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S1. Derivation of the analytical formulae 

We consider a biocomposite segment of length 𝐿𝑐 and a dynamic modulus 𝐸𝑐
∗ = 𝐸𝑐 ⋅

𝑒𝑖⋅𝛿𝑐, which includes a pair of elastic reinforcements of elastic modulus 𝐸𝑓 —connected 

by a viscoelastic interface of length 𝐿𝑖 and a dynamic modulus 𝐸𝑖
∗ = 𝐸𝑖 ⋅ 𝑒𝑗⋅𝛿𝑖 (Figure 1b, 

main text). Using the inverse rule-of-mixtures, 𝐸𝑐
∗ links to 𝐸𝑓  and 𝐸𝑖

∗ via the relative 

length of the interface in the biocomposite segment (𝐿𝑖/𝐿𝑐): 

1

𝐸𝑐
∗

=
1 − 𝐿𝑖/𝐿𝑐

𝐸𝑓
+

𝐿𝑖/𝐿𝑐

𝐸𝑖
∗  (S1) 

By rearranging Equation (S1), we obtain: 

𝐸𝑖
∗ ⋅ [𝐸𝑓 − 𝐸𝑐

∗ ⋅ (1 − 𝐿𝑖/𝐿𝑐)] = 𝐸𝑐
∗ ⋅ 𝐸𝑓 ⋅ 𝐿𝑖/𝐿𝑐 (S2) 

Next, we express the dynamic moduli of the interfacial region and the composite 

segment via their substitute real and imaginary parts, 𝐸𝑖
∗ = 𝐸𝑖

′ + 𝑗 ⋅ 𝐸𝑖
′′ and 𝐸𝑐

∗ = 𝐸𝑐
′ + 𝑗 ⋅

𝐸𝑐
′′, substitute them into Equation (S2), and solve the real and imaginary parts, respec-

tively: 

𝐸𝑖
′ ⋅ 𝐸𝑓 − 𝐸𝑖

′ ⋅ 𝐸𝑐
′ ⋅ (1 − 𝐿𝑖/𝐿𝑐) + 𝐸𝑖

′′ ⋅ 𝐸𝑐
′′ ⋅ (1 − 𝐿𝑖/𝐿𝑐) = 𝐸𝑐

′ ⋅ 𝐸𝑓 ⋅ 𝐿𝑖/𝐿𝑐 (S3) 

𝐸𝑐
′′ ⋅ 𝐸𝑖

′ ⋅ (1 − 𝐿𝑖/𝐿𝑐) + 𝐸𝑖
′′ ⋅ 𝐸𝑓 − 𝐸𝑖

′′ ⋅ 𝐸𝑐
′ ⋅ (1 − 𝐿𝑖/𝐿𝑐) = 𝐸𝑐

′′ ⋅ 𝐸𝑓 ⋅ 𝐿𝑖/𝐿𝑐 (S4) 

Then, we solve Equations (S3a) and (S3b) for 𝐸𝑖
′ and 𝐸𝑖

′′ and obtain: 

𝐸𝑖
′ =

𝐸𝑓 ⋅ 𝐿𝑖/𝐿𝑐 ⋅ [(𝐸𝑐
′2 + 𝐸𝑐

′′2) ⋅ (𝐿𝑖/𝐿𝑐 − 1) + 𝐸𝑐
′ ⋅ 𝐸𝑓] ⋅

𝐸𝑐
′2 ⋅ (𝐿𝑖/𝐿𝑐 − 1)2 + 2 ⋅ 𝐸𝑐

′ ⋅ 𝐸𝑓 ⋅ (𝐿𝑖/𝐿𝑐 − 1) + 𝐸𝑐
′′2 ⋅ (𝐿𝑖/𝐿𝑐 − 1)2 + 𝐸𝑓

2  
 (S5) 

𝐸𝑖
′′ =

𝐸𝑐
′′ ⋅ 𝐸𝑓

2 ⋅ 𝐿𝑖/𝐿𝑐

𝐸𝑐
′2 ⋅ (𝐿𝑖/𝐿𝑐 − 1)2 + 2 ⋅ 𝐸𝑐

′ ⋅ 𝐸𝑓 ⋅ (𝐿𝑖/𝐿𝑐 − 1) + 𝐸𝑐
′′2 ⋅ (𝐿𝑖/𝐿𝑐 − 1)2 + 𝐸𝑓

2  
 (S6) 

Next, express the modulus magnitude of the interfacial region via 𝐸𝑖 = √𝐸𝑖
′2

+ 𝐸𝑖
′′2,  

use the relationships 𝐸𝑐 = √𝐸𝑐
′2 + 𝐸𝑐

′′2 and  𝐸𝑐
′ = 𝐸𝑐 ⋅/√1 + tan2 𝛿𝑐, and rearrange to ob-

tain Equation (2) at the main text: 

𝐸𝑖 = 𝐸𝑐 ⋅
𝐿𝑖

𝐿𝑐
⋅

1

√1 −  2 ⋅ (1 −
𝐿𝑖

𝐿𝑐
) ⋅ (

𝐸𝑐

𝐸𝑓
) ⋅

1

√1 + tan2 𝛿𝑐

+ (
𝐸𝑐

𝐸𝑓
)

2

⋅ (1 −
𝐿𝑖

𝐿𝑐
)

2
 

(S7) 

Similarly, we express the loss coefficient of the interfacial region via 𝐸𝑖 = 𝐸𝑖
′′/𝐸𝑖

′, use 

again the relationship 𝐸𝑐
′ = 𝐸𝑐 ⋅/√1 + tan2 𝛿𝑐, and rearrange to obtain Equation (3) at the 

main text: 
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tan 𝛿𝑖 = tan 𝛿𝑐 ⋅
1

1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
) ⋅ √1 + tan2 𝛿𝑐

 
(S8) 

Next, we consider tan 𝛿𝑐 ≤ 1/2 , for which √1 + tan2 𝛿𝑐 ≈ 1 +
1

2
⋅ tan2 𝛿𝑐  and 

1

√1+tan2 𝛿𝑐
≈ 1 −

1

2
⋅ tan2 𝛿𝑐 , and introduce these approximations into Equations (S7) and 

(S8): 

𝐸𝑖 = 𝐸𝑐 ⋅
𝐿𝑖

𝐿𝑐
⋅

1

√[1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)]

2

+ (1 −
𝐿𝑖

𝐿𝑐
) ⋅ (

𝐸𝑐

𝐸𝑓
) ⋅ tan2 𝛿𝑐

 
(S9) 

tan 𝛿𝑖 = tan 𝛿𝑐 ⋅
1

[1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)] −

1
2

⋅
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
) ⋅ tan2 𝛿𝑐

 
(S10) 

Rearranging: 

𝐸𝑖 = 𝐸𝑐 ⋅
𝐿𝑖

𝐿𝑐
⋅

1

1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)

⋅
1

√1 +
(1 −

𝐿𝑖

𝐿𝑐
) ⋅ (

𝐸𝑐

𝐸𝑓
) ⋅ tan2 𝛿𝑐

[1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)]

2

 

(S11) 

tan 𝛿𝑖 = tan 𝛿𝑐 ⋅
1

1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
) ⋅

⋅
1

1 −

1
2

⋅
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
) ⋅ tan2 𝛿𝑐

1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)

 

(S12) 

We consider 0 <
𝐿𝑖

𝐿𝑐
, 

𝐸𝑐

𝐸𝑓
≤

1

4
 and  tan 𝛿𝑐 ≤

1

2
, use Taylor’s expansions for the denom-

inators of the right-hand terms in Equations (S11) and (S12), and identify that: 

√1 +

(1 −
𝐿𝑖

𝐿𝑐
) ⋅ (

𝐸𝑐

𝐸𝑓
) ⋅ tan2 𝛿𝑐

[1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)]

2 ≤ √1 +

(
𝐸𝑐

𝐸𝑓
) ⋅ tan2 𝛿𝑐

(1 −
𝐸𝑐

𝐸𝑓
)

2 ≤ √1 +
1

9
~1 (S13) 

1 −

1
2

⋅
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
) ⋅ tan2 𝛿𝑐

1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)

≤ 1 −

1
2

⋅
𝐸𝑐

𝐸𝑓
⋅ tan2 𝛿𝑐

1 −
𝐸𝑐

𝐸𝑓
⋅

≤ 1 −
1

28
~1 (S14) 

Consequentially, Equations (S11) and (S12) reduce to Equations (3) and (4) at the 

main text: 

𝐸𝑖 = 𝐸𝑐 ⋅
𝐿𝑖

𝐿𝑐
⋅

1

1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)
 

(S15) 

tan 𝛿𝑖 = tan 𝛿𝑐 ⋅
1

1 −
𝐸𝑐

𝐸𝑓
⋅ (1 −

𝐿𝑖

𝐿𝑐
)
 

(S16) 
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Table S1. Summary of DMA simulations results, shown in Figure 2 in the main text. 

Input DMA-FE Output DMA-FE 
𝒌𝑬 (𝑬𝒒. 𝟒) 𝑺𝒚𝒎𝒃𝒐𝒍 

𝑬𝒇 (𝑮𝑷𝒂)  𝑬𝒊/𝑬𝒇 𝑳𝒊/𝑳𝒄 𝐭𝐚𝐧 𝜹𝒊 𝑬𝒄(𝑮𝑷𝒂) 𝐭𝐚𝐧 𝜹𝒄 

0.1 0.053 0.05 0 0.0526 0 0.1 ○ 

1 0.053 0.05 0 0. 526 0 0.1 ○ 

10 0.053 0.05 0 5.26 0 0.1 ○ 

100 0.053 0.05 0 52.6 0 0.1 ○ 

0.1 0.011 0.09 0 0.01 0 0.1 □ 

1 0.011 0.09 0 0.10 0 0.1 □ 

10 0.011 0.09 0 1.01 0 0.1 □ 

100 0.011 0.09 0 10.1 0 0.1 □ 

0.1 0.053 0.05 0.5 0.0526 0.24 0.1 + 

1 0.053 0.05 0.5 0. 526 0.24 0.1 + 

10 0.053 0.05 0.5 5.26 0.24 0.1 + 

100 0.053 0.05 0.5 52.6 0.24 0.1 + 

0.1 0.011 0.09 0.5 0.01 0.45 0.1 * 

1 0.011 0.09 0.5 0.10 0.45 0.1 * 

10 0.011 0.09 0.5 1.01 0.45 0.1 * 

100 0.011 0.09 0.5 10.1 0.45 0.1 * 

0.1 0.177 0.15 0 0.0588 0 0.3 ○ 

1 0.177 0.15 0 0.588 0 0.3 ○ 

10 0.177 0.15 0 5.88 0 0.3 ○ 

100 0.177 0.15 0 58.8 0 0.3 ○ 

0.1 0.067 0.25 0 0.0222 0 0.3 □ 

1 0.067 0.25 0 0.222 0 0.3 □ 

10 0.067 0.25 0 2.22 0 0.3 □ 

100 0.067 0.25 0 22.2 0 0.3 □ 

0.1 0.177 0.15 0.5 0.0588 0.24 0.3 + 

1 0.177 0.15 0.5 0.588 0.24 0.3 + 

10 0.177 0.15 0.5 5.88 0.24 0.3 + 

100 0.177 0.15 0.5 58.8 0.24 0.3 + 

0.1 0.067 0.25 0.5 0.0222 0.41 0.3 * 

1 0.067 0.25 0.5 0.222 0.41 0.3 * 

10 0.067 0.25 0.5 2.22 0.41 0.3 * 

100 0.067 0.25 0.5 22.2 0.41 0.3 * 

0.1 0.199 0.75 0 0.025 0 0.8 ○ 

1 0.199 0.75 0 0.25 0 0.8 ○ 

10 0.199 0.75 0 2.5 0 0.8 ○ 

100 0.199 0.75 0 25 0 0.8 ○ 

0.1 0.047 0.79 0 0.0059 0 0.8 □ 

1 0.047 0.79 0 0.059 0 0.8 □ 

10 0.047 0.79 0 0.59 0 0.8 □ 

100 0.047 0.79 0 5.9 0 0.8 □ 

0.1 0.067 0.75 0.5 0.025 0.47 0.8 + 

1 0.067 0.75 0.5 0.25 0.47 0.8 + 

10 0.067 0.75 0.5 2.5 0.47 0.8 + 

100 0.067 0.75 0.5 25 0.47 0.8 + 

0.1 0.199 0.79 0.5 0.0059 0.49 0.8 * 

1 0.199 0.79 0.5 0.059 0.49 0.8 * 
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10 0.199 0.79 0.5 0.59 0.49 0.8 * 

100 0.199 0.79 0.5 5.9 0.49 0.8 * 

Table S2. Summary of DMA simulations results, shown in Figure 3 in the main text. 

Input DMA-FE Output DMA-FE 
𝒌𝜹 (𝑬𝒒. 𝟓) 𝑺𝒚𝒎𝒃𝒐𝒍 

𝑬𝒇 (𝑮𝑷𝒂)  𝑬𝒊/𝑬𝒇 𝑳𝒊/𝑳𝒄 𝐭𝐚𝐧 𝜹𝒊 𝑬𝒄(𝑮𝑷𝒂) 𝐭𝐚𝐧 𝜹𝒄 

10 0.05 0.5 0 0.95 0 1.05 ○ 

10 0.05 0.5 0.2 0.95 0.190 1.05 ○ 

10 0.05 0.5 0.4 0.95 0.379 1.05 ○ 

10 0.015 0.75 0.1 1.9 0.095 1.05 □ 

10 0.015 0.75 0.3 1.9 0.285 1.05 □ 

10 0.015 0.75 0.5 1.9 0.473 1.05 □ 

10 0.079 0.05 0 6.66 0 2.5 ○ 

10 0.078 0.05 0.2 6.66 0.079 2.5 ○ 

10 0.076 0.05 0.4 6.66 0.157 2.5 ○ 

10 0.167 0.1 0.1 6.32 0.040 2.5 □ 

10 0.165 0.1 0.3 6.32 0.119 2.5 □ 

10 0.156 0.1 0.5 6.32 0.194 2.5 □ 

10 0.04 0.01 0 8.1 0 5 ○ 

10 0.04 0.01 0.2 8.1 0.039 5 ○ 

10 0.04 0.01 0.4 8.1 0.079 5 ○ 

10 0.21 0.05 0.1 8.4 0.020 5 □ 

10 0.20 0.05 0.3 8.4 0.059 5 □ 

10 0.19 0.05 0.5 8.4 0.098 5 □ 
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Table S3. Summary of the DMA simulation results for the zigzag-shaped interfaces and the corre-

sponding back-calculations of 𝐸𝑖 and tan 𝛿𝑖 via Equations (4) and (5), where 𝐸𝑚 = 1, 𝐸𝑓/𝐸𝑚 =

10, and tan 𝛿𝑚 = 1/2 

Input DMA-FE Output DMA-FE Back-Calculations 

𝜽 [°] 𝑳𝒊/𝑳𝒎 𝑳𝒊/𝑳𝒄 𝑬𝒄/𝑬𝒎 𝐭𝐚𝐧 𝜹𝒄 𝒌𝑬 (𝑬𝒒. 𝟒) 𝑬𝒊/𝑬𝒎 𝒌𝜹 (𝑬𝒒. 𝟓) 𝐭𝐚𝐧 𝜹𝒊 

3.8 1.13 
0.1 6.1 0.202 0.22 1.34 2.24 0.453 
1 1.22 0.462 1 1.22 1 0.462 

11.4 1.40 
0.1 6.6 0.175 0.25 1.65 2.48 0.434 
1 1.49 0.448 1 1.49 1 0.448 

18.9 1.68 
0.1 7.0 0.153 0.27 1.89 2.72 0.416 
1 1.74 0.432 1 1.74 1 0.432 

26.5 2.00 
0.1 7.4 0.134 0.30 2.22 2.96 0.397 
1 2.00 0.413 1 2.00 1 0.413 

34.1 2.35 
0.1 7.7 0.118 0.32 2.46 3.22 0.380 
1 2.30 0.394 1 2.30 1 0.394 

41.7 2.78 
0.1 8.0 0.102 0.35 2.80 3.53 0.360 
1 2.68 0.372 1 2.68 1 0.372 

49.3 3.33 
0.1 8.3 0.085 0.40 3.32 3.98 0.338 
1 3.20 0.343 1 3.20 1 0.343 

56.8 4.06 
0.1 8.7 0.064 0.47 4.09 4.66 0.298 
1 3.98 0.299 1 3.98 1 0.299 

60.6 4.55 
0.1 8.9 0.052 0.51 4.54 5.14 0.267 
1 3.98 0.299 1 3.98 1 0.299 

64.4 5.17 
0.1 9.2 0.040 0.57 5.24 5.75 0.230 
1 5.22 0.228 1 5.22 1 0.228 

68.2 6 
0.1 9.4 0.028 0.65 6.11 6.47 0.181 
1 6.05 0.180 1 6.05 1 0.180 

72.0 7.16 
0.1 9.6 0.018 0.73 7.00 7.29 0.131 
1 6.97 0.128 1 6.97 1 0.128 

 


