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Highlights

e A desktop plate-to-roll printing apparatus for flexographic printing

e Printing with nanoporous stamps by precise stamp-substrate contact force application and
elimination of shear; Flexure based contact force application and coordinated rotary-linear motion

e High-speed (>0.1 m/s) printing of high-resolution (<3 microns) features
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Abstract

Flexographic printing, which involves high-speed contact of an inked stamp against a substrate, is of
increasing interest for scalable manufacturing of electronics in new formats. However, the adaptation of
flexography to thinner, finer features generally required for printed electronics requires improved
understanding of stamp-substrate contact mechanics. Here, we present a desktop plate-to-roll (P2R)
printing apparatus which enables the study of flexographic printing in a semi-continuous format that
mimics industrial printing. In particular, we tailor the specifications of the machine to use nanoporous
stamps which were recently shown to enable printing of micron-scale ink features. Printing with
nanoporous stamps requires precise control of stamp-substrate contact force (2-250mN) and elimination
of shear force at the interface among others; these are accomplished using a flexure-supported substrate,
and by coordinated rotary-linear motion of the system. We detail the design and evaluation of the P2R
machine and demonstrate printing of high-resolution features (<3um line width) with nanoporous stamps
at speeds of up to 0.2 m/s.
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1. Introduction

Flexographic printing uses molded rubber stamps for high-speed printing of graphics, and is now
evolving into a next-generation electronics manufacturing process, for applications including large-area
displays and smart packaging[1-3]. Using flexographic, inkjet, and other printing technologies, it is
possible to print functional colloidal inks (e.g., conducting, semiconducting, dielectric) on glass, polymer,
and paper substrates[2—14]. Therefore, the vision toward cost-effective production of printed electronics
is to leverage the high-speed capability of traditional printing technologies, with adaptation to print
electronically functional inks[4,9]. However, because printing of electronics requires much higher
resolution and precision than printing of graphics[11,14], innovations in the printing processes and
equipment are necessary to meet the resolution demands of the printed electronics industry[15]. This is
most widely recognized within industry as a need for high-speed (>1 m/s), high-resolution (feature size
<10 pum) printing [16—18]

To realize micron-resolution flexographic printing[ 18], we previously introduced a nanoporous stamping
tool that printed significantly finer printed feature dimensions than traditional non-porous polymer stamps
used in flexography. Importantly, nanoporous stamps can retain the ink within their volume, enabling the
printed pattern to precisely replicate the shape of stamp features without suffering the squeeze-out and
dewetting instabilities that occur when approaching such fine resolution using elastomer stamps. We
realized nanoporous stamps comprising polymer-coated vertically aligned carbon nanotubes (CNTs) and
demonstrated flexographic printing of diverse micrometer-scale patterns of a variety of functional
nanoparticles inks including Ag, ZnO, WO,, CdSe/ZnS. In addition, we showed that patterned transparent
electrodes with ~3 pum feature size can be printed at a speed of 0.2 m/s, indicating promise for industrial
use[19].

Laboratory development of high-resolution flexography, such as that achieved using the nanoporous CNT
stamps, requires printing equipment with specific requirements on process parameters. A first requirement
is the precise control of stamp-substrate contact force (2-250mN), as a threshold contact pressure must be
reached to achieve the high fidelity print enabled by conformal nanomechanical stamp-substrate contact,
yet the pressure must not exceed the value at which the stamp features buckle[18,19]. A second
requirement is the control of shear force during contact, as the adhesive strength between the vertically
aligned CNTs and the substrate is relatively weak, and therefore friction-driven roll contact cannot be
used[20-24]. Third, the stamp-substrate alignment along the moving contact line must be maintained so
that the contact force stays within the prescribed range enabling complete pattern transfer across the
stamp area; for instance, misalignment of 42.4 arc seconds in the pitch or yaw directions will lead to a
contact force error of ImN.

In this paper, we report a desktop plate-to-roll (P2R) machine (Fig.1) which is designed and constructed
to study advanced flexography techniques toward high-resolution and high-speed manufacturing of
electronics. The machine is designed to investigate the relationship between process variables (e.g.,
contact force, printing speed) and the resulting quality, and to fabricate prototype patterns by printing of
colloidal inks. The design details particularly consider the requirements for flexography using CNT-based
nanoporous stamps; however the machine, and its design principles may be applied to other contact-based
printing techniques.
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2. Design of the plate to roll apparatus

The P2R machine (Fig. 2) achieves printing by synchronized rotary-linear motion of a roller over the
printing stamp, which is fixed to a suspended platform supported by beam flexures. The machine
accommodates stamps up to 20 x 20 mm in size, fixed to the substrate, and the roller can hold flexible
substrates (wrapped thereon) up to 25 mm width. In this section, we explain the key design considerations
of the four sub-systems - the flexure assembly, roller assembly, motion system, and the contact alignment
system — which allowed us to achieve the necessary control of the contact force, contact speed, and
alignment between the stamp and the substrate across the contact line.

2.1 Flexure Assembly

The flexure assembly supports the stamp, and enables control of the printing pressure by pre-calibration
of its force-displacement relationship and control of the amount of interference between the roller and
stamp during printing. For the P2R printing process, we assume that the roller and stamp coincide in line
contact, and that the contact pressure will exhibit a Hertzian distribution (Fig. 3A). Therefore, the
maximum pressure p,,.. can be determined by the applied force F, roller diameter R, and material
properties of the stamp as [25]

g 1/2
Pmax = (ﬁ) [1]

where / is the length of the line contact and E” is the reduced modulus between the contacting materials 1
(roller with receiving substrate attached) and 2 (stamp) given by their Young’s moduli and Poisson’s
ratios as

. 1-v  1-13 -1
E =( E + Ez) 2]

The CNT stamp is assumed to have linear elastic behavior within the strain levels reached under the
applied contact pressure required for uniform ink transfer[19]. In previous work, we showed that uniform
ink transfer from a CNT microstructure to a solid substrate can be achieved when the contact pressure
ranges from 28-150 kPa[18,19]. We control the contact pressure by the force exerted through a flexure
assembly (Fig. 3B, C). Using Eq. [1], we determine that the aforementioned contact pressure range is
equivalent to an applied force of 2-250 mN for ~20 mm line contact (Fig. 3D); this value is directly
proportional to the stamp width. By making the flexure at least 50-fold more compliant than CNT stamps
(stiffness = 10-100 kN/m), the contact force between the plate and the roller can be determined solely by
the flexure stiffness and deflection. That is, for a known flexure stiffness, we can control the flexure
deflection and hence the contact force and pressure. For example, a deflection of 10 microns will
correspond to the minimum force of 2 mN.

We designed an aluminum flexure with a known stiffness (243.3 N/m) which allows us to apply the
required force by varying the deflection (Fig. 3B-D). The first resonant frequency of the flexure (108.52
Hz, see Figure S1 in Supporting Information) is much greater than both the rotational speed (1.27Hz)
used in the printing experiments and the maximum motor speed (2.23Hz). Therefore, we conclude that
resonant vibration of the flexure is not a concern with respect to control of the printing force. A
capacitance probe (Lion Precision, C8-2.0-2.0, resolution 2.1 nm [26]) placed between the flexure holder
and the flexure is used to measure the deflection (Fig. 3C).
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2.2 Roller Assembly

It was necessary for the roller assembly to have stiffness, and total indicated runout, that met the
requirements for force application and displacement control mentioned above. The roller is made of
aluminum (Al6061), and the roller assembly consists of the roller, shaft, angular contact bearings, and the
bearing housing. The nominal design is an aluminum roller of 50 mm diameter. The roller is mounted at
the end of a stepped shaft supported by two angular contact bearings (ABEC-7) assembled in a back-to-
back configuration. By placing the roller adjacent to the supporting bearings and assembling the bearings
in back-to-back configuration, we achieved a high moment stiffness and therefore ensured low shaft
deflections due to dynamic loading.

The roller was mounted to the bearings using a shrink fit. The roller shaft was cooled, then the bearings
were pressed on the shaft. Then, the bearing housing was heated and the roller shaft with bearings was
pressed to form the roller assembly. A locknut and lockwasher at the shaft end were used to preload the
angular contact bearing. Yet, as assembled, the runout of the roller was measured to be 25 um; therefore,
to reduce the runout, the roller surface was ground after assembly (Fig. 4A), giving a total indicated run
out of 5 um after grinding (Fig. 4B). A 5 um total indicated run out will cause the contact force to change
by 1 mN; this falls well within the pressure range prescribed for uniform printing. In addition, the design
allows easy exchange of rollers with different diameters, lengths and materials when needed. However,
after assembling a new roller surface grinding must be performed to achieve the runout specification.

2.3 Motion System

To enable P2R printing, we constructed a synchronized rotation-translation system that achieves slip-free
motion of the roller over the stamp (which is attached to the flexure). Slip-free rolling contact can be
achieved by driving the rotor about the rotary axis (@) and letting the interfacial friction provide the linear
motion (V) of the stamp, or by driving the stamp along the linear axis () and letting the friction provide
the rotary motion (w) of the roller. However, the CNT stamps cannot endure the shear stress induced by
the friction due to their own mechanics and the limited adhesion between CNT microstructures and their
base substrate[20—-24]. To overcome this limitation, the P2R system has independent drives for the roller
rotation and translation, with motion synchronized such that Ro=V.

To provide smooth rotary motion for the roller, a slotless, brushless DC motor (Aerotech, BMS60) is used
[27]. The motor has a built-in rotary encoder, and the position resolution of the roller along the
circumference is 39 nm. A linear motor (Aerotech, ANT 130L) with 160 mm travel range, 5 nm resolution,
and 350 mm/sec speed limit is used to translate the roller assembly[28]. With these two motors, velocity
control can be implemented to eliminate slip and achieve smooth motion at speeds ranging from <Ilmm/sec
to >100 mm/sec (see Table S1 in Supporting Information). Two networked PWM digital controllers
(Aerotech, ENSEMBLEMP10-I0-MXU) are used to control the two motors and synchronize their
motions[29].

Fig. 5 shows the block diagram of the closed-loop control system. The transfer functions of the plant and
controller are P(z) and C(z), respectively. For the rotary motion, the plant consists of the dynamic system
including the BMS60 motor, coupling, shaft and roller. For the linear motion, the plant consists of the
ANT130 L motor and the roller assembly mounted on the motor. The closed loop transfer function is given
by
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FF(z)F(2)P(2) + C(2)F(2)P(2)
1+ C(2)F(2)P(2)

Y
¥ =

where the transfer functions of the filter and feedforward controller are F(z) and FF(z) respectively. Fig. 6
shows the measured open loop and closed transfer functions of the rotary and linear motion dynamic
systems. For the rotary motion system, cross over frequency is 82.7 Hz and the phase margin at this
frequency is -163.7°. For the linear motion system, cross over frequency is 56.9 Hz and the phase margin
at this frequency is -151.9°. The phase is not equal to -180° across the entire frequency range indicating
infinite gain margin. These high margins render the rotary and linear motion systems stable, and able to
track trajectories and hence eliminate slip between rotary and linear motions.

2.4 Contact Alignment System

It is also necessary to ensure that the contact pressure is uniform across the contact line, and, as much as
possible, throughout the travel of the roller while contacting the stamp (Fig. 7A). This was achieved by
fine adjustment of the pitch and yaw orientation of the flexure stage, while measuring the forces using
strain gauges bonded to the four legs of the flexure (Fig. 7B,C). The pitch-yaw stage (ThorLabs, PY003,
resolution = 109.1 arc seconds) was placed on top of the Z motion stage. The alignment was deemed to
be complete when the contact pressure during the printing cycle stays within the desired range. With good
alignment, pairs of strain gages attached in the locations “S1 and S2” and “S3 and S4” in Fig. 7B, should
have the same output during the printing cycle as shown in Fig. 7C.

The total error in printing force due to misalignment, flatness and shaft runout is estimated to be 6.6 mN;
calculations are given in the SI. This is comparable to the printing force at the lower end of the range
(2mN), but much less than that at the higher end of the range (250mN). Fig. 8 shows the measured force
during printing at print speeds of 1, 18 and 100 mm/sec. The nominal (target) printing force is 18.2 mN in
these experiments and the measured printing force has maximum values of 10.2, 25.7, and 17.7 mN at
print speeds of 1, 18 and 100 mm/sec, respectively. The force variation during a printing cycle and
between experiments can be attributed to flatness, shaft runout, and surface variations due to PET film
affixed to the roller for each experiment.

3. Plate-to-Roll Printing Experiments
3.1 Experimental Procedure

Nanoporous stamps are fabricated by chemical vapor deposition (CVD) growth of CNT forests from a
lithographically patterned catalyst film on a silicon wafer[18]. Fig. 9A shows SEM images of the
nanoporous stamp with an array of cylindrical micropillars 100 um in diameter and 130 um in spacing
between their centers.

The mechanical compliance, surface roughness, and wettability of the stamp structures are tailored via
plasma treatment of the CNTs and subsequent coating with a thin layer of polymer (pPFDA, 20 nm) by
initiated chemical vapor deposition (iCVD)[18,30,31]. To prepare the stamp for printing, a 100 pl droplet
of colloidal silver nanoparticle ink (Sigma Aldrich, <10 nm in tetradecane, 50-60 wt%) is pipetted onto the
stamp. Then, excess ink is removed in two steps: first, the stamp is spun at 1500 rpm for 1-3 minutes; then,
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the wet stamp is brought into contact with a uniform CNT forest, as described in our previous work[18].
After the removal of excess ink, ink wets the stamp microstructures conformally[19].

P2R printing experiments are conducted as follows. First, a strip of 100 um thick PET film (average
roughness, ~6-10nm; McMaster-Carr) is attached to the roller, and the printing stamp is placed on the
flexure and brought into contact with the roller at approximately the midpoint between the two ends of the
stamp. Next, we apply a contact force of ~25 mN by displacing the flexure vertically and monitoring the
deflection via the capacitance probe signal (Fig. 8). The pattern density also influences the target force and
hence the flexure deflection. Next, we detach the stamp from the flexure, apply the ink on the stamp and
remove the excess ink as outlined in section 3.1. Then, we attach the wet stamp to the flexure using an
adhesive tape. Last, we command the motors to execute the printing step. We provide videos showing the
motion of the system through for printing speeds of 2, 20, and 200 mm/s (Videos S1-S3 in Supporting
Information). The printing process is repeated by removing the printed PET film from the roller and
attaching a new film; 10-15 prints are completed without re-inking the stamp.

3.2 High resolution P2R printing by force control with no slip at various speeds

Using the newly built P2R apparatus, we demonstrate printing of precise patterns of isolated features (from
cylindrical micropillars array stamps, 100pm diameter), as well as connected features (honeycomb stamp
patterns). Fig. 9B shows the optical microscope image of the printed circle (from micropillar stamp) patterns
on PET substrates at printing speeds of 1, 18, and 100 mm/s, which show high fidelity without distortion
due to the application of controlled contact force without slip (see Supporting information). The mean and
standard deviation of the diameters and center to center distances measured from the printed patterns (Fig.
9B) are summarized in Table 1. The lateral error, defined as the difference between the lateral dimension
of the printed layer and that of the stamp pattern, is a major consideration for precision printing. The
dimensions are measured by optical microscopy of the stamp before inking, and of the printed pattern; for
each reported dimension, five micropillars and features were averaged, respectively.

Speed Print Force Diameter Center-center distance
(mm/sec) (mN) Mean * Stdev (um) Mean + Stdev (um)
1 9.3 100.3 £1.6 130.5+0.6
18 25 105.5£2.4 131.4£0.5
100 15.6 99.8+1.9 131.311.1

Table 1: The mean and standard deviation of the diameters and center to center distances
measured from the printed micropillar patterns (see Figure S2 and Table S2 in Supporting information)

In Fig. 10A and B, we show the microscope images of stamp with a honeycomb pattern with a line width
of 3 microns, and the printed pattern on flexible glass[32] (SCHOTT, Thin Glass AF32) at 100 mm/sec .
The stamp pattern has circular holes but the printed pattern has hexagons and this is likely due to capillary
densification of the stamp upon inking [33,34]. The honeycomb patterns are of significance to manufacture
transparent conductive films such as those used in photovoltaics and touchscreen displays[35-37].

From the printed patterns, four hexagons located at the corners and one in the centroid of a square were
chosen for analysis (Fig. 10B). The width values of the five hexagons and their center-center distances are
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13.0£1.0pm and 132.740.3um, respectively. We also confirm that the dimensions are invariant with print
speed and direction, yet, statistical analysis of the dimensions of additional features and groups of features
spanning large areas will be necessary to establish a confidence interval. The surface profile (Fig. 10C) of
the printed honeycomb pattern was measured using a laser scanning confocal microscope (Keyence Model
VK-X250), and the thickness profiles perpendicular to the sides are presented in Fig. 10D. The mean and
standard deviation of the thicknesses measured along the lines 1-6 are 43.8+11.3 nm, with a RMS roughness
of 1.1 nm except at the corners where the sides meet. These values were calculated from thickness profiles
at three locations on each side of a hexagon (see Figure S3, S4 and Table S3 in Supporting Information)

Among the sides, though the feature width (~1.6um) is uniform, the thickness profiles show non-
uniformity, significant variation (~11nm) and accumulation of ink at the corners. These imperfections can
be attributed to stamp height variation and non-uniform ink distribution in the different stamp regions.
The printed patterns would need to be sintered to be rendered electrically conductive, either by flash
sintering or thermal annealing. In prior work using manual plate-to-plate printing with nanoporous
stamps, we printed silver honeycomb patterns with 94% transparency and thermally annealed them to
achieve a sheet resistance of 3.6 ohm/sq [18] which compares favorably to state-of-the-art transparent
conductive films and patterned metal films.

Discussion

The desktop P2R apparatus provides a convenient, precise means to study flexographic printing processes
and to develop new stamps, to study process parameters, and to prototype patterns and (in the future)
multilayer devices from various colloidal inks. The compact setup is particularly suitable to conduct
experimental studies by varying print speed, contact force, and ink-substrate materials and interactions
(e.g., wettability). In addition, it allows state-of-the-art micro- and nanofabrication techniques to be used
to prototype new stamp designs, including but not limited to the present case study of CNT-based
nanoporous stamps. A comparison of the specifications of the P2R system with other laboratory scale
P2R and R2R printing equipments is summarized in Table S4 (refer Supporting information)[38—40].
Furthermore, in our earlier work, we show a comparison of the print resolution and speed of nanoporous
flexographic printing with other industrial printing processes[18].

Reflecting on our achievements with the P2R system, we can consider a potential pathway toward a
continuous roll-to-roll (R2R) printing system using a nanoporous stamp roll. We present a conceptual
design for a continuous R2R printing machine in Fig. 11, consisting of a nanoporous stamp roller, an anilox
roller for inking, and the supporting roller to support the target substrate. Nanoporous stamp rollers can be
fabricated by synthesizing the CNT forests on a flexible substrate such as ultraflat thin copper foils that can
be wrapped on a rigid roller, while a non-patterned CNT forest can be used as the anilox roller. Although
silicon and quartz are advantageous as substrate materials due to their inert characteristics and mechanical
rigidity, copper has been widely studied as a growth substrate owing to its cost and mechanical
flexibility.[41,42] The anilox roller coating must have sufficient stiffness to withstand the forces applied
by the doctor blade used to distribute on the roller; this can achieved by reinforcing the CNTs with a ceramic
such as aluminum oxide (e.g., by atomic layer deposition [43]) while maintaining porosity and
wettability[44].

In the conceptual R2R machine, the bearings supporting the stamp roller and the substrate rollers can be
assembled on movable supports that are attached to XY double parallelogram flexure mechanisms[40,45—



260
261
262
263
264
265
266
267

268
269

270
271
272
273
274
275
276
277

47]. The motion stage holding the bearings can be displaced with an actuator causing the stamp roller to
contact the substrate with a prescribed force. The alignment between the stamp and substrate rollers can be
controlled by using the actuators and the flexures because, unlike the P2R machine, the contact line is fixed
in the R2R machine. The flexure beams can be instrumented with strain gages and the strains can be used
to measure the misalignment and correct it by displacing the respective actuators by prescribed
displacements, possibly with real-time feedback to account for run-out of the rollers. Additionally, the
motors driving each of the three rollers must be independently driven and synchronized so as to provide
slip-free smooth motion at each of the interfaces.

4. Conclusion

We designed and fabricated a plate to roll (P2R) printing apparatus for benchtop study of flexographic
printing with precision control. Using nanoporous stamps, we conducted printing experiments by
controlling the contact force and speed. The lateral dimensions and the thickness of the printed features
show that the machine meets the functional requirements including control of contact force, alignment, and
slip between the stamp and substrate. In addition, the P2R apparatus can be adequate for testing versatile
substrate combinations, including both rigid-to-flexible and flexible-to-flexible configurations. Therewith,
findings from lab-scale P2R printing can guide strategies for scale-up using established, or new, industrial
roll-to-roll printing equipment.
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Figure 1: A desktop plate to roll apparatus with slip-free smooth rotary and translation motions,
adjustable contact force and alignment control for high-resolution printing applications A)
Schematic and B) Photograph of the machine showing the printing stamp, flexible substrate,
flexure used for setting the contact force, displacement sensor and the roller.
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427  Figure 2: CAD model of the plate to roll machine A) Schematic and B) Photograph of the machine
428  showing the four subsystems including roller assembly, stage assembly, motion and the contact
429  alignment systems
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Figure 3: A Flexure, capacitance based displacement sensor and a micrometer stage are used to

set the contact force between the plate and the roller A) Schematic and B) Photograph of the
flexure C) photograph showing the method of application of contact force via a flexure,

displacement sensor and Z motion of a rigid flexure holder D) Relationship between the contact

pressure and applied force based on the cylinder-plane Hertzian contact mechanics modeling
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Figure 4: Surface grinding of the roller A) Photograph shows the surface grinding wheel and the
roller as part of the roller assembly after surface grinding B) Radial runout measurements of the

shaft show the reduction in radial runout after surface grinding to less than 5 microns, keeping
the force variations during printing to within 1.2mN
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smooth motion (P(z) , C(z), FF(z), and F(z) are the transfer functions of the plant, PID controller

feedforward controller, and servofilters respectively)
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460  Figure 6: Closed loop frequency response measurements of A) the linear motion stage and B)
461  the roller show a stable dynamic system with flat amplitude response for frequency up to 20 Hz
462  and sufficient phase and gain margins
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466  Figure 7: Pitch-yaw micrometer stages are used to align the roller and plate during printing,

467  based on readings from strain gages attached to the beams in the flexure stage. A) Schematics

468  showing the force variation during roll printing when flexure is misaligned. B) Photograph and

469  CAD model showing the pitch yaw stage, micrometers, roller, flexure holder, flexure and the

470  locations of the strain gages Sy, S,, S3, and S4. C) Exemplary values of the strain gages Sy, S,, S;

471  and Sy at the start (7), during printing (i7) and stop of printing (ii7) in terms of the amplified

472  voltages.
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Figure 8: Printing force variation during printing at low, intermediate, and high speeds.
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Figure 9: Nanoporous Printing Stamp, Printed Patterns and the Printing Force A) SEM image of
the micropillar in the printing stamp, nanoscale pore shown on the top surface and the sidewalls
of the micropillar and the optical image of the printing stamp B) Microscope image of printed
patterns at low (1 mm/sec), intermediate (18 mm/sec) and high speeds (100 mm/sec)
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Figure 10: Printing of high resolution honeycomb patterns at 100 mm/sec. A) Optical
microscope image of stamp shows a honeycomb stamp consisting of hexagons with line width of
2 microns B) Printed pattern — sides of the hexagons and the center-center distances of the
hexagons have a standard deviation of 1 and 0.26 microns respectively C) Laser scanning
confocal microscope image of one of the hexagons in the printed pattern D) Measured profile of
the sides of the hexagons show that their average thicknesses are less than 50 nm and have an
RMS roughness of 1.1nm except at the corners
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499  Figure 11: Schematic (not to scale) of proposed laboratory scale continuous roll-to-roll printing

500  system, including the nanoporous stamp roller, a nanoporous anilox roller and a supporting

501 roller.
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1) Videos
S1A, S1B
The videos S1A and S1B show the front view and side view of the P2R machine printing at
2mm/sec
S2A, S2B
The videos S2A and S2B show the front view and side view of the P2R machine printing at
20mm/sec
S3A, S3B
The videos S3A and S3B show the front view and side view of the P2R machine printing at
200mm/sec

2) First resonant frequency of the flexure

B: Modal

Total Deformation
Type: Total Deformation
Frequency: 108.52 Hz

Unitiin
471172020 10:36 PM
48934 Max
434.97
3808
326.23
271.88
21749
163.11
10874
54.371
0 Min

L

Figure S1. The deflection corresponding to the first mode of the flexure at 108.52 Hz

0.000 1.000 2.000in)
| T 1

0.500 1.500

3) Motor Specifications


mailto:ajhart@mit.edu

Motor Parameter Value Unit
Maximum Speed 6.00E+07 | counts/sec
Number of counts 6.40E+06 | counts/cycle

ANT 130 L _

Distance 32 mm/cycle

Machine resolution | 5.00E-06 mm
Maximum Speed 7639438 | counts/sec
Number of counts 4.00E+06 | counts/rev

BMS 60 Distance 157.08 mm/rev
3.927E-
Machine resolution 05 mm

Table S1. Specifications of the linear (ANT 130L) and rotary (BMS 60) motors

4) Error Budget for Printing Force

Error in printing force from flexure deflection due to misalignments and shaft runout is given by

K(L tanf, + L tan6y, + A+ Ag)

where 6, , 6, are the pitch and yaw misalignments, A is the shaft runout, and A is the flatness
error

The resolution of the pitch-yaw stage is 109.1 arc-seconds.

Runout, A=5 pm
Flatness error, Ap= 1 um

Error in printing force = 6.6 mN

5) Method of calculation of distances using the microscope images
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Figure S2. Optical microscope image of printed pattern with distances

Steps

1. The reference dimensions for center to center distance (134.47 um) and diameter (98.68
um) were calculated the Zeiss AxioVision software in the Axio Imager Z1 microscope.

2. The areas of the circles (in pixels?) were calculated using image J.

3. The (x,y) coordinates of the centers of the circles (in pixels) were calculated using image
J.

4. The scaling of pixels to distance units (um) was done using the center to center distance
and verified using the diameter measurement (reference dimensions listed in step 1)

5. An example calculation for two circles and their center to center distance is shown below

Example: To calculate the diameter of a circle and its distance from the reference circle

Area in pixels for the reference circle, A = 72572 pixels?

2
1 pixel = /%um = 0.3 um

Center- Center-
center center
Area | Diameter | Diameter X Y distance distance (
(pixels) | (pixels) (um) | (pixels) | (pixels) (pixels) um)
76708 312.5 101.5 897 311 401.1 130.2
72572 304.0 98.7 555 520 403.1 130.9

Table S2. Calculated center-center distance and diameter from the microscope image

6) Thickness comparison along the sides of the honeycomb patterns

Figure S3 shows the surface profile of the printed honeycomb pattern measured using a
laser scanning confocal microscope. On each side of the hexagon, three lines were chosen



along which the profile was measured. For example, on side 1, profile was measured
along lines 1A, 1B and 1C. Figure S4 shows the measured profiles along three lines on
each of the six sides of the hexagons.

0O 01 02 03 04 05 06 0.7pm

Figure S3. Lines along which the thickness was measured on each of the six sides of the
hexagons.
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Figure S4. Measured profile of the sides of the hexagons at the three locations A,B,C on A) side 1

B) side 2 C) side 3 D) side 4 E) side 5 F) side 6



Line 1 Line 2 Line 3 Line 4 Line 5 Line 6
A 56.9 30 40.1 32.5 353 52.8
B 47.1 27.5 46.2 60.5 31.1 50.1
C 64.7 37.1 51.5 58 34.7 54.8
Mean 56.2 31.5 45.9 50.3 33.7 52.6
Std.
Deyv. 7.2 4.1 4.7 12.7 1.9 1.9

Table S3. Calculated average thickness, means and standard deviations from the measured profiles

7) Performance Comparison with other R2R and P2R machines

Reference Type Printing Print | Minimum Maximum Printing
method width | feature size | printing speed | force range
(cm) |  (um) (m/min) ™)
This work P2R | Nanoporous ’ 3 12 0.002-025
flexography

Zhou et al R2R Mlcrgcgntact 10.2 03 152 0-25
[38] printing

Choi et al R2R Gravure

39 Mot Mot 24 100-1000
[39] given given
Petrzelka etal | P2R Mlcrpcgntact 10.2 5 1.2 3

[40] printing

Table S4. Comparison of Specifications of the P2R machine with other R2R and P2R printing machines
reported in literature




