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SUMMARY:
This protocol presents the configuration of a compression test device capable of precisely measuring the mechanical properties of microstructures in the small-strain region, along with a systematic method for compression testing using this device. The proposed device can be used to analyze various microstructures and the mechanical behavior of polymer-based materials.

ABSTRACT:
This study developed a measurement method capable of precisely evaluating the mechanical behavior of materials and microdevices in the small-strain region. The system integrates a motor-controlled z-stage, a microcontroller board, an operational amplifier circuit, and a force sensor, enabling synchronized force–displacement acquisition through custom control and serial communication. Calibration of the amplifier’s variable resistor was performed to optimize the correlation between applied force and sensor output, yielding a relative error within ±2.0% when compared with a commercial universal testing machine. Vertical displacement accuracy was validated using a laser displacement meter at a target motion speed of 1 μm/s, showing a relative error of +0.1%. Accordingly, the platform provides a displacement resolution of 1 μm and a force resolution of 0.01 N. Compression tests were conducted on a polydimethylsiloxane (PDMS) sample fabricated at one-third of the standard ASTM D575-91 dimensions. Stress–strain responses measured by the proposed system and by the universal testing machine exhibited close agreement, and the compressive modulus estimated in the small-strain region showed a +5.3% deviation from previously reported values. These results confirm the reliability and repeatability of measurements in the small-strain region, supporting modulus estimation based on the initial linear slope under controlled compression. The developed platform is compact, straightforward to assemble, and cost-effective while maintaining high precision and operational stability. Its validated performance and reproducible calibration procedure make it suitable for laboratories requiring accurate characterization at low forces and small displacements. Potential application areas include polymer-based microelectromechanical systems (MEMS), soft robotics components, and microneedles, where precise, low-load compression testing and verifiable displacement control are essential for material evaluation and device design.

INTRODUCTION:
Understanding of the mechanical behavior of microelectromechanical systems (MEMS) devices is crucial for device design, performance, and reliability1,2. Conventional universal testing machines have been widely used to evaluate mechanical properties; however, they are expensive and require substantial space, manpower, and resources for installation, maintenance, and operation3. Moreover, because they were primarily designed for high force and large displacement ranges in the mechanical testing of high-strength materials, there are significant discrepancies between their measurement ranges and those required for evaluating the mechanical properties of microstructures in the small-strain region4. Therefore, research is needed on a new low-cost compression testing apparatus and experimental method applicable at the laboratory scale with high repeatability that can yield reliable measurements in the small-strain/small-force region5.

Several mechanical testing devices that can be utilized at the laboratory scale have been developed to characterize the mechanical properties of small-scale MEMS devices6–8. However, most of these devices were developed for testing high-strength materials or for specialized environments, and therefore they have limitations in reliably measuring the mechanical properties of MEMS structures in the small-strain/small-force region9,10.

To overcome these limitations, we propose a small-displacement compression testing system and method that can be utilized in even small-scale laboratories. The proposed method enables the quantitative evaluation of a material's mechanical behavior by simultaneously measuring small displacements and forces during the compression process. The system operates within a 4.4 N force range and a controlled displacement speed of 1 μm/s, ensuring precise and stable measurements. The system is a compact, low-cost compression testing setup designed to evaluate the mechanical properties of microstructures in the small-strain region.

This system integrates a z-stage with a force sensor and microcontroller board-based signal acquisition, enabling simultaneous measurement of force and displacement with high precision. System validation was performed through feedback resistor (RF) calibration—the key factor in determining the gain of the inverting amplifier circuit—and verification of vertical displacement using a laser displacement meter, confirming that the displacement and force measurement resolutions were 1 µm and 0.01 N, respectively. Scaled-down samples11,12, with one-third of the standard size (American Society for Testing and Materials (ASTM) D575-91, Standard Test Methods for Rubber Properties in Compression)13, were fabricated, and a compression test method was derived to evaluate the mechanical properties of microstructures reliably in the small-displacement/low-force region14,15.

The stress–strain curves of the scaled samples were measured with both a commercial universal testing machine (MTS) and the developed measurement system (MS), and the results were compared. From the slope of the initial linear region, the compressive modulus was determined to be 1.39 MPa, which showed a +5.3% deviation from values previously reported in the literature16. This measurement approach, which combines displacement control and force measurement17,18, provides a reproducible measurement framework suitable for MEMS and bio-MEMS applications. This approach not only provides a reliable framework for understanding the mechanical behavior of microstructures but also offers a practical method for evaluating materials in various fields, including biomedical devices19 and soft robotics20.

PROTOCOL:
The consumables, equipment, and software used are listed in the Table of Materials.

[bookmark: _Hlk207622712]1. Measurement system setup 

NOTE: Figure 1 shows the MS used for compression testing. The z-stage consists of a linear actuator controlled by a motor controller, a moving part that provides the actual motion along the z-axis, and a supporting fixed part. The system also includes a microcontroller board, an operational amplifier circuit, a force sensor attached to a block, and a laptop.

1.1. Drive the moving part along the z-axis at the set speed using the motor controller to apply a compressive load to the sample.

1.2. Measure the load using a force sensor mounted on top of a rigid metal block. The collected signal passes through an inverting amplifier circuit, is converted to a digital signal by the microcontroller board, and then transmitted to the microcontroller board software.

1.3. Set up a laser displacement meter as shown in Figure 2 to verify the vertical displacement of the z-stage. After sending an input signal from the motor controller, allow the z-stage moving part to move vertically; the real-time displacement data of the embedded linear actuator is recorded using the serial communication software.

1.4. Extract the displacement data using the laser displacement measurement software and compare them for verification.

NOTE: Force–displacement data are recorded simultaneously using the serial communication software, allowing the force–displacement curve to be obtained on the laptop in real time.

1.5. Observe and record the deformation of the sample during compression using a digital microscope.

NOTE: The digital microscope and laser displacement meter are used for sample observation and displacement verification, respectively.

2. Measurement circuit 

NOTE: Figure 3 shows the electrical equivalent circuit of the force sensor and the measurement circuit connections that convert and amplify pressure changes due to a static external force into a voltage. The circuit consists of a variable feedback resistor (RF) for gain control, a capacitor (CF) for low-frequency cutoff and noise removal, and an operational amplifier. Here, the resistance of the force sensor that changes with the magnitude of the externally applied force is RS, and the supply voltage for the sensor and the entire circuit is VS. Considering the inverting amplifier characteristics, VS is applied as a negative voltage to ensure the output is always positive.

2.1. Connect a variable feedback resistor (RF) in parallel with a capacitor (CF) (for low-frequency cutoff and noise filtering) to form the feedback circuit.

2.2. Connect the two terminals of the feedback circuit assembled above to the inverting input (−) and the output (VO) of the operational amplifier.

2.3. Connect the two terminals of the pressure sensor’s resistance (RS) to the inverting input (−) of the amplifier and to −VS.

2.4. Connect the noninverting input (+) of the operational amplifier to ground.

2.5. Connect the output (VO) of the operational amplifier to the input terminal A0 of the microcontroller board.

2.6. Connect the VDD and VSS terminals of the amplifier to a power supply; apply 5 V to VDD and connect VSS to ground.

NOTE: The voltage settings for this amplifier follow the method suggested in the datasheet supplied with the force sensor to limit the output voltage to the range of 0–5 V. Figure 3 illustrates the force sensor’s equivalent circuit and the inverting amplifier circuit. When a static external load is applied, the sensor resistance (RS) changes, and a sensor current (iS) flows according to the ratio of the supply voltage VS (the reference voltage for the sensor) to RS. This is equivalent to the output current (iO) defined by the ratio of the output voltage (VO) to the feedback resistor (RF). Applying Kirchhoff’s current law at node a in Figure 3 yields Equation (1).

                          				             (1)

and VO is defined by Equation (2) under the very low-frequency external loading (ω ≅ 0).

								(2)

[bookmark: _Hlk214442743]3. Sample preparation (PDMS) and loading

3.1. Check the ASTM D575-91 standard specifications for the compression test sample.

[bookmark: _Hlk214446227][bookmark: _Hlk214446267]NOTE: Figure 4A shows two 3D-printed cylindrical molds, which were prepared in a clean state prior to PDMS casting. One mold is designed as a cylindrical shape identical to the standard sample (diameter 28.6 mm ± 0.1 mm, height 12.5 mm ± 0.5 mm), and the other is a scaled-down version approximately one-third that size to fit the effective sensing area of the force sensor (diameter 9.53 mm).

3.2. Use PDMS as the test material, and mix the base polymer with the curing agent at a mass ratio of 10:1.

3.3. After stirring thoroughly, degas the mixture at room temperature (25 °C) and 60 kPa (gauge) for 30 min using a vacuum desiccator to remove air bubbles.

3.4. Inject 8 mL of the mixture into each of the two prepared 3D-printed molds using a disposable syringe to mold the samples.

[bookmark: _Hlk214443555]3.5 Cure all samples at room temperature for 24 h without any additional thermal treatment.

[bookmark: _Hlk214444292][bookmark: _Hlk214443205]NOTE: Figure 4B shows the fabricated PDMS samples, and three samples of each size were prepared under identical conditions to enable comparison between the standard and scaled-down samples. Figure 4C shows the PDMS sample placed on the force sensor in the compression test setup. The sample was centered on the circular sensing region with its bottom surface fully contacting the active area of the force sensor. 

3.6. Align the moving part perpendicular to the sensor and centered over the sample to apply a normal compressive load.

[bookmark: _Hlk207641656]4. RF calibration 

NOTE: RF is a key factor in determining the output voltage in the inverting amplifier circuit, so adjusting the RF value is critical for ensuring the accuracy and reliability of the MS.

4.1. Attach the force sensor to the sample mounting area of the MTS (100 N load cell), and set the experimental load limit to 4.4 N.

4.2. Using the MTS, perform compression tests under various RF conditions and record the force–time data from the force sensor at least three times.

4.3. Compare the force–time data obtained from the force sensor with the MTS measurement data to calculate the error.

4.4. Determine the RF value that yields the smallest error based on the calibration results.

NOTE: The maximum measurement range of the force sensor is 4.4 N. Loads exceeding this value cause output saturation, so care is required when setting the experimental conditions. Adjusting the RF value optimizes the gain of the circuit to match the MTS data, and this is a key step in ensuring the overall measurement accuracy of the system.

[bookmark: _Hlk207641660]5. Vertical displacement validation

5.1. For displacement validation, attach a microscope slide with an aluminum reflector to the top of the z-stage moving part.

5.2. Turn on the laser displacement sensor.

5.3. Verify that the signal of the laser sensor signal is stable.

NOTE: Check that the laser emission LED on the sensor is green. If it is orange, the aluminum reflective layer may not be reflecting properly, or the measurement range (<1 mm) may have been exceeded, so adjustments are required.

5.4. Use the motor controller to set the drive speed so that the moving part moves at a target speed of 1 μm/s. Apply the settings as follows:

5.4.1. Launch the motor control software.

5.4.2. Press Home Search to perform homing (calibration).

5.4.3. To set the drive speed, go to Parameter/Mode < Parameter < Drive Speed, enter each value (5, 10, and 100), and then close the dialog box.

5.4.4. To apply each speed setting, choose Speed Select and select each of 5, 10, and 100.

5.4.5. To set the desired travel distance, enter a Preset value of 27,320 points and press the + (start) button.

NOTE: At a preset value of 27,320 points, as 1 point corresponds to 0.0366 μm, the moving part descends by a total of 1000 μm. The motor control software is used consistently for operating the motor controller during compression tests.

5.5. While the moving part is moving along the z-axis, record the displacement data from the built-in linear actuator via the motor control software, and record the laser displacement data via the laser measurement software.

5.5.1. Launch the laser displacement measurement software.

5.5.2. For control settings, select Startup configuration setting < Read controller settings and press OK.

5.5.3. Set the sampling time under Common settings < Sampling to 100 µs (Sampling cycle: 100), then save the settings and send them to the controller.

5.5.4. To monitor the laser displacement, go to View Measurement Value < Start measurement value acquisition, and observe the displacement data.

NOTE: The sampling time is set to 10 ms (100 µs × 100 cycles) to acquire the laser displacement data with sufficient temporal resolution and to minimize signal noise for stable measurement.

5.6. Compare the recorded displacement data from the two sources to evaluate the displacement error, and confirm that the displacement values match at each drive speed setting (5, 10, and 100). This ensures the reliability and repeatability of displacement measurements under the target speed conditions.

[bookmark: _Hlk214444993]6. Mechanical property evaluation of the scaled-down sample

6.1. Attach the force sensor to the top of the block using double-sided tape, then use the microcontroller board software’s serial monitor to ensure that the initial load reads 0 and perform calibration if necessary.

6.1.1. Open and launch the microcontroller board software.

6.1.2. To configure the board connection and port, go to Select Other Board and Port < BOARDS < Search board, select Arduino Uno, and press OK.

6.1.3. Enter the microcontroller board control code and click on Verify, then Upload.

6.1.4. To check the load readings, go to Tools < Serial Monitor.

NOTE: The microcontroller board control code is provided in Supplementary File 1.

6.2. Place the sample stably at the center of the force sensor’s effective sensing area.

NOTE: If the sample is positioned off-center from the sensor’s active area, the load will be applied asymmetrically, leading to large measurement errors.

6.3. Use the motor controller to perform homing (zero adjustment) and set the drive speed to the previously validated value.

6.4. Drive the moving part of the z-stage axially (downward) to come into contact with and thereby apply a load to the sample.

6.5. Measure the force transmitted to the sample in real time by the force sensor mounted underneath.

6.6. Transmit the force–displacement data to the laptop via the inverting amplifier circuit connected to the microcontroller board, and record the force and displacement simultaneously using serial communication software.

6.6.1. Launch the serial communication software.

6.6.2. Connect to the microcontroller board software for recording force data: go to Connection < Options < Serial Port Options < Port, select the appropriate port, and press OK.

6.6.3. Connect to the motor control software for recording displacement data: go to Connection < Options < Serial Port Options < Port, select the appropriate port, and press OK.

6.6.4. To begin real-time data transmission, go to Connect < Connection < File Capture < Start.

6.6.5. To stop and save the data, go to Connection < File Capture < Stop and Save.

6.7. Convert the displacement data to strain by dividing the change in length (ΔL) by the initial length of the sample (L₀), i.e., strain = ΔL/L₀.

6.8. Simultaneously, convert the recorded force data to stress by dividing the force (F) by the cross-sectional area (A) of the sample, i.e., stress = F/A.

6.9. Figure 7 shows the stress–strain curves of the scaled-down PDMS samples. Using graph analysis software, calculate the slope in the initial small-strain region to determine the compressive modulus.

[bookmark: _Hlk214444782]NOTE: To ensure consistency and reliability of the data, perform all compression tests at least three times under identical conditions. In this study, the compressive modulus of PDMS obtained from three repeated measurements was 1.39 MPa ± 3.7%.

RESULTS: 
This study successfully implemented a force sensor-based compression testing device, suitable for use in small-scale laboratories, that provides high measurement precision and reproducibility. This device was developed to overcome the high cost and large size of conventional commercial equipment and the inefficiencies in measuring small-strain deformations.

Figure 5 shows the optimization results for the RF value, which is the key factor determining the gain of the output voltage in the inverting amplifier circuit. The results measured using the MTS were analyzed alongside the results from the MS using graph analysis software, and the error rate was confirmed to be within ±2.0%. These results ensured the accuracy and reliability of the MS.

Figure 6 shows a graph comparing the displacement over time measured by a laser displacement meter with the displacement data recorded by the z-axis linear actuator via the motor control software, as the moving part of the z-stage travels along the z-axis at different speeds. To evaluate the reliability of the stage movement, three drive speed conditions (0.5 μm/s, 1 μm/s, and 10 μm/s) were tested. The displacement errors, obtained by comparing the actuator data with the laser measurements, were –0.1%, +0.1%, and +0.04%, respectively. These results indicate that, within the tested range, the displacement and speed of the z-stage linear actuator are highly reliable. Figure 7 shows the stress–strain curves of the scaled-down samples measured using both the MS and the MTS. The difference in stress–strain responses between the MS and the MTS was within ±2%, supporting the reliability of the MS. In addition, using the graph analysis software, the slope of the initial linear region was calculated. The slope was used to estimate the compressive modulus, which was 1.39 MPa. This value differed by +5.3% from the literature value of 1.32 MPa. Based on these experimental results, we conclude that the developed device provides an efficient and reliable platform for small-strain compression testing.

FIGURE LEGENDS:

Figure 1: Measurement system setup.

[bookmark: _Hlk208154714]Figure 2: Displacement measurement system setup of the z-stage using a laser displacement meter.

[bookmark: _Hlk208154719]Figure 3: Equivalent electrical circuit of the force sensor and the inverting amplifier circuit.

Figure 4: 3D-printed molds and PDMS samples for compression testing. (A) 3D-printed cylindrical molds, (B) fabricated PDMS samples, (C) sample placed on the sensing area of the force sensor under the flat moving part. Scale bars: 2000 µm.

[bookmark: _Hlk208154726][bookmark: _Hlk214451526]Figure 5: Calibration of the MS force measurement against a commercial MTS load cell. Force–time responses measured by the MS (open circles, RF was 49.8 kΩ) and by the MTS (solid red line, load cell). Error bars on the MS data represent mean ± standard deviation from three repeated measurements (n = 3); the relative error between MS and MTS was within ±2.0%.

[bookmark: _Hlk208154733][bookmark: _Hlk214451538]Figure 6: Verification of the vertical displacement of the motor-controlled linear actuator using a laser displacement meter. Displacement–time curves obtained at speeds of 10 μm/s, 1 μm/s, and 0.5 μm/s using the linear actuator (open symbols) and the laser displacement meter (solid lines). The displacement errors, obtained by comparing the actuator data with the laser measurements, were – 0.1%, + 0.1%, and +0.04%, respectively.

[bookmark: _Hlk208154739][bookmark: _Hlk214451547]Figure 7: Stress–strain curves of the scaled-down samples using both the MS and the MTS. Stress–strain curves for the scaled-down PDMS samples obtained using the MS (open circles) and MTS (solid red line). MS data are plotted as mean ± standard deviation (error bars, n = 3), with a relative error of ±3.7%.
[bookmark: _Hlk214455308]
Supplementary File 1: Microcontroller board control code. Source code (.ino) for synchronized force–displacement acquisition and z-stage motion control in the MS. The code includes pin mapping, control routines, and serial data logging, and the header comments document usage notes and parameter definitions (sampling rate, baud rate, and the calibration constant for force conversion). The version of the Arduino IDE used to test this code is listed in the Table of Materials. 

DISCUSSION:
This study presented a compression-based measurement method for evaluating the mechanical properties of polymer-based microstructures in the small-displacement regime. The proposed method combines a commercial Z-axis precision translation stage, a force sensor, a simple amplifier circuit, and a microcontroller board, and offers the advantage that it can be implemented in small laboratories and easily used by beginners.

A key factor in the performance of the equipment developed in this study is the calibration of the force sensor described in section 4 (RF calibration). Ensuring precision through comparison with the MTS is necessary, as an incorrect RF resistor value will ultimately amplify an erroneous voltage for an applied external force, making it difficult to ensure reliability throughout the experiment.
During calibration and measurement, several common issues can arise, for which simple troubleshooting is required. If the zero-load output of the force sensor deviates from the baseline, residual preload, loose mounting, or poor electrical contact should be checked and corrected. When noise or drift appears in the force signal, the wiring and grounding of the amplifier and microcontroller, as well as the stability of the 5 V power supply, should be inspected. If sudden jumps or non-monotonic behavior are observed in the force–displacement curve, the alignment between the z-axis stage and the sample, and the smooth motion of the stage should be rechecked.

Conventional universal testing machines are optimized for large forces and displacements and require expensive, large-scale equipment, whereas the proposed setup is designed for the small-force/small-displacement region and reduces both the cost and installation space required for compression testing in a standard laboratory21. In addition, because the system is assembled from commercially available components and operated using simple control software, researchers can easily perform repeated tests and efficiently acquire mechanical dat22. 

A major limitation of this study is the maximum measurable range dictated by the performance of the force sensor. The current measurable range is 4.4 N, but this limitation could be overcome by using a different type of force sensor to extend the measurable range. Expanding the measurement range would allow the acquisition of output data, including non-linear regions, and enable fundamental material property evaluation based on the relationship between force and displacement over a larger range23.

Young’s modulus can be estimated from either uniaxial tension or uniaxial compression tests24,25. However, soft polymeric materials such as elastomers and hydrogels often exhibit tension–compression asymmetry, so the modulus obtained from uniaxial compression can differ from the tensile Young’s modulus. This study, therefore, referred to the slope of the initial linear region of the force–displacement response measured under uniaxial compression as the compressive modulus.

As a specific application of the system developed in this study, the system can be utilized in quantitative experimental and modeling research to evaluate the compression characteristics of single microneedle structures intended for skin insertion. This would allow estimation of the Young’s modulus of microneedle materials and analysis of skin indentation phenomena related to skin penetration26. Furthermore, the system can make significant contributions not only to microneedle research but also to the broader research on micro-scale compression phenomena in small medical devices.
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