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S1. Energy dispersive X-ray spectroscopy (EDXS) 

 

 

Figure S1. EDXS spectrum collected on a MST sample using a COXEM desktop Scanning Electron 

Microscope with the EDX detector; the data were acquired at 20 kV with a magnification of 10000. The 

presence of the Fe and Co peaks is a clear indication of the presence of the magnetic coating.  

 

  



S2. MST electric and magnetic properties under cyclic loading 

Electric and MOKE measurements were also performed on the MSTs under cyclic tensile loadings. Each 

sample was subjected to 5 loading cycles, with ε starting from 0, reaching a given εMAX value and then 

going back to 0.  

Regarding electrical measurements, for a better comparison the data are displayed as relative variations 

of resistance, R/Ro: R = R – Ro, where Ro is the initial value of the resistivity and R the current one. In 

Figure S2a, the R/Ro values measured during the cycles of four different samples are presented using 

coloured symbols (full symbols are the values measured when εMAX is applied for the first time; open 

symbols are the values measured at the end of the last cycle, at  ε= 0); black symbols refer to the data 

presented in Figure 3b and discussed in Section 2.2, that correspond to the monotonic loading of a sample, 

and are included here just for comparison. Each sample was measured under a different εMAX value. For 

εMAX = 0.007 (red) and εMAX = 0.01 (green), the final R/Ro is ~ 5 % smaller than that measured when 

first applying εMAX. Differently, for εMAX = 0.025 (light blue) and εMAX = 0.045 (blue), R/Ro is very 

close to that measured when first applying εMAX. This indicated that, even under cyclic loading, the FeCo 

coating was not stripped. However, the electrical behavior was not fully reversible, which suggests that 

the loading process induced defects in the FeCo layer. 

Figure S2b shows the magnetic hysteresis loops recorded by MOKE on a MST sample before and after 

the 5 cycles of loading at εMAX = 0.025, namely the same value of engineering strain applied during the 

measurement of the loop presented in Figure 5c. The shape of the loops was quite similar. After the 

repeated loading, an increase of HC of just ~ 8 % was experienced. It is worth reminding that the value 

of HC measured under strain was  28% higher than that measured in the unstrained sample (Figure 5c), 

due to the tensional state of the FeCo coating, as discussed in the main text. Therefore, the results in 

Figure S2b supported the same conclusions reached through the electrical measurements, i.e. they 

indicated that the coating was not stripped after repeated loading cycles, although the initial properties 

were not fully recovered, possibly due to the formation of cracks.  

The sputtering deposition method and the use of Fe and Co based alloys favor the adhesion of the metallic 

coatings on polymeric substrates,[1,2] so a strong FeCo coating – silk fibers interaction may be expected. 

On the other hand, as discussed in section 3, the grooves between adjacent fibers may favor cracks 

formation.  



  

Figure S2. (a) Relative resistivity variations R/Ro vs. ε. Coloured symbols refer to four MST samples 

subjected to cyclic loading up to a maximum value of ε (εMAX). The used εMAX values are: 0.007 (red), 

0.01 (green), 0.025 (light blue), 0.045 (blue); full symbols are the R/Ro values measured when applying 

εMAX during the first cycle and open symbols are the values measured at the end of the last cycle, at ε = 

0 (full and open symbols corresponding to the same loading process are connected by arrows). Black 

symbols are the same data already presented in Figure 3b and discussed in Section 2.2, that correspond 

to the monotonic loading of a sample; they are included here just for comparison (the black line is a guide 

to the eye). (b) Magnetic hysteresis loops recorded by MOKE on a MST sample before (black) and after 

(blue) the cyclic loading.  

  

  

  



Table S1. p-values of the pairwise comparison of the strain at break.  

Sample ST MST VST 

ST  0.5823 0.000074 

MST 0.5823  0.0006 

VST 0.000074 0.0006  

 

Table S2. p-values of the pairwise comparison of the strength. 

Sample ST MST VST 

ST  0.0171 0.0117 

MST 0.0171  0.6585 

VST 0.0117 0.6585  

 

Table S3. p-values of the pairwise comparison of the Young’s modulus. 

Sample ST MST VST 

ST  0.8957 0.0642 

MST 0.8957  0.037 

VST 0.0642 0.037  

 

Table S4. p-values of the pairwise comparison of the toughness modulus. 

Sample ST MST VST 

ST  0.037 0.0513 

MST 0.037  0.7134 

VST 0.0513 0.7134  

 

  



 

Figure S3. Experimental dependence of Strength (a), Young’s modulus (b), and Toughness modulus (c) 

on the diameter of the threads for the three types of threads investigated in the manuscript: as-prepared 

silk thread ST, magnetic silk thread MST, and vacuumed silk thread VST. For each group, the lines 

represent the best fit to a linear dependence.  

 

 

Figure S4. a) Representative roughness profile recorded on the surface of a MST along a straight line 

path, as indicated in the b) AFM map.  

 



S3. Evaluation of the magnetic field produced by the commercial magnets 

The magnetic field generated by the commercial magnets was evaluated using the ANSYS® 

Electromagnetics Suite Release 2020 R2, a finite element software. The six cubic (lateral side of 5 mm) 

Nickel plated N42 NdFeB magnets were arranged as displayed in Figure S5a, and their magnetic 

configuration was set to be equal to the one described in the same figure. For the magnetic induction B 

calculation, we used the Maxwell 3D magnetostatic solver. We assigned the magnets a remanence value 

equal to 1.05 MA m-1, corresponding to the maximum value reported for N42 NdFeB on the 

documentation available at the producer website.[3] In Figure S5b, left panel, the B intensity evaluated 

on the grey plane displayed in Figure S5a is presented. The intensity profile changes rapidly in space, in 

particular as the distance from the front side of the magnets increases (green arrow, Figure S5a), thus 

indicating that B configuration is strongly non-uniform. The experimental values of the B dependence as 

a function of the distance from the magnets, as measured across the green arrow, are presented in Figure 

7c. In Figure S5b, right panel, the B orientation on the grey plane is displayed. B is always parallel to the 

plane and, along the green arrow, B is perpendicular to the arrow, i.e. B is always parallel to the front 

side of the magnets. 

 

Figure S5. a) Representation of the north (N / red) and south (S / blue) poles configuration of a single 

commercial magnet (upper part), and of the group of magnets used for the experiment (lower part). This 

panel is similar to the one presented in Figure 7b of the main text, and also includes a gray rectangle 

(with a longer side of 4 cm and a shorter side of 3 cm) that represents the area where the magnetic field 

H was evaluated, as explained in the text. b) Maps showing the intensity (left side) and the orientation 

(right side) of the magnetic induction calculated on the gray rectangle displayed in panel a). The green 

arrow represented in the two maps corresponds to the green arrow displayed in panel a).  



As shown in Figure 7a, during actuation measurements the front side of the magnets was always kept 

parallel to the MST, so H was parallel to the MST orientation, namely to the FeCo coating. Therefore, in 

this configuration, the H orientation favors a uniform MST magnetic configuration, so to increase the 

intensity of the applied force.[4] 

 

 

 

 

 

Figure S6. Reference results of cyclic magnetic actuation experiments performed on the same MST 

sample. During each experiment, the magnets (Figure S5a) where approached to the sample following 

the same linear trajectory (green line in Figure S5a) but with a different speed, thus the stress time 

dependence changes. The maximal stress values corresponding to the different approaches, detected for 

a sample to magnets distance of ~ 0 cm, are always close to the 10 MPa value, thus showing that the 

response of the material is reproducible.  

  



 

 

 

 

 

 

 

 

Figure S7. SEM images showing the effect of the SEM electron beam on the silk fibers when the 

accelerating voltage of the beam was equal to a) 3.2 kV, b) 3.3 kV, and c) 3.45 kV. Significant damage 

is observed at 3.45 kV.  

  



S4. FeCo magnetic properties  

As observed in Figure 5a, the coercivity, HC, of the FeCoref sample is larger than that expected for bulk 

alloys, that is of the order of 0.1 kA m-1.[5] The origin of the high HC value may be due to the presence 

of a residual mechanical stress, σ, induced by the sputtering growth process,[6,7] and to the fact that the 

FeCo alloy displays magnetoelastic properties. Indeed, if a magnetoelastic polycrystalline film is 

subjected to a mechanical stress, this will affect the magnetization reorientation process of the film 

through the development of a magnetoelastic anisotropy energy density contribution, EME, expressed as 

𝐸𝑀𝐸 =
3

2
 𝜆𝑆 σ sin2 𝜃 = 𝐾𝐸 sin2 𝜃                                                                        (1) 

where S is the saturation magnetostriction, θ is the angle between the stress axis and the magnetization, 

and KE is the magnetoelastic anisotropy energy density.[8] For FeCo, S ~ 60 × 10-6.[5] In this case, if a 

tensile (positive) stress is applied along a specific direction in the film plane, the magnetic behavior of 

the sample becomes anisotropic. Indeed, the EME term is minimum when the magnetization is parallel to 

that direction, that thus becomes an easy magnetization axis, whilst a direction perpendicular to that 

becomes a hard magnetization axis. The opposite occurs for a compressive (negative) stress. On the other 

hand, if the stress is uniform in the plane of the film, an isotropic behavior is expected. In particular, due 

to the contribution of the magnetoelastic anisotropy energy, a higher HC value is predicted with respect 

to the σ = 0 case.[9] 

The measured in-plane hysteresis magnetization loops display an in-plane isotropic behavior (Figure 5a), 

with a squared shape and a high remanence MR = M(H=0)/MS ~ 0.88. Therefore, we expect that the 

magnetization lies in the plane of the film, and that the residual stress is uniform and positive. To check 

this hypothesis, we measured the magnetic hysteresis loop by applying a magnetic field perpendicular to 

the film plane, i.e. in the out-of-plane direction, to estimate the in-plane magnetic anisotropy KIP.[10] 

Indeed, the anisotropy field HK = 2 KIP/MS corresponds to the knee of the out-of-plane hysteresis loop. 

For FeCoref, KIP depends on both the shape and the magnetoelastic anisotropy. If only the former is 

present, KIP equals to the magnetic shape anisotropy, KS, that for a thin film is KS = – (1/2) MS
2.[4] In our 

case, KS = – 1.9 × 106 J m-3, and HK = 2 |KS|/MS ~ 1.75 MA m-1. The out-of-plane magnetic hysteresis 

loop is presented in Figure S8, and HK ~ 1.81 MA m-1, higher than 1.75 MA m-1. Thus, we may conclude 

that also for the magnetoelastic anisotropy the out-of-plane direction is a hard axis, confirming the initial 

hypothesis that the residual stress is tensile. As KIP = KE + KS,
[4] |KE| = |KIP – KS| ~ 8 × 104 J m-3, and, 

using equation (1), σ ~ 900 MPa.  



 

Figure S8. SQUID magnetic hysteresis loops measured at room temperature on FeCoref with the external 

field applied perpendicular to the plane of the film.  

S5. Micromagnetic simulations  

Micromagnetic simulations were carried out using MuMax3.[11-13] The simulations were performed so to 

obtain information on both the hysteretic behavior and the magnetic configuration of three different 

geometries: G1, a square with a lateral size of 1 µm, with a thickness of 100 nm; G2, a single cylinder, 

with an internal radius RI of 500 nm, a length L of 400 nm, and a thickness of 100 nm (Figure S9a); G3, 

a combination of three cylinders, each with RI = 500 nm, L = 400 nm and a thickness of 100 nm (Figure 

S9b). The three geometries represent the FeCoref sample (G1), a single silk fiber covered by a 100 nm 

thick FeCo layer (G2), and a bundle, made of three fibers, covered by a FeCo layer (G3). Regarding G3, 

to take into account the contribution of shadowing effects related to sputtering deposition,[14] in the 

grooves between adjacent fibers the thickness of the magnetic layer has been reduced (see the map in 

Figure 8b).  

In the used reference frame (Figure S9a), for G1 the x axis was perpendicular to the film plane and y and 

z axes were parallel to that. For G2 and G3, the z axis was parallel to the symmetry axis of the cylinders, 

whilst x and y axes were orthogonal to that. The simulated geometries were discretized using a grid of 

identical cubic cells in which the magnetization was assumed to be uniform. As a reference value for the 

saturation magnetization MS we used that measured on sample FeCoref (1.75 × 106 A m-1, see Section 

2.4). Regarding the lateral size of the cells, in general its value is chosen of the order of the ferromagnetic 

exchange length, lex, of the considered ferromagnetic material.[15,16] lex is defined as (2 



Aex/(µoMS
2))0.5,[17,18] where Aex is the exchange stiffness. For FeCo, Aex = 1.6 × 10-11 J m-1,[19,20] and lex ~ 

3 nm. In our case, as we wanted to use the same cell size for the three geometries, due to hardware 

memory constraints we had to limit the total number of cells and therefore a cell size of 10 nm was used. 

In the case of G2 and G3, to prevent a possible contribution from the ‘staircase’ surface due to the use of 

coarse grained cells, the MuMax3 edgesmooth option was used. To avoid finite size effects, the 

calculations were carried out using periodic boundary conditions: G1 was replicated along both y and z 

directions, G2 and G3 were replicated along the z direction. In this way, the comparison between G1 and 

G2 allows to estimate the contribution of the curved geometry to the magnetic properties, whilst the 

comparison between G2 and G3 allows to point out possible effects on the magnetic properties related 

to the bundle structure. 

For the calculations on the three geometries, the magnetic field H was applied parallel to the z axis. 

Actually, a 3o tilt was introduced whilst performing the calculations so to mimic the experimental 

conditions, as it is difficult to apply the magnetic field precisely parallel to a given direction. For each 

case, the micromagnetic calculations were performed over 5 equivalent replicas, and the presented 

hysteresis loops are obtained as an average over the 5 resulting ones.  

The results obtained when just the shape anisotropy KS was included in the calculation are presented in 

Figure S9c. For G1, as expected, HC is negligible and the magnetization rotation process is sharp, while 

for G2 HC ~ HIRR ~ 7.96 kA m-1. For G3, HC ~ 9.15 kA m-1, HIRR ~ 9.55 kA m-1, the magnetization 

reversal starts with a smooth decrease of the magnetization followed by a sharp rotation. Hence, when 

comparing just the magnetostatic contribution, i.e. the effect of the shape anisotropy, the main difference 

is observed when moving from G1 (plane film) to G2 (single cylinder), whilst passing from G2 to G3 

(bundle structure) does not bring about significant modifications. 

We also tried to estimate the contribution to HC and HIRR that may stem from the presence of local 

stresses, in the FeCo layer, induced by the interaction with the silk threads, as described in section 3. We 

made the hypothesis that the stresses orientation could randomly change along the coating and that the 

stresses intensity was equal to that detected for FeCoref, ~ 900 MPa (section S4), so KE = 8 × 104 J m-3. 

The simulation was performed for geometry G3, as that is the one that more closely resembles the MST 

configuration. The results are presented in Figure 8c and, as it can be observed, HC ~ 19.9 kA m-1 and 

the H range where the magnetization reversal takes place has a width of about 15.9 kA m-1.  

For the strained case, we used the hypotheses presented in section 3, namely that: (i) the strain felt by the 

FeCo layer is equal to that applied to the MST; (ii) the strain is uniform through the thickness; (iii) no 

cracks are developed. Due to that, as explained in section 3 σ = 4.1 GPa, with an orientation that is parallel 



to the MST length. The intensity of the corresponding uniaxial magnetic anisotropy is KE-appl = 3.7 × 105 

J m-3. Overall, as both σ and KE-tens are ~ 4.5 times larger than the corresponding values used for the 

unstrained case, we may consider that, when the tensile strain is applied, the induced stress, and the 

corresponding anisotropy, become the leading terms. 

The resulting hysteresis loop is presented in Figure 8d. The effect of the tensile stress is very pronounced, 

as both HC and HIRR are much higher with respect to the unstrained case, as their values are 255 kA m-1 

and 279 kA m-1, respectively. 

 

Figure S9. 3D representations of two of the simulated geometries: a) G2, a single cylinder, with internal 

radius RI = 500 nm, a length L = 400 nm and a thickness of 100 nm; b) G3, made of three cylinders, in 

contact with each other, having RI = 500 nm, L = 400 nm and a thickness of 100 nm. For better viewing, 

4 replicas of G2 and G3 are displayed. G3 is also presented in Figure 8a. c) Hysteretic behavior of the 



different geometries presented in the text, G1 (blue straight line), i.e. a 100 nm thick plane FeCo layer, 

G2 (red straight line) and G3 (black straight line), when the magnetic field H is parallel to the z axis. 

 

S6. Simulation of the MFM maps  

In Section 2.5, the comparison between the MF maps collected on a MST, both in unstrained (ε = 0) and 

in strained (ε = 0.025) conditions, is presented. To explain the difference in magnetic contrast between 

these two configurations, we made the hypothesis that that is due to the contribution of the stress induced 

magnetic anisotropy that developed in the strained state. We tried to verify that hypothesis, so we 

computed and compared the MFM maps that corresponded to the ε = 0 and ε = 0.025 configurations.  

The analysis was based on the micromagnetic approach presented in Section S5 and was applied to 

geometry G3, as that more closely resembles the MST. In more detail, the MFM signal was related to 

the second derivative of the vertical component of the stray field generated by G3 and calculated with 

respect to the vertical direction.[21] The stray field was computed through the MuMax3 software from the 

magnetization map evaluated at the magnetic remanence. The second derivative was calculated at a 

distance of 35 nm from G3 surface, so to adopt the same conditions used for MFM measurements (see 

Section 5.8). To evaluate the magnetization maps corresponding to the unstrained and to the strained 

case, we used the same approach presented in Section S5. For reference, also the MFM map 

corresponding to the absence of magnetoelastic contributions, i.e. when just the shape anisotropy is 

included in the calculation, was calculated. 

The comparison between the simulated MFM maps corresponding to the three described configurations, 

KE = 0 J m-3, KE = 8 × 104 J m-3, KE-appl = 3.7 × 105 J m-3, are presented in Figure S10a, S10b, and S10c, 

respectively, and discussed in section 3.  



 

Figure S10. Comparison between the simulated MFM maps evaluated on the bundle of 3 cylinders 

(described in Figure S9b) when: a) only the presence of the magnetic shape anisotropy is considered; b) 

also the magnetoelastic anisotropy is included, having a local orientation that changes while KE = 8  104 

J m-3; c) the magnetoelastic anisotropy has an orientation parallel to the z axis and KE-appl = 3.7 × 105 J 

m-3. In panels a), b) and c), for better viewing, the maps were replicated 4 times: the horizontal straight 

lines represent the separation between the different copies. The four arrows included at the bottom of 

panels a), b) and c) are a reference to the four vertical dashed lines displayed in panel d), that are related 

to the morphology of the bundle: lines 2 and 3 correspond to the borders of the top fiber, line 1 to the left 

border of the fiber located at the bottom, on the left, and line 4 to the right border of the fiber located at 

the bottom, on the right.  
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