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Abstract: 

Recent advances in additive manufacturing of complex geometries enabled the creation of 

mechanical metamaterials whose exotic properties are based on local control of complex cell 

geometries. Overhanging and free-hanging features that lack continuous support layers in the 

previous build volume cannot be directly manufactured, imposing a major design limitation. The 

resulting metamaterials are limited to single homogenous structural materials, and inherently self-

supporting geometries, resulting in constraints of achievable architectures. Realizing arbitrary 

features is compelling but is inherently limited by process and material support constraints. Here 

we present a novel light-based additive manufacturing approach capable of printing arbitrary 

micro-architectures comprising a large array of internally suspended features, large span overhang, 

and high aspect ratio struts. This method eliminates the need for manual removal of internal 

supports and enables a suite of multi-functional metamaterials with a range of designed properties, 

including wide bandgaps for elastic waves at low frequency, switchable wave transmissions, and 



products requiring no post support removal. We describe the synthesis and rapid printing of a 

variety of metamaterials comprising an extensive array of suspended features and demonstrate 

their metamaterial behaviors. The proposed approach removes scale and unit cell limitations and 

is capable of achieving embedded features across multiple materials. 

  



1. Introduction 

Architected metamaterials with designed three-dimensional architectures exhibit extraordinary 

structural and multi-functional properties that are not observed in nature and are attractive 

candidates for applications in energy absorption [1-3], energy transduction [4], fluid control [5], 

electronic sensors [6, 7], and sound management [8, 9]. While advances in additive manufacturing 

(AM) techniques, capable of complex and high-resolution features, have made the realization of 

some of these concepts possible [10-12], most additively manufacturable designs are limited to 

self-supported 3D architectures that exhibit structurally rigid properties. For example, a structural 

stiff lattice material typically consists of a network of tetrahedron-octahedron unit cells with in-

plane struts supported by out-of-plane struts [13] and can be built by most additive manufacturing 

techniques. A plethora of active and dynamic behaviors, such as negative stiffness [14-17], 

negative Poisson ratios [18, 19], wide acoustic bandgap [20], as well as stimuli-response behaviors 

[21-25], however, often exploit overhanging and compliant structural features to generate fast and 

large displacements via snap-through behaviors [26, 27].  

 

Among additive fabrication approaches, including fused filament fabrication, selective laser 

sintering, and material jetting, the light-based technique is most suitable for micro-architected 

metamaterials due to its high resolution (<100 μm) and robust mechanical properties of 

photopolymers [28-30]. However, only a small fraction of 3D features and architectures can be 

realized, as most current AM techniques are still limited to self-supporting architectures with a 

small number of unit cells. AM process joins materials together in a layer-wise fashion. Features 

that lack support layers cannot be printed, imposing limitations on the design. Therefore, the need 

for support scaffolding and structures has been well appreciated from the early stages of the AM 



techniques development [31-33]. In most cases, light-based printing techniques use support 

materials made of the same constituents, which later have to be manually removed in post-

processing. These limitations make the realization of highly complex metamaterials elusive as 

internal supports within an extensive array of unit cells cannot be manually removed due to the 

blockage of internal areas by the complex 3D features. This limitation is becoming increasingly 

acute as inversely designed 3D topologies aided by topology optimization and artificial 

intelligence become commonplace [34, 35].  

 

Here, we present a light-based AM approach, multi-material projection stereolithography 

technique with dissolvable support (mSLAD), for arbitrary complex architectures with a large 

array of overhanging, fly-like micro-architectures. We achieve this by incorporating a dissolvable 

material into digital light printing capable of multi-materials. In this process, pillars or scaffolds 

designed to support overhangs are printed using soluble resin and then selectively dissolved in 

NaOH solution with sonication applied to accelerate dissolution. This method eliminates geometry 

constraints of the design for the subsequent manufacturing and can access any arbitrarily complex 

structure made by various polymers/composites without the need for manual support removal. We 

designed and printed a suite of 3D metamaterials with a variety of embedded overhanging features, 

including struts with extreme aspect ratios (>40), branch-like micro-architectures as well as free-

standing soft-active materials. We demonstrate several novel structural and functional application 

possibilities with the proposed approach,  including attenuation of structure-borne waves over wide 

and tailorable frequency ranges with a fraction of weight of its counterpart, as well as selective 

mode propagation via 3D magnetoactive soft metamaterials.  

  



2. System design and methodology 

2.1. System design and printing process 

A generalized schematic of the bottom-up multi-material projection stereolithography (SLA) 

system [1, 18] is presented in Fig. 1a. To manufacture structures with dissolvable supports, firstly, 

CAD models are sliced into two different groups of cross-sectional images such that each group 

represents one material. These two-dimensional slices are subsequently digitized and sent to a UV 

light engine, which projects images at 405 nm. Then, the spatially patterned UV light is projected 

through a set of optics and focused on the oxygen-permeable window, which is made of transparent 

glass coated with polydimethylsiloxane (PDMS). Polymerization initiates at the light-exposed 

areas, converting it into a solid single layer part and stick to the build platform. A thin oxygen 

inhibition layer (dead zone) forms above the printing window, prevents solidified resin adhesion. 

The build platform elevates to replenish resin and repeat the cycle. A material exchanging system 

is connected to the vat, allowing different resins to be delivered to the vat and solidified. When 

material change is needed, ethanol is quickly pumped to the chamber, washing off the previous 

resin trapped inside the printed structure and the resin tank; afterward, a new resin is pumped via 

the exchanging system to replace the ethanol for printing the following layers. The exchanging 

process takes 15s to 30s, depending on the resin viscosity. The process was repeated layer by layer, 

combining multiple materials into a 3D structure. With the current configuration, the light 

irradiance of the projection system can be up to 7 mW/cm2 with a lateral printing area of 15x20 

mm2. The light engine is equipped with a digital micromirror device (DMD) chip of 768x1024 

pixels with a projection resolution of 20 μm after projection optics. The layer thickness is set by 

the vertical motion axis to be 30-50 μm, depending on the cure depth of each resin. After printing, 



the sample is cleaned with ethanol and dried using compressed air, followed by UV post-curing 

(~10 mW/cm2) for several minutes. 

 
Fig. 1. (a) Schematic of a Hilbert cube with dissimilar constituent material and the multi-

material SLA system. (b) Chemical composition of soluble material and schematic of the 

photopolymer/composite after solidification. (c) Dissolution process of the Hilbert cube: (i) 

3D printed Hilbert cube was printed using the multi-material printer. The cyan part is the cube, 

and the yellow part is dissolvable support. (ii) The cube was then sonicated in NaOH solution. 

(iii) Hilbert cube after dissolving. 
 

 



2.2. Selective dissolution methodology 

Our 3D selective dissolution scheme is based on the arrangement of different materials in a 3D 

structure and the multi-vat photopolymerization process. To achieve this, we set out to prepare a 

group of UV-curable resins that will be applied for multi-material printing. As shown in Fig. 1b, 

we formulate blends of monomers and fillers, a radical initiator, and dye to form a photopolymer 

resin which is rapidly dissolvable by aqueous base-catalyzed ester hydrolysis to be used as the 

support material. Base-catalyzed hydrolysis is selected because it has been well known and 

characterized for 3D printed photopolymer materials. The resins consist of hydrophilic, low 

molecular weight monomers, which can be rapidly photocured in air, and poly(vinyl pyrrolidone) 

filler to increase water solubility. High content of monoacrylates makes a low crosslink density 

network to enhance alkaline solution diffusion in and hydrolyzed polymer out. Through the custom 

multi-material SLA system, we combine dissolvable resin with typical photopolymer resins, as 

well as composites, into 3D architectures programmed by the part’s digital design. 

 

To demonstrate our scheme, we combined the dissolvable material with a regular commercial 

photopolymer and printed out a Hilbert cube, which was then soaked in NaOH solution (1 mol/L), 

along with sonication, to dissolve the support structures (Fig. 1c). Subsequently, the cube was 

washed in ethanol and dried using compressed air. In this way, a Herbert cube with high feature 

fidelity (beams width variation: < 5%) and a good surface finish could be formed. 

 

Dissolution time, which ranges from a few minutes to tens of minutes, highly depends on the 

volume and the surface area of the printed dissolvable material. The smaller the volume and the 

larger the surface area, the faster the speed. Sonication and temperature are the other two factors 



that affect dissolving speed. We tested the dissolving rate of cubes made by dissolvable material 

under different conditions, and the results reveal that sonication significantly helps the dissolving 

process, and heating also accelerates the process (Fig. S1). With sonication and heating applied 

simultaneously, ~80% of the cube (560 mm3) is dissolved in 10 minutes. In practice, heating up to 

50℃ might damage the desired structure, causing deformation of delicate architecture. Therefore, 

in this study, the temperature was controlled to be around 30-40℃. Moreover, we find that the 

heating/etching process won’t affect regular polymer’s mechanical properties within 6 hours (see 

Fig. S2). 

 

3. Materials and methods 

To demonstrate the methodology’s ability to process various polymers/composites for complex 

architectures, we formulated dissolvable resin, regular polymers, and a photocurable magnetic-

responsive soft suspension. These materials have dramatically different properties regarding their 

inherent mechanical property, processability, and functionality. In this work, a suite of micro-

architectures with embedded overhanging features, including elastic and active metamaterials were 

3D printed and applied to a few application scenarios as validations of the approach. The following 

section documents the materials and methods used herein.  

 

3.1. Materials and resin preparation 

Most materials were purchased from Sigma-Aldrich and used as received: N, N-

Dimethylacrylamide, Methacrylic acid, Methacrylic anhydride, Polyvinylpyrrolidone, Phenylbis 

(2,4,6-trimethylbenzoyl) phosphine oxide (Irg819); Sudan (I); polyethylene glycol diacrylate 

(PEGDA); Bisphenol A ethoxylate dimethacrylate (BPAEDA); trimethylpropane triacrylate 



(TMPTA). For the magnetic resins, Ebecryl 242 and 114 were donated by Allnex. Black iron oxide 

(Fe3O4, size of 30 μm) was purchased from Alpha Chemicals, and EPD particles were purchased 

from Rahn. Cyan resin was purchased from Anycubic.  

 

Dissolvable resin: Acrylic-based photopolymers N, N-Dimethylacrylamide (40 wt%), Methacrylic 

acid (40 wt%), Methacrylic anhydride (7% wt%), water-soluble filler Polyvinylpyrrolidone (11 

wt%), and photoinitiator Irg819 (2% wt%) [36]. PEGDA resin: PEGDA, with 0.05 wt% Sudan (I), 

and 2 wt% Irg819. BPAEDA-TMPTA: Mixture of BPAEDA and TMPTA (85:15), with 0.05 wt% 

Sudan (I), and 2 wt% photoinitiator Irg819. Magnetic resin (MAG, 15 vol%): A flexible resin 

consisting of a mixture of 20 ml Ebecryl 242 and 114 (1:1), 2 wt% EPD, and 2 wt% Irg819 was 

prepared. 15 g iron oxide particles were combined with the flexible resin in a 50 ml grinding jar 

and then dispersed with a high-energy ball mill (Retsch) for 50 min.  

 

3.2. Measurement of the mechanical properties 

To evaluate the mechanical property of the base materials, which will be used as inputs for 

numerical verification of the experimental results, tensile test samples were prepared using the 

same printing parameters as the lattices for the mechanical test (per ASTM D3039). The stress-

strain response of the samples was captured using an INSTRON 5944 test frame equipped with a 

2000 N load cell. A strain rate of 10-3 1/s was adopted to ensure that all samples deform quasi-

statically. Load-displacement curves were collected by the software linked to the test frame and 

were converted into engineering strain and stress. Material properties were averaged over the 

results of three samples per base material. 3 primary materials that were used in this work have a 



modulus of 426.9 MPa (PEGDA), 62.3 MPa (BPAEDA-TMPTA), and 6.5 MPa (MAG, 15 vol%). 

Table S1 lists detailed material properties. 

3.3. Measurement of wave transmission 

A custom measurement platform was built to characterize the dispersion of elastic waves of the 

metamaterials experimentally. A piezo actuator (PC4QR, ThorLabs) or a piezo film sheet (X2B, 

TRS technologies) was attached to the bottom plate of the star-shaped lattice/magnetic lattice to 

produce the input longitudinal excitations. A function generator (SDG 1025, Siglent) and a piezo 

amplifier (VP7206-24H805, Piezo Master) were used to drive the piezo actuator at a frequency 

range of 10-10000 Hz for star-shaped lattice and 10-2500 Hz for magnetic lattice (sine wave 

output). A displacement sensor (LK-H008, Keyence) was used to capture the displacement at 100 

kHz sampling frequency. The measured transmission through the sample was then normalized 

with respect to measurement without the sample. The transmission curves were calculated via the 

formula, 𝑇 = 20 log10(𝐴(𝑓)/𝐴𝑜(𝑓)),  where 𝑇  refers to the transmission in dB, 𝐴𝑜(𝑓)  is the 

amplitude of the actuator and 𝐴(𝑓) is the amplitude of the data measured when the sample is in 

place. 

 

3.4. Band structure and wave transmission simulation 

In order to verify the experimentally measured results and understand the underlying wave 

transmission mechanisms via the trampoline effect enabled by the large overhanging features, 

numerical simulations were implemented in a commercial finite element software (COMSOL 

Multiphysics v5.5). For the start-shaped lattice solid, Young’s modulus of 62.3 MPa, a density of 

1.1 g/cm3, and Poisson’s ratio of 0.4 were employed. For the magnetic lattice solid, a modulus of 

6.5 MPa, density of 1.6 g/cm3, Poisson’s ratio of 0.4, and a loss factor of 0.75 were employed.  



4. Results and discussion 

In order to demonstrate the applicability of mSLAD and expand the pallet of the processable 

materials, various micro-architectures and active functional metamaterials were printed and tested: 

(i) Section 4.1, multiple complex micro-structures comprising many internal supports; (ii) Section 

4.2, an ultralight elastic metamaterial that achieves designed vibration attenuation; (iii) Section 4.3, 

an actively magnetic-responsive metamaterial that made of soft composite. These metamaterials 

feature complex architectures and resins’ processability that precluded their printing using 

conventional AM techniques.  

 

4.1. Realization of various complex micro-architectures 

We printed the dissolvable resin into various 3D structures, creating highly complex arbitrary 

structures with delicate features that were not feasible with manual support removals. As shown 

in Fig. 2a, a freely moving Voronoi-ball was printed within an enclosed birdcage. Support was 

added between the cage and ball, which is not accessible for a plier or tweezer restricted by its 

small-scale and structural geometry. Two intersected hollowed annuls (Fig. 2b) were printed. Fig. 

2c shows printed jewelry molds which eliminates post manual support removal and sanding. The 

reported method leaves almost no residue on the delicate features. Furthermore, this technique 

could benefit the consumer jewelry industry because any surface that supports are in contact with 

requires extra post-processing to remove supports manually [37, 38]. Due to the unique property 

of the dissolvable material, using mSLAD, residues can be avoided on the surface of the printed 

rings, and many hours could be saved for post-processing. Fig. 2d compares the surface finish of 

the as-fabricated sample using the conventional support removal method and mSLAD. We observe 



that the solution can remove most of the dissolvable material with little residual (see Appendix 

Fig. S3 for a quantitive measurement).  

 
Fig. 2: Fabricated samples. (a) Freely moving Voronoi-ball in a birdcage. (b) Intersected 

hollowed annulus. (c) 3D printed rings with delicate features. (d) Optical images of structure 

surface post-fabrication by (i) regular SLA + manual support removal; (ii) mSLAD + 

Dissolving. 

 

The rapid elimination of support material makes it possible to print complex micro-architected 

materials with a large array of flying or overhanging features where support removal is extremely 

challenging in the SLA approach. In Fig. 3, we show a group of as-fabricated lattices with hundreds 

of internal microscale overhangs, not feasible to be fabricated by other AM techniques. These 

architectures are typically isotropic, with suspended or fly-like features that will flow away inside 

liquid once polymerized without solids connecting to the substrate during printing.  

 

Fig. 3a shows a class of isotropic re-entrant metamaterials [39] with internal suspended nodes in 

all six planes. Thin rods were added in the digital model as dissolvable supports connecting each 

internal node to the substrate to fix their location during printing. Once printed, these internal rods 



were subsequently dissolved, leaving behind isotropic re-entrant lattices with all internal fly-like 

suspended nodes.   

 

The second category of micro-architectures that are not possible to be printed is embedded large 

overhangs, which need multiple vertical supports to prevent them from detachment during printing. 

Fig. 3b shows a type of cubic metamaterial with negative stiffness [14]. The outer cubic frame and 

the inner re-entrant elements feature large overhangs that are entirely isolated from the substrate. 

Multiple support beams were designed in and selectively dissolved post-fabrication.  

 

Another class of metamaterials is micro-architectures that are self-supported but with high aspect 

ratio features and a large inclination angle that, due to gravity and separation force during printing, 

will significantly deform due to bending-induced deflection. Fig. 3c demonstrates a non-self-

supported auxetic metamaterial with a high aspect ratio strut members as high as 40 [40, 41]. Fig. 

3d demonstrates the printing of previously unachievable large inclination angle features with soft 

composite. With an ultimate strength of 0.65 MPa after curing, without support materials at the 

inclined beams, the soft resin (MAG, 15vol%) tends to fracture and break away from the substrate 

within a few layers.  



 

4.2. Ultralight elastic metamaterial 

Incorporating a large number of embedded overhanging and flying features within micro-

architectures allows novel metamaterials not achievable by existing approaches. Here we 

 
Fig. 3. Classifications of free-standing micro-architectures that require support removal and 
results of features post mSLAD. The red marks in the 2d schematics denote the overhanging 

features that need supports. The cyan sections in the 3d schematics refer to the supports. The 

lattices were printed by mSLAD, and the images were captured using SEM. (a) A re-entrant 

lattice structure with struts diameter of 80 μm. (b) A micro-scale cubic architecture with large 

overhangs. (c) An auxetic lattice with high aspect ratio struts. (d) A negative stiffness lattice 

with large inclination angle beams made of soft magnetic composite. The enlarged area shows 

the high aspect ratio beams that were printed with a layer thickness of 30 μm. 



demonstrate a new class of ultralow density elastic micro-architected metamaterials with star-

shaped re-entrant topologies that can achieve wide-band omnidirectional vibration attenuation. 

The high porosity (exceeding 90% void space) of the proposed micro-lattice enables low mass 

density as low as 0.09 g/cm3. The design features a network of low stiffness suspended nodal 

structures within overhanging micro-unit cells that facilitate a pair of distinct local resonance-

based bandgaps at relatively low frequencies.  

 

As shown in Fig. 4a, the star-shaped re-entrant lattice structure composed of isotoxal square stars 

that are mutually perpendicular to each other in the three orthogonal planes is designed, where 

over 130 internal supports are needed inside the lattice topology. Each unit cell comprises 30 solid 

cylindrical rods of the same diameter and intrinsic material. Here, the outer connecting rods and 

the unique re-entrant structure allow for the existence of multiple omnidirectional local resonance 

bandgaps for elastic waves and enable complete vibration attenuation over tailorable frequency 

ranges (For further information, the reader is referenced to the Fig. S4 and previous work [42, 43].). 

In contrast to metamaterial such as octet truss lattices with all nodes identical and highly connected 

[13, 44], the unit cell topology of the star-shaped re-entrant metamaterials reveals two distinct 

nodal structures (node 1 and node 2), as shown in Fig. 4b, where node 1 is suspended in the air. 

The two distinct types of nodal structures allow for unique local resonance behaviors, giving rise 

to two distinct bandgaps.   

 

To print such a re-entrant lattice, as shown in Fig. 4a(i), micropillar dissolvable materials were 

added to connect the nodes of re-entrant struts to support the overhanging edge of each unit cell. 

Such a design facilitates a shorter fabrication time, and the dissolvable materials are instantly 



disassociated during post-processing within several minutes. Fig. 4a(ii) and (iii) show the printed 

re-entrant micro-lattice with an overall length of 15 mm and a strut radius of 0.2 mm. The existence 

of two complete bandgaps is first seen in the numerically calculated bandstructure along the 

different regions of the irreducible Brillouin zone, shown by regions in shaded grey (Fig. 4c). 

 

To experimentally characterize the dispersion of elastic waves, a measurement platform is built, 

as shown in Fig. 4b, where the lattice is excited by a piezo actuator, and a sensor is placed above 

the top plate to capture the output displacement amplitude. The lattice in Fig. 4b shows the 

normalized displacement field map from numerical simulations that the frequency of excitation of 

the base (here, piezo actuator) lies within the bandgap region. As can be seen here, when an elastic 

wave at 6 kHz is excited at the bottom plate of the sample, the lattice completely reflects the 

incident wave; hence, the mechanical vibration does not propagate through more than half a unit 

cell, leading to high wave attenuation. Fig. 4c shows the calculated bandstructure associated with 

the lattice and the experimentally measured elastic wave transmission through the sample in the 

frequency range between 0 and 10 kHz. The experimental curve undergoes sharp decays in 

transmission for frequencies between 1.90 kHz and 2.25 kHz and from 3.82 kHz to 7.97 kHz, 

denoting complete wave attenuation in these regions and confirms the existence of the two 

bandgaps that are observed in the numerically calculated bandstructure shown on the left (shaded 

grey regions). The presented experimental results agree well with the numerical simulations (Fig. 

S4), demonstrating two complete bandgaps at low frequency. A slight shift of the bandgaps in the 

experimental results can be attributed to minor deviations in the intrinsic material's stiffness and 

the measurement equipment's performance limitations, and this is consistent with the previously 



observed bandgaps in the case of a larger sample [43]. Furthermore, via tailoring Young’s modulus 

and feature size of the ligament, a wide frequency range can be achieved, as shown in Fig. 4d.    

 

  
Fig. 4: (a) The star-shaped re-entrant lattice: (i) Designed lattice with 135 internal support pillars, 

where the circled areas are the overhanging section that needs support, and the pink sections 

refer to the dissolvable material. (ii)(iii) 3D printed re-entrant lattice (made of BPAEDA-

TMTPA) after removal of supports. (b) Schematic of the measurement platform and two 

different nodes of the star-shaped unit cell. The test sample was printed with side plates using 

the same material for the testing amenity. The lattice shows the numerical results of the 

normalized displacement field at a frequency of 6 kHz. (c) Bandstructure of the lattice (left 

figure) and experimentally measured elastic wave transmission (right figure) through the lattice. 

The shaded grey regions indicate the bandgaps. (d) Accessing bandgaps that occur at larger 

frequency ranges by decreasing the structure's period and changing the base materials' stiffness. 

Period = 8 mm and E = 62 MPa for the tested sample. 

 



4.3. Actively tunable magnetic metamaterial 

The mSLAD can also be applied to soft multi-functional materials. Here we leverage our 

fabrication approach to conceive and illustrate magnetically tunable morphing actuators. We 

design metamaterials that display a negative stiffness (NS) under external axial forces caused by 

sequential snap-through instabilities [14, 15]. The designed NS structure can exhibit significant 

shape changes under a remote magnetic field and recover to its original shape upon removing the 

applied magnetic field. As shown in Fig. 5a, the NS unit cell comprises a cuboid frame and 8 

connecting beams with an inclination angle of α. By tuning the beam aspect ratio λ=L/h and 

inclination angle, the snap-through response can be tailored accordingly.  

 

To enable the fabrication, we first developed a UV-curable magnetic resin that comprises a mix of 

soft elastomer and ferrimagnetic particles (see Section 3.1). The cured soft magnetic composite 

has a stiffness of 6.5 MPa and has a yield stress of 0.35 MPa, which will generate significant 

deformation and fracture due to large deflection as a result of the low Young’s modulus, large 

inclination angle (77.5°), and high aspect ratio in excess of λ = 17 (Fig. S6). Due to the 

shadowing/blockage of internal areas by the external frames and beams, removing the inner 

support structures is not feasible with direct SLA. Fig. 5a shows successfully printed magnetic 

architectures featuring negative stiffness via the snap-through effect.   

 

To enable magnetically actuated structural buckling, we apply a controlled magnetic field B 

through the lattice (Fig. S7). Fig. 5b demonstrates how the shape of an NS lattice changes with an 

increasing magnetic field. Unlike a force-induced deformation, Initially, the lattice deforms 

slightly with the increase of the magnetic field. When the magnetic field is close to the critical 



buckling magnetic field (B = 70 mT), a small incremental magnetic force triggers snap-through 

instability -- the first layer of beams within the lattice snap and are subsequently locked in a new 

shape. As the magnetic field continues to ramp up, the lattice continues to fold as new layers of 

architectures reach their critical snap-through thresholds. As a result, the displacement undergoes 

multiple displacement jumps from one state to another (displaying multiple self-locked shapes, 

Fig. 5c). Upon switching the magnetic flux to a lower level, the metamaterial will accordingly 

reverse and lock into its previous state. Reversing the field to zero allows the structure to 

completely recover to its original unfolded state. As we apply a cyclic magnetic field with a period 

of 2 s, the lattice morphs back and forth based on the magnetic field amplitude (Movie S1). 

 

These magnetically triggered shape transformations and self-locking can be harnessed to enable 

controlled elastic wave transmission within designed frequency regimes. We tested the wave 

transmission properties by exciting the bottom of the lattice with a piezoelectric film sheet with 

sweep frequencies (0 – 2.5 kHz) and measured their transmission ratio with a laser displacement 

sensor (Fig. S8), while the lattice shapes are being locked by the magnetic field at the snap-through 

threshold. The curves in Fig. 5d denote the transmitted wave as a function of frequency for each 

locked shape (Fig. 5b). These results clearly illustrate that the system enables field-controlled 

elastic wave transmission. It can be seen that increasing the magnetic field increases the frequency 

at which the highest transmission occurs, indicated by the different transmission curves 

corresponding to the magnetic field-triggered lattice shapes. Here, the lattice can be considered as 

a combination of the spring-mass models, where the 8 connecting beams refer to the spring, and 

the center cuboid refers to the mass. Each self-locked lattice shapes refer to specific oscillators 

(spring-mass system). For instance, shape 1 is equivalent to 3 masses coupled with 4 springs, while 



shape 3 represents 1 mass coupled with 2 springs. Therefore, such field-responsive metamaterial 

would possess multiple different transmission frequencies to be selected from a remote magnetic 

field, which could enable helmets or wearables where desired frequencies are judiciously selected. 

For example, wave transmissions can be switched “ON” via a discrete set of frequencies or 

suppressed (“OFF”) via other frequencies, shown in the displacement field maps in Fig. 5b and 

Movie S2.  

 

Fig. 5: (a) Negative stiffness magnetic lattice design and printing. (b) The architected negative 

stiffness structure has configurable shapes under different magnetic fields, resulting in different 

transmission ratios. Yellow arrow: elastic wave propagation across the structure. The schematics 

are simulation results of the normalized displacement field for shape 1 and shape 3 at its “ON” 

(f = f0) and “OFF” (f ≠ f0) status. (c) The effective strain of the lattice as a function of the magnetic 

field. (d) The measured transmission of elastic waves of the lattice with different shapes. The 

resonance frequency of the lattice shifts from 84 Hz to 1203 Hz (from shape 1 to shape 5).  
 



4.4. Discussion 

Comparing the resolution of mSLAD to other multi-material or support-free AM methods 

compatible with internal support removal and suspended features (Fig. 6), such as fused deposition 

modeling (FDM) [45-47], selective laser sintering process (SLS) [48-51], and material jetting [52-

55], our selective dissolution method enables the fabrication of complex architectures with 

suspended features at the scale < 100 μm (Fig. S9). Additionally, the reported method allows for 

direct 3D printing of branch-like features and structures with a material Young’s Modulus of less 

than 10 MPa, which is not possible with current stereolithography approaches [56, 57], where the 

soft materials and overhanging features experience large deflections and are detached from the 

substrate.  

 

Moving forward, we recognize the limitations of our presented work with respect to scale and 

printing speed. Specifically, for projection stereolithography, the feature scale is limited to the 

trade-off between resolution and building area of the light engine. Several strategies can be 

employed to increase the build area while maintaining resolution, such as moving the translation 

stage or optics or employing light engines with large pixel numbers. For example, Zheng et al. 

proposed to use galvanometric mirrors and customized scanning lenses to project the light pattern 

across a large printing area, enabling microscale features fabricated within a feature size span over 

four orders of magnitude [44]. Such a technique can be integrated with the mSLAD to increase the 

build area while keeping a high resolution.  

 

The mSLAD methodology reported herein can also be applied to other multi-material 

stereolithography techniques. Despite the efficient synchronization between motion stages, pumps, 



and image projection sequences, the printing time of the current system can be prolonged to hours 

when many material exchange processes are involved as a result of the cleansing procedure 

between a material exchange. Han et al. proposed a multi-material printing system using dynamic 

fluidic control, which could efficiently switch the printing material and significantly reduced the 

printing time [58]. This method is also compatible with the dissolvable material and other regular 

polymers developed for mSLAD.   

 
Fig. 6: The accessible feature sizes and range of stiffness enabled by this work and other reported 

3D printing techniques capable of printing internal suspended features. mSLAD enables suspended 

micro-architectures with microscale resolutions and various materials. 

5. Conclusions 

We developed an AM process to create 3D micro-architectures with a large number of free-

standing embedded features via dissolving a second phase photopolymer. Using this process, we 

fabricated complex structures, metamaterials, and soft multi-functional materials with a large array 



of fly-like features, large overhangs, and high aspect ratio struts in excess of 40 that are 

inaccessible by current stereolithography approach. The resolution of this method allows printing 

features an order of magnitude smaller than techniques including powder bed process, material 

jetting, and fused deposition modeling. The material process is not limited to polymer; a variety 

of multi-functional materials, conducting, and ceramics can be incorporated herein. It will have 

direct implications for streamlined production of jewelry and dental products, metamaterials, bio-

scaffold, 3D battery architectures, and micro-antennas with arbitrary features and complexity free 

from manufacturing imposed topology constraints.   
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