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Physics-informed displacement control
for variable patternprintingwithV-shaped
PDMS stamps in roll-to-roll microcontact
printing
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Roll-to-roll microcontact printing enables high-throughput production of flexible electronic devices by
continuously transferring inks onto substrates via polydimethylsiloxane (PDMS) stamps. Traditional
rectangular or cylindrical PDMS stamps yield uniform pattern sizes, limiting manufacturing versatility.
This study introduces V-shaped PDMS stamps for variable pattern printing using a single stamp
geometry. A physics-based deformation model was developed by combining finite element
simulations and experiments to characterize the out-of-plane behavior of V-shaped PDMS under
displacement. Leveraging this model, we implemented a neural network-based model predictive
control system to precisely regulate vertical displacement and achieve desired pattern dimensions.
Experimental results demonstrate that a single V-shaped PDMS stamp can reliably produce variable
pattern sizes with high repeatability, improving the adaptability and process efficiency of roll-to-roll
microcontact printing for flexible electronics manufacturing.

Microcontactprinting (µCP)1,first introducedbyWhitesides and colleagues
in the 1990s, is a soft lithography technique that utilizes elastomeric stamps,
typically made of polydimethylsiloxane (PDMS), to transfer molecular
patterns onto diverse substrates through conformal contact2,3. Its simplicity,
low cost, and compatibility with diverse materials have made µCP a widely
adopted method in fields such as molecular electronics4, surface
chemistry5–7, and biosensing8–11. The initial demonstrations of µCP
employed rectangular PDMS stamps to pattern microscale gold features.
Since then, most µCP studies and applications have used stamps that are
vertically symmetrical, such as rectangular or cylindrical shapes12,13, whose
deformation behaviors have been extensively characterized. For example,
prior work14 has shown that for rectangular stamps, the size of the printed
pattern remains constant regardless of the applied load, meaning that a
single stamp can only produce one pattern size. Given that PDMS stamp
fabrication is typically time-consuming, this constraint introduces com-
plexity and delays in the development cycle for application-specific designs.

To address this limitation and enable more flexible printing cap-
abilities, several strategies have been explored to allow a single PDMS stamp
to generate variable pattern sizes. One approach involves multi-pass
printing on the same substrate15; by rotating the stamp between successive
printings, diverse shapes and sizes can be achieved. However, thismethod is

hindered by limited alignment accuracy and is typically constrained to
simple geometries, such as lines or arrays, which restricts its applicability for
fabricating complex layouts in flexible electronics.

An alternative strategy involves altering the stamp geometry, with
pyramidal PDMS stamps being the most widely studied16. These stamps
enable variable pattern sizes by exploiting their deformation under different
applied loads: increasing the load expands the tip contact area with the
substrate, and vice versa. Initially developed to print dot-array patterns for
protein patterning, pyramidal stamps are typically fabricated via photo-
lithography and anisotropic etching. Subsequent studies have investigated
their deformation behavior both experimentally and analytically. For
instance, pyramidal PDMS stamps with a base size of 6 μm and height of
4.24 μm have been fabricated and tested under varying pressures17. The
experimentally measured contact areas closely matched finite element
analysis (FEA) predictions, validating their potential for tunable patterning.
More recentwork18 has incorporated dynamicmodeling using the Johnson-
Kendall-Roberts (JKR) contact mechanics framework to describe the
deformation during printing. Despite these advances, pyramidal PDMS
stamps are still limited to producing arrays of simple shapes (e.g., rectan-
gular dots) and are therefore unsuitable for applications that require com-
plex or arbitrary patterns.
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Inspired by the concept of pyramidal PDMS stamps, which enable
variable contact areas through controllable deformation, we explore an
alternative geometry: the V-shaped PDMS stamp. This structure offers the
potential for continuous modulation of contact area through its load-
dependent out-of-plane deformation, making it a promising candidate for
variable pattern printing in µCP. Unlike pyramidal PDMS stamps, which
are typically limited to printing dot arrays or regular geometric patterns, the
V-shaped PDMS stamp is capable of printing complex, arbitrarily shaped
circuit layouts, thereby offering greater flexibility for advanced applications
in flexible electronics.

Notably,V-shapedPDMSstampshave previously beenused for µCP19,
where a two-layer configuration was used: a 2–4mm thick Sylgard 184
PDMSsubstrate supported a30 μmthickhardPDMS(h-PDMS)filmwith a
V-shaped surface profile. This study demonstrated sub-50 nm feature
replication in a plate-to-plate µCP setup under a static load of ~20 g.
However, the primary focus of that work was on achieving high-resolution
static pattern transfer, rather than enabling continuous pattern size varia-
tion through controlled deformation. Furthermore, to date, there has been
no systematic investigation into the deformation dynamics of V-shaped
PDMS stamps, nor their application in roll-to-roll (R2R) µCP.

Therefore, we investigate the feasibility of using V-shaped PDMS
stamps to achieve variable pattern sizes in R2R µCP as shown in Fig. 1a. The
key to enabling tunable printing lies in precisely controlling the out-of-plane
deformation of the stamp, which governs the contact area between the
stamp and the substrate. In most existing R2R µCP systems, stable contact
between the PDMS stamp and the substrate is typicallymaintained through
force-based control schemes. Actuators, such as voice coils or stepper
motors, regulate the vertical contact force, which is commonlymeasured by
load cells due to the challenges associated with directly sensing interface
pressure.For example, aflexure-guidedR2R systemachieved force variation
control within 0.05 N using voice coil actuation20. Another system inte-
grated air dampers and step motors in a hybrid configuration, maintaining
force stability with a root-mean-square error (RMSE) below 0.25 N through
load-cell-based feedback21.

However, our findings reveal that even under precise force control,
achieving a RMSE of 0.05 N, variations in printed pattern size still occur
when using V-shaped PDMS stamps (Supplementary Fig. S1). A likely
explanation for this variability lies in the limitations of load cell measure-
ments: in addition to the actual contact force, load cells also capture vertical
forces induced byweb tension.Due to assembly imperfections and coupling
effects, the controlled web tension can fluctuate within a range of ±1N,
effectively doubling the measured force and introducing unintended
deformation in the PDMS stamp. Such deformation leads to inconsistent
contact areas, undermining pattern transfer fidelity. To address this, we
propose displacement-based control, which directly prescribes stamp
deformation to ensure consistent contact areas.

In this work, we developed a physics-informed displacement control
for V-shaped stamps in R2R µCP that maps stamp deformation to contact
area, enabling variable linewidth printing from a single stamp as shown in
Fig. 1b. We first derived a model that captures the relationship between the
displacement of the V-shaped PDMS and the resulting contact area from
physics-based FEA simulation and validated using a single roller experi-
mental system. Subsequently, we implemented a neural network-based
Model Predict Control (MPC) strategy to precisely regulate the displace-
ment of V-shaped PDMS stamps during the R2R µCP process. Experi-
mental results demonstrate that this displacement-driven control system
achieves high precision in controlling pattern size and enables tunable
printing with a single PDMS stamp geometry. These findings underscore
the advantages of displacement-based controlwithV-shapedPDMSstamps
in improving pattern size accuracy, process stability, and adaptability,
advancing R2R μCP for next-generation flexible electronicsmanufacturing.

Methods
V-shaped PDMS Stamp Manufacturing
The analysis and results in this paper examine a V-shaped stamp
with periodic lines on its surface, as shown in the cross-section
depicted in Fig. 2a. The stamp features a larger rectangular base of
height t, integrated with a triangular feature defined by a width w,

Fig. 1 | Illustration of the proposed physics-
informed displacement control with V-shaped
polydimethylsiloxane (PDMS) stamps in roll-to-
roll (R2R) microcontact printing (µCP).
a Illustration of the R2R µCP process with V-shaped
PDMS stamps. b The proposed approach for dis-
placement control of aV-shapedPDMS stamp in the
R2R µCP process consists of offline and online
stages. The offline stage comprises two independent
processes. First, data from a single roller system and
finite element analysis (FEA) simulations are used to
model the displacement-contact area behavior of the
V-shaped PDMS stamp. Second, a neural network-
based model predictive control (MPC) system is
trained offline to control stamp displacement. In the
online stage, the physical model of displacement-
contact area behavior is integrated with the neural
network-based MPC to achieve high-precision
control of the V-shaped PDMS stamp based on
linewidth setpoints.
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and height h. Ratio A represents the relationship between the width
and height of the triangular feature. Figure 2b illustrates the PDMS
fabrication workflow: mold fabrication, casting, and demolding. We
first used SolidWorks to create the CAD drawing of the master mold
for the PDMS. The master mold was then fabricated using a Pro-
fluidics P285D 3D printer. The use of Profluidics P285D reduces
fabrication time and eliminates the need for a cleanroom. The real
mold after 3D printing is shown in Fig. 2c. The Sylgard 184 PDMS
mixture, prepared in a 10:1 weight ratio of elastomer base to curing
agent, was mixed in a clean, dry container for 5 min, with the sides
and bottom scraped to ensure uniformity. The mixture was then
degassed in a vacuum chamber until no air bubbles remained. Sub-
sequently, the degassed PDMS was poured into the prepared master
mold and cured at 60 °C for 4 h. After curing, the V-shaped PDMS
stamp was demolded. The resulting stamp is shown on Fig. 2d, with
Fig. 2e illustrating a cross-sectional microscope image of the
V-shaped PDMS structure.

Physics-informed deformation model derivation
Due to the inherent limitations of R2R μCP systems, the contact area
between the PDMS stamp and the substrate cannot be directly
monitored in situ. To address this, we developed a model to predict
the contact area using indirect methods, deriving the physical rela-
tionship between applied displacement and contact area from FEA
simulations and experimental data. This approach enables precise
control of the contact area by adjusting displacement during the R2R
μCP process. For the FEA simulation, a hyperelastic Neo-Hookean
material model was used to represent the PDMS properties22. FEA
simulations were conducted using Abaqus, a commercial software
widely used for modeling nonlinear materials such as PDMS and
complex geometries like V-shaped stamps23. We performed FEA
across a range of aspect ratios, keeping the base width constant while
varying the height to map the relationship between imposed dis-
placement and contact area. A detailed description of the FEA
modeling is provided in Supplementary Note 1. For the experimental
part, we built a single-roller system to mimic the R2R µCP with the
ability to monitor the contact area with a camera (Supplementary
Fig. S3). The primary components of the single-roller system include
a force measuring roller, a camera, a motion stage, and a glass plate.
The glass plate was positioned beneath the print pattern and con-
nected to a motion stage, emulating the continuous motion of the
R2R system. The high-resolution camera is strategically positioned
underneath the glass plate to capture detailed images of the contact
area. The displacement was controlled by inserting different pieces of
tape under the roller. The acquired contact area images (Supple-
mentary Fig. S4) are processed using custom MATLAB code to cal-
culate the contact width for each displacement setting.

R2R µCP with displacement sensors and printing quality
monitoring system
A customized R2R μCP system, detailed in Supplementary Note 2, was
developed to evaluate displacement-based control for printing variable
pattern sizes24. Unlike conventional systems, this setup integrates two dis-
placement sensors to measure the vertical displacement of the V-shaped
PDMS stamp (Supplementary Fig. S5). Each sensor consists of ametal plate,
affixed to the print roller for vertical movement, and a capacitive sensor
(CS3, Micro-Epsilon) mounted on the system frame via an adaptor. The
sensors were calibrated using a three-point method, leveraging the linear
relationship between capacitance and the plate-sensor separation to accu-
rately measure PDMS displacement. Before each experiment, the system
was calibrated to a zero-displacement reference by gradually raising the
print roller until the load cell detected contact between thePDMSstampand
the substrate, marking this as the zero-displacement position.

Tomonitor theprinting results, a condensationfigure (CF)monitoring
system (Supplementary Fig. S6) was integrated into the R2R platform.
During printing, areas covered by ink exhibit higher surface energy than
unprinted gold regions, leading to different droplet formation behavior
when exposed to water vapor25. Specifically, droplets formed on gold sur-
faces are denser and larger than those on printed areas, enabling in-situ
visual differentiation of the printed patterns under CFs prior to the etching
step. The captured CF images are subsequently segmented to extract the
linewidth information, as illustrated in Supplementary Fig. S7.

Neural network-based MPC control
To achieve high-precision control in R2R μCP, our system employs a
flexure-based mechanism that uses elastic deformation of compliant ele-
ments to eliminate backlash and friction, enabling superior positioning
accuracy. Flexures are widely used in high-resolution R2R printing for
enhanced motion and force control. However, modeling the dynamics of
complex flexure mechanisms is challenging due to their nonlinear behavior
and computationally intensive parameter identification26. Traditional PID
controllers are inadequate for managing these nonlinear dynamics in R2R
μCP24, necessitating advanced control strategies. To address this issue, we
propose a neural network-based MPC strategy for precise flexure-based
position control in R2R μCP. A feedforward neural network approximates
the nonlinear system dynamics, using delayed control signals (actuator
voltages) and measured displacements as inputs to predict displacement.
Integrated into anMPC framework, this model optimizes control inputs in
real-time for accurate tracking of the desired displacement trajectory of the
V-shaped PDMS stamp. Details are provided in Supplementary Note 3
and Note 4.

R2R microcontact printing
To evaluate V-shaped PDMS stamps under realistic R2R μCP conditions, a
standard printing process was conducted using hexadecanethiol (HDT) ink

Fig. 2 | Design and fabrication of the V-shaped
polydimethylsiloxane (PDMS) stamp. a Cross
section of V-shaped stamp configuration, labeled
with characteristic dimensions. b V-shaped PDMS
fabrication process. c Image of the 3D printed mold.
dOverview ofV-shapedPDMS stamp. eMicroscope
image of fabricated V-shaped PDMS stamp.
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(15mM in ethanol), V-shaped PDMS stamps fabricated as described pre-
viously, and a 0.1mm polyethylene terephthalate (PET) substrate coated
with a 30 nm gold layer via R2R sputtering. A custom ink reservoir beneath
the print roller ensured consistent ink delivery. The fully automated system
was initialized via software, with web tension, web speed, and stamp dis-
placement preconfigured. During printing, the ink reservoir was raised to
transfer ink to the stamp, while voice coil actuators, controlled by the neural
network-based MPC, applied precise compressive displacement derived
from the physics-informed model relating stamp deformation to contact
area. Web transport was then activated, with an inline monitoring system
assessing print quality in real time. After printing, the patterned substrate
was wet-etched for 8minutes in a solution of 0.1M thiourea and 0.01M
ferric nitrate in deionized water to selectively remove unprotected gold,
finalizing the printed structures.

Results
V-shaped PDMS stamp deformation
To establish the relationship between displacement and contact area, we
employed a combined numerical and experimental method as shown in
Fig. 3a. In the simulation, we examined PDMS stamps with various aspect
ratios, and the results are presented in Fig. 3b. The data reveal a strong
correlation between displacement and contact area, which is expected
because the primary deformation occurs at the triangular tip of the stamp
rather than in the bulk of the PDMS body during compression.

To validate the simulation, we fabricated PDMS stamps with aspect
ratios of 0.33 and 0.5 and evaluated them using our custom-built single-
roller system. The experimental results overlaid with the simulation in
Fig. 3b show strong agreement with the simulation across the full dis-
placement range. This consistency confirms the accuracy of the numerical
model and demonstrates its practical value in guiding the R2RµCP process.
These collected data will be used to derive the dynamics between the dis-
placement and contact area. Specifically, for a target linewidth required by a
given application, the model enables determination of the appropriate
stamp displacement, thereby improving process predictability and control.

Training of the neural network
To enable closed-loop displacement control, we trained a neural network to
model the system dynamics. Training data were first collected via pulse-
train excitation. Figure 4a and b show the input pulse sequence with ran-
domly varying amplitudes and the corresponding displacement response of
the system. Each pulse lasts for one second, allowing the system to reach a
steady-state response within each interval. The sampling interval is set to
10ms, consistent with the control loop rate. The input voltages to the voice

coil actuators are randomly selectedwithin the range of [1.5 V, 2.5 V]. These
boundswere established byfirst identifying theminimumvoltage atwhicha
measurable force is detected by the load cells and then adding an additional
1 V to ensure that the resulting displacement remainswithin approximately
150 μm. To sufficiently span the dynamic range of the system, a total of
60,000 sampleswere collected,with 80%of thedataused for training and the
remaining 20% reserved for testing.

Since the displacement behavior depends on both historical output
values and input control signals, the system dynamics are approximated
using anonlinear autoregressivemodelwith exogenous inputs, as detailed in
the Supplementary Note 3. The input and output time delays are set to 2.
The neural network contains 7 hiddennodes, selected as a trade-off between
inference time and prediction accuracy. A tangent-sigmoid activation
function is used, as the input data are normalized within the range [−1, 1].
The neural network was trained in MATLAB using the
Levenberg–Marquardt solver. The maximum epoch was set to 1000 and
used two termination criteria: (i) a minimum-gradient threshold (training
stops when the gradient norm falls below 1 × 10⁻⁷) and (ii) validation early
stopping (training stops when the validation error fails to improve for six
consecutive validation checks). The prediction performance on the testing
dataset is illustrated in Fig. 4c and d, achieving an RMSE of 0.88 μm.
Additional comparisons with Long Short-Term Memory networks are
provided in the Supplementary Fig. S8.

Displacement control performance
We implemented a neural network-basedMPC to control the displacement
of the V-shaped PDMS stamp in the R2R μCP system, using a neural
network model of the system’s displacement behavior. MPC parameters,
including control horizon (M), prediction horizon (P), andweighting factor
(λ), were tuned in a MATLAB simulation environment, where the neural
network model replicated the R2R system’s dynamics. M and P were
incrementally increased from 1 to 20 sampling intervals, with stable dis-
placement control achieved atM ≥ 2. Optimal values ofM ¼ 4 and P ¼ 11
were selected, yielding precise real-time displacement control (Supple-
mentary Table S4). Timing tests confirmed an MPC runtime of approxi-
mately 7ms, meeting the 10ms control loop requirement (Supplementary
Table S5). Considering both displacement control performance and
potential shock to the system, we select λ = 0.01 as shown in Supplementary
Fig. S9. These parameters were then applied to the R2R system for
evaluation.

The neural network-based MPC controller was evaluated using sinu-
soidal reference signals as displacement setpoints, with results shown in
Fig. 4e. As the V-shaped PDMS stamp’s length is shorter than the print
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roller’s circumference, two stamps were stitched together, causing minor
displacement variations at their junction. However, the enlarged view in
Fig. 4e shows the actual displacement closely tracks the reference trajectory,
achieving an RMSE of 5 μm, demonstrating the controller’s high accuracy
and responsiveness in R2R μCP displacement regulation.

Variable linewidth printing results
To demonstrate the versatility of a single V-shaped PDMS stamp (width
146 µm, height 73 µm, aspect ratio 0.5), we printed three distinct linewidths
in the R2R μCP process using controlled displacements of 10 µm, 30 µm,
and 50 µm. A custom imaging system captured CFs for non-destructive,
contact-free linewidth measurements without etching. The resulting line-
widths, averaged from six measurements, were 18.13 ± 1.04 µm,
67.09 ± 1.13 µm, and 110.52 ± 2.60 µm, respectively, with representative
patterns shown in Fig. 5a, showcasing precise displacement-controlled
patterning.

Additionally, we performed continuous printing of variable linewidths
by dynamically adjusting the displacement setpoint (Supplementary

Movie 1). In this experiment, a stepwise varying displacement profile was
applied to the controller, and the corresponding linewidths were predicted
based on the previously established displacement-to-width relationship.
The printed results and corresponding CFs are presented in Fig. 5b. The
predicted widthswere computed from the recorded displacement, while the
measuredwidthswere extracted from theCFs. Due to the 2Hz frame rate of
the imaging system, the measured widths exhibit higher fluctuations com-
pared to the predicted values. Nevertheless, the predicted and measured
widths show strong agreement, confirming the system’s capability for real-
time control of variable-width patterning using a single V-shaped
PDMS stamp.

Antenna printing using V-shaped PDMS
To demonstrate the feasibility and versatility of our approach, we used the
V-shaped PDMS stamp to print more complex geometries on flexible
substrates. First, we designed a coplanar inverted-F antenna consisting
solely of straight-line segments. The V-shaped PDMS stamp used in this
experiment has a width of 1mm and height of 0.5mm. Two different
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Fig. 5 | Results of the proposedmethod. aDifferent
pattern sizes were printed using a single V-shaped
polydimethylsiloxane (PDMS) stamp, with dis-
placement setpoints of 10 µm, 30 µm, and 50 µm
from left to right, respectively. b The size of the
printed patterns can be also derived from the mea-
sured displacement according to the physical model.
Here we printed a pattern with changing linewidth
and the predicted linewidth from the physical model
and the measured linewidth from the condensation
figures are compared. c Coplanar inverted-F
antenna patterns of varying scales were printed
using a single V-shaped PDMS stamp, resulting in
linewidths of 193.3 ± 13.96 µm (narrow) and
440.83 ± 30.29 µm (wide), with their radio fre-
quency responses characterized. Shaded areas
represent the standard deviation of the measured
line width from six measurements.
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linewidths were printed using a single stamp with linewidths of
193.3 ± 13.96 µm (narrow) and 440.83 ± 30.29 µm (wide) as shown in
Fig. 5c. The results show that the patterns can be proportionally scaled by
adjusting the displacement, which is advantageous for parametric studies.
For the coplanar inverted-F antennas with different linewidths, the nar-
rower device shows a shallower resonance with S11 ≈− 6.5 dB, indicating
increased ohmic loss, and a lower quality factor Q (broader resonance) as
shown in Fig. 5c. In contrast, the wider device reaches S11 ≈− 10.5 dB
reflecting reduced loss, and a higher Q.

To further demonstrate the practical utility of the V-shaped PDMS
stamp, we also designed and printed spiral and kinked patterns (Supple-
mentaryFig. S10 andTable S6).Themolds for the spiral andkinkedpatterns
were created using the Swept Cut function in SolidWorks. Applying dif-
ferent displacements during printing altered the linewidths of the spiral and
kinked patterns, confirming the controllable feature size of our
displacement-based printing method.

Discussions
This work demonstrates variable-size patterning in R2R µCP using
V-shaped PDMS stamps.While the approach enables continuous tuning of
linewidths, the practically achievable resolution is bounded by master fab-
rication and actuator precision. In our study, we used a commercial printer
to fabricate V-shaped masters, which imposes a limit on the minimum
achievable feature size. To evaluate stamp fabrication consistency, we
designed a meander pattern stamp for testing (printed pattern example
shown in Supplementary Fig. S11), with a detailed analysis provided in
Supplementary Note 5. In the literature, alternative fabrication techniques
have been reported that enable higher-resolution molds for PDMS casting.
For instance, V-shaped molds can be produced via photolithography fol-
lowedbywet etchingof silicon, enabling sub-100 nmapexdimensions at the
base of the V-shaped trenches27. Other conventional photolithography can
be also applied for high-precision molds such as grayscale masks for multi-
depth exposure28 ormovingmasks29 to produceV-shaped structures.When
such nanoscale features are employed in printing, the displacement control
system must also offer commensurate resolution to maintain pattern fide-
lity. In our current setup, the displacement control resolution is approxi-
mately 5 µm. This limitation is partly due to themechanical components of
the R2R system being fabricated in an academic machine shop, where
precision machining tolerances are difficult to achieve. Future work will
focus on enhancing the mechanical precision of the R2R platform, poten-
tially through the integration of high-accuracy, professionally machined
components to improve displacement control and overall printing
resolution.

Against this backdrop,we comparedV-shaped andpyramidal PDMS
stamps for μCP. Both utilize elastic deformation to tune feature size, but
their geometries produce distinct outcomes: V-shaped stamps enable a
continuous, monotonic mapping from applied deformation to printed
linewidth, facilitating real-time adjustments with a singlemaster, whereas
pyramidal stamps primarily modify the contact area to modulate square-
dot features, resulting in discrete changes in printed feature area. In terms
of pattern versatility, V-shaped PDMS stamps effectively produce diverse
circuit geometries, while pyramidal PDMS stamps are better suited for
periodic dot arrays. From a control perspective, displacement-based
regulation on our R2R platform enhances contact mechanics stability,
reducing linewidth variability compared to force-based control, thus
providing V-shaped stamps with superior accuracy and run-to-run
consistency.At theprototyping scale, systemcosts are comparable, as both
approaches support a cleanroom-free fabrication (e.g., using 3D-printed
masters), with photolithography available for applications requiring
higher precision.

Conclusions
In this work, we demonstrate that V-shaped PDMS stamps can be used in
R2R µCP to enable variable pattern size printing. Since force-based control
cannot precisely regulate the deformation of PDMS stamps, we adopt a

displacement-based control strategy to achieve stable and tunable linewidth
printing. The physical relationship between stamp displacement and con-
tact area is established through a combination of simulation and experi-
mental data. The simulation employs a Neo-Hookean model to represent
the hyperelastic properties of PDMS, and stamps with varying aspect ratios
are analyzed. To validate the simulation results, we utilize a single-roller
system that mimics the actual R2R printing process. This setup allows for
simultaneous measurement of displacement and contact area, enabling
direct comparisonwith simulation outputs. Together, the experimental and
simulation data form the physics-informed model of PDMS deformation.
Building on this model, we develop a neural network-based MPC frame-
work to regulate the displacement of the PDMS stamp in the R2R system.
The displacement can be precisely controlled using the proposed control
algorithm, allowing us to print lines with different widths using a single
PDMS stamp and demonstrating the effectiveness of the proposed control
method. Finally, we demonstrated the system’s versatility and broad
applicability by successfully printing a coplanar inverted-F antenna, a spiral
pattern, and various kinked patterns.

Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author upon request.

Code availability
Code for thework is available from the corresponding authors upon request.
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