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Abstract

Self-healing materials are indispensable for soft actuators and robots that operate in dynamic and 

real-world environments, as these machines are vulnerable to mechanical damage. However, 

current self-healing materials have shortcomings that limit their practical application, such as low 

healing strength (below a megapascal) and long healing times (hours). Here, we introduce high-

strength synthetic proteins that self-heal micro- and macro-scale mechanical damage within a 

second by local heating. These materials are optimized systematically to improve their hydrogen-

bonded nanostructure and network morphology, with programmable healing properties (2-23MPa 

strength after 1s of healing) that surpass by several orders of magnitude those of other natural and 

synthetic soft materials. Such healing performance creates new opportunities for bioinspired 

materials design, and addresses current limitations in self-healing materials for soft robotics and 

personal protective equipment.

Traditional robots and actuators are typically composed of rigid and brittle materials. By 

contrast, in the growing field of soft robotics, flexible and largely deformable materials are 

explored to achieve compliance akin to that of biological systems (Young’s moduli in the 

range of kPa to GPa)1. Compliance and complex deformation enable the soft robots to adapt 

to unpredictable surroundings, which makes these robots safer for physical interactions with 
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humans and for operation in dynamic environments2,3. Although soft machines are generally 

resistant to blunt damage (for example, impact, compression, and bending)4, they are 

vulnerable to mechanical damage (puncture, tear, and cutting) owing to their inherent 

softness, which limits their longevity and performance5. In recent years, intense research 

efforts have been applied to the development of stretchable self-healing materials that 

recover their structure and properties after damage. Current strategies involve extrinsic self-

healing through vascularization or encapsulation of healing agents6, and intrinsic self-

healing either through dynamic covalent bonds as in Diels–Alder reactions7 and disulfide 

chemistries8, or through supramolecular non-covalent chemistries such as hydrogen 

bonding9,10, metal ion coordination11, ionic interactions12, and van der Waals forces13. 

Some of these self-healing strategies have been integrated recently into soft-robotic 

platforms14 such as soft actuators7,15, electronics16,17, and devices18. However, despite their 

promise, these self-healing materials still have substantial shortcomings that limit their 

performance and real-world applications, because they need a continuous supply of 

potentially hazardous monomers and catalysts, lose functionality during repair, have low 

mechanical strength after healing, require high energy input to trigger the self-healing, or 

require long healing times (often greater than 24 h).

To overcome these challenges, here we use the tools of synthetic materials biology19 to 

rationally design synthetic tandem repeat proteins and develop strong, fast, self-healing 

materials for soft-robotic applications (Fig. 1a). Recently, protein engineering methodology 

to synthesize libraries of biomimetic sequences with controlled length by tandem repetition 

of amino acid building blocks and by rolling circle amplification DNA assembly was 

designed20. Using protein analyses across squid species20,21, biomimetic sequences inspired 

by proteins in squid ring teeth (predatory teeth structures inside the suction cups22,23) were 

designed. These proteins consist of segmented amino acid sequences with amorphous and 

crystal-forming blocks, which were expressed in genetically modified host organisms 

(bacteria) to develop protein-based functional materials with programmable properties (for 

example mechanical24, transport25, and thermal26). In this work, we exploit the tandem 

repeat design of squid-inspired synthetic proteins to generate physically crosslinked 

supramolecular networks (based on hydrogen bonding) with systematically controlled 

morphology and with self-healing properties superior to those of previously reported native 

proteins and other synthetic soft materials (with healing speed and strength that are several 

orders of magnitude higher). The self-healing performance of our biosynthetic proteins 

creates new opportunities, as these proteins eliminate pre-existing limitations in self-healing 

materials (loss of functionality, low mechanical strength after healing, and long healing 

times) that restricted their practical application in soft robotics previously. To illustrate these 

unique advantages, we demonstrate protein-based soft actuators that are capable of self-

healing extreme (typically catastrophic) mechanical damage within one second, and with 

performance (specific work and power) superior to that of biological muscle.

Squid-inspired biosynthetic proteins

Biosynthetic proteins with n = 4, 7, 11, and 25 tandem repetitions (TRs) of the squid-

inspired building block (TRn4, TRn7, TRn11, and TRn25, with molecular weights of 15.8, 

25.7, 39.4, and 84.6 kDa, respectively) were synthesized, spanning peptide lengths found in 
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native proteins and beyond (Fig. 1b). Driven by their segmented amino acid sequences, the 

tandem repeat polypeptides selfassemble into supramolecular β-sheet-stabilized networks 

(Fig. 1c). The nanostructure of the protein networks was identified by infrared spectroscopy 

and X-ray diffraction (Supplementary Figs. 1,2), which confirmed the presence of β-sheet 

structures for all the tandem repeat polypeptides. Although the tandem repeat polypeptides 

have the same crosslinking structures, changes in network morphology arise from the 

amorphous phase (which is composed of flexible chains). Protein networks can have 

defective morphologies caused by molecular defects such as dangling ends or loops 

(Supplementary Fig. 3) that degrade the material properties, which is a long-standing 

challenge in soft matter physics and chemistry27. A network parameter ε eff = 1 – (βc/n), in 

which βc is the β-sheet crystallite size (average of four β-strands) and n is the tandem 

repetition of the master building block, approximates the effective strand density (the tie-

chain density, or effective connections between crosslinking points) from zero (defective 

network) to unity (perfect network)24. Hence, by controlling tandem repetition accurately in 

our polypeptides (n = 4 to 25), we can tailor systematically the molecular defect density 

from ‘all-defective’ networks (TRn4) to ‘close-to-perfec? networks (TRn25), and optimize 

the network morphology beyond that of native protein complexes from squid ring teeth. 

Consequently, the physical properties of tandem repeat biosynthetic polypeptides, which 

include protein cohesion at room temperature (that is, protein-protein adhesion) (Fig. 1d), 

surpass those of natural and recombinant squid-derived proteins of the same family. Such 

control of the molecular defects enables the programming of properties by sequence design, 

which yields protein materials with remarkable self-healing performance (superior to that of 

self-healing proteins investigated in previous work28,29 and other state-of-the-art synthetic 

self-healing materials), and provides an excellent platform to develop bio-based self-healing 

materials suitable for applications that require mechanical strength and fast healing kinetics.

Self-healing mechanism and properties

Among the three major approaches of vascular, capsule-based, and intrinsic self-healing6, 

the mechanism of our squid-inspired polypeptides falls under intrinsic self-healing. Owing 

to the non-covalent nature of supramolecular interactions through hydrogen bonding, protein 

networks are repaired quickly after damage with physical crosslinks through chain diffusion 

within the protein matrix and β-sheet nanostructures (Fig. 2a), and the material structure, 

properties, and functionality are recovered. To facilitate chain diffusion and network repair, 

protein materials are plasticized with water (Supplementary Fig. 4). Dehydrated proteins 

have a glass transition temperature close to that of thermal degradation, which limits the 

practical use of the material in its rubbery state30. However, hydration decreases the glass 

transition temperature, which enables a stable rubbery state over a wide temperature range 

(including room temperature) (Supplementary Fig. 5). Unlike in other chemistries that 

require melting and re-forming of physical crosslinking structures, melting during the 

protein healing process is not observed in bulk (β-sheets melt at high temperatures beyond 

thermal degradation in similar structural proteins)31. This was confirmed by mechanical 

analysis (see Supplementary Fig. 6) and structural analysis (see Supplementary Figs. 1,2), 

which revealed that the physically crosslinked network was not disrupted during healing. For 

our protein-based materials, this process has a major advantage over other chemistries 
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because mechanical stability is not lost during the healing process and the global network 

structure does not need to re-form from a molten or liquid state, which enables faster 

healing.

To understand the strength and kinetics of the healing process in our bioinspired protein 

system, we investigated the cohesion between two hydrated protein surfaces (Supplementary 

Fig. 7). We analysed systematically the cohesion as a function ofcontact time 

(Supplementary Fig. 8), hydration (Supplementary Fig. 9), preload (Supplementary Fig. 10), 

temperature, and network morphology (Supplementary Fig. 11). Polypeptides showed good 

cohesion with increasing network parameter ε eff owing to network and chain connectivity 

optimization (Supplementary Figs. 11,12). Moreover, polypeptides exhibited strong but slow 

healing at room temperature (23 °C), and soft but fast healing at temperatures above 45 °C 

(Supplementary Fig. 13). As temperature increases, so does the protein chain mobility26, 

which softens the material and facilitates the fast diffusion of chain segments across the 

separated parts. Therefore, although healing occurs already at room temperature, 

temperature regulation offers control over the healing kinetics for a tailored performance. 

For example, for optimized kinetics and strength, the healing can be accelerated by raising 

the temperature to 50 °C and then strengthened by cooling back to room temperature. Such 

temperature-accelerated healing behaviour can be exploited to develop fast, high-strength, 

self-healing strategies for protein-based materials (Supplementary Video 1). This represents 

a major advantage over other self-healing chemistries, which typically require long healing 

times to repair the damaged material (often greater than 24 h). Long healing times hinder the 

use of self-healing materials in many applications because the material loses its functionality 

during the repair process (that is, the material is weak while it heals) and exhibits low 

mechanical strength (healing times typically greater than 1 h are required for mechanical 

strength of at least 1 MPa). Our polypeptide materials exhibit mechanical strength up to 23 ± 

1 MPa after extremely short healing times (~1 s) (Supplementary Fig. 14). Such reduced 

healing time and superior healing strength position our biosynthetic squid-inspired proteins 

in a previously unexplored area of performance in self-healing soft materials (Fig. 2b and 

Supplementary Data 1), and provide a solution for previous limitations in healing time and 

strength.

Healing of extreme mechanical damage

Validation of self-healing varies greatly depending on the type of material, the nature of the 

damage, the material properties, and the intended application (such as scratches in thin films 

and coatings32, punctures in soft electronics16, cuts in elastomers10, and cracks in 

composites33)6. With the intention of providing a broad testbed for our materials, we 

validated the self-healing properties of tandem repeat polypeptides against different types of 

severe mechanical damage that are fatal in soft material and actuator performance. Damaged 

protein materials were healed either by locally heating the damaged area through mechanical 

contact (Supplementary Figs. 15,16) or by bulk-heating the entire material in a temperature-

controlled chamber (Supplementary Fig. 17), both at 50 °C and for a short duration of time.

Scratch damage of coated surfaces typically results in the deterioration of the protective 

coating layer, which exposes the underlying substrate to environmental contamination (and 
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leads to corrosion, biofouling, and overall failure of sensing interfaces). Protein-coated 

substrates (Fig. 3a) were laser-micromachined to simulate a scratch defect pattern, and were 

locally (half defect) and fully (complete defect) healed for 2 s consecutively. After the short 

healing process, the damaged protein recovered its conformal surface coverage and the 

underlying substrate was protected again by the healed coating (better post-healing 

homogeneity could be achieved with longer healing processes).

Puncture damage (hole or point defect) are problematic in pressurized systems that are 

typically used in microfluidics and soft robotics, because a small defect can cause the 

leakage of internal fluid or air and cancel the functions of the device. We punctured a free-

standing, flexible TRn11 protein film (50 μm thick) to create a hole defect, which was 

healed in less than 1 s by local heating of the damaged area (Fig. 3b). We note that intrinsic 

self-healing mechanisms are limited to small damage volumes because there is no transport 

of new material to the damaged area (unlike in vascular or encapsulation self-healing 

mechanisms, in which healing agents are typically fed to the damaged areas)6. This 

limitation becomes important when a high volume of material is removed, as in hole-punch 

defects. In this case, the healing is limited by the defect size and viscoelasticity of the 

material (Supplementary Fig. 18). However, such a size limitation can be bypassed by 

patching, which enables the healing of large-scale defects by the incorporation of new 

protein material.

Finally, we evaluated the healing of total cut damage, in which the damaged protein material 

was separated completely into two pieces and the healing was then assessed (Fig. 3c). Free-

standing films of cut-damaged protein were healed within 1 s, recovered their elastomeric 

properties, and exhibited stretching deformations greater than 200% strain and post-healing 

strength of up to 23 MPa for high-repetition tandem repeat polypeptides (Supplementary 

Fig. 14)24. Healing of thick bulk protein samples was also demonstrated directly through cut 

surfaces (Supplementary Fig. 19). After being stretched until failure, the samples did not 

break at the healed area but broke at random non-healed regions, which indicates that the 

healing of total cut defects was effective and that the healed regions were at least as strong 

as the pristine material.

In summary, the tandem repeat polypeptides showed outstanding self-healing performance 

for a variety of extreme damage types after very brief healing times, which makes them an 

excellent material for soft-robotic applications that require adaptation to dynamic 

environments and self-repair.

Self-healing protein actuators for soft robotics

To explore the use of self-healing bioinspired tandem repeat proteins in soft actuators and 

robotics, we designed and built a pneumatic soft actuator that consists of two protein disc 

membranes joined together at the perimeter and connected to a pneumatic circuit (Fig. 4a). 

When the actuator is pressurized, the soft TRn11 protein membranes deform and the 

actuator expands in volume, which causes a deformation and a force output that is normal to 

the membrane (Fig. 4b, Supplementary Video 2). Although our protein material can be used 

in other soft actuator designs and other actuation mechanisms34, we demonstrate pneumatic 
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actuation because it is a well-established and common actuation mechanism in soft robotics, 

and because pneumatic actuators are especially vulnerable to puncture damage35. We 

analysed the performance (displacement and force output) of a single-chamber protein 

actuator before damage (pristine) and after puncture damage and healing (healed) (Fig. 4c). 

With a maximum displacement of 10 mm (400% actuation strain) and a force output of 5 N 

for a single-chamber actuator in its current design, the same performance was observed in 

pristine and healed actuators. The healing of the protein membranes can repair the defects 

effectively, and therefore extend the operational lifetime of the actuators beyond 

unpredictable damage.

Although the performance of our pneumatic actuator could be improved further by 

optimizing the design and fabrication for specific tasks, actuation types, and specific output 

metrics1,34, the current non-optimized soft actuator design can be used in its present form in 

diverse soft-robotic applications. In a proof-of-concept demonstration, we used two 

opposing soft protein actuators to build a soft gripper (Fig. 4d and Supplementary Video 3), 

which is a promising application of soft robotics in food, pharmaceutical, packaging, and 

retail industries35,36. Owing to the compliance of the protein membranes, the gripper can 

adapt to complex geometries and exert friction force to manipulate delicate objects (a cherry 

tomato, in this pick-and-place example)37. Next, using the same protein soft actuator design, 

we built an artificial muscle capable of lifting repeatedly a dead weight at least 3,000 times 

heavier than its own mass (Fig. 4e, Supplementary Video 4 and Supplementary Note 1). In 

its current design, the protein muscle has a specific work of 215 J kg-1, an average specific 

power of 488 W kg-1, and a thermodynamic efficiency of 62% (Supplementary Note 1 and 

Supplementary Fig. 20), which exceed those of biological muscle and are comparable to 

those of other state-of-the-art soft actuators (Supplementary Data 2)34,38–40.

In addition to their versatility, high performance, and self-healing capabilities, tandem repeat 

polypeptide actuators are also chemically recyclable. On-demand degradation of protein-

based robots and actuators is essential for sustainability (no pollution or electronic waste at 

the end of their functional lifetime) and healthcare applications (biodegradation in the body 

to avoid retrieval procedures)41. The protein material can degrade due to enzymatic activity 

(proteolysis) or due to the disruption of its nanostructure, spanning a wide range of 

degradation kinetics. Taking advantage of the protein non-covalently crosslinked (hydrogen-

bonded) network, we have demonstrated the fast dissolution of the protein actuator (Fig. 4f 

and Supplementary Video 5). Although the protein membranes of the soft actuator are stable 

and operate normally underwater, they start to dissolve after a pH stimulus (acetic acid to a 

concentration of 5% v/v) is administered, which breaks the β-sheet nanostructures42. The 

membrane is initially degraded in less than half a minute (loss of functionality), and the 

actuator is fully dissolved in less than five minutes. The degradation process can be tailored 

for slower or faster kinetics and activated by different stimuli and biomolecules42, which 

offers a wide range of degradation profiles for different applications (that is, slow 

degradation that conserves the functionality of the robot or actuator for long time periods 

versus flash destruction of the device).

The healing performance of tandem repeat polypeptides creates new opportunities for the 

design of bioinspired and biosynthetic materials that were not possible previously, and 
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addresses current limitations in self-healing soft materials (that is, low mechanical strength 

and long healing times, often longer than 24 h, versus high mechanical strength after healing 

in a few seconds). We fabricated protein-based, versatile, biodegradable, and self-healing 

soft actuators with performance comparable to that of state-of-the-art soft actuators and 

exceeding that of biological muscle, and we have demonstrated their use in soft gripping and 

artificial muscle technologies. These protein-based materials can heal severe mechanical 

damage (for example, scratch, puncture, and total cut damage), and can be integrated easily 

in other actuator designs and potentially in other soft systems and machines with different 

actuation and healing methods, which will be the focus of our future work. Biosynthetic 

protein materials present a promising platform for bringing soft robotics closer to simulating 

complex biological systems, and open a wide design space for multifunctional soft machines 

with properties traditionally associated exclusively with living systems, such as adaptation to 

external hazards, fast self-healing, and degradation at the end of the functional lifetime.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, 

extended data, supplementary information; acknowledgements, peer review information, 

details of author contributions and competing interests; and statements of data and code 

availability are available at https://doi.org/10.1038/s41563-020-0736-2.

Methods

Biosynthesis of squid-inspired proteins

Biosynthetic proteins were constructed and expressed based on protocols described in 

previous work20. In brief, a DNA sequence encoding a 

YGYGGLYGGLYGGLGYPAAASVSTVHHP amino acid building block was constructed 

based on consensus derived from analysis of multiple squid species. DNA constructs with a 

precise number n of building block repeats were generated by protected digestion rolling 

circle amplification. Selected constructs of tandem repeat polypeptides (TRn4, TRn7, 

TRn11, and TRn25) were ligated to an expression vector to create an expression library for 

squid-inspired protein biosynthesis in Escherichia coli bacteria. Native proteins were 

extracted from Loligo vulgaris squid from Tarragona, Spain43. Protein size was confirmed 

by polyacrylamide gel electrophoresis.

Fabrication of protein-based materials

Biosynthetic tandem repeat polypeptides and native proteins were dissolved overnight in 

1,1,1,3,3,3,-hexafluoro-2-propanol to a concentration of 50 mg ml–1. The protein solution 

was cast into polydimethylsiloxane moulds and on silica glass substrates to fabricate free-

standing protein films and protein-coated substrates for characterization and healing 

analysis. In addition, protein films were cut to specified computer-aided design geometries 

for characterization and device fabrication in a laser micromachining system (LPKF 

ProtoLaser U3). Some protein films were doped with dyes (brilliant green, disperse red, or 

fluorescein, < 1% w/w) for enhanced visualization and contrast.
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Protein structure analysis

Fourier transform infrared spectroscopy of pristine and healed protein samples was 

performed in a Bruker Tensor II spectrometer with a Platinum ATR accessory (256 scans 

with 4 cm–1 resolution). X-ray diffraction analysis was performed in a Rigaku D/MAX 

RAPID II microdiffractometer (λ = 0.154 nm) with a Cu Kα source and a 30 μm collimator 

at 50 kV and 40 mA. Absorption band and diffraction peak analyses were performed as 

described previously20.

Water absorption in proteins

The water content of hydrated proteins was measured by thermogravimetric analysis (TGA) 

and simultaneous mass spectrometry that were performed on a TA Instruments Q50 TGA 

instrument coupled to a Pfeiffer vacuum mass spectrometer. Protein samples were hydrated 

by immersion in deionized water for 10 min at room temperature, and then excess water was 

removed by blotting. Samples were heated from room temperature to 500 °C at a heating 

rate of 10 °C min–1 in a helium environment (90.0 ml min–1 flow). Representative m/z 17, 

m/z 18, and m/z 44 ion signals were monitored to identify water evaporation and protein 

thermal degradation.

Thermal characterization

Temperature-modulated differential scanning calorimetry was performed on a TA 

Instruments DSC 2500 calorimeter with hermetic Tzero pans. Dehydrated samples were 

obtained by drying for 1 h at 80 °C, whereas hydrated samples were obtained by immersion 

in deionized water for 10 min and blotting to remove excess water. Dehydrated and hydrated 

samples were measured from –90 °C to 190 °C and from –90 °C to 70 °C, respectively. 

Samples were heated at a rate of 2 °C min–1 with a modulation amplitude of 0.32 °C and 

period of 60 s.

Mechanical characterization

Pristine and healed protein dog-bone-shaped specimens (15 mm gauge length × 4 mm width 

× 50 μm thickness) were characterized in an Instron 5866 load frame with a 10 N cell 

(accuracy < ± 0.3%) and a custom-built immersion chamber. Samples were stretched at a 

rate of 5 mm min–1. Dynamic properties were measured in a TA Instruments Discovery 

HR-2 rheometer with a dynamic mechanical analysis accessory (film tension mode) and 

with a parallel plate geometry in a temperature-controlled water bath.

Protein cohesion and healing kinetics

Healing kinetics experiments were performed in the TA Instruments Discovery HR-2 

rheometer with a customized setup (Supplementary Fig. 7). Glass substrates with 10 mm 

outer diameter were adhered to disposable rheometer plates and were coated with 20 mg of 

protein. The measurements were performed in a liquid cell, which enabled testing under 

hydrated and dehydrated conditions, over a temperature range of 10–80 °C, with different 

preloads (1-242 kPa), and with different contact times (1–625 s). The protein-coated 

surfaces were loaded at a speed of 5 μm s–1 to a variable loading force, held during a 

variable contact time (1, 5, 11, 25, 56, 125, 280, and 625 s), and unloaded at a speed of 20 
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μm s–1. The maximum unloading adhesion force was measured as function of contact time 

and temperature, and was used in the calculations of healing prefactor c healing.

Protein healing

In experiments with local healing, samples were hydrated and heated locally to 50 °C with a 

hot tip from an 80 W Weller PU 81 soldering station with adjustable temperature 

(Supplementary Fig. 14). A polydimethylsiloxane spacer (400 μm thick) was used to prevent 

sample adhesion or contamination, and temperature was controlled with a type K 

thermocouple. The damaged areas were pressed gently with the hot tip for a short duration 

(typically 1 s, depending on damage volume). In experiments with bulk healing, hydrated 

samples were placed in a heating chamber at 50 °C.

Types of mechanical damage of protein materials

Protein films of 50 μm thickness (either free-standing or integrated in the soft actuator) were 

pierced with a 24 gauge needle to simulate puncture damage. Punch-hole defects were 

created with a 5 mm outer diameter Rapid-Core sampling tool. To simulate scratch damage, 

protein-coated glass substrates (100 μm coating thickness) were laser-cut with a predesigned 

pattern in the LPKF laser micromachining system at 0.189 W and 50 kHz. To simulate total 

cut damage, protein films, dog-bone-shaped specimens for mechanical analysis, and bulk 

protein samples were cut with a razor blade into two separate half pieces. In all cases, after 

damage, healing was performed with local or bulk healing as described previously.

Surface roughness

Protein films (pristine and healed) were dried at room temperature and their surface 

roughness was measured by 3D laser scanning microscopy (Keyence VK-X200).

Protein soft actuator

Two protein discs (30 mm outer diameter, 50 μm thick) were mounted in a ring holder and 

connected to a pneumatic circuit. The pneumatic actuator was controlled by a 60 ml syringe 

and a Panasonic DP-100 pressure sensor. The actuator deformation was recorded with a 

Sony HDR-CX900 camera at 25 fps, and force output was measured in a TA Instruments 

Discovery HR-2 rheometer. The actuator was puncture-damaged with a needle and healed 

locally as described above. The soft gripper was fabricated by mounting two opposed 

protein actuators on an adjustable frame. The artificial muscle was fabricated by mounting a 

hook on the outer protein membrane. For actuator degradation, the protein films were doped 

with 1% (w/w) fluorescein for visualization under ultraviolet light. The protein actuator was 

mounted in a liquid cell with water, and acetic acid (for pH stimulus) was administered to a 

total concentration of 5% (v/v).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cephalopod-inspired biosynthetic proteins.
a, The analysis of squid proteins, design of a squid-inspired master sequence, and 

biosynthesis of protein libraries yield protein-based functional self-healing materials for soft 

actuators and robotics applications. b, Protein sizes of native Loligo vulgaris protein 

complex and biosynthetic TRn4, TRn7, TRn11, and TRn25 polypeptides. (Source Data Fig. 

1b). c, The nanostructure of biosynthetic tandem repeat polypeptides is composed of a β-

sheet nanocrystal network (blue) connected by flexible chains (yellow), with molecular 

defects (dangling ends and loops). d, Self-healing properties of squid-inspired proteins (at 

room temperature) improved beyond those of native proteins owing to an optimized network 

morphology. Error bars, standard deviation (n = 5).
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Fig. 2. Self-healing polypeptides.
a, The self-healing mechanism relies on β-sheet nanocrystals, which act as physical 

crosslinks, and diffusion across the damaged areas. b, The performance of squid-inspired 

self-healing proteins is compared to that of state-of-the-art self-healing materials (see 

Supplementary Data 1 for references) that use different chemistries. This provides a 

benchmark for self-healing materials.
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Fig. 3. Self-healing of extreme mechanical damage.
a, Scratch damage on TRn11 protein-coated substrates was partially and totally healed, each 

healing requiring less than 2 s. b, Puncture damage of free-standing, flexible TRn11 protein 

films (by a needle through the film) was healed in less than 1 s. c, Total cut damage of 

TRn11 protein dog-bone-shaped samples (I and II) was healed in less than 1 s. Healed 

samples withstand large deformations of up to 200% stretching strain before failure from a 

random pristine location, and healed areas are at least as strong as pristine areas.
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Fig. 4. Self-healing, protein-based soft actuator.
a,b, Schematic and images of a soft pneumatic actuator fabricated from TRn11 protein disc 

membranes. c, A single-chamber actuator achieves 400% strains and 5 N force output, with 

no distinguishable difference in performance between pristine and puncture-healed 

actuators. Error bars, standard deviation (n = 5). (Source Data Fig. 4c) d, Soft gripper 

fabricated from two opposed protein actuators, capable of gripping soft, delicate objects (for 

example, a cherry tomato). e, Protein-based artificial muscle, with performance exceeding 

that of biological muscle. f, On-demand degradation of protein actuators by induced pH 

stimulus, which causes them to vanish at the end of their functional life (photodye added for 

enhanced visualization).
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