissolved in 356 
deionized (DI) water (4 g), added to the syrup, and stirred until it formed a homogeneous 357 
mixture. Then gelatin powder (6.66 g) was added and allowed to soak for at least 24 h. The 358 
mixture was then heated in an oven at 85°C for 1 h 15 min and mixed in a planetary mixer 359 
(DAC 600.2 VAC-P, Hauschild Engineering) under vacuum (2,350 rpm., 350 mbar) for 3.5 360 
min to get a homogeneous solution, which was then filled in 10 mL syringes. Variations of 361 
used biogel compositions are listed in Table S3. 362 
The shellac-polyethylene glycol (PEG) solution was prepared according to Luangtana-Anan 363 
et al.(46). Shellac flakes (6 g) were dissolved in ethanol (10 g) under continuous stirring. 364 
Polyethylene glycol (0.6 g) was then mixed into the solution and stirred until 365 
homogeneously distributed. 366 

 367 

Printing of biogel inks 368 

The biogel ink was printed with a reservoir temperature of 75°C and a nozzle temperature 369 
of 65°C. The printing speed depends on the geometry of the print since it is defined by a 370 
‘minimum time per layer’ value which was set 90 s and a maximum speed of 1000 mm  min-371 
1. The layer height was set to 0.2 mm. 372 

All samples for tensile testing were printed under ambient conditions without additional 373 
cooling. For all other prints additional cooling was used to ensure dimensionally stable 374 
printing of 3D objects. 375 

For the printing angle test, several samples series were prepared, where the printing 376 
direction of subsequent layers is shifted by an angle � (Fig. S3 A) and tensile tests were 377 
conducted for varying � between 0° and 180° (Fig. S3 B). 378 

For the resolution test, a single-lined meander structure with decreasing line spacing was 379 
printed. Starting with a gap of 10 mm, the line spacing was reduced by 1 mm each step. 380 
After reaching 1 mm, it was halved for two steps down to 0.25 mm. 381 

 382 

Mechanical characterization 383 



 

Standardized dumbbell-shaped samples (ISO527-2:1996(5A)) were prepared for uniaxial 384 
tensile tests. All tests were performed at ambient conditions on a uniaxial tensiometer 385 
(Zwick Roell Z005, 100 N load cell) at a strain rate of 50 mm min-1. Young's modulus was 386 
obtained using a modified hyperelasticity model for neo-Hookean solids (see 387 
Supplementary Discussion). 388 

For the drying experiments the samples were stored under ambient conditions. The stated 389 
sample age is the storage time after printing. 390 

For the recycling and heating duration experiments, the samples were stored in a climate 391 
chamber at 23°C and 50% relative humidity (rH). Testing was then done 24 h after each 392 
print if not stated otherwise. 393 

For the recycling of shellac coated biogels, the samples were coated with the shellac-PEG 394 
solution after printing and stored for 24 h under ambient conditions. The combined material 395 
was then recycled and again samples were printed and stored for 24 h under ambient 396 
conditions before testing. 397 

Cyclic tensile tests were performed for 8 cycles and 100% strain. The samples were printed 398 
and stored for 24 h under ambient conditions beforehand. Energy dissipation was then 399 
calculated from the area between extension and relaxation curve. 400 

For adhesion tests, biogels (120 mm x 30 mm x 2 mm) were printed directly on different 401 
substrates on an area of 70 mm x 30 mm and the excess end of 50 mm x 30 mm was printed 402 
on Polyethylene terephtalat (PET) foil. A sheet of the same PET foil was put on top of the 403 
samples and they were stored for 24 h under ambient conditions. The foils were applied to 404 
prevent elongation of the biogel samples during peel tests. The excess end of the biogel was 405 
then fixed in the tensiometer at an angle of 90° and the biogel was peeled off of the substrate 406 
at a rate of 50 mm min-1. The debond energy was then calculated from the seperating force 407 
(see Supplementary Discussion). 408 

For a comparison of printing to mold-casting, three different preparation methods were 409 
tested. Mold-casting of a sheet and punching out test samples are called method A (Fig. S4 410 
A), 3D-printing of a sheet and punching out test samples method B (Fig. S4 B) and entirely 411 
printed test samples method C (Fig. S4 C). The cast samples were sealed airtight for 48 h 412 
after casting and dried under ambient conditions for another 24 h, whereas the printed 413 
samples were dried for 72 h before they were tested. 414 

 415 

Optical characterization 416 
Molten biogel was cast into a mold, to form a sheet of the desired thickness, where it cooled 417 
down for at least 48 hours. Then the samples were cut out of the sheet. 418 

To determine the refractive index, 1 mm thick samples were measured with an analog Abbe-419 
refractometer (AR4, Kruess Optronics GmbH) at a wavelength of λ = 589 nm. The 420 
temperature of the illumination and measuring prism was kept between 18-22.5°C using 421 
water-cooling (TC9, Tamson). 422 

A set of refractive index measurements was performed with different constituents’ masses. 423 
Each set of experiments is listed in Table S3.  424 

2 mm thick samples were prepared, and experiments were conducted 12 h after casting to 425 
measure the change in refractive index over time. The samples were suspended to dry 426 
atmosphere (23°C, 40% rH) for 10 h. Once per hour, the samples were taken out of the 427 
chamber to measure the refractive index. The temperature of the refractometer's illumination 428 
and measuring prism remained between 23.4 and 26.4°C. 429 



 

The absorbance of biogel compounds was measured using a spectrophotometer (LAMBDA 430 
1050 UV/Vis Spectrophotometer, PerkinElmer). The biogel was cast into a 10 mm x 10 mm 431 
flask made of quartz glass (OS High Precision Cell, Hellma Analytics) and measured 432 
alongside a reference sample containing distilled water (18 kΩ) over a spectrum of 250-800 433 
nm. 434 

 435 

Waveguides and waveguide-controller 436 

The waveguides in this work are slab waveguides without cladding, with a cross section of 437 
2 mm x 2 mm. They are entirely 3D-printed of the biogel ink. 438 

We used LEDs and PDs with spectral range in the infrared (LED: Osram SFH4350, PD: 439 
Osram SFH229FA) to lower background noise from ambient light. They were coupled to 440 
the waveguides by melting the waveguides’ ends locally and pressing them onto the tips of 441 
the LEDs and PDs. For intensity readouts, we used an Arduino Nano (Arduino s.r.l.). The 442 
LEDs were driven by the Arduinos digital ports and the PDs were read out on its analog 443 
ports by using simple amplification circuits (Fig. S11). 444 

The test setup for bending measurements is based on a commercially available 3D-printer 445 
(Fig. S10). A piece of PET filament of 2.85 mm diameter was fixed on one end and rotatably 446 
mounted on the printer’s x-axis. In this way, the filament forms a circular shape and its 447 
diameter can be adjusted by moving the x-axis carriage of the printer. The waveguide was 448 
fixed to the filament to follow the diameter changes as intensity readouts were performed. 449 

For the waveguide controller, the waveguides were placed in a specially designed network, 450 
embedded in the waveguide pad, as sketched in Fig. 3 G. To avoid crosstalk between the 451 
waveguides, the waveguide pad was printed of an IR absorbing terracotta composite 452 
filament and the side faces of the LEDs were coated with several layers of black spray paint. 453 
The electronics, including the Arduino Nano were embedded into the controller housing. 454 

 455 

Fabrication and control of pneumatic actuators 456 

The main body is cylindrical with three chambers inside, arranged in 120° rotation. It has a 457 
total height of 6.5 cm with a wall thickness of 2 mm and 5 mm top and bottom thickness. 458 
Improved bending movement is achieved by utilizing fiber reinforcement to prevent radial 459 
expansion. This reinforcement consists of cotton threads obliquely wound around the biogel 460 
cylinder.  461 

The fabrication starts with a semi-closed 3-chambered cylinder, which was 3D-printed on 462 
top of six cotton threads that were arranged pairwise in 120° rotation on the building plate. 463 
Afterwards, one thread of each pair was wound around the cylinder at an angle of 10° to the 464 
top in a clockwise manner, the other three threads counterclockwise. The threads were then 465 
fixed onto the cylinder's surface by applying a thin layer of shellac-PEG solution, which 466 
formed a flexible coating after evaporation of the solvent. Silicone tubes (outer diameter 467 
1.65 mm, inner diameter 0.76 mm; Freudenberg Medical) of 10 cm length were dip-coated 468 
on one end (1 cm) with the actuator end-cap gel (Table S3) and inserted into a preheated 469 
mold (60°C) of cylindrical shape (18 mm diameter, 8 mm height). The same biogel, heated 470 
up to 95°C, was then poured into the mold, followed by partial insertion of the semi-open 471 
cylinder into the biogel to close the actuator. The actuator was released from the mold after 472 
the biogel was cooled down and polymerized.  473 

For tracking and mapping the pressure, a red ball (10 mm diameter) was attached to the 474 
actuator’s top. The actuator’s chambers were then pressurized and movement was recorded 475 



 

on video from a top view of the setup. Pressures, ranging from 0 to 46 kPa, were applied in 476 
2 kPa steps to 2 chambers at a time in all possible combinations. The path of the colorized 477 
ball was tracked using image processing features of the OpenCV libraries and the final 478 
coordinates for each pressure combination were determined. These coordinates were then 479 
normalized to a radius of 1 and mapped to corresponding pressure values. This resulted in 480 
a 2D pressure-map of individually addressable positions. 481 

 482 

Actuation was controlled by three pneumatic valves (ITV 0030-3BS, SMC) which control 483 
the pressure of the individual chambers proportionally to their input signals. These input 484 
signals were controlled using a microcomputer (Raspberry Pi, Raspberry Pi Foundation). 485 
Actuation was achieved either directly, via lists of pressure values and corresponding 486 
coordinates, or dynamically. Dynamic controls were implemented by using a commercially 487 
available joystick controller (Dualshock 4 Wireless-Controller, Sony Corporation). 488 
Coordinates of the joystick's position were compared to the entries of the 2D pressure-map 489 
in real-time. Signals proportional to the pressure values of the entry with the smallest 490 
distance were then sent to the valves. 491 

 492 

Actuator characterization 493 

Experiments were conducted in controlled environmental conditions using a climate 494 
chamber (23°C, 40% rH) 24 h after fabrication of the actuator, unless otherwise stated. A 495 
red stick (3 mm diameter, 15 mm length) was mounted on the actuator’s top to allow reliable 496 
tracking of its movement. A single chamber was pressurized, and the movement was 497 
recorded on video from a perspective perpendicular to the actuator's plane of movement. 498 
Bending angles were then calculated as the enclosing angle of the actuator’s top plane’s 499 
normal in a relaxed and pressurized state. The plane's normal corresponds to the red stick's 500 
position, determined using image processing features of Mathematica. Measurements were 501 
repeated 5 times and values are presented using the mean value and the standard deviation, 502 
respectively. 503 

Bending performance was analyzed for each of the three chambers of one actuator. Pressure 504 
values ranged from 0 kPa to 60 kPa with steps of 2.5 kPa. The maximum bending angle was 505 
determined by pressurizing one chamber until failure. Pressure values started at 0 kPa with 506 
steps of 2.5 kPa. Bending angles were determined for the fully pressurized state directly 507 
before relaxation. 508 

The actuator’s response with step-wise applied pressure was conducted on a single chamber 509 
of one actuator. A pressure of 50 kPa was applied for two seconds, with the recording started 510 
before and stopped after in the same intervals. Bending angles were determined for every 511 
frame of the video (60 fps). The time in which the actuator reaches 90% of the final bending 512 
angle was determined as an indicator of performance named response time. Step response 513 
experiments were repeated every 30 minutes for 70.5 h with a pressure of 40 kPa, starting 514 
right after the fabrication process was finished. The indicator of performance was again the 515 
time when the actuator reached 90% of its final bending angle (Fig. S12 C). 516 

For the dissolution experiment, a 3-chamber actuator was put into a glass beaker, filled with 517 
150 mL DI water and left in a climate chamber at 23°C and 50% rH for 40 h. 518 

To analyze aging, an actuator was prepared and assembled with waveguide sensors. 519 
Actuation was performed after 20 days supplying 90 kPa pressure. The intensity readings 520 
from the waveguide sensors were recorded simultaneously.  521 

 522 



 

Statistics 523 

Each data point represents a mean value of n samples as indicated in the corresponding 524 
figure captions. Error bars and error bands represent the standard deviation. 525 
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Figures: 728 
 729 

 730 
 731 

Fig. 1. Sustainable 3D-printed soft actuators with integrated waveguide 732 
sensors. (A) Biodegradable constituents enable a cradle-to-cradle design for soft 733 
robotics, where thermoreversibility opens an additional subcycle for multiple usage 734 
and extended lifetime. (B) Three-chamber pneumatic actuator with fiber 735 
reinforcement and integrated optical sensors. The sensors detect obstacles in the path 736 
of the actuator and allow removal of the object. (C) When immersed in water, the 737 
gelatin actuator and waveguides swell and dissolve. Complete biodegradation is 738 
enabled in sewage or compost. 739 
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 741 
Fig. 2. 3D-printing of gelatin-based biogel. (A) Extrusion scheme of the two-stage 742 
heating system. Upon extrusion, the gelation is accelerated by a cool airflow. (B) 743 
Printing of a solid calibration cube. (C) Printed twisted vase with a wall thickness 744 
of 0.8 mm. (D) The soft structure and low Young's modulus allow reversible 745 
deformation. (E) Resolution test of single lines (~ 0.6 mm width) with decreasing 746 
line spacing from left to right, starting at 5 mm. On the right side, lines with 0.5 mm 747 
spacing are still separated, whereas a 0.25 mm spacing results in fused lines. (F) 748 
Printed parts can be recycled by heating and reprinting the material. (G) Change of 749 
the sample's mechanical properties due to drying under ambient conditions. Error 750 
bars: standard deviation for n ≥ 3 samples. (H) Change in Young’s modulus with 751 
sample age, stored under ambient conditions. Error bars: standard deviation for n ≥ 752 
3 samples. (I) Relative change of mechanical properties due to consecutive recycling 753 
cycles. Error bars: standard deviation for n ≥ 3 samples. (J) Relative change of 754 
mechanical properties due to gelatin degradation upon continuous heating. (K) 755 
Hysteresis of biogel samples under 100% strain for the first two cycles. (L) Debond 756 
energy of biogels directly printed onto different substrates (aluminum, PMMA, 757 
copper, wood). Error bars: standard deviation for n = 3 samples. 758 



 

 759 
Fig. 3. 3D-printed gelatin-based stretchable waveguides. (A) Gelatin waveguides 760 
transmit the light of red LEDs. (B) Change of refractive index as function of storage 761 
time in ambient conditions. Refractive index of high water-content mw biogels 762 
increases due to water evaporation but is suppressed by increasing the glycerol 763 
content mgly. The dashed lines represent the theoretical model. The fit parameters 764 
can be found in Supplementary Table S2. For the respective constituent compounds, 765 
see Supplementary Table S3. Error band: standard deviation for n = 5 samples. (C) 766 
Waveguides stretch to large deformations above 40% strain. (D) Change of 767 
transmitted light intensity due to a length change when stretched. Strain response 768 
shows no hysteresis throughout 10 consecutive stretch-and-release cycles to 20% 769 
strain, followed by 10 cycles to 40% strain. (E) Overlay image of the waveguide 770 
bending experiment. (F) Change of transmitted light intensity shows linear behavior 771 
due to a bending radius change. (G) Controller pad with touch responsive 772 



 

waveguides. Three waveguide sensors are arranged to resolve six input buttons. (H) 773 
Applying pressure on an intersection of two waveguides results in a specific 774 
intensity drop, which is characteristic for the pressed button. 775 
 776 
 777 
 778 
 779 
 780 
 781 

 782 
 783 
Fig. 4. Performance of multi-directional self-sensing actuators. (A) Waveguide 784 
sensors are placed over the actuator and cross each other on the top to sense both 785 
bending state and touch inputs. (B) Step response of the actuator's bending angle 786 
upon pressurizing one of the three chambers. 90% of the fully bent state is reached 787 
within 0.63 s. (C) Bending angle versus pressure characteristics for all three 788 
chambers. (D) The actuator's bending direction is inferred from the intensity pattern 789 
of the waveguides. When a chamber is pressurized, the intensity drops most in the 790 
closest waveguide. (E) When touching the tip of the actuator (grey area in graph), 791 
the intensity on all three waveguides drops. 792 
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 795 
 796 

Fig. 5. Search and wipe routine. (A - C) The actuator performs a circular motion 797 
until it detects an unexpected intensity drop upon hitting an obstacle. (D - F) After 798 
detection, from its starting position, maximum pressure is applied in the direction of 799 
the obstacle to remove it. 800 
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