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ABSTRACT 17 

We present a method for reproducible manufacture of multi assay platforms with tunable 18 

mechanical properties for muscle tissue strip analysis. The platforms result from stereolithographic 19 

3D printing of low protein-binding poly(ethylene glycol) diacrylate (PEGDA) hydrogels. 20 

Contractile microtissues have previously been engineered by immobilizing suspended cells in a 21 

confined hydrogel matrix with embedded anchoring cantilevers to facilitate muscle tissue strip 22 

formation. The 3D shape and mechanical properties of the confinement and the embedded 23 

cantilevers are critical for the tissue robustness. High-resolution 3D printing of PEGDA hydrogels 24 

offers full design freedom to engineer cantilever stiffness while minimizing unwanted cell 25 

attachment. We demonstrate the applicability by generating suspended muscle tissue strips from 26 

C2C12 mouse myoblasts in a compliant fibrin-based hydrogel matrix. The full design freedom 27 

allows for new platform geometries that reduce local stress in the matrix and tissue, thus reducing 28 

the risk of tissue fracture. 29 

KEYWORDS Microtissue engineering; PEGDA; Hydrogel; Stereolithography; Fibrin; Matrigel; 30 

C2C12 31 

 32 

INTRODUCTION 33 

Hydrogel materials made from biological or synthetic macromolecules are widely applied in the 34 

life science area, including in analytics and advanced cell culture. Hydrogels offer tunable protein 35 

and cell adhesion properties, widely variable mechanical properties, and controllable diffusivity 36 

of dissolved compounds. Hydrogel materials have traditionally been cast into their targeted final 37 
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3D shape, which limits the attainable design freedom. The recent emergence of 3D printing 38 

methods enables direct and fast manufacture of highly complex 3D shapes. Major 3D printing 39 

methods for hydrogels include mechanical extrusion of polymer solutions (including cell-laden 40 

hydrogels used in bioprinting)1 and spatially selective photochemical cross-linking 41 

(stereolithography)2 of macromolecules.  42 

Engineering of miniaturized tissue-like 3D cell aggregates, for example contractile muscle tissue 43 

strips, is a key application of hydrogel 3D printing. Here, we explore the use of high-resolution 44 

stereolithographic 3D printing of a synthetic polymer – poly(ethylene glycol) diacrylate (PEGDA) 45 

– into a force sensing and cell seeding hydrogel unit supporting the formation of contractile 46 

microtissues from a suspension of muscle cells in a biological polymer hydrogel 47 

(fibrinogen/Matrigel). Free-form 3D microshaping of the synthetic hydrogel parts enables broad 48 

tuning of the force responsiveness as well as guidance of the microtissue formed into a well-49 

defined 3D shape with low residual stress. The combination of a low cell-adherent 3D printed 50 

PEGDA hydrogel mold and a high cell-adherent fibrin hydrogel as cell matrix supports the robust 51 

formation of stable contractile microtissues needed for their applications, for example in drug 52 

development and safety screening. Our previous work on photochemically anchored poly(ethylene 53 

glycol) (PEG)3 and PEGDA4 hydrogel coatings demonstrated their ability to limit non-specific 54 

adsorption of proteins, DNA, and small lipophilic drug molecules, which is essential for their use 55 

in drug testing devices. This is a significant advantage over previously published device solutions 56 

5–9 using poly(dimethyl siloxane) (PDMS) that is known to absorb and deplete dissolved lipophilic 57 

compounds.10 58 

Engineered muscle tissue strips (MTS) are of broad interest in application areas such as drug 59 

screening, individualized medicine, disease modelling, and tissue grafts. As a result, methods to 60 
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obtain a mature and robust muscle tissue have been explored during the last decade. 11–19 A shift 61 

in tissue culture platform design from 2D cantilevers with adherent cells 20–22 towards free hanging 62 

tissues between cantilever beams has been pursued as this 3D conformation seems to have a 63 

positive effect in both tissue formation and maturation.23–26 Producing a physiologically relevant 64 

3D environment will promote cell differentiation and tissue formation compared to standard 2D 65 

or matrix encapsulation as it mechanically directs the cells to elongate and form better cell-cell 66 

connections.5,27–30   67 

A main challenge in contractile microtissue engineering is the robustness of the constructed 68 

tissues against ‘necking’ behavior leading to subsequent failure.31 Previous studies have shown the 69 

importance of cantilever stiffness and matrix composition on the robustness of the engineered 70 

tissue.24,31–33 However, the effects of geometrical features of the cantilever itself have not been 71 

extensively studied, likely due to the limited 3D design freedom of conventional molding 72 

approaches. Here, we present a fast method for producing tissue formation platforms using 73 

synthetic PEGDA hydrogels to generate muscle microtissues. We employ a custom-built 74 

stereolithographic 3D printer to reproducibly manufacture tissue culturing platforms with 75 

microstructures for optical tracking and for promotion of tissue formation in designs that cannot 76 

be obtained by conventional molding or 3D printing methods. This allows for a broader design 77 

spectrum and gives the possibility to further explore the mechanically induced tissue-78 

differentiation possibilities. The introduction of optical markers further enables accurate 79 

contraction analysis valuable in upscaling for industrial use. 80 

 81 

MATERIALS AND METHODS 82 

Stereolithographic 3D Printing and Printing Solution Composition. 83 
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3D structures made from poly(ethylene glycol)diacrylate Mn 700 g⋅mol-1 (PEGDA, 455008, 84 

Sigma-Aldrich) hydrogels are obtained by projection stereolithography using a previously 85 

described custom-built high resolution 3D printer.2 The printer uses one-to-one projection of 86 

dynamic images displayed on a Digital Mirror Device (DMD) with a pixel pitch of 10.8 µm in 87 

both lateral dimensions. The aqueous printing solutions contain 5 mg/mL photoinitiator (lithium 88 

phenyl-2,4,6-trimethylbenzoylphosphinate, LAP, Allevi or 900889, Sigma-Aldrich) and 9 mg/mL 89 

photoabsorber (quinoline yellow, QY, 309052, Sigma-Aldrich) dissolved in ultrapure MilliQ 90 

water (MQ, Merck-Millipore) with either 200 mg/mL PEGDA (‘20% PEGDA’) or 500 mg/mL 91 

PEGDA (‘50% PEGDA’). The solution components are mixed at room temperature and degassed 92 

for 30 min to avoid bubbles that would interfere with the initiator light and cause deformations in 93 

the 3D printed object.  94 

Computer aided design (CAD) structures are drawn using Autodesk Inventor Professional with 95 

dimensions fitting a multiple of the pixel pitch (10.8 µm) of the printer’s DMD. This secures the 96 

best possible dimension accuracy of the printed subject compared to the CAD design dimensions. 97 

The CAD structure is sliced with a thickness of 20 µm using the open source Slic3r software 98 

(www.slic3r.org). The sliced structure is 3D printed with 365 nm light with an intensity of 20 99 

mW/cm2 using 3 s or 5 s of light exposure for 50% PEGDA and 20% PEGDA, respectively. The 100 

structure is 3D printed on a surface treated glass cover slip (22 × 22 mm #4, Menzel-Gläser). The 101 

surface treatment provides a methacrylate layer on the cover slip to enable chemical crosslinking 102 

between the print and the glass cover slide.2 103 

 104 

Analysis of the Relative Degree of Swelling and Dimensional Change. 105 
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The dimensional stability of the 3D printed materials is assessed by measuring the time-106 

dependent swelling of printed circular PEGDA cylinders immersed in water and by microscopy 107 

analysis of rectangular PEGDA blocks having rectangular indentations or protrusions at their 108 

surface.  Circular cylinders of diameter 6 mm and height 5 mm are printed in 20% PEGDA and 109 

50% PEGDA. The printed cylinders are weighed immediately after printing. The cylinders are 110 

then placed in MQ water and weighed every hour for 6 h. The MQ water is exchanged twice and 111 

cylinders are left in MQ water for a total of 16 h before the weight is determined again. Cylinders 112 

are dried at 60 °C for 8 h and the weight is monitored every second hour to obtain the stable dry 113 

weight. The equilibrium volumetric swelling ratio, Q, is determined for 5 cylinders of 20% 114 

PEGDA and of 50% PEGDA using Eq. (1), where V is volume, ρ is mass density, 𝑞 𝑚 /𝑚  is 115 

the equilibrium mass swelling ratio, and m is the mass. Subscripts s and d indicate the swollen and 116 

dry polymer respectively, while ρpol and ρsol are the polymer and solvent mass densities.    117 

𝑄 1
𝜌
𝜌

𝑞 1
𝑉
𝑉

                                                                1  118 

 119 

The dimensional change after swelling is determined by printing 4×5×1 mm3 blocks of 20% 120 

PEGDA and 50% PEGDA having rectangular surface indentations and protrusions with widths of 121 

108 µm to 324 µm and a 1:3 width to length aspect ratios. The widths are designed to be multiples 122 

of the DMD’s 10.8 µm pixel pitch to achieve the highest possible spatial resolution. The depths of 123 

indentations and heights of protrusions are 100 µm for all surface features. The samples are imaged 124 

by microscopy immediately after printing and after equilibrium swelling in MQ water. The 125 

dimensions of the structures are determined using the FIJI/imageJ software package.34  126 

 127 

Compression Modulus Analysis. 128 
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Circular cylinders of diameter 6 mm and height 5 mm are printed in 20% PEGDA and 50% 129 

PEGDA and left in MQ water overnight to reach their equilibrium swelling ratio. The dimensions 130 

of the swollen cylinders are determined, and the shear modulus is measured in a uniaxial 131 

compression test using an Instron 5967 (Instron, MA). Samples are placed wet between two 132 

parallel plates and compressed at a rate of 0.5 mm/min at room temperature until sample failure. 133 

The shear modulus (G) is determined by plotting the engineering stress (σ) against the λ-λ-2 ratio 134 

according to Eq. (2), where λ is the extension ratio. Linear regression is performed in the linear 135 

region of λ-λ-2 (0.2 to 0.6 for 50% PEGDA and 0.2 to 0.8 for 20% PEGDA) to determine G.35 136 

𝜎 𝐺 𝜆
1
𝜆

                                                                           2  137 

 138 

Cantilever Stiffness Analysis. 139 

Cantilevers of designed length 850 µm and diameters of 100 µm, 200 µm and 300 µm are printed 140 

in 20% PEGDA and in 50% PEGDA. The printed cantilevers are placed horizontally in an aqueous 141 

environment with one end at a fixed height on a scale. A piezoelectric actuator is used to displace 142 

the free end of the cantilever vertically by 220 µm (Electronic Supporting Information, Figure S1). 143 

The measured weight increase on the scale is used to calculate the actuation force. The stiffness, 144 

k, is determined using Eq. (3) derived from the Euler-Bernoulli beam theory. F, E and I are the 145 

force, Young’s modulus, and moment of inertia, respectively. L, x, and δ denote the length of the 146 

cantilever, distance from the fixed end to the point of force application, and the vertical 147 

displacement, respectively. 148 

𝐹 𝑘 ⋅ 𝛿
6𝐸𝐼

3𝐿𝑥 𝑥
𝛿                                                               3  149 

The moment of inertia for a circular cylinder is given by Eq. (4) where d is the cylinder diameter. 150 
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𝐼
𝜋𝑑
64

                                                                           4  151 

Five independent samples are analyzed for each condition, except for 100 µm diameter 152 

cantilevers in 20% PEGDA where only 3 samples are analyzed due to inconsistent printing.  153 

 154 

Preparation of MicroArray Platforms. 155 

Three different MicroArray Platforms (MAP) are produced for generating Muscle Tissue Strips 156 

(MTS). Two designs are selected from previously investigated cell seeding platforms with the use 157 

of vertical cantilevers reported by Legant et al.24 and by Mills et al.13,25 (Figure 1a and b). The third 158 

design (Figure 1c) is developed to minimize stress concentrations around the vertical cantilevers 159 

to promote a more robust MTS formation. 3D printed MAPs are washed in phosphate buffered 160 

saline (PBS) for at least 24 h after printing. The liquid is exchanged two times to wash out any 161 

residual print solution from the cross-linked PEGDA network. Sterilization is performed by 162 

immersing the printed MAPs in 70% v/v ethanol/water for 10 minutes followed by UV-C exposure 163 

(254 nm) for 15 minutes (Mini UV Sterilisation Cabinet, Cleaver Scientific). The MAPs are stored 164 

sterile in PBS until use to ensure exchange of water to PBS prior to cell culture. Before seeding 165 

cells into the MAPs, the PBS is removed and the platforms are blotted dry with sterile lint free 166 

paper to make sure the wells are empty. 167 

 168 

Cell Seeding and Cell Culture. 169 

C2C12 mouse myoblasts (C3H muscle myoblast, 91031101, Sigma-Aldrich) are used at passage 170 

5 to 8. Cells are kept in culture using growth medium composed of DMEM high glucose (Sigma-171 

Aldrich) with 10% fetal bovine serum (FBS) (Sigma-Aldrich), and 1% Penicillin/Streptomyocin 172 

(P/S, Sigma-Aldrich). Tissue formation is initiated by casting cells suspended at 10×106 cells/mL 173 
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in a solution of 10 mg/mL fibrinogen (F8630, Sigma-Aldrich), 0.5 µg/mL aprotinin (A1153, 174 

Sigma-Aldrich), 20% (v/v) Matrigel (354277, Corning), and 3 U/mL thrombin (T7513, Sigma-175 

Aldrich) in growth medium into the prepared MAPs. The solution is kept on ice to prevent gelation 176 

until casting. The larger MAP wells (‘MINIMAP’, Figure 1b; ‘LOWSTRESSMAP’, Figure 1c) 177 

are  filled individually with 3.5 µL of the cell suspension. The smaller MAP wells (‘MICROMAP’, 178 

Figure 1a) are filled in a two step process. First, 200 µL of cell suspension is loaded on top of all 179 

wells of the MAP. Second, the MAP is spun in a centrifuge at 200 g for 10 s to force the suspension 180 

into the wells, similar to the process used in the work by Legant et al.24  181 

The loaded MAPs are incubated at 37 oC for 30 min to let the fibrin matrix form before growth 182 

medium is added. After 2 days in culture, the medium is changed to DMEM high glucose with 2% 183 

FBS and 1% P/S to enhance the fusion of myoblasts to myotubes.36 Medium change is conducted 184 

every 2-3 days throughout the culture time.  185 

Optical tracking of tissue formation. 186 

The wells of a LOWSTRESSMAP printed in 50% PEGDA and with a cantilever diameter of 187 

100 µm are imaged from day 1 after seeding until full tissue formation. Tissue contraction is 188 

monitored using a custom made stage incubator mounted on a Motic stereomicroscope. Images 189 

are recorded every 5 min. A custom made tracking software is used to track the optical markers on 190 

the cantilever tops in the acquired image sequences. 191 

Viability Staining. 192 

Staining is performed by incubating for 1 h at 37 °C with 2 µg/µL Calcein AM (15560597, 193 

Fisher Scientific), 4 µg/mL propidium iodide (81845, Sigma-Aldrich), and 2 µg/mL Hoechst 194 

34580 (H21486, Invitrogen). Samples are then washed with medium before confocal imaging on 195 

a Zeiss LSM700 using a Zeiss 10x/0.3NA Epiplan Neofluar objective with excitation at 405, 488, 196 
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and 555 nm for Hoechst 34580, calcein AM, and propidium iodide, respectively. The recorded z-197 

stacks are collapsed to a 2D image in FIJI/ImageJ by maximum intensity projection.  198 

 199 

Cryopreservation and Immunohistochemistry. 200 

Cell-laden MAPs are fixated in 4% paraformaldehyde (PFA) for 30 min, washed in PBS and 201 

cryo protected by incubation at room temperature in a 10 mg/mL solution of poly(ethylene glycol) 202 

Mn 10 kg⋅mol-1 (PEG10k, 92897, Sigma-Aldrich) for 6-8 h followed by incubation in 100 mg/mL 203 

PEG10k overnight at 4 °C. The samples are gently dried to remove excess PEG10k and transferred 204 

into embedding medium (Tissue-Tek OCT Compound, Leica) before being snap-frozen on 205 

isopentane chilled on liquid nitrogen and stored at −80 °C. For immunohistochemistry, 10 µm to 206 

20 μm thick sections are cut at -25 °C using a cryo microtome (Leica 3050) and dried.  207 

For α-actinin labeling, cryo sections on glass slides are first washed with PBS to remove excess 208 

OCT and then permeabilized in 0.2 % Triton X-100 for 5 min and blocked in blocking buffer (2% 209 

w/v BSA and 5% v/v horse serum in PBS) for 1 h at room temperature (RT). The sections are then 210 

incubated for 2 h at RT in blocking buffer with 1:200 monoclonal anti-α-actinin (sarcomeric) IgG 211 

produced in mouse (A7811, Sigma-Aldrich). They are subsequently washed twice with PBS and 212 

incubated for 2 h at RT in the dark with 2 µg/mL polyclonal FITC-conjugated goat F(ab’)2 anti-213 

mouse IgG (H+L) (SAB4600388, Sigma Aldrich) in blocking buffer. Afterwards, sections are 214 

stained with 2 µg/mL Hoechst 34580 for 15 min and washed 3 times with PBS. The sections are 215 

imaged with a Nikon Ti2/Yokogawa CSU-W1 spinning disc confocal microscope using a Nikon 216 

Plan Apo λ 20x/0.75 NA objective with excitation at 405 and 488 nm for Hoechst 34580 and FITC, 217 

respectively. The resulting image stacks are processed using FIJI/ImageJ. 218 

 219 
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RESULTS AND DISCUSSION 220 

Design and Manufacture of Multi Assay Platforms (MAPs). 221 

Controlling the cellular orientation and the mechanical environment are key factors to achieve 222 

better and more robust translation from single cells to tissue. Various MAP designs using similar 223 

design concepts have been reported over the last decade.24,26,13,25 All have shown aligned growth 224 

of contractile cells, including fibroblasts, myotubes, and cardiomyocytes.37 However, previous 225 

reports mostly use low throughput manufacturing methods. The authors also observe tissue 226 

damage and failure due to high internal stresses in the formed tissues. Most research has employed 227 

rectangular cantilevers that are likely to induce large tensile stress in the seeded cell-laden matrix 228 

hydrogel during initial hydrogel compaction and subsequent tissue formation. The stress is 229 

predicted to be maximum along the center line of the microtissue suspended between the 230 

cantilevers.31 The full design freedom offered by stereolithographic 3D printing can be exploited 231 

to integrate tissue guide structures that reduces the intermittent and final stress. Another key design 232 

aspect is the microtissue size, with smaller sizes needing fewer cells per tissue but also likely 233 

complicating the seeding procedure due to the tiny matrix volumes used. Large tissues are easier 234 

to handle but may suffer from core cell death and propensity for tissue failure due to insufficient 235 

oxygen and nutrient diffusion to the tissue core. We investigate both design parameters by using 236 

stereolithographic 3D printing of PEGDA to functionally reproduce two formerly published 237 

rectangular PDMS cantilever designs of different sizes as baseline for evaluating a new design 238 

overcoming the residual stress limitations of the rectangular cantilever format.  239 
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 240 

Figure 1. Multi Assay Platform (MAP) designs containing wells with integrated cantilevers for 241 

tissue formation. (a) Micro-well MAP (MICROMAP) with 170 micro wells using rectangular 242 

cantilevers. (b) Mini-well MAP (MINIMAP) with 10 mini-wells using rectangular cantilevers. (c) 243 

Low residual Stress MAP (LOWSTRESSMAP) with 10 mini-wells using circular cantilevers with 244 

a cantilever end engineered to minimize local stress in the forming muscle microtissue. The 245 

LOWSTRESSMAP design additionally includes a 3D triangular micromarker at the cantilever end 246 

to facilitate automated optical tracking of the cantilever end displacement. Scale bars 2 mm (top 247 

row) and 500 µm (bottom row). 248 

One design reported by Legant et al.24 uses microsized cantilevers and tissues (‘MICROMAP’) 249 

(Figure 1a), while the other design reported by Mills et al.25 employs mesosized cantilevers and 250 

tissues (‘MINIMAP’) (Figure 1b). Both MAP designs have showed successful tissue formation 251 

using contractile cells. We also introduce a new MAP format, LOWSTRESSMAP, designed to 252 

lower the stress concentrations in the formed tissues around the edges of the cantilever end (Figure 253 

1c). A droplet shaped enlargement with soft edges to reduce local stresses (referred to as 254 

‘biomechanical cue’) is added at the top of a cylindrical cantilever to guide the location of the 255 

tissue formed. It is shaped with rounded edges to reduce stress concentrations and secure the tissue 256 
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from slipping off the cantilevers. Printing times are 8 min for the 170-well MICROMAP design 257 

and 17 min for the 10-well MINIMAP and LOWSTRESSMAP designs. All MAPs are fabricated 258 

in PEGDA having low protein-binding surface properties to prevent unwanted cell attachment. 259 

The material properties of cross-linked PEGDA vary greatly with the concentration of the printing 260 

solution components and with the exposure time. Solution composition and exposure times are 261 

chosen to provide robust and reproducible manufacturing of the chosen cantilever designs. 262 

 263 

 264 

Mechanical Characterization of 3D Printed PEGDA Hydrogels. 265 

The shear modulus of hydrogels printed using 20% PEGDA and 50% PEGDA is determined by 266 

a uniaxial compression test. Increasing the PEGDA concentration from 20% to 50% results in 267 

nearly an 8-fold increase in shear modulus from 0.47 ± 0.046 MPa to 3.6 ± 0.46 MPa. The denser 268 

network formed at the higher PEGDA concentration results in a more brittle platform, which 269 

makes it more susceptible to notching and subsequent failure during handling. The lower PEGDA 270 

concentration is consequently preferred to create a more flexible and stable MAP38 in the handling 271 

process during cell seeding and analysis.   272 
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 273 

Figure 2. Mean volumetric swelling ratio of (a) 20% PEGDA and (b) 50% PEGDA measured on 274 

5 mm high and 6 mm diameter cylinders immersed in MQ water after printing. Cylinders incubated 275 

for 16 h are dried for 8 h at 60 °C before measuring the dry polymer mass. Error bars show the 276 

standard deviation (n=5). 277 

 278 

Dimensional Stability of 3D printed PEGDA Hydrogels. 279 

MAP design features are carefully selected to give a robust platform with visible markers and 280 

robust structures. Reliable dimensions are therefore essential to MAP characteristics. PEGDA has 281 

a higher affinity for water than for itself and will swell after printing, when transferred from the 282 

0 h 1 h 2 h 3 h 4 h 5 h 6 h 16 h

2.0

2.1

2.2

2.3

2.4

2.5

V
ol

um
et

ric
 s

w
el

lin
g 

ra
tio

 (
Q

)

Swelling time

 50% PEGDA

0 h 1 h 2 h 3 h 4 h 5 h 6 h 16 h
4.0

4.2

4.4

4.6

4.8

5.0

V
ol

um
et

ric
 s

w
el

lin
g 

ra
tio

 (
Q

)

Swelling time

 20% PEGDA

a)

b)



Page 15 of 34 

 

printing solution to pure water.39 The equilibrium volumetric swelling ratio, Q, is reached after 3 283 

h for 3D printed objects in 20% PEGDA and in 50% PEGDA immersed in MQ water at room 284 

temperature (Figure 2). The relative volumetric increase from pristine print to equilibrium swelling 285 

is 15.3% for 50% PEGDA and 9.2% for 20% PEGDA. The swelling ratio is higher at lower 286 

PEGDA concentration due to a higher initial water content in the samples. However, the relative 287 

volumetric swelling from pristine print to equilibrium swollen state will increase with increasing 288 

concentrations of PEGDA, as seen in Figure 2. Thus, the change in size over the designed 289 

dimensions will be larger at higher PEGDA concentrations.   290 

Extruded features will increase in size post swelling as described above. The cantilevers of the 291 

printed MAP will therefore be larger than their CAD design dimensions. The microscopic 292 

dimensional change of the printed samples is determined by making CAD designs with rectangular 293 

indentations and protrusions (Electronic Supporting Information, Figure S2). The feature widths 294 

are measured immediately after printing, as well as after swelling to equilibrium. Measured 295 

dimensions are compared to the original CAD dimensions. Figure 3 compares the CAD design to 296 

the initially printed dimensions and the final post-swelling dimensions. For both PEGDA 297 

concentrations, protrusions exhibit less deviation from nominally designed dimensions to post-298 

swelling than indentations. MAP designs are therefore largely constructed as protrusions with 299 

regards to cantilevers and well boundaries to ensure stability. Protrusion-based designs such as the 300 

MINIMAP and LOWSTRESSMAP further benefit from using less material, thus easing the post-301 

manufacture washing procedure.  302 

Indentations in selected structures of the LOWSTRESSMAP function are chosen as optical 303 

markers since indentations are easier to visualize by microscopy than extrusions. In general, the 304 

relative precision is higher for larger structures than for smaller structures at both PEGDA 305 
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concentrations (Figure 3). Feature sizes are therefore carefully considered when designing features 306 

such as optical markers and mechanical cues to ensure manufacturability.  307 

 308 

Figure 3. Measured dimensional change of the initial printed width and the equilibrium swelling 309 

width of rectangular indentations and protrusions, relative to the nominal width of the CAD design. 310 

Nominal widths range from 108 µm to 324 µm, and the designs are printed in 20% PEGDA and 311 

50% PEGDA. Error bars show the standard deviation (n = 3).  *p<0.05   ** p<0.01   *** p<0.001. 312 

 313 

Controlling Cantilever Stiffness by Design and Print Composition.  314 

Quantitative readout of the MTS contraction force depends on knowledge of the mechanical 315 

properties of the cantilevers on which the MTS are anchored. The cantilever stiffness depends 316 
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strongly on its dimensions and can therefore easily be modified by design. The moment of inertia 317 

and thereby the stiffness of cantilevers with a circular cross-sectional area is predicted to depend 318 

on the fourth power of cantilever diameter as described by Eq. (4). The stiffness of 850 µm long 319 

circular 3D printed cantilevers with diameters of 100 µm, 200 µm, and 300 µm is determined 320 

directly by measuring the force needed to deflect the cantilevers by a fixed distance (220 µm). The 321 

stiffness of cantilevers in 20% PEGDA is 0.07 ± 0.006 N/m (mean ± SD) for a nominal diameter 322 

of 100 µm, 0.3 ± 0.08 N/m at 200 µm diameter, and 2.4 ± 0.3 N/m at 300 µm diameter. A similar 323 

correlation is observed for cantilevers in 50% PEGDA with a measured stiffness of 0.16 ± 0.04 324 

N/m for a nominal diameter of 100 µm, 3.05 ± 0.35 N/m at 200 µm nominal diameter, and 19.2 ± 325 

0.66 N/m at 300 µm nominal diameter. Figure 4 illustrates that cantilever stiffnesses covering 326 

almost 3 orders of magnitude are accessible by varying the print design and the PEGDA 327 

composition. As a lower bound on the available dimensions, we found that the aspect ratio of 100 328 

µm diameter cantilevers is too high to be stably produced in 20% PEGDA, whereas the 100 µm 329 

cantilevers in 50% PEGDA are robustly printed due to the higher cross-linking density. Even lower 330 

stiffnesses can be achieved by using longer cantilever designs, since their stiffness scales with the 331 

negative third power of their length (see Eq. (3)). Contractile cells adapt their cytoskeleton to form 332 

an elongated structure depending on the mechanical influence provided by the cantilevers. The 333 

optimal stiffness for robust formation of contractile tissue will depend on the specific cell line. It 334 

is important to match the cantilever stiffness to the contractile strength of the cells to avoid tissue 335 

necking and subsequent breaking.31,32  336 

 337 
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 338 

Figure 4. Cantilever stiffness dependence on the design diameter for 850 µm long circular 339 

cantilevers printed in 20% PEGDA or 50% PEGDA. Error bars show the standard deviations (n = 340 

5).  341 

Varying the PEGDA concentration or the cantilever diameter changes the cantilever stiffness 342 

and thus the force needed to deflect it. Using the mouse myoblasts C2C12 cell line, we show a 343 

strong correlation between cantilever stiffness and the ability of the tissues to deflect the 344 

cantilevers. Figure 5 shows that stiffnesses up to 0.3 N/m (compare with Figure 4) allow the formed 345 

tissues to deflect the cantilevers with larger deflection observed at lower stiffness. The tissues exert 346 

a force of 38 ± 7 µN (mean±SD, n=5) calculated from the deflection of the cantilevers seen in side 347 

view (Figure 5) and the measured cantilever stiffness (Figure 4).  348 
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  349 

Figure 5. Deflection of cantilevers with varying diameter and PEGDA concentration. All 350 

cantilevers are of equal height and the formed tissues consist of an equal number of cells. A strong 351 

correlation between cantilever stiffness and the ability of the mouse myoblast tissue to deflect the 352 

cantilevers is observed. Cantilever deflection is seen at both concentrations for cantilevers of 100 353 

µm diameter and for 20 % PEGDA 200 µm diameter. No deflection is observed for the remaining 354 

cantilevers. Scale bars 200 µm. 355 

 356 

Formation of Muscle Tissue Strips. 357 

C2C12 mouse myoblasts are cast at 10×106 cells/mL in a fibrin/Matrigel matrix in the three 358 

different MAPs. C2C12 cells will start to differentiate when they are in close proximity to each 359 

other.40 Upon differentiation, the myoblasts fuse and form myotubes. Elongation of the cells is a 360 

sign of differentiation and shows alignment of the sarcomeres responsible for cell contraction.41 361 

When the sarcomeres align, the cells can exert more force in the direction of the elongation. As 362 

the cell laden fibrin matrix is embedded around the cantilevers, the cells’ contraction of the matrix 363 

is restricted by the cantilevers causing them to form an elongated structure and eventually an MTS. 364 
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The stiffness of the cantilevers will continue to provide an opposing force when the cells are 365 

contracting, which is believed to aid the differentiation of the myoblasts into muscle cells.9,42 After 366 

24 h of culture, the cells have started to contract the fibrin matrix and form a tissue surrounding 367 

the two cantilevers (Figure 6). Two days after seeding, well-defined tissues are seen in all designs. 368 

369 

Figure 6. Tissue formation is observed over 4 days from cell loading into (a) MICROMAPs, (b) 370 

MINIMAPs, and (c) LOWSTRESSMAPs, until compacted tissues are observed at day 3. White 371 

scale bars 250 µm. Black scale bars 500 µm. 372 

 373 
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 In the MICROMAP, the formed tissue is surrounded by excess cells captured in the matrix 374 

without contributing to the tissue formation (Figure 7 a,b). The MICROMAP format requires fewer 375 

cells per well due to the small well size, but requires a highly inefficient cell seeding method with 376 

a lot of lost cells. In both the MICROMAP and MINIMAP, tissues are at risk of thinning and 377 

ultimately breaking due to necking as seen in Figure 7 (b and d) marked with yellow dashed lines. 378 

Necking is known to cause engineered tissues to fracture regardless of cell type and poses a serious 379 

challenge in tissue engineering.25,31,32 Circular cantilevers provide an advantage over rectangular 380 

cantilevers by not introducing the same degree of stress concentrations around the corners. This 381 

reduces the risk of the thinning and ultimately breaking of the tissue that is seen in the 382 

MICROMAP and MINIMAP tissues (Figure 6). Tissues created in our LOWSTRESSMAP design 383 

using circular cantilevers with soft-edged biomechanical cues show no thinning around the 384 

cantilevers at day 3 of culture. This MTS also exhibit a more defined tissue formation as seen in 385 

Figure 6c and Figure 7 (e, f). All engineered tissues show a high cell viability and a tight cellular 386 

structure with aligned cells (Figure 7 (a, c, e)).  387 
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 388 

Figure 7. Optical micrographs of C2C12 microtissues cultured for 3 days in MICROMAP (a and 389 

b), MINIMAP (c and d) and LOWSTRESSMAP (e and f) designs. All seedings use C12C12 at 390 

10×106 cells/mL in a 10 mg/mL fibrin gel with 20% v/v Matrigel. (a, c, e) Maximum intensity 391 

projections of confocal fluorescence stacks of cells stained for live cells (green, calcein AM), dead 392 

cells (red, propidium iodide), and nuclei (blue, Hoechst 33450). The printed cantilevers are also 393 

seen in the blue channel due to autofluorescence of PEGDA. (b, d, f) Maximum intensity 394 

projections of confocal bright field stacks. Yellow dashed lines indicate the areas where the tissues 395 

are thinning from the stress induced by the edge of the cantilevers. Scale bars 200 µm. 396 

 397 

Cryosectioned slices of the MINIMAP and LOWSTRESSMAP tissues show that the tissue 398 

wraps around the cantilevers at the top so that these are fully surrounded by the tissues formed, as 399 

required for optimal force transmission (Figure 8a,b). The tissue in the MINIMAP design fully 400 
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enclose the cantilever ends and substantial parts of the cantilever length, which does not allow for 401 

a well-defined attachment point as required in the Euler-Bernoulli theory for calculating the 402 

contraction force (Figure 8a). In contrast, the mechanical cue added at the top of the circular 403 

cantilevers in the LOWSTRESSMAP design causes less necking and better confinement of the 404 

tissue near the free cantilever end (Figure 8b). Figure 8c shows that the cells in the 405 

LOWSTRESSMAP design are aligned in the direction of the opposing force acting on the tissue 406 

from the cantilever. Cells are multinucleated suggesting that the myoblasts have fused to form 407 

myotubes. Introducing a biomechanical cue at the top of the cantilever makes the tissue form 408 

uniformly around the cantilever (Figure 8b). The alignment and uniformness of the MTS indicate 409 

that all cells experience the same opposing force and develop uniformly within the tissue. 410 
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 411 

Figure 8. Brightfield micrographs of (a) MINIMAP and (b) LOWSTRESSMAP designs with 412 

C2C12 muscle tissue strips after fixation and cryosectioning (20 µm thick slice). (c) Spinning disc 413 

confocal image of the LOWSTRESSMAP muscle tissue strip seen in (b) stained for α-actinin 414 

(green) and nuclei (blue). Scale bars: 200 µm. 415 

 416 

As discussed, the new LOWSTRESSMAP design includes a visually distinct marker on top of 417 

each cantilever. The marker is seen as a triangle in Figure 6c and Figure 7f. When tissues form 418 
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around the cantilever at the cue on top of the cantilevers, the height of tissue attachment is well-419 

defined. This enables reliable calculation of the contractile force based on cantilever stiffness and 420 

deflection. The time-dependent cantilever deflection can be determined by optical tracking of the 421 

incorporated optical markers (Electronic Supporting Information, Video V1 and V2), thus enabling 422 

calculation of the force exerted by the cells in the engineered muscle tissue strip.  423 

 424 

CONCLUSIONS425 

Our results show that high-resolution stereolithographic 3D printing of PEGDA hydrogels can 

mass-produce micromechanical objects, such as cantilevers, with high precision and with high 

accuracy. High accuracy is achieved by characterizing and accounting for post-printing swelling 

properties of hydrogels in the print design and in the choice of printing solution composition. 

Precise and accurate micromanufacturing enables fast and robust fabrication of cell seeding 

platforms for use in microtissue engineering, in a format that can be upscaled for commercial 

production. The cantilever stiffness is easily controlled by changing its design, which makes the 

platform suitable for various cell types with different contractile properties. The use of circular 

cylindrical cantilevers with an integrated stress-reducing biomechanical cue at their ends results 

in well defined muscle tissue strips without observable necking. Tissues are consistently formed 

at the bottom of the biomechanical cue, thus fixing the height of attachment on the cantilever. This 

is in contrast to the extended and variable length of attachment observed on rectangular cantilevers. 

A consistent and short length of tissue-cantilever attachment is key to subsequent reliable force 

readout, as the underlying Euler-Bernoulli theory requires a single well-defined point of actuation 

to translate observed cantilever deflection to exerted tissue force. 
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