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SUMMARY 
Here, we present a novel device that applies isotropic and uniaxial strain waveforms to cells while supporting culture on substrates with tunable stiffness and customizable protein matrices. This simple, economical platform enables researchers to investigate how mechanical cues regulate cellular function in both fundamental studies and disease-relevant contexts.

ABSTRACT 
Cells respond to mechanical cues from their environment, such as changes in extracellular matrix (ECM) stiffness and cyclic strain, which regulate cellular processes including cell fate determination, intercellular communication, and development. Alterations in these forces contribute to or drive disease progression in conditions like asthma, hypertension, and cancer. While existing in-vitro stretching devices can impose uniaxial or isotropic strains, they often use non-physiological stiffnesses, limit live imaging, or cannot achieve high strain amplitudes relevant to physiological and pathological conditions. Here, we present a compact, microscope-compatible stretcher device that applies controlled isotropic or uniaxial strain to adherent cells on elastomeric culture dishes. These dishes feature a tunable Young’s modulus and are compatible with a variety of matrix protein coatings for cell adhesion, allowing independent modulation of substrate stiffness and ECM composition. Importantly, the device’s ease of operation is facilitated by its stepper motor-driven design, which supports the generation of programmable cyclic waveforms. We demonstrate the device’s capability by quantifying intracellular calcium dynamics and cell traction forces in primary human airway smooth muscle cells under mechanical stretch. This platform provides a versatile tool for investigating the effect of mechanical cues on cellular function in both healthy and disease-relevant contexts. 

INTRODUCTION  
Cells experience mechanical forces from their surrounding environment that play a critical role in regulating many aspects of cellular function, including determining cell fate1,2, intercellular communication3,4, and healthy growth2,5. Additionally, changes in these mechanical forces can lead to increased disease progression and onset of disease, including extracellular matrix (ECM) remodeling6 and  tumor growth7–10. Cells can sense and respond to these mechanical cues, which include changes in the stiffness of the ECM4, as well as cyclic strain in organs such as the heart, lungs, and muscles11,12. In vitro studies have demonstrated that ECM stiffness and composition can influence the rigidity of the cell cytoskeleton, both at rest and following exposure to contractile agonists13. Numerous in vitro and in situ studies have examined how transient, static, and cyclic strains affect cells and tissues, showing that responses vary based on strain type, rate, and amplitude14. For example, recent studies found that a temporary stretch reduces the stiffness of adherent cells in proportion to the applied strain, wherein a sustained increase in strain results in an initial rapid increase in stiffness, followed by a gradual relaxation15. Additionally, calcium signaling, the primary molecular regulator of force generation, is impacted by stretch and other mechanical forces4,16–20. Studying how stiffness and strain influence mechanobiological pathways requires modulating both factors while monitoring cellular responses. Therefore, we developed a novel microscope-compatible cell stretcher capable of inducing either isotropic or uniaxial stretch, with independent control over substrate stiffness, matrix protein coating, and a range of programmable waveforms.

In the past, researchers have similarly created devices to impose specific motions and mechanical stretches on cell cultures and tissues21,22. The simplest case, uniaxial motion, is a mechanical stretch imposed on a single dimension. For example, some devices have been developed to impose mechanical stretch and strain on tissue strips23 and collagen fibers24, or to align cellular orientation and induce cellular migration25. Isotropic stretch refers to a type of stretching in which an equal force is applied to a gel or substrate from all directions, resulting in uniform strain across the material. This stretch simulates the even force distribution that cells experience in certain physiological environments, such as within the alveoli of the lungs, where cells are subjected to radial expansion and contraction during the breathing process26,27. 

Existing stretcher devices have several limitations that constrain their use for mechanobiology-related research. Many designs use substrate stiffness values exceeding the typical physiological range to withstand mechanical strain and support the weight of cell culture media28. However, the use of such non-physiological stiffness may also affect cell behavior, potentially limiting the relevance of the model to natural tissue environments29. Additionally, some stretcher designs obstruct the objective or light path, preventing imaging, while others use membranes too thick for clear observation28. Even when stretchers are compatible with microscopes and use thin substrates, issues like membrane sagging and focus loss are common. Commercial platforms such as Flexcell use vacuum-based deformation to stretch flexible membranes. While this approach can generate stable, homogeneous strain fields, it is not optimized for live-cell microscopy, and microscope-compatible configurations require expensive additional accessories. Additionally, these platforms can achieve a maximum strain of only 21.8%30, whereas deep inspirations can produce strains exceeding 30%, with even higher strains observed in diseases like asthma and COPD31.

Therefore, we designed a novel cell stretching device that enables precise material control of substrate stiffness and ECM composition, while allowing for variable isotropic and uniaxial strains to be applied to adherent cells. This platform is well-suited for researchers investigating mechanobiological questions who require live imaging during mechanical stimulation with substrates with physiologically relevant stiffness. The device uses a mechanically driven approach inspired by the geometry of a two-dimensional Hoberman sphere, which expands and contracts through scissor-like joints (Figure 1, Supplementary Figure 1). A single stepper motor drives 16 radially arranged arms through a linkage mechanism, producing coordinated expansion and contraction of eight attachment posts. This configuration generates homogeneous in-plane strain by applying equal radial displacement to all posts simultaneously. The unique design and compact footprint of the device facilitate live cell imaging with an inverted fluorescence microscope during in-plane isotropic and uniaxial stretch, at a fraction of the cost of commercial alternatives. The linear stepper motor is controlled with a custom Arduino code, enabling programmable cyclic waveforms with adjustable periods and amplitudes. In this study, we demonstrate that the device delivers precise and reproducible strains ranging from less than 1% to 15%, with a geometric capacity exceeding 200%. Additionally, we quantify the effects of mechanical stretch on intracellular calcium dynamics and cell traction forces of primary human airway smooth muscle cells.  

PROTOCOL
Primary human airway smooth muscle cells (ASMCs) used in this study were obtained from ATCC (Virginia), and donor information was de-identified in accordance with NIH guidelines. This study was approved by the Biosafety Committee of Northeastern University prior to experimentation.
 
NOTE: For instructions regarding the fabrication of the device as well as device dimensions, please see the CAD file available at our GitHub repository: https://github.com/Breathe-Lab/A-Novel-Platform-for-In-Vitro-Cellular-Stretching-and-Imaging.

1. Design of 3D printed mold 

1.1. Isotropic mold dimensions

1.1.1. Outer diameter of the mold is 37 mm.

1.1.2. Outer height of the mold is 4.1 mm. 

1.1.3. Outer wall thickness is 2.1 mm.

1.1.4. Base thickness of the mold is 2 mm. 

1.1.5. Attachment holes are located 2 mm from the edge. 

1.1.6. The inner cell culture well area has a diameter of 20 mm and a depth of 1.9 mm.

NOTE: The completed PDMS mold should have a cell culture area thickness of 200 µm. 

1.2. Uniaxial mold dimensions

1.2.1. Outer dimensions of the mold are 41 mm x 12 mm x 4 mm (L x W x H). 

1.2.2. Attachment holes are 3 mm from the width edge and 4 mm from the length edge with a post depth of 1 mm. 

1.2.3. Outer wall thickness is 1.5 mm on the width edge and 2 mm on the length edge. 

1.2.4. The inner cell culture well dimensions are 26 mm x 5.5 mm x 1 mm (L x W x H). 

1.2.5. Base thickness is 2 mm.

NOTE: Molds were designed in SolidWorks, 3D printed using a FormLabs liquid grey resin system, and fabricated at Northeastern University’s makerspace. 

1.3. Instructions only for the initial use of the mold

1.3.1.  Sand down the rough edges of the mold print. 

1.3.2. Coat the negative mold with clear nail polish to facilitate subsequent removal of the PDMS mold after curing. Allow the mold to air-dry for 24 h.

2. Fabrication of optically clear, elastic gels with tunable substrate stiffness for cell culture

NOTE: Wear appropriate PPE (gloves, lab coat, eye protection) when handling PDMS and NuSil.

2.1. Add Sylgard 184 base and curing agent in a 10:1 ratio by weight into a plastic dish.
 
2.2. Mix vigorously with tongue depressor (or similar tool) for 2-3 min.
 
2.3. Degas the mixture for 1 h.

2.4. Pour the PDMS mixture into the custom negative mold (Figure 2A,B). 

2.4.1. Add 1.3 g to the isotropic mold. 

2.4.2. Add 0.5 g for the uniaxial mold. 

NOTE: Take care to spread the gel evenly across the mold. 

2.5. Degas the mold for 1 h.
 
2.6. Allow the gel in the mold to settle on a flat surface at room temperature for 2 h.

2.7. Cure at 60 °C overnight. 

2.8. Tumble mix parts A and B of NuSil Gel-8100 in equal proportions (1:1) for 15 min.
 
2.8.1.  Mix with Sylgard 184 crosslinker at 0.36% of total volume to produce a substrate with a stiffness of 13 kPa32. 

2.8.2.  Add no crosslinker to produce a substrate with a stiffness of 0.3 kPa.

2.9. Degas the mixture for 30 min.
 
2.10. Carefully remove the PDMS gel from the custom mold. Place the gel onto a 40 mm coverslip. 

NOTE: Take care not to tear the gels as they are fragile.

2.11. Pour the NuSil mixture onto the negative area of the PDMS gel.
 
2.11.1. Isotropic gel: 100 µL.

2.11.2. Uniaxial gel: 50 µL.

2.12. Coat the respective PDMS gels with the NuSil mixture using a spin coater for 50 s at 7 x g to attain a uniform substrate thickness of 100 µm. 

2.13. Allow the gel to settle on a flat level surface at room temperature for 2 h before being cured at 60 °C overnight.

NOTE: Please take care to ensure all curing steps are performed on a level surface. An uneven gel will not allow the full region of interest to remain in the imaging plane of the microscope. If imaging reveals focus variation across the field of view, the gel may have cured on an unlevel surface and should be remade.

2.14. Store the completed cell culture dishes in covered petri dishes until use (Figure 2D-E). 

3. Matrix protein coating

3.1. Add 500 µL of poly-L-lysine (PLL, 500 μg/mL) to each substrate. 

3.2. Incubate at room temperature for 1 h. 


3.3. Wash substrates 3× with 1 mL of PBS, followed by 3× with 1 mL of 10 mM HEPES buffer (pH 8.0). 

3.4. Add 500 µL of mPEG-SVA (50 mg/mL) to each substrate. 

3.5. Incubate at room temperature for 1 h.
 
3.6. Wash substrates 3× with 1 mL of PBS. 

3.7. Replace PBS with 500 µL of PLPP (14.5 mg/mL). 

3.8. Using the PRIMO micropatterning system with Leonardo software, project the predefined pattern onto the substrate surface with UV light for 30 s.

3.9. Wash substrates 3× with 1 mL of PBS and place under UV for 15 min for sterilization.  

3.10. Add 500 µL of 0.1% fluorescein conjugated gelatin to each substrate. 

3.11. Incubate at room temperature for 1 h.
 
3.12. Wash 3× with 1 mL of PBS.

NOTE: To visualize patterns, incubate with 0.1% fluorescein-conjugated gelatin for 1 h at room temperature.

3.13. Proceed with imaging. 

4. Human Airway smooth muscle cell culture in elastic dishes

NOTE: Perform all cell culture procedures in a biosafety hood using standard aseptic technique.
 
4.1. Obtain primary human airway smooth muscle cells (ASMCs) from ATCC (Virginia) and ensure donor information is de-identified in accordance with NIH guidelines. Confirm Institutional Biosafety Committee approval prior to experimentation.

4.2. Use cells from three healthy human donors of different sexes and ages with no history of asthma/ disease. Example: one female (age 18) and two males (ages 34 and 59).


4.3. Culture cells under standard conditions (37°C, 5% CO₂) and use cells up to passage 6 for all experiments.

4.4. Grow cells in the following complete growth medium:

4.4.1. DMEM/F12 (500 mL)

4.4.2. 10% fetal bovine serum (FBS) (50 mL)

4.4.3. 1× penicillin/streptomycin (5 mL) 

4.4.4. 1× MEM nonessential amino acids (5 mL)

4.4.5. Amphotericin B (0.5 mL)

4.5. Switch cells to serum-free medium at least 24 h before measurements. Prepare serum-free medium with:

4.5.1. Ham’s F-12 medium (500 mL)

4.5.2. 1× penicillin/streptomycin (5 mL)

4.5.3. Amphotericin B (50 μg/L) 

4.5.4. 1× MEM nonessential amino acids (5 mL)

4.6. UV-sterilize stretchable cell culture dishes for 15 min.
 
4.7. Incubate sterilized dishes with 0.1% gelatin for 1 h at room temperature prior to seeding (Figure 2F).

4.7.1.  For Patterned Substrates:

4.7.1.1. Seed cells in elastic cell culture wells at a density of 10⁴ cells/cm².

4.7.1.2. Incubate in 10% serum medium for 10 min to promote attachment to patterned areas.

4.7.1.3. Wash wells with PBS to remove unattached cells.

4.7.1.4. Fill wells with 10% serum medium and incubate for 24 h.

4.7.1.5. Replace with serum-free medium and incubate for 24 h before measurements.

4.7.2.  For Non-Patterned Substrates:

4.7.2.1. Seed cells at the desired density: 10² cells/cm² for isolated cells. 10³ cells/cm² for sparse cells. 10⁴ cells/cm² for confluent cells.

4.7.2.2. Incubate in 10% serum medium for 24 h.

4.7.2.3. Replace with serum-free medium and incubate for 24 h before measurements.

5. Fluorescent calcium imaging and analysis

5.1. Serum-starve airway ASMCs for 24 h.

5.2. Prepare FLIPR Ca²⁺ 6 dye according to manufacturer’s instructions.

5.3. Mix FLIPR Ca²⁺ 6 dye with serum-free medium at a 1:1 ratio.

5.4. Incubate cells with the FLIPR Ca²⁺ 6 solution at 37 °C and 5% CO₂ for 2 h.

6. Imaging Setup

6.1. Use a Leica DMi8 inverted microscope equipped with:

6.1.1.  Leica DFC6000 camera

6.1.2.  Leica LED8 light engine

6.1.3.  5 ×/0.12 dry objective

6.2. Set excitation at 480/40 nm and emission at 527/50 nm.

6.3. Acquire 16-bit images at a frame rate of 2 Hz during stretch experiments.

7. Data analysis

7.1. Import image sequences into Fiji (ImageJ)33.

7.2. Manually define regions of interest (ROIs) in the cytoplasm of each cell.

7.3. Extract the mean grayscale intensity values for each ROI over time.

7.4. Process fluorescence intensity data using a custom MATLAB script.
 
NOTE: Fluorescence intensity is proportional to cytosolic [Ca²⁺].

8. Traction force measurements and analysis

NOTE: All codes, including those for image analysis, traction force microscopy, and motor control, are available at our GitHub repository: https://github.com/Breathe-Lab/A-Novel-Platform-for-In-Vitro-Cellular-Stretching-and-Imaging

8.1. Coat PDMS-NuSil gel substrates with a layer of fluorescent beads to serve as fiducial markers for traction force microscopy.

8.2. Prepare a 0.025% solution of 1 μm diameter red fluorescent carboxylate-modified microspheres in HBSS by diluting to a 1:4000 ratio.

8.3. Vortex the bead solution for 10 s.

8.4. Add the bead solution to the gel.

8.4.1.  880 µL to isotropic gel.

8.4.2.  420 µL to uniaxial gel.
 
8.5. Incubate at room temperature for 1 h to allow the beads to adhere.

8.6. After 1 h, carefully remove the solution.

NOTE: Pour off the bead solution gently on soft gels. Improper removal prevents proper bead distribution.

8.7. Gently blot any residual solution with a Q-tip or Kimwipe.

8.8. Image the beads with a Leica DMi8 microscope equipped with a 10x/0.32 dry objective.

8.9. Capture images in the pre-stretch condition and continuously throughout the stretching protocol.

NOTE: Perform all imaging at the center of the substrate where strain uniformity is highest. If needed, refocus the microscope at the stretched position before capturing images.

8.10. Analyze the images using a custom MATLAB code based on Fourier traction force microscopy to calculate displacement vectors and corresponding planar strain fields34.

8.11. Represent data as the average of N trials.

9. Calibration of the cell stretching device

9.1. Add 500 μL of H₂O to the well to simulate the weight of cell culture media and keep the protein pattern moist.

9.2. For protocol regarding creating specific protein patterns, please see section 3 titled “Matrix Protein Coating”. 

9.3. Image fluorescent patterns every 400 μm steps of motor displacement, ramping up to a maximum of 2800 μm, and then returning to zero in reverse 400 μm increments.

9.4. Characterize the relationship between linear displacement from the stepper motor and isotropic deformation of the stretchable cell culture dish at both macroscopic and regional scales by measuring the changes in area and eccentricity of fluorescent protein-patterned letters spelling “BREATHE” on the elastic substrate during stretching. Use a rectangular bounding box encompassing all letters to calculate the area and eccentricity of the entire word.

9.5. Apply image segmentation in MATLAB to quantify these parameters for each individual letter.

9.6. Define zero displacement by the unstretched dimensions of the cell culture dish.

9.7. Repeat each experiment across two to three independently prepared stretchable cell culture wells to ensure reproducibility.

10. Data presentation and statistical testing

10.1. For stretcher calibration experiments, define trials as the number of cycles.

10.2. Show each trial separately instead of combining them into a single curve to demonstrate system repeatability.

10.3. Indicate error bars as standard deviation.

10.4. Use a one-way ANOVA to test for significant differences in datasets with three or more groups influenced by one independent factor.

10.5. Use two-way ANOVAs followed by post hoc pairwise comparisons to test for significant differences in datasets influenced by two independent factors.

10.6. Apply the t-test for pairwise comparisons when data are normally distributed.

10.7. Apply the Mann-Whitney rank sum test to compare median values when data are not normally distributed.


10.8. Report the specific tests used, the number of samples, and the corresponding P-values, along with the results.

10.9. Use a P-value threshold of 0.05 to determine statistically significant differences between datasets.

10.10. Perform statistical tests in SigmaStat.

10.11. Plot figures in GraphPad Prism and MATLAB.

REPRESENTATIVE RESULTS  
The cell stretcher induces macroscopic area changes that reflect localized deformations. To assess isotropic behavior, we measured the area changes of a fluorescent gelatin protein pattern forming the word “BREATHE” on a stretchable cell culture well, along with its individual letters, on an isotropic substrate. Our results demonstrated that both the word and the individual letters exhibited equivalent changes in area (Figure 3A, B). In Figure 3B, blue circles and error bars represent the mean and standard deviation of the areas of the seven letters measured at 400 µm increments of displacement. The orange squares correspond to individual measurements of the total area of the word “BREATHE” as the substrate was stretched and released. A two-way ANOVA with the measured region (letter vs. word) and linear displacement as independent factors revealed no significant interaction between the two (P = 0.743). 

To investigate directional deformation during stretch and release, we calculated the eccentricity of the areas normalized to their initial values. Results showed that the eccentricity of both the letters and the full word remained unchanged throughout the stretching process and did not differ significantly at any displacement. A two-way ANOVA using letter/word identity and displacement as factors confirmed no statistically significant differences across displacements (P = 0.999) and no interaction between factors (P = 0.358) (Figure 3C). These findings confirm that the substrate and the patterned word undergo a homogeneous, isotropic stretch. 

To characterize isotropic displacement and strain at the microscopic level, we coated stretchable cell culture substrates with fluorescent microspheres. When applying a small displacement of 240 µm to the gel, the beads shift radially outward (Figure 4A). In the overlaid image, the pre-stretch bead pattern is shown in magenta, the post-stretch pattern in cyan, and areas of overlap appear white. Traction force microscopy (TFM) was used to quantify bead displacements, revealing an isotropic displacement field with vectors radiating outward from the center and increasing in magnitude with distance from the center point (Figure 4A-B). Additionally, this isotropic displacement field results in a homogeneous planar strain field (Figure 4C). When the applied displacement was increased to 1000 µm, the isotropic pattern became more pronounced. Displacement vectors and the corresponding strain field both increased in magnitude while maintaining their radial orientation (Figure 4D-F). These results confirm that the isotropic gel demonstrates uniform isotropic behavior at the microscopic scale.  

A similar experimental approach was applied to uniaxial gels to confirm their distinct displacement profiles (Figure 5A-B). A 250 µm displacement was applied to the uniaxial gel and displacement vectors were predominantly aligned along a single axis consistent with the application of uniaxial strain (Figure 5C-D). Some “necking” due to Poisson’s effect was observed, but was minor compared to the main deformation axis, allowing the uniaxial strain pattern to remain clearly visible.  To quantify Poisson contraction under uniaxial stretch, we calculated the ratio of transverse to axial strain from the displacement field gradients. The measured axial strain was 0.26% with a corresponding transverse strain of -0.12%, yielding a Poisson's ratio of 0.469. This value is consistent with the expected Poisson's ratio of 0.47 for NuSil silicone elastomers32.

We then applied small-amplitude trapezoidal displacements to isotropic gels and observed a strong linear relationship between stepper motor movements and the resulting substrate strains. The strain waveforms closely mirrored the input displacements while demonstrating near-perfect synchronization and confirming the system's high fidelity in translating programmed motor outputs into precise strain patterns (Figure 6A). In this experiment, the motor oscillated between 0 and 400 µm displacements with 10 s pauses between movements, generating strain values ranging from 0.1% to 0.4%. During the pauses at maximum and minimum displacements, strain values were consistent across three repeated cycles, with no statistically significant differences observed between the cycles (Figure 6A, One-way ANOVA, max: P = 0.095; min: P = 0.067; N = 3 cycles). However, a statistically significant difference was observed at minimum displacements (P = 0.033), likely due to numerical errors in displacement field calculations as they approach zero. The motor program was repeated on two additional gels of matching elasticity and stiffness. Each line represents an individual sample, and each point shows the mean strain across cycles at a specific displacement. Error bars indicate standard deviation. Strain values at maximum displacements remained consistent across samples (Figure 6B, P = 0.178, N = 3, One-way ANOVA). 

Next, we tested stretch waveforms in a more physiological range of strain35. Applying a transient displacement from 0 to 5555 µm resulted in strains from >0.1% to 12% (Figure 6C). This was repeated with a different stretchable cell culture dish and found close agreement and no statistically significant differences in strains at any displacement (t-test at each displacement, comparing the two trials, all P values were greater than 0.073). Therefore, we can reliably achieve physiological strains with our stretcher that are compatible with imaging.

To validate the use of the stretcher and elastic cell culture dish for culturing and imaging cells under mechanical stretch, we measured changes in intracellular calcium concentration in response to a transient stretch, a stimulus known to elicit calcium signaling in various cell types36–38. Primary human airway smooth muscle cells cultured on stretchable 13 kPa cell culture dishes coated with 0.1% gelatin were loaded with a fluorescent calcium indicator and imaged using a microscope while mounted on the stretcher (Figure 7A). The resulting fluorescent images indicating intracellular calcium levels were acquired at 2 Hz using a 5× dry objective, capturing [Ca²⁺] activity before, during, and after the application of a transient 0.5% strain (Figure 7C). An increase in intracellular [Ca²⁺] is evident after stretch, as shown by the higher fluorescence intensity (yellow) in representative cell images captured before (left) and after (right) the stretch (Figure 7A). Measuring the intracellular [Ca²⁺] reveals that some cells exhibit an immediate increase of [Ca2+] following stretch, while others respond with a delay of 30 s to 1 min (Figure 7C). The cells remain in focus with no observable rigid body drift while the stretcher is stationary. Although the cells temporarily go out of focus during the stretch waveform, they return to their original positions immediately afterward, further demonstrating the precision and mechanical stability of the stretcher. 

We next assessed whether the stretcher could be used for traction force microscopy, a technique that demands higher imaging resolution and stringent focus control. Primary human airway smooth muscle cells (ASMCs) were cultured in isolation (Figure 8A) on gelatin-coated NuSil substrates embedded with 1 μm fluorescent microspheres. The substrates were prepared with either a soft (0.3 kPa) or stiff (13 kPa) Young’s modulus to assess the effect of matrix stiffness on cell fluidization post 0.5% stretch. Fluorescent bead images were captured prior to stretch, immediately following a transient 0.5% strain applied for 5 s (Figure 8B), and subsequently at ~50 s intervals for over 10 min. Additional images were taken after cell removal using trypsin. We observed a decrease in mean traction stress per cell, irrespective of the stiffness of the substrate to which the cells were adhered. Traction stresses in ASMCs cultured on the stiff substrate decreased by less than 10%, while ASMCs on the soft substrate showed a much greater drop in traction stress, decreasing by approximately 30% (Figure 8C). Recovery of cellular stiffness and traction stress begins immediately after the transient stretch. ASMCs on the stiff substrate regain their initial traction stress within approximately 200 s, whereas cells on the soft substrate exhibit a significantly slower recovery.  

FIGURE AND TABLE LEGENDS
Figure 1: Overview of the cell stretching device and operational mechanism. (A) SolidWorks rendering of the custom-designed cell stretching apparatus positioned atop the stage of an inverted microscope. The system employs a stepper motor to generate linear motion via a lead screw. An adapter mounted to the lead screw converts the motor's rotational movement into linear displacement and is fixed to a ball-bearing carriage. The ball-bearing carriage minimizes friction and allows the carriage to glide smoothly along the guide rail. As the lead screw rotates, it drives the carriage along the rail, enabling precise linear displacement required to actuate the stretching mechanism. The motor is secured to the microscope stage via a clip to prevent displacement during operation and can be enclosed in a protective chamber to shield electronic components from humidity and temperature. The stretch mechanism is comprised of 16 radially arranged arms with one end attached to the moving carriage and the opposite end fixed to the microscope stage insert. This configuration holds a deformable cell culture dish positioned directly above the microscope objective. (B) Close-up schematic illustrating the movement mechanism. Rotation of the lead screw (yellow arrow) induces linear displacement at the attachment point of the stretcher (blue arrow), resulting in coordinated expansion and contraction of all other connection points except at the fixed anchor point (red arrow). This motion generates either isotropic or uniaxial strain on the stretchable dish and the adherent cells, depending on the gel type utilized. The culture dish is depicted as a light-colored ring, with pink representing the cell culture medium. (C) Photograph of the complete setup during operation, showing cell culture media within the stretchable dish mounted on an inverted microscope.

Figure 2. Fabrication and structure of the custom stretchable cell culture dish. (A) SolidWorks rendering of the 3D-printed negative mold used to fabricate an isotropically stretchable cell culture dish. Polydimethylsiloxane (PDMS) is poured into the mold and cured overnight to produce the dish. (B) SolidWorks rendering of the 3D-printed negative mold used to produce a uniaxially stretchable PDMS culture dish. PDMS is cast and cured in this mold. Two holes at either end of the mold serve as connection points for attachment to the stretcher. (C) Rendering of the cured PDMS isotropic cell culture dish, shown with pink-colored media in the central well to represent cell culture conditions. Eight small holes evenly spaced around the perimeter serve as attachment points for the stretcher’s posts. (D) Photograph of the completed uniaxial stretchable cell culture dish, showing the dual-layer PDMS-NuSil substrate. The transparent NuSil layer is visible in the central culture region. Two attachment holes can be seen on the right and left edges. (E) Photograph of the completed isotropic stretchable cell culture dish, showing the dual-layer PDMS-NuSil substrate with eight attachment holes around the perimeter. (F) Schematic cross-sectional view of the isotropically stretchable culture dish. The entire dish is formed from a single cast of PDMS (grey). The central well is designed for cell culture and features a floor coated with NuSil, an ultra-soft PDMS variant with tunable mechanical stiffness, including values within the physiological range. This surface is subsequently coated with an extracellular matrix (ECM) protein, such as collagen, gelatin or fibronectin, to support cell adhesion. Cells are seeded onto the ECM-coated NuSil substrate and cultured in media before stretching.

Figure 3: Isotropic stretching preserves equal area changes at the macroscale and regional levels. (A) Fluorescent gelatin photopatterned into the word “BREATHE” on an isotropically elastic substrate undergoing mechanical stretching. Images show the patterned word at zero and maximum extension. As displacement increased, the word “BREATHE” expanded proportionally, demonstrating the stretchability and fidelity of the patterned material under strain. (B) The total area of the word (orange squares), measured using a bounding rectangle, closely matches the combined area of the individual letters, measured by segmentation in MATLAB (blue circles), across displacement steps of 400 μm. Error bars on the letter data represent the standard deviation across all seven letters. A two-way ANOVA revealed no statistically significant interaction between measurement type (letter vs. word) and displacement (P = 0.743), indicating consistent area changes between the two methods of measurement. (C) Eccentricity and bounding box area remain constant during substrate stretching, indicating isotropic deformation. For the same stretch maneuver, the normalized eccentricity of individual letters (blue circles) and the area of the bounding box surrounding the entire word (orange squares) do not change significantly with increasing displacement. Error bars on the letter data represent the standard deviation of eccentricity measurements across letters, normalized to pre-stretch values. A two-way ANOVA revealed no statistically significant effect of displacement (P = 0.999) and no interaction between measurement type (letter vs. word) and displacement (P = 0.358). These results suggest isotropic deformation at both the macroscale and local scales.

Figure 4: The cell stretcher generates isotropic displacement fields. (A) Representative composite fluorescence image of microsphere beads embedded in the stretchable substrate, captured at rest (magenta) and following a linear displacement of 240 µm (cyan). Areas of overlap are indicated in white. (B) Corresponding displacement field map showing local vector displacements represented by arrows, with magnitude encoded by size. (C) The magnitude of planar strain at this displacement indicated by color, showing a homogenous strain field.
 (D) The same sample is subjected to a larger linear displacement of 1000 µm, captured at rest (magenta) and post displacement (cyan). Areas of overlap are indicated in white. 
(E-F) Corresponding displacement field and planar strain maps, demonstrating increased magnitude while maintaining spatial uniformity. Scale bar: 100 µm (applies to all panels).

Figure 5: The cell stretcher generates uniaxial displacement fields. (A) Representative composite fluorescence image of microsphere beads embedded in the stretchable substrate, captured at rest (magenta) and following a linear displacement of 250 µm (cyan). Areas of overlap are indicated in white. (B) Magnified view of the boxed region in (A), highlighting the displacement of individual microsphere beads following the 250 µm stretch. (C) Corresponding displacement field map showing local vector displacements represented by arrows, with magnitude encoded by size. (D) The magnitude of planar strain at this displacement indicated by color, showing a homogenous strain field.

Figure 6: A linear relationship between motor-driven displacement and substrate strain for small displacements. (A) Strain measurements taken over a 1.8 mm² region of the isotropic stretchable cell culture dish show synchronized response to stepper motor displacement across multiple cycles of a trapezoidal stretch profile. For each 10 s plateau at both maximum and minimum displacement across three stretch cycles of the same substrate, strains are not significantly different (One-way ANOVA; maximum displacement: P = 0.095, minimum displacement: P = 0.067). (B) Repeating the same analysis on two additional elastic culture dishes confirms the high reproducibility of the applied strain, with variation within ± 0.05% strain across cycles. During Trial 1, continuous strain measurements captured during motor motion reveal a linear correlation of strain due to motor displacement. Error bars represent standard deviation at each displacement point across cycles (N = 3 per trial at peak displacement; N = 6 at 80 µm and 240 µm displacements taken during trial 1; N = 4 at zero displacement). No significant differences in strain at maximum displacement were observed across trials (One-way ANOVA; P = 0.178). (C) When applying higher displacements, we observe a nonlinear relationship between input displacement and output strain over trials of different stretchable dish samples, though the strains are still predictable and not statistically significantly different at different displacements for the two trials (t-test at each displacement, comparing the two trials, all P values were greater than 0.073).

[bookmark: OLE_LINK1]Figure 7: Calcium dynamics following transient stretch in Human Airway Smooth Muscle Cells. (A) Intracellular calcium fluorescence intensity in airway smooth muscle (ASM) cells visualized using a red-hot colormap before (left) and after (right) a 5 s, 0.5% transient stretch. Scale bar = 0.5 mm (applies to both images). (B) Schematic of the transient stretch waveform applied to cells, showing a 0.5% strain held for 5 s. (C) Time-lapse calcium traces from 12 arbitrarily selected cells within the field of view show an increase in intracellular [Ca²⁺] following the 0.5% transient stretch. Some cells responded immediately, while others exhibited delayed responses ranging from 30 s to 1 min post-stretch.
 
Figure 8: Fluidization response of primary human airway smooth muscle cells. (A) Representative phase contrast image of an isolated ASM cell cultured on a fluorescent bead coated and gelatin coated stretchable substrate. Corresponding traction stress maps illustrate cellular force distribution before, immediately after a transient 0.5% strain stretch, and 200 s post-stretch. Traction vectors indicate the direction of force, while the color scale denotes the magnitude. The cell outline is overlaid for reference. Scale bar = 50 μm. (B) A representative image of a transient strain from 0% to 0.5% applied over a duration of 5 s.   The transient strain profile applied to the substrate. The strain remains at 0% during the initial baseline period, then rises to 0.5% over a 5 s stretch, and subsequently returns to 0% as the stretch is released. (C) Isolated ASM cells were cultured on soft (0.3 kPa) and stiff (13 kPa) NuSil matrices. Traction stresses were measured after a transient stretch, normalized to their baseline traction stress. Right after the stretch cells showed a drop in traction stress, known as fluidization. This effect was more pronounced on the soft matrix. Cells on the stiff matrix began recovering immediately and returned to baseline traction stress by 200 s, while cells on the soft matrix recovered more slowly or did not fully return to baseline. Each point shows the average from N = 3 samples, with 2–3 isolated cells measured per sample. 

Supplementary Figure 1: Demonstration of the stretcher mechanism. (A–B) SolidWorks renderings showing linear motor displacement translating to radial expansion of the stretcher arms, from contracted (A) to expanded (B) states. Photographs of the stretcher on quad-ruled paper without an attached substrate, demonstrating the full range of motion from a minimum diameter of approximately 6 mm (C) to a maximum diameter of approximately 200 mm (D). This would indicate a strain of over 200%.

Supplementary Figure 2: Overview of the assembled cell stretching device. Key components are labeled: stretcher attachment stage insert, stretcher rail adapter, top and bottom grips, stretcher arm, stretcher linker, motor stage and stage insert, and tissue sample location (center, shown in red). Angle ϴ is identical between all 8 posts.

Supplementary Figure 3: Alternate view of the assembled cell stretching device showing the motor carriage adapter, motor stage, stage insert, and stretcher attachment stage insert.

DISCUSSION 
In this protocol, we describe the design, development, validation, and implementation of a novel microscope compatible cell stretcher that can mimic isotropic and uniaxial strains while simultaneously imaging live cells. This device is compact and can fit on a Leica DMi8 microscope stage, confining all moving parts to a single plane to allow for live imaging while maintaining focus on the substrate and underlying cells. This was done utilizing angled arms inspired by the geometry of a two-dimensional Hoberman sphere. This 2D configuration constrains motion to a single plane, essential for maintaining microscope focus during live-cell imaging. This geometry enables large strains and allows for the simple conversion of rotational motion to linear motion. The central arrangement of the eight posts provides flexibility in the types of mechanical strains the device can apply. While all eight posts move symmetrically, selectively connecting specific posts to the substrate allows the same platform to deliver isotropic and uniaxial strains.

Several steps in the protocol are critical for successful experiments. Care must be taken when removing the cured PDMS gel from the mold to avoid tearing, as the thin membrane is fragile. The NuSil coating must be applied on a level surface to ensure uniform thickness. An uneven gel will not allow the full region of interest to be in the imaging plane of the microscope. The PDMS and NuSil must be degassed sufficiently to prevent air bubbles, which can compromise optical clarity and create weak points in the substrate. When removing the bead solution from soft gels, gentle handling is essential. Improper removal can prevent proper bead adhesion and deform or even break the gel. The optimized amount of beads must be added to ensure uniform bead distribution without overcrowding, which is necessary for accurate displacement measurements. Finally, all imaging and measurements should be performed in flat regions of the gel near the center of the substrate, where strain uniformity is highest.

The simplicity of the design significantly reduces costs compared to commercial alternatives. The device’s simple design lowers the cost compared to purchasing a commercial alternative. The total expense, including materials, machining, and assembly, was approximately $7,000, representing a significant cost reduction compared to existing stretchers. To further lower recurring costs, we developed a reusable 3D-printed mold to fabricate PDMS-based stretchable cell culture dishes. This eliminates the need to purchase disposable consumables for each experiment. Additionally, 3D-printing the negative molds enables rapid and cost-effective experimental needs. Bulk purchasing Sylgard-184 and NuSil allows for consistent and scalable production. Importantly, our device reliably produces precise and repeatable strains with uniform strain fields. This consistency highlights the precision of the motor system, the effectiveness of the frictionless joints and tracks, and the high optical quality of the PDMS and NuSil layers used for imaging.

The stretcher is operated using a custom Arduino program that controls a linear stepper motor. This setup can provide fine control over various parameters, including step size, velocity, direction, and pause duration. By adjusting these settings, we can generate a wide range of dynamic stretch waveforms that mimic physiological cellular strains39. While the biological experiments presented here used brief, low-amplitude stretches to validate device function, the platform is capable of delivering prolonged cyclic stretch protocols. The device can be operated within a temperature-controlled enclosure, making long-duration experiments examining stretch-induced cytoskeletal reorientation, calcium dynamics, and contractility over hours to days feasible. The admissible strain limits for such experiments depend on cell type, substrate stiffness, and ECM coating rather than device constraints. Users should determine appropriate strain amplitudes for their specific experimental conditions. 

While this device offers a cost-effective, microscope-compatible platform capable of delivering precise isotropic and uniaxial strains on substrates with tunable stiffness, there are some limitations to consider. The current design is limited to equibiaxial and uniaxial stretching modes. Non-equibiaxial (anisotropic) stretching is not achievable because the device requires stretching opposite sides simultaneously and would require a fundamentally different device design. The device does not have built-in temperature control, so long-term experiments require operation within a temperature-controlled enclosure. Maximum strain rate and frequency are dependent on the motor selected. Additionally, the current design accommodates only one sample at a time, limiting throughput for high-volume studies.

Unlike many commercial stretchers that require stiff substrates to prevent sagging under the weight of culture media, our device was specifically designed to enable stretching on substrates with physiologically relevant stiffnesses. We coated the thin PDMS base of each culture well with a 100 µm layer of NuSil, an optically transparent silicone elastomer whose Young’s modulus can be adjusted from 0.3 kPa to 70 kPa32. While recent stretchers in the current market have introduced a similar dual-layer system with tunable stiffness ranging from 1 to 60 kPa, each consumable costs approximately $3540. In comparison, our reusable system offers a more cost-effective and customizable alternative, with each consumable costing approximately $0.05. 
The combined thickness of the two-layered gel substrate was sufficient to permit both imaging and photopatterning through the construct. This approach allows precise control over cellular organization before stretching, enabling observations of how these patterns change under strain. It could also be used to recreate physiological geometries or cell arrangements. In combination with tunable substrate stiffness and customizable stretch waveforms, this capability enables flexible live-cell experiments that better mimic in vivo systems. For example, these capabilities were essential for our investigations into the origins of asthma and airway hyperreactivity. We conducted targeted live-cell experiments to evaluate the performance and usability of the cell stretcher device. Primary human airway smooth muscle cells were cultured on the new stretchable cell culture dishes for two days, with a media change performed midway through the culture period. The ASM cells remained viable and metabolically active, as evidenced by their uptake of a fluorescent Ca²⁺ indicator. The cells exhibited pronounced increases in intracellular [Ca²⁺] following a transient, low-strain stretch. Not all cells showed an immediate calcium increase after stretch, as some responded only after 30 to 60 s. All cells experienced the same isotropic strain, but variability in response may result from cytoskeletal orientation and intercellular connections. Next, we quantified changes in traction stress of isolated ASM cells on substrates with varying stiffness in response to a transient stretch. We reproduced the well-characterized fluidization response of adherent cells to a transient stretch in which cellular force decreases and subsequently recovers. However, our observation that cells on soft substrates do not regain their full baseline force even 10 min post stretch, contrasts with the literature. Multiple studies report that cell recovery time to baseline stiffness after fluidization is independent of applied force or substrate stiffness, although the rate of force recovery may vary15,41,42. Nonetheless, our results comparing soft and stiff substrates evoke the bronchodilatory effect of deep inspirations (DIs) in healthy airways, as well as the diminished or adverse response observed in asthmatic airways. Cells on soft substrates require more time to restore their traction stress, remaining relaxed and compliant for longer periods. Translated to the airway context, this prolonged softness could facilitate easier breathing. The mechanisms underlying the loss of deep inspiration’s protective effects in asthma remain unclear, but this cell-stretching device offers a promising platform to investigate this question. 

Future applications of this platform could include prolonged cyclic stretch experiments to investigate stretch-induced cytoskeletal reorientation over hours to days. The device's high geometric strain capacity also enables studies at pathological strain levels relevant to conditions such as COPD and acute lung injury. While we demonstrated the system using primary human airway smooth muscle cells, the platform is compatible with other mechanosensitive cell types, including cardiomyocytes, epithelial cells, and endothelial cells. The combination of tunable substrate stiffness, customizable stretch waveforms, and photopatterning capability provides a versatile tool for investigating mechanotransduction in both healthy and disease-relevant contexts.

In summary, this device is simple to fabricate and cheaper than existing technologies. The custom cell culture gel allows for independent control of the underlying substrate stiffness and cellular ensemble patterns, while affording convenience to researchers looking to study the impact of both isotropic and uniaxial strain fields on cells. 
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