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interest lies in the fabrication of microscale materials with advanced mechanical properties [START_REF] Lee | Micro-/nanostructured mechanical metamaterials[END_REF]. Within this class, microlattice materials consist of micro-and nano-scale truss-like elements that are assembled in three-dimensions. It has been shown that hollow, metallic or ceramic microlattices are strong, yet extremely lightweight [START_REF] Jang | Fabrication and deformation of threedimensional hollow ceramic nanostructures[END_REF][START_REF] Meza | Strong, Lightweight and Recoverable Three -Dimensional Ceramic Nanolattices[END_REF][START_REF] Rys | Fabrication and deformation of metallic glass micro-lattices[END_REF]. For nanometer-thin ceramic lattices, size effects also increase the damage tolerance [START_REF] Jang | Fabrication and deformation of threedimensional hollow ceramic nanostructures[END_REF]. Besides the possibility of adjusting the mechanical properties by varying the microlattice geometry it is also possible to adjust the base material properties. For instance, the degree of polymerization in polymers offers the ability to adjust the mechanical as well as optical properties [START_REF] Jiang | Two-photon polymerization: investigation of chemical and mechanical properties of resins using Raman microspectroscopy[END_REF][START_REF] Zukauskas | Tuning the refractive index in 3D direct laser writing lithography: towards GRIN microoptics[END_REF]. Other approaches used to increase the strength and stiffness of microlattices include pyrolysis [START_REF] Bauer | Approaching theoretical strength in glassy carbon nanolattices[END_REF], the use of a metallic base material [START_REF] Gu | Ultra-strong architected Cu meso-lattices[END_REF] or the doping of photoresist with nanoparticles [START_REF] Xiong | Laserdirected assembly of aligned carbon nanotubes in three dimensions for multifunctional device fabrication[END_REF].

Microlattices have been proposed for a number of applications, ranging from electrodes for batteries [START_REF] Xu | Three-dimensional Au microlattices as positive electrodes for Li-O 2 batteries[END_REF], photonic crystals for strain sensing [START_REF] Chernow | Polymer lattices as mechanically tunable 3-dimensional photonic crystals operating in the infrared[END_REF] and for use as ultrasonic filters exploiting local resonances [START_REF] Krödel | 3D auxetic microlattices with independently controllable acoustic band gaps and quasi-static elastic moduli[END_REF][START_REF] Krödel | Microlattice metamaterials for tailoring ultrasonic transmission with elastoacoustic hybridization[END_REF]. Microlattices are also promising as energy and sound absorbing materials, for instance in helmets or other protective equipment. Foam materials are traditionally used in these applications, as they can be produced relatively easily and their properties can be adjusted over a wide range [START_REF] Gibson | Cellular Solids: Structure and Properties[END_REF][START_REF] Göransson | Acoustic and vibrational damping in porous solids[END_REF][START_REF] Fleck | Micro-architectured materials: past, present and future[END_REF][START_REF] Ashby | The properties of foams and lattices[END_REF]. Traditional foams can be made from metallic [START_REF] Jang | On the crushing of aluminum open-cell foams: Part I. Experiments[END_REF][START_REF] Jang | On the crushing of aluminum open-cell foams: part II analysis[END_REF] or polymeric [START_REF] Saint-Michel | Mechanical properties of high density polyurethane foams: I. Effect of the density[END_REF][START_REF] Zhu | Modelling the creep of open-cell polymer foams[END_REF] base materials and their mechanical properties are adjusted mainly by changing their effective density. However, due to their randomized architecture the mechanical properties of foams are up to one order of magnitude inferior when compared to highly architected periodic microlattices [START_REF] Wadley | Fabrication and structural performance of periodic cellular metal sandwich structures[END_REF]. Therefore, microlattice materials have a large potential in energy absorption. Some energy dissipating microlattices exploit plastic deformation in the hinges at large strains [START_REF] Wang | Plastic dissipation mechanisms in periodic Microframe-structured polymers[END_REF][START_REF] Lee | Enhanced energy dissipation in periodic epoxy nanoframes[END_REF], while others use carefully designed instabilities (i.e., buckling of structures) [START_REF] Shan | Multistable Architected Materials for Trapping Elastic Strain Energy[END_REF][START_REF] Frenzel | Tailored buckling microlattices as reusable light-weight shock absorbers[END_REF]. Buckling induces spontaneous bifurcations that, in turn, excite high frequency structural vibrations in the lattices [START_REF] Findeisen | Characteristics of mechanical metamaterials based on buckling elements[END_REF]. These vibrations are then damped by viscoelasticity, a dissipation mechanism particularly important for hollow metallic microlattices [START_REF] Schaedler | Designing metallic microlattices for energy absorber applications[END_REF][START_REF] Salari-Sharif | Energy dissipation mechanisms in hollow metallic microlattices[END_REF][START_REF] Maloney | Microlattices as architected thin films: Analysis of mechanical properties and high strain elastic recovery[END_REF]. Lattices that undergo plastic deformation and/ or buckling are primarily designed for impact mitigation. However, they can usually only be used once, as the dissipated energy at each loading cycle decreases dramatically with increasing number of cycles, due to accumulating failure [START_REF] Salari-Sharif | Energy dissipation mechanisms in hollow metallic microlattices[END_REF]. Differently than impact, vibration absorption problems benefit from continuous energy dissipation over many cycles of mechanical loading. The damping of structural vibrations is important in many engineering systems, including machinery, automotive, aircrafts and satellites. As structural materials typically show a very low amount of intrinsic damping [START_REF] Andreasen | On the realization of the bulk modulus bounds for two-phase viscoelastic composites[END_REF], they are often combined with viscoelastic materials, such as foams, to deliver a sufficient amount of vibration mitigation. The viscoelastic dissipation in random foam materials is well documented [START_REF] Saint-Michel | Mechanical properties of high density polyurethane foams: I. Effect of the density[END_REF][START_REF] Zhu | Modelling the creep of open-cell polymer foams[END_REF], but it remains unexplored in structured microlattices.

Here, we study the viscoelastic properties of polymeric microlattices fabricated using direct-laser writing (DLW) 2-photon lithography. We perform relaxation experiments on two representative microlattices, one bending and one stretch dominated, and study their viscous response. Moreover, we show for the first time how microstructure in microlattice materials impacts their viscoelastic response. We vary their effective density and strain level, to identify the key parameters for design. Results show that tuning the effective density permits to tailor the ratio between stiffness and energy dissipation over a wide range. We inform the experiments with finite element computations, using a generalized Maxwell constitutive model [START_REF] Jalocha | Revisiting the identification of generalized Maxwell models from experimental results[END_REF]. The computations match the experimental measurements and give insights into the dissipation mechanisms and the precise distribution of mechanical fields in the structures.

II. Materials and methods

Lattice design and fabrication

In our work we focus on the control of mechanical properties by adjusting the microstructure, apart from the possibility of controlling their properties by changing the polymer base or degree of polymerization [START_REF] Zukauskas | Tuning the refractive index in 3D direct laser writing lithography: towards GRIN microoptics[END_REF].

We design microlattice materials using the CAD environment of Comsol Multiphysics ©. We focus on stretch dominated (SD) (Fig. 1(a)-(c)) and bending dominated (BD) microstructures (Fig. 1(d)-(f)). In SD, the trusses show a high degree of connectivity and some trusses are loaded in stretch/compression, which makes the structural response of the microlattices stiffer [START_REF] Gibson | The Mechanics of Three-Dimensional Cellular Materials[END_REF]. BD structures have a lower degree of connectivity and exhibit an overall more compliant structural response. The unit cells (UC) are completely described by two parameters: the cell size a and the truss diameter r. In the following, we fix the cell size to a SD = 26 μm and a BD = 33 μm. We fabricate samples for compression testing by tessellating the UC's, Fig. 1(b), (e). We found 3× 3× 4 UC's sufficient to represent the mechanical response of the lattice. The small number of necessary unit cells stems from the uniaxial stress state.

?A3B2 tlsb=-0.03w?>For fabrication, we use a commercially available DLW tool based on 2-photon polymerization (Nanoscribe™). The CAD designed structures are exported as .stl files and Describe© is used for further processing. In Describe the 3D structures are discretized in vertical slices of 0.5 μm thickness. Each slice is then hatched into lines with a distance of 0.35 μm that form the input to the direct laserwriting tool. The x-y plane resolution of the tool is higher than the resolution in z due to the elliptical voxel cross section. The fabrication process can be divided into 4 main steps: (i) Sample preparation step: ITO coated glass substrates are cleaned with acetone and isopropanol in a sonicator and liquid photoresist (IP-Dip™) is drop casted onto the substrates. (ii) Writing step: samples are fabricated in dip-in immersion process, where the 25 × (Zeiss, LCI Plan Neofluar, NA = 0.8) microscope objective is in direct contact with the liquid photoresist. We use the galvo-scanning mode with a laser power of 40 mW reaching the objective after an acousto-optic modulator and a scan speed of 25,000 μm/s. (iii) Cleaning and drying step: samples are developed for 10 min in OrmoDev600™ prior to 5 min in isopropanol washing. Afterwards the structures are left to dry in air. (iv) Baking step: before mechanical testing, structures undergo a post baking treatment (as described in [START_REF] Schroer | Optimizing the mechanical properties of polymer resists for strong and light-weight micro-truss structures[END_REF]) to increase their mechanical stability and fully cure the resist. Samples are heated up in an oven (Thermo Fischer Scientific) from room temperature to 200 °C, with a heating rate < 10 °C/min, followed by a 15 min hold and a final cooling under a small rate (< 10 °C/min) to room temperature.

?A3B2 tlsb=-0.03w?>The samples (Fig. 1(b), (e)) have an overall height of approximately 100 μm and a side length of 70 μm. On top of the lattice samples, we fabricate a rounded plate, which permits to apply a homogeneous compression to the samples. Note that the writing process produces non-smooth surfaces of the truss elements (see Fig. 1(c), (f)), which will not be considered in the following analysis. However, the small irregularities are defects, which have a clear role for the onset of buckling or fatigue in the truss elements. The amplitude of the wrinkles is approximately 0.1 μm with a wavelength of 0.35 μm. Another aspect of the writing process is the residual deformation due to residual stresses, which can be observed by slightly curved vertical edges of the microlattice structures. This aspect will equally be neglected in the analysis.

One of the main parameters determining the mechanical behavior of a cellular material is its effective density [START_REF] Ashby | The properties of foams and lattices[END_REF][START_REF] Lee | Enhanced energy dissipation in periodic epoxy nanoframes[END_REF]. To study the influence of varying effective density, ρ = = L between solid material and the overall volume of the cubic UC. Effective densities are calculated based on the CAD models that have been informed by SEM images. The chosen truss radii result in effective densities between 8% and 65% for stretch dominated structures and 4% and 45% for bending dominated structures respectively (see Fig. 2(a),(b)). The resulting effective densities of the SD structures are larger at equal radius due to the higher number of trusses per unit cell and the higher connectivity of trusses. In general, the minimum radius is restricted by structural stability, while the maximum radius is set close to the merging of individual trusses.

Micro scale relaxation experiments and generalized Maxwell model

For our experiments, we use a customized compression test setup based on the commercial FemtoTools™ setup (Fig. 3(a)). We perform displacement-controlled tests, by adjusting the x,y,z position of the capacitive force sensor and measuring the resulting force. To automate our relaxation tests, we program a custom LabView interface. In our experiments, we used two different sensors (FTS10000, FTS100000, with a maximum force of 10.000 μN and 100.000 μN) depending on the required force range. These two sensors have a flat tip area of 50 × 50 μm, which allows compatibility with the compression samples (Fig. 1 stiffness in our experiment. Therefore, there is a non-negligible displacement in the force sensors for the performed experiments. The total measured displacement u is due to the deformation in the sensor spring u exp and the displacement in the sample u s . The actual displacement in the sample u s can be written as:

u u u u F K = - = - , s exp exp (1)
The sensor stiffness is assumed to be non-viscous and can be obtained by measuring directly on the stiff glass substrate.

Relaxation experiments are performed by bringing the sensor in close proximity to the sample and imposing a constant displacement for a prescribed amount of time (typically 400 s) (Fig. 3(b)). In the following, we consider the effective stress and strain of the lattice structure, σ = , respectively. Here A L denotes the projected area of the lattice and H L the lattice height. Note that these are effective properties and should not be mistaken with the microscopic stress  σ and strain ε ̂that occur at the individual trusses. The goal of the relaxation experiments is to obtain the time dependent relaxation modulus of the analyzed sample:

E t σ t ε t ( ) = ( ) ( ) (2) 
The performed relaxation test deviates slightly from an ideal relaxation experiment: (i) The loading rate is finite (around 1 s -1 ), and (ii) the applied strain is not constant throughout the experiment (for a given relaxing force the displacement in the sample increases, see Eq. ( 1)). In linear viscoelasticity, the response to an arbitrary strain history can be predicted by means of the Boltzmann superposition principle [43]:

∫ ∫ σ t E t τ dε dτ E t τ dε ( ) = ( -) ˙= ( -) . t ε ε t -∞ (-∞) ( ) (3) 
To obtain the relaxation modulus from our experiments, we can discretize this relation. Suppose that we record the strain ε from time t = 0 till t = n Δt. Using a time stepping of Δt we can write the stress at t = m Δt:

∑ σ m t E i t ε i t ( Δ ) = ( Δ )Δ ( Δ ) i m =1 (4) 
with the incremental strain being Δε = ε(i Δt) -ε((i -1)Δt). We can rewrite this expression in terms of the relaxation modulus at t = m Δt:

E m t σ m t E i t ε i t ε m t ( Δ ) = ( Δ ) -∑ ( Δ )Δ ( Δ ) Δ ( Δ ) . i m =1 -1 (5) 
In our experiments, we use a time stepping of 1 ms.

To gain insights into the viscoelastic behavior, we also model the samples using a generalized Maxwell model (GMM), see Fig. 3(b). This GMM is also used as an input for the material in our FEM simulations. The branches of the model yield relaxation modulus in the form of a discrete Prony series:

∑ E t E E e ( ) = + , i n i t τ ∞ =1 -i (6)
where E ∞ is the relaxed modulus, E i are the moduli of the different branches and τ i the corresponding time constants. Note that the GMM is in series with the experimental stiffness E exp . By transforming into the frequency domain, we can obtain the frequency dependent form of the storage and loss modulus.

∑ ∑ The loss factor is defined as the ratio between loss and storage modulus: η = E E ″ ′ . For fitting the GMM to a continuous relaxation spectrum from experimental data, we fix the number of branches to 4 and set the relaxation times manually to avoid the ill-posed optimization problem [START_REF] Jalocha | Revisiting the identification of generalized Maxwell models from experimental results[END_REF]. A complete analysis over a larger spectrum of temperatures and relaxation times would probably impose the use of a larger number of branches. We use the lsqcurvefit function of Matlab© to fit the 5 missing moduli to the experimental curves.

E ω E E ω τ ω τ E ω E ωτ ω τ ′( ) = + 1 + ″( ) = 1 + i n i i i i n i i i ∞ =1 2 2 2 2 =1 2 2 (7) 

Finite element modeling

The experiments and the calculation of the effective viscoelastic properties of the microlattices have been complemented with detailed time-domain and frequency-domain analysis, using the finite element package Comsol Multiphysics©. We study only the unit cells of the lattices, with applied periodic boundary conditions on the side faces. The bottom surfaces were fixed and we applied either step (relaxation experiment) or harmonic displacement (frequency domain) on the top surface. The frequency domain simulations are performed to study the dissipated energy per cycle in the different lattices. The meshes were based on the sample's geometry as measured in a scanning electron microscope and contained typically 50 × 10 3 terahedral elements with approximately 1 × 10 6 degrees of freedom. The mesh size was verified on quasi-static simulations. Refinement stopped once the final results changed < 1%. The constitutive linear viscoelastic material was a Prony series with 4 branches, equivalent to the GMM described in the preceding section. Inertial effects can be neglected, as the considered time scales are far larger than time scales corresponding to eigenfrequencies of the structures.

III. Results

Static compression experiments

We perform quasi-static measurements at a strain rate of 10 -3 s -1 for 6 different structures: SD lattices with a radius of 1 μm and 1.5 μm (Fig. 4(a)) and BD lattices with a radius of 1 μm, 1.5 μm, 2.5 μm and 3.5 μm (Fig. 4(b)).

The measurements show the complete loading range, which begins with an initially linear region, followed by a softening region, characterized by buckling of the beam elements, and failure, which occurs at the nodes. The onset of failure at the nodes is responsible for the load reduction (Fig. 4(a), (b)). SD structures with an initial static stiffness of 172.2 MPa reach a maximum strength of 7.65 MPa, while the same geometry with an initial stiffness of 60.4 MPa reach a maximum strength of 1.68 MPa. The linear range of SD structures is typically up to 2-3% of the effective strain. For BD structures, we observe absolute strengths values increasing from 0.41 MPa, 1.58 MPa, 6.03 MPa to13.38 MPa, when the static stiffness increases from 5.43 MPa, 19.78 MPa, 77.26 MPa to 180.16 MPa. The linear elastic region is slightly larger for the bending dominated structures, up to 6% of the effective strain. At similar densities (e.g., 14.0% for SD and 13.6% for BD) the stiffness of the SD lattice is also significantly higher than that of the BD lattice. The increased stiffness in the SD lattices arises from the higher connectivity of the members and their tensile response during deformation. We also analyzed the tested samples for visual signs of damage after full compression (Fig. 5(a),(b)).

The stretch dominated lattices showed primarily failure induced by the buckling of the vertically aligned truss elements, which are loaded in compression (Fig. 5(a)). For the r 0 = 1.5μm SD structure we estimated the first buckling failure mode at ≈6% strain based on linear buckling finite element analysis of the full sample. The vertical bars are thinner than the horizontal bars due to the elongated voxel geometry, possibly limiting the mechanical performance of SD structures. On the contrary, BD lattices fail mainly at the nodes, where the highest stress concentrations occur, induced by bending (Fig. 5(b)), before the onset of buckling. Despite the several through cracks observed by visual inspection under the SEM, the samples show a high degree of long-term recovery, up to 90%, after one full loading cycle. This recovery could eventually be enhanced using thermal annealing and further investigations are needed to assess the complete role of temperature and/or curing on damaged structures after loading.

Lattice relaxation experiment

Relaxation experiments were performed at strains 2% and 4% for SD and 4% and 8% for BD structures. The large strains (4%, 8%, respectively) allow studying the influence of the onset of buckling and plasticity on the viscoelastic dissipation. Additionally, the strain for BD lattices is set to an overall higher value, as the linear elastic range of these structures observed in quasi-static experiments is larger (Fig. 4(b)). Typical measurement curves for two different structures show that the relaxation test deviates from the ideal case (Fig. 6(a)). During measurements, the strain in the sample increases slightly due to relaxing stress that reduced the displacement in the sensor (Eq. ( 1)). A clear relaxation in stress in the observed time frame is visible (Fig. 6(b)). After approximately 200 s, we observe a plateau of the effective stress. For each measured sample, we can calculate the experimental relaxation modulus (Fig. 6(c)) from Eq. [START_REF] Bauer | Approaching theoretical strength in glassy carbon nanolattices[END_REF]. We test at least 3 samples for each parameterization and found a low variability between samples (< 5%), highlighting the reproducibility of the fabrication technique. Additionally, we use a GMM with 4 branches to fit to the average relaxation modulus of each structure (Fig. 6(c)). We found 4 times constants at 0.1 s, 1 s, 10 s and 50 s sufficient to obtain a good fit to all the experimental measurements (error < 5%). Using Eqs. ( 6) and ( 7), we can calculate the frequency dependent loss and storage moduli on the basis of the GMM (Fig. 6(d)). The multiple variations in the shape of E′ and E″ observed in Fig. 6(d) can generally be associated with a more complex distribution of polymeric chains in the network.

The results of the relaxation experiments are summarized in Table I. The loss factors of both the SD and BD structures are very similar at small strains.

To gain insights into the influence of elevated strains, we perform relaxation tests at 8% for BD and 4% for SD. These strains are outside the linear elastic region (Fig. 4(a), (b)) and are expected to trigger other dissipation channels. We observe two distinct effects: (i) Both the relaxed and unrelaxed moduli are reduced, which is coherent with the reduced slope in the nonlinear stress-strain relation (Fig. 4(a), (b)); and (ii) the difference between unrelaxed and relaxed modulus increases. This difference is related to the increasing dissipation, which reflects also in the increase loss factor for larger strain (Fig. 6(d) andTable I). The increase in loss-factor is approximately two-fold for the large strain experiments, from 0.044 to 0.091 for SD structures. The maximum loss factor in our experiments occurs at relatively low frequencies of 0.27 Hz. For small strains, we find that the measured loss factor is consistent with loss factors of typical acrylic polymers [START_REF] Ashby | Materials Selection in Mechanical Design[END_REF]. However, for large strains, the reached losses dramatically increase as observed also in conventional foam materials [START_REF] Zhu | Modelling the creep of open-cell polymer foams[END_REF].

Density scaling laws

The properties of conventional foams are typically described in the form of density scaling laws [START_REF] Gibson | The Mechanics of Three-Dimensional Cellular Materials[END_REF]. For an ideal, bending dominated foam/lattice the static stiffness scales E ∝ ρ 2 . We find a consistent scaling for the bending dominated lattices in our experiments (Fig. 7(a)). Interestingly, the stretch dominated lattices in our experiments (in the two tested configurations) also present a quadratic scaling with density, departing from the theoretical linear scaling predicted for stretch dominated lattices. We attribute this effect to the non-perfect geometry of the fabricated microlattices (see Figs. 1,2). For example, some of the vertical trusses seem to buckle easily, possibly degrading the overall lattice performance at lower densities. We also analyzed the scaling of the loss factor (η, from the GMM fit) with the effective density of the different lattice structures (Fig. 7(b)). In BD structures, we observe a weak scaling (η∝ρ 0.1 ), possibly related to nonlinear effects, such as plasticity at the nodes. These findings imply that for BD structures it is possible to largely vary the Young's modulus (by a factor of 30), by changing the effective density of the lattices, while the loss factor changes only by 30%. We also investigate the damping figure of merit (ψ) of the tested materials (Fig. 7(c):

ψ E η ρ = 1 3 (8)
This non-dimensional number is a measure of how fast a sandwich plate, subjected to forced vibrations, would come to rest after the forcing is removed [START_REF] Salari-Sharif | Energy dissipation mechanisms in hollow metallic microlattices[END_REF][START_REF] Ashby | Metal foams: a design guide[END_REF]. The damping figure of merit decreases with density. The observed values for ψ vary between 1.20 and 3.11, significantly higher than the values observed in hollow lattice materials [START_REF] Salari-Sharif | Energy dissipation mechanisms in hollow metallic microlattices[END_REF]. This increased ψ is related to a more dissipative base material as compared to metallic or ceramic lattices. These results suggest that, especially for vibration problems, polymeric microlattices can be superior to hollow microlattices. This increased damping capabilities, however, come at the cost of a larger effective density.

Time domain finite element simulations

We perform time domain finite elements simulations on the BD and SD lattice structures. For these simulations, we analyze the deformation in a single UC (Fig. 8(a)). We fix the lower faces of the unit cell and apply a step displacement resulting in 4% strain. On the side faces of the UC, we apply periodic boundary conditions to avoid boundary effects. The resulting stress can be obtained by integration of the local stress in the z-direction, on the top surface Ω: I.

 ∫ σ t a σ t dA ( ) = 1 ( ) z 2 Ω (9) 
From the stress, we can obtain the relaxation module from Eq. ( 2). To find the base material properties, we exploit the linear relation E L (t) = C × E(t) between the relaxation modulus of the base material E(t) and the effective relaxation modulus of the lattice E L (t), with a linear constant, C, that is valid in linear viscoelasticity [START_REF] Zhu | Modelling the creep of open-cell polymer foams[END_REF][START_REF] Mills | Creep and recovery of polyolefin foamsdeformation mechanisms[END_REF]. We use the branches obtained from experimental data (Eq. ( 6)) as an input to the viscoelastic properties in Comsol Multiphysics. We assume a constant Poisson's ratio of ν = 0.49. In Comsol the viscoelastic branches are expressed in terms of shear moduli, which are related to the experimentally measured Young's moduli by:

G E ν = 2(1 + ) i i ( 10 
)
We perform one simulation with the experimental branches of the GMM and then find the linear factor C that is necessary to obtain the same instantaneous modulus (see Fig. 8(a)). This approach allows to extract the base material viscoelastic properties from the relaxation experiments. This numerical procedure results in an excellent fit to the experimental data (Fig. 8(a)). We also find a good agreement between the occurrence of the maximum von Mises stress in BD structures (Fig. 8(a)) and the observed plastic failure modes in the joints (Fig. 5(b)). Undergoing this procedure for all experimental lattices allows predicting the viscoelastic base material properties within in a narrow range (Fig. 8(b)). We find E ∞ = 2.22 ± 0.67GPa for the relaxed modulus of the photoresist IP-Dip™, used in the lattices fabrication. The predicted relaxed modulus agrees also well with previous works [START_REF] Schroer | Optimizing the mechanical properties of polymer resists for strong and light-weight micro-truss structures[END_REF][START_REF] Meza | Resilient 3D hierarchical architected metamaterials[END_REF][START_REF] Ushiba | Size dependent nanomechanics of coil spring shaped polymer nanowires[END_REF]. The linear factor C can be also used to extrapolate the microlattice viscoelastic properties if the base material is changed.

Frequency domain finite elements

To study lattice geometries that couldn't be studied in our experimental campaign, we employ frequency domain finite element simulations of BD and SD structures. Here, we subject the same UC as in the time domain simulation to a harmonic excitation with the strain ε 0 . As a measure of performance, we identify the dissipated energy per cycle Q h in one UC, which is related to the loss factor η and the maximum stored elastic energy W h :

Q π η W = 2 h h (11) 
From the GMM for the base material (Fig. 8(b)), we find that 0.27 Hz corresponds to the frequency with the maximum loss factor, which is used as harmonic frequency in all simulations. We study the overall dissipated energy per cycle in one unit cell, normalized by the energy dissipated in a solid block of the same polymer. Interestingly, we find that for effective densities of approximately 50% the energy dissipated in a microlattice is significantly larger than the energy dissipated in a bulk cube of the same size (Fig. 9(a))). This can be accounted to effects of local stress concentrations that increase the hysteresis locally. These results are have not been experimentally validated due to a limit in force range that prevents the testing of high density (stiff) structures. Additionally, in the numerical results we observe a variation in the dissipated energy distribution of the lattice, once the density is increased (Fig. 9(b)). This can also be explained by variations in the stress concentration: at lower density, local stress concentrations around the nodes of the lattice dominate the response. However, for increasing density, the dissipation becomes more uniformly distributed in the lattice. For very large beam radii (i.e., large densities), the beam elements start to merge, significantly altering the original lattice geometry and evolving towards porous material. In this case, as expected, the dissipation is distributed around the free surfaces and there is a large amount of shear. For SD structures at low densities, most of the dissipated energy is concentrated near the nodes in the vertical trusses. For larger densities, as energy concentration decreases with increasing volume or density the dissipation is more evenly spread across the UC. This difference in both spatial distribution and quantitative values will lead to different damage and failure mechanism, which have not been studied here.

IV. Conclusion

In summary, we have fabricated and analyzed the linear viscoelastic properties of polymeric microlattice materials. This analysis is an important step from previous works that were mainly addressing the quasi static, i.e. elastic or elasto-plastic, properties of microlattices. We developed a versatile experimental procedure to study stress relaxation in microlattices, for time scales up to 400 s. Our experimental study revealed that the effective Young's modulus of polymeric lattice structures, with different lattice topologies, can be adjusted by adapting their effective lattice densities. We found that, in the considered density range, the loss factor is only slightly scaling with the lattice density. We also studied the loss factor at elevated strains and found an increased loss factor and damping figure of merit of up to 3.1. The results show that the loss factor of microlattice materials is mainly increased by large strains, which is important for impact mitigation. In structural vibration absorption applications, the reached strains can be quite small. In these problems, the use of a more dissipative base material or composite is beneficial to increase the damping capabilities. Numerical simulations show that high effective density lattices outperform bulk polymeric blocks in energy dissipation. This result is counter-intuitive, as it predicts an increased dissipation with using effectively less material. To increase the range of covered frequencies, experiments at varying temperatures could be performed, exploiting the temperature/frequency equivalence of polymer viscoelasticity.
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  , where the index L describes the density/volume of the microlattice, we vary the radius of the constituting truss elements between 1 and 5.5 μm (Fig.2(a), (b)). For a lattice fabricated with a single material, the effective density is equivalent to the volume-filling fraction, , V V

Fig. 1 .Fig. 2 .

 12 Fig. 1. Unit cell geometries. (a) Stretch dominated cubic unit-cell with lattice constant a and truss radius r. (b) SEM micrograph of stretch dominated compression-test sample, scale bar is 50 μm. (c) Close-up of stretch dominated sample, scale bar is 10 μm. (d) Bending dominated cubic unit-cell with lattice constant a and truss radius r. (e) SEM micrograph of bending dominated compression-test sample, scale bar is 50 μm. (f) Close-up of bending dominated sample, scale bar is 10 μm.
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 34 Fig. 3. Experimental setup and Maxwell model. (a) Schematic of the experimental setup. (b) Testing setup for one microlattice sample and the corresponding rheological model.
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 5 Fig. 5. Failure analysis. Failure modes after a single compression cycle in (a) SD structures with and effective density of 8.5% and (b) BD structures with an effective density of 13.6%. Scale bar in overview is 25 μm and in close-up is 10 μm.
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 6 Fig. 6. Small scale relaxation experiments. (a) Strain history in the sample for typical relaxation experiment of SD (red) and BD (blue) structures. (b) Measured stress-relaxation for BD and SD structures. (c) Calculated relaxation modulus for BD and SD structures. The shaded area shows the standard deviation for BD (blue, solid) and SD (red, solid). Dashed lines represent experiments performed at twice the initial strain. Markers represent GMM fits using 4 branches. (d) Storage modulus (E′), loss-modulus (E″), and loss-factor calculated from the GMM in (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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 78 Fig. 7. Scaling laws. (a) Scaling of the relaxed Young's modulus as a function of relative density for BD (blue, square) and SD (red, dot). Experiments at large density are shown for BD (green, square) and SD (grey, dot). (b) Scaling of the loss factor as a function of relative density for BD (blue, square) and SD (red, dot). Experiments at large density are shown for BD (green, square) and SD (grey, dot). (c) Scaling of the damping figure of merit as a function of relative density for BD (blue, square) and SD (red, dot). Experiments at large density are shown for BD (green, square) and SD (grey, dot). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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 9 Fig. 9. Frequency domain simulation. (a) Power dissipation per cycle as a function of relative density for the two lattice geometries considered: BD (blue) and SD (red). (b) Von Mises stress distribution for varying densities of BD (top row), SD (bottom row) structures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table I

 I Results of micro-scale relaxation experiments. Results for initial, relaxed modulus are mean values from at least 3 measurements with an error of < 5%.

	Lattice type	Strain ε 0 (%)	Radius r 0 (μm)	Effective density (%)	Initial modulus E 0 (MPa)	Relaxed modulus E ∞	Loss factor η (-)	Damping FOM ψ (-)
						(MPa)		
	SD	2	1.0	8.5	63.1	50.1	0.035	1.52
	SD	2	1.5	14.0	234.3	176.1	0.044	1.76
	SD	4	1.5	14.0	196.2	109.6	0.091	3.11
	BD	4	1.0	4.1	6.9	5.4	0.038	1.63
	BD	4	1.5	6.7	22.8	17.8	0.040	1.56
	BD	4	2.5	13.6	94.4	69.5	0.052	1.57
	BD	4	3.5	22.6	215.4	164.3	0.052	1.20
	BD	8	2.5	13.6	80.6	48.07	0.081	2.17

Acknowledgements

The authors acknowledge the help of Wei-Hsun Lin for programming the experimental software. Funding for this research is provided by the Grant "MechNanoTruss-Mechanical response of polymer nanotruss scaffolds" (Swiss National Science Foundation Grant No. 164375, French Agence National pour la Recherche Grant no. ANR-15-CE29-0024-01). A. C. would like to show his appreciation for his sabbatical stay at ETH and to acknowledge the funding through the DGA mobility grant ERE 2015 60 0009.