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Abstract: Mechanical exfoliation of two-dimensional (2D) materials using adhesive tape is
a widely used method for producing high-quality single-layer graphene flakes. However,
this technique is time-consuming, with low yields and inconsistent results due to process
variations and human error. This paper introduces a modular system designed to rigorously
test and optimize the conditions for 2D material deposition, with a focus on graphene.
The system is adaptable to a range of inexpensive, commercially available linear stages
and stepper motors, providing precise, independent control over key parameters such as
peel speed and angle—both of which are critical in deposition yields. Tests confirmed the
system’s accuracy within ±0.7% relative speed error across a range of speeds (1 µm/s to
5000 µm/s) and peel angle control from 0◦ to 120◦. Additionally, the system automates
control of the key factors at the most demanding step of the exfoliation process while being
affordable and easily assembled, making it accessible for laboratories and educational
institutions to explore the optimal conditions for scaling 2D material production. This
system offers the capability to gain critical insights into the exfoliation process, driving
improved yields and scalability, which are essential for fabricating highly specialized
devices that rely on 2D materials.

Keywords: graphene; mechanical exfoliation; 2D materials; parameter testing

1. Introduction
Graphene was first identified in Novoselov and Geim’s seminal 2004 publication using

a mechanical exfoliation method commonly known as the “Scotch-Tape technique” [1].
Over the past two decades, significant advancements have been made in leveraging the
novel capabilities of 2D materials through the creation of multi-layered material stacks
called van der Waals heterostructures [2]. These heterostructures have shown promise as a
new source of unique properties in highly sensitive applications such as superconductors
for quantum computing and high-precision RF sensors [3–6]. Producing high-quality,
single-layer, single-grain flakes of material is essential for these fine-tuned applications.

The widely used “Scotch-Tape technique” has seen little improvement despite its
long-standing use. While still regarded as reliable, this procedure is labor-intensive, yields
low output, and produces small flakes due to manual execution. Several studies have
theoretically analyzed factors that could optimize material deposition using this method,
while other research has offered automated solutions to streamline the process [7–10].
However, there is a gap in fundamental research on the practical analysis of the isolated
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individual factors that affect flake deposition onto substrates. The traditional techniques
for automating mechanical exfoliation systems do not factor in the normalization of peel
speeds across different angles and are often expensive, complex, and require specialized
components, limiting their accessibility to researchers and educators. Addressing this gap
is crucial to enabling mass production of these materials and harnessing their potential on
a larger scale.

In this publication, an instrument and methodology are introduced that offer the
ability to test and isolate specific conditions that have a large effect on yield, as well as
automate control specific parameters during one of the most time-consuming portions of
the procedure. The system is assembled from readily available, low-cost, off-the-shelf parts
and open-source software. It can precisely control peeling speeds and calculate corrections
for variations in accuracy that would normally be introduced when testing substrates at
different angles. This instrument allows for slower peel speeds over a significantly extended
completion time, which would be impractical to achieve using manual techniques.

2. Materials and Methods
2.1. Background

Mechanical exfoliation using adhesive tape is a simple, straightforward technique,
with fewer variables to control compared to alternative methods. While alternative methods
can offer scalability or more control of key parameters, the adverse effects they introduce
can compromise the quality of the resulting material, making mechanical exfoliation still
preferable for certain sensitive applications requiring pristine, high-quality flakes [11].
The liquid phase exfoliation technique often introduces defects and contaminants through
liquid contact. The chemical vapor deposition (CVD) of graphene allows for the relatively
precise control of the parameters involved in crystalline growth during the deposition of
graphene, but other publications have shown CVD to produce grain boundaries which
degrade the electrochemical properties of the material [12–14]. Although recent advances
in this area with other materials, such as WSe2 and MoS2, suggest the CVD method may
become a compelling alternative for graphene in the future [15].

The mechanical exfoliation procedure uses a target SiO2 wafer substrate, pre-cleaned
using methods such as solvent washes, sonication, and O2 plasma cleaning. The mechanical
exfoliation portion of the procedure begins with bulk crystal of highly ordered pyrolytic
graphite (HOPG) or other intended material and a piece of ordinary commercially available
Scotch® (3M, Maplewood, MN, USA) brand adhesive tape. The adhesive tape is brought
into contact with the HOPG bulk material then removed, cleaving off several flakes of
the stacked layers of 2D graphene material with it. The flake-coated area of the adhesive
is brought into contact with an unused portion of the tape then peeled apart. This is
repeated multiple times to cleave these material stacks to a reduced amount of stacked
layers. The material covered tape is then applied to the target SiO2 wafer’s surface and
pressed down. The graphite layers applied to the surface of the substrate and are attracted
to the SiO2 wafer through van der Waals forces. The resulting stack is then heat annealed
on a hotplate at 100 ◦C for ~2 min. Annealing facilitates the migration of gas adsorbates
trapped between the SiO2 surface and graphene flake, promoting larger areas of surface
contact and enhancing adhesion [8,16,17].

The tape is peeled from the substrate, with the optimal outcome being that the van
der Waals forces between the graphene layer and the SiO2 substrate overcome the stacking
forces between the graphene layers, as shown in Figure 1. A successful removal leaves only
a single-layer graphene flake of material behind with a maximal surface area sample to
fabricate into a device.
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Figure 1. A diagram profile view illustrating the mechanics behind deposition of single-layer
graphene with exaggerated flakes for clarity.

Published theoretical exploration has suggested that the peeling angle and speed are
the most important aspects of the peeling process and suggest that adhesive forces scale
quadratically with peel velocity. This implies that lower peel speeds are more effective for
maintaining adhesion between a single-layer flake and the target substrate [8]. The tape
peeling step of the procedure can be considered the most critical moment of single-layer
material deposition. This step is typically performed by the hand of a technician, resulting
in significant variability between deposition runs. The outcome is highly dependent on the
technician’s expertise, making it challenging to achieve consistent, precise, and repeatable
results. The speed and angle of the peel are quantifiable metrics that can be measured and
enforced rather than being subject to unpredictability of human error. Very few articles
offering the specifications for automated systems for the mechanical exfoliation deposition
step have been published, and those that have been preprinted or published each require
individual expensive and custom machined components (many in excess of USD 2000 each),
do not address the normalization of peel speeds across different angles or combine many
variables at once, making quantitative study of individual factors difficult [9,10,18]. The
system presented in this publication is not designed to simply automate the production
of high-quality flakes; it allows for the isolated analysis of the factors that improve the
deposition of high-quality flakes and provide a low-cost, accessible solution for researchers
and educators.

2.2. System Description

Early efforts to automate the adhesive removal step focused on achieving a controlled,
slow peel speed over extended periods. These attempts were tested using a modified
3D printer axis and a basic motor controller governed by revolutions per minute (RPM).
The current system is a custom design tailored for mechanical exfoliation, incorporating
software that accurately converts user-defined peel speed into precise motor movements.
The control system, powered by an Arduino and programmed in C++, receives serial
commands via a USB connection for starting, stopping, homing, and calculating the peel
velocity at specific angles.

The linear pull system features a rigid frame and a stable foundation to minimize mechan-
ical errors during testing. It utilizes a CNC double linear guide rail and a NEMA-57 stepper
motor, which provides sufficient torque to overcome adhesive resistance and maintain consis-
tent peel speeds without velocity fluctuations. The mounting surfaces and tabletop adapters
were designed using Autodesk Fusion 360 v2.0.20754 CAD software and 3D printed for easy
customization. These modular components allow for simple replacement and modification.
The system can also be disassembled and reassembled for storage or transport.
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A primary design objective was the use of widely available, low-cost materials to
facilitate broader adoption and further development by other researchers. The total cost of
the components required for this setup can be purchased for under USD 400 (and under
USD 600 when adding the cost of a 3D printer). A model of the system is shown in Figure 2
and a summary of the expenses is presented in Table 1.

Figure 2. CAD model of the assembled system in operation, with 3D-printed components shown
in blue.

Table 1. Breakdown of Components.

Component Description Distributor (Accessed on
10 June 2024) Price (US$)

Motor Control System Arduino UNO R3 Amazon $13.59
Arduino expansion board CNC shield expansion Amazon $7.99

Stepper motor driver TMC2209 V1.3 Amazon $29.99
Linear actuator and motor 600 mm Linear Stage Amazon $198.00

Power Supply 1 DC Power Supply Amazon $49.49
3D printer 2 Creality Ender 3 V2 Amazon $179.99

Wiring 22 AWG Wire, Solid Core Amazon $15.19
Limit Switches Micro Limit Switches Amazon $14.99

3D printer Filament PLA+ Filament Amazon $31.44
1 While this specific power supply was used, any power supply capable of providing 12V and 2A is sufficient
for system operation. 2 Any standard PLA 3D printer is sufficient to print the available STL files; in this study,
the Creality Ender 3 V2 Pro model was used.

Operation of the system covers the adhesive removal step of the mechanical exfoliation
procedure. Samples are cleaned and prepared using the standard procedure exfoliation
until the samples are heat annealed onto the substrate. Samples are then mounted to the
angled substrate mounting stage. The system is then homed to a fixed position at the start
of each test and the peel angle and speed are defined via a software for speed correction
and normalization. Another piece of adhesive tape is attached between the moving stage
and the loose end of the tape attached to the substrate. When the start command is issued,
the system automatically peels the tape from the substrate at a precisely controlled speed
and angle providing a consistent, repeatable peel.

2.3. Software Design

The software is designed to receive serial input commands from a connected computer
via standard USB serial monitor software, such as Arduino IDE or VS Code. It uses the
Arduino Accelstepper library to control speed and acceleration, and the TMCStepper

https://www.amazon.com/gp/product/B01EWOE0UU/
https://www.amazon.com/gp/product/B01D2HL9T8/
https://www.amazon.com/gp/product/B08WZFK9KT/
https://www.amazon.com/gp/product/B09MYK424S/
https://www.amazon.com/Adjustable-Switching-Regulated-Adjustments-Jesverty/dp/B09YSJQWRG/
https://www.amazon.com/Official-Creality-V2-Full-Metal-Pre-Installed/dp/B08BL41ZMY/
https://www.amazon.com/gp/product/B07TX6BX47/
https://www.amazon.com/gp/product/B0B3DRXDRL/
https://www.amazon.com/gp/product/B09Q5YJ5HZ/
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library to interface with the motor driver. Although the software is optimized for the
Trinamic TMC2209 driver, the libraries are compatible with many other commercially
available drivers.

The software provides functions for automatically correcting speed based on the angle
of the substrate, as well as for homing the actuator to a fixed position at the start of each test.
The source code and related libraries are available on the project GitHub Page, (accessed
on 20 January 2025).

2.3.1. Speed Control

The motor speed is controlled using commercially available CNC machine compo-
nents, powered by an Arduino UNO through a CNC shield expansion board. The CNC
shield provides a modular interface for connecting stepper motor drivers to the Arduino
using a standardized pin socket. To ensure smooth motion, the motor’s step pulses are
refined through micro-stepping, which divides each large step into smaller increments for
precise, continuous movement.

The system uses a Trinamic TMC2209 stepper motor driver, selected for its quiet
operation and high micro-stepping resolution (256 micro-steps), which offers superior
precision compared to common alternatives like the Allegro A4988 and Texas Instruments
DRV8825. The stepper motor driver controls a NEMA-57 stepper motor, which is connected
to a 600 mm linear stage.

The moving stage is equipped with a 3D-printed attachment block to pull the adhesive
tape attached to the substrate. The Arduino UNO communicates with a computer via
USB cable, receiving serial input for tasks such as starting, stopping, homing, and setting
parameters. A separate UART channel interfaces directly with the Trinamic TMC2209 to
monitor and adjust motor parameters like position, speed, and micro-steps.

The motor system is powered by a variable DC power supply, while the Arduino is
powered through the USB interface. Limit switches are connected to the Arduino to prevent
the linear actuator from exceeding its physical limits and to home the actuator to a fixed
position at the start of each test. Figure 3 shows the wiring diagram of the system.

CNC Shield

Power 

Supply

Arduino

To limit switches

USB - ALaptop

1k

TX

Motor

Motor

DriverRX

Figure 3. Wiring diagram of the motor control system and interface.

2.3.2. Calculating Peel Speed

Adhesive industry testing has shown that pulling the end of an adhesive strip at a
defined rate varies the resultant removal rate on the substrate surface with a different peel
angles [19]. For the given system, peeling at 1 mm/s at a 90◦ will result in a peeling velocity
of 1 mm/s; however, pulling the tape at the same 1 mm/s speed at a 180◦ angle yields a peel
speed of just 0.5 mm/s at the substrate surface. To achieve a specific substrate peel velocity,
the speed of the horizontal actuator must be adjusted depending on the angle which the
sample is positioned. The relationship between the actuator speed and the effective peel
speed can be described by Equation (1).

Actuator Speed = Substrate Peel Speed × (cos(θ) + 1) (1)

https://github.com/AQUAMAG/AQUADRAG/
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Equation (2) can be derived from the following equation, which relates the distance
the horizontal actuator travels to the distance that has been peeled:

h = d(cos(θ) + 1) (2)

In this context, θ represents the angle between the direction opposite of the pull and
the horizontal plane. d represents the distance between the starting and current positions of
the peel, and h represents the distance that the horizontal actuator has travelled. d ∗ cos(θ)
is the horizontal component of the distance peeled, and an additional amount d is added
because the distance between the actuator and the peeling location increases by the exact
amount of tape peeled.

As the angle is changed between different test runs, the horizontal component of the
peel speed varies, necessitating adjustments to the actuator speed each time to maintain a
normalized peel rate across tests. When θ = 0◦, the sample is pulled horizontally, and the
actuator speed is double the peel speed. As θ increases, the horizontal component reduces,
requiring a lower actuator speed to achieve the same effective peel speed. This relationship
must be considered when normalizing results obtained at different peel angles under fixed
speeds. A diagram illustrating the relationship between actuator movement and peel
distance is shown in Figure 4b.

(a)

θ

d(cos(θ) + 1)

d

(b)

Figure 4. Angled substrate mounting blocks and locking base. (a) Examples of other modeled
substrate mounting blocks, listed from left to right and top to bottom, at 120◦, 105◦, 90◦, 60◦, 45◦,
and 30◦. Angles of any incremental degree can be modeled, 3D printed, and interchanged into the
system. (b) Diagram depicts the correlation between actuator displacement and peel distance, along
with an example of a 45◦ block slotted into the interlocking base. Peel angles are measured from the
horizontal plane and are notated as θ.

2.4. Angle Control

The system controls the angle through the use of fixed substrate mounting surfaces
with a precise angle relative to the pull direction. The system utilizes interchangeable blocks
to be slid horizontally into place via guide rails on a locking base which has been modeled
with screw holes to be mounted to an optical table. This rigid design is chosen instead
of an adjustable mechanism to prioritize simplicity and to eliminate the potential issues
related to improperly secured components and the variability introduced by necessitating
tight tolerances in movable parts. The slide-in mount base is designed to raise the height
of the substrate to allow for an exact alignment with the axis of the tape pull. As the tape
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is peeled from the substrate, a slight difference in height is created between the moving
stage and peel height. To compensate for this angle error, the moving stage and substrate
mounting stage are placed sufficiently far to keep the change in angle less than 1◦ over the
course of a peel. The graphene samples used for testing are 10 mm, meaning approximately
580 mm or greater distance to keep angle error within the tolerance range. The modular
table mounts of the system and 600 mm thread screw length are designed to offer flexibility
to allow a similar compensation for larger area samples. Examples of the mounting blocks
of different angles are shown in Figure 4a.

3. Results
In Figure 5, the system is shown in a demonstrative test run using a single prepared,

clean SiO2 wafer with multiple samples of tape applied. The bulk crystal used for exfoliation
was SPI Supplies Grade-1 HOPG 10 × 10 × 1 mm, with each sample prepared using the
same exfoliation process. Samples were exfoliated three times on clean sections of a
piece of mother tape then exfoliated a fourth time onto a fresh piece of daughter tape.
Deposited flakes were examined using a Horiba Xplora Plus (HORIBA Instruments, Inc.,
Irvine, CA, USA) video microscope’s software mosaic feature to automatically scan high
resolution images of sample surface areas. Optical microscopy images of the results, each
demonstrated speed and angle combination, are shown in Figure 6. A quick qualitative
analysis shows the differences in deposition densities when varying peel angle and speed
between a relatively fast pull of 5 mm/s and slow pull of 0.01 mm/s. Images were manually
searched for in areas of higher density flakes and were further investigated via optical
microscope to determine individual flake surface area and number of layers via Raman
spectroscopy, as shown in Figure 7.

The accuracy of speed signals is critical when performing the analysis of very slow
peels as an error can compound with each delay cycle of the stepper motor. To properly
normalize data compared between different test runs, the speed error of the system must
be validated across a wide range to ensure that a similar level of accuracy is achieved in
different ranges. Compensation of peel speeds at different angles is also necessary to enable
comparison of speed data between runs. The system’s accuracy was validated using a
stopwatch modified to start and stop based on limit switch inputs placed at a fixed interval
on the linear guide rail. The system was measured by the amount of time to travel a fixed
distance of 200 mm over several orders of magnitude of speeds. The system demonstrated
a relative speed error of less than 0.7% across all tested speeds, ranging from 5 mm/s to
0.001 mm/s. The results of the speed testing are shown in Table 2.

Figure 5. Peeling system in operation with a 90◦ peel angle.
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2.5mm

(a)

2.5mm

(b)

2.5mm

(c)

2.5mm

(d)

Figure 6. Differing densities of deposition at different peel angles and speeds. Results of fast 5 mm/s
and slow 0.01 mm/s peels at 90◦ and 180◦ angles onto a single substrate. Dark blue areas represent
few-layer graphene flakes while lighter yellow portions are bulk graphite. Teal areas represent
adhesive residue which is often more prominent on slower peels. Image was taken using a mosaic of
50× magnification optical microscopy images.(a) Fast pull with 90◦ peel angle. (b) Slow pull with
90◦ peel angle. (c) Fast pull with 180◦ peel angle. (d) Slow pull with 180◦ peel angle.

(a) (b)

Figure 7. Raman spectra evaluation of flakes obtained from the system during a slow 0.01 mm/s peel
at a 45◦ angle. Image and data was taken using a 100× magnification lens on a Horiba Xplora Plus.
(a) Single-layer graphene (SLG) characterized by a higher intensity 2D peak relative to the G peak.
(b) Multi-layer graphene (MLG) characterized by the 2D peak intensity higher relative to the G peak;
a higher ratio of intensity indicates more layers [16].
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Table 2. Results of speed validation testing 1.

Set Speed
(mm/s)

Micro Steps 2

(Subdivisions)
Measured
Time (s)

Actual Speed
(mm/s)

Speed Error
(mm/s)

Relative Speed
Error (%)

5.00 0 40.12 4.99 0.0150 0.30
1.00 0 199.87 1.00 −0.0007 −0.07
0.50 16 402.59 0.50 0.0032 0.64
0.10 128 2012 0.10 0.0150 0.60
0.01 256 20009 0.01 0.0000 0.04
0.001 256 199813 0.00 0.0000 −0.09

1 All speeds were tested using a fixed distance of 200 mm. 2 Driver micro steps for speeds <1 mm/s were
tested using the highest amount of subdivisions available for a given speed while keeping the stepper motor
<1000 steps/s due to Arduino hardware accuracy constraints.

Limitations

The Arduino UNO model is limited at high speeds by its clock frequency, losing
accuracy with speeds greater than 10 mm/s. Iterations of this system could incorporate a
higher clocked controller; however, theoretical models of adhesive behavior indicate that
slower speeds are better suited for the peeling process, suggesting that this limitation is
unlikely to pose a concern. Due to RAM constraints on the Arduino UNO, storing strings
for relaying text to the end-user interface is limited. This was handled by storing byte string
data in flash memory but could also be addressed with a more powerful controller. Another
limitation is the slight change in relative peel angle that occurs during a test run due to
the point of contact shifting lower as the adhesive is removed from a substrate surface.
The worst tested case was ~5.7◦ over the course of a 30 mm sample using a 300 mm length
of tape. This is not a significant concern for the system as the angle variance can be adjusted
easily through lengthening distance between the actuator and the substrate before the start
of a peel. It was found that a 1 m distance was sufficient to maintain a consistent angle ±1◦

over the course of a 30 mm peel.
In most cases, slower peel speeds are expected to have larger amounts of residue

present; however, the 180◦ results in Figure 6 could be interpreted to suggest the opposite.
This is possibly due to uneven contact with the hotplate during the heat annealing step of
the procedure. This specific test was conducted using a single whole 100 mm SiO2 wafer
to normalize the substrate comparison between each sample. During normal procedures,
smaller 25 mm × 25 mm wafers are often used instead, which are not expected to have
difficulty with even heat distribution.

4. Discussion
This paper presents a bespoke system for enforcing controlled key parameters dur-

ing the deposition of mechanically exfoliated 2D materials and facilitating optimization
through parametric evaluations. The system is designed to be modular and adaptable to a
wide range of inexpensive and commercially available linear stages and stepper motors.
The example list of components in this publication were produced for less than USD 400
and could easily be disassembled for storage or transportation. This system offers precise,
isolated control over peel speed and angle, both of which significantly influence 2D mate-
rial deposition yields. Tests have verified the system to be accurate within ±0.7% relative
speed error over multiple orders of magnitude tested (1 µm to 5000 µm). Furthermore,
angle-controlled substrate mounts have been developed, allowing for angle adjustments
between 0◦ and 120◦, as shown on the GitHub Page, (accessed on 20 January 2025). The sys-
tem allows labs and educational institutions to comprehensively examine the most critical

https://github.com/AQUAMAG/AQUADRAG/
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point of the mechanical exfoliation process, and foster an understanding of more optimal
conditions that can be created to better scale the production of 2D materials.
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