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Abstract
Polydimethylsiloxane (PDMS) is a polymer that is both elastic and cost-effective, making it an ideal material for repli-

cation molds when creating delicate microstructures. Its surface microstructure is durable, and the replication process is

straightforward and fast. However, as the mold is soft, no extensive research has been conducted to prove it is suitable for

rolling embossing. Moreover, PDMS is an insulator with high thermal resistance, making it difficult to heat uniformly for

embossing. Typically, external heat sources are used to heat PDMS molds indirectly. We developed a double-sided mold

with magnetic powder embedded inside PDMS to overcome these challenges and increase hardness and heating efficiency.

Our study addresses the air-gap issue when roller embossing convex microlens arrays on polymethylmethacrylate (PMMA)

polymer. Ultimately, this research also realized a double-sided PDMS mold for simultaneous double-sided embossing of

two pieces of PMMA convex and concave microlens arrays on a roller, improving the microstructure’s replication fidelity.

1 Introduction

Hot embossing microlens arrays on polymers have become

increasingly popular for commercial applications in vari-

ous fields, such as optical switching, biomedicine, laser

beam collimators, and charge-coupled device arrays

(CCD). As a result, hot embossing molds have been widely

developed from various materials, including mold steel,

nickel metal, silicon wafers, and PDMS. However, each

material has its advantages and disadvantages. When mold

steel is applied to a hot embossing mold, mold steel

requires precision micro- and nano-feature fabrication,

which is time-consuming and expensive (Kuo and Wang

2014). Silicon molds have the advantage of higher surface

quality. The disadvantage is that the silicon wafer is fragile

and unsuitable for rolling embossing, and the manufac-

turing process is complex, requiring multiple optical

developments and etching steps (Nilsson et al. 2003).

Nickel metal molds have the advantage of high strength.

However, complex processes are required, including pho-

tolithography, electrochemical plating, and LIGA molding

techniques (Kim et al. 2013; Hoffmann et al. 2008).

Although nickel metal molds are suitable for roller

embossing, their high manufacturing costs and cumber-

some processes make them less desirable.

While nickel metal molds are expensive and time-con-

suming to produce, PDMS can be fabricated at a low cost

and in a short amount of time (Miranda et al. 2022). PDMS

has better replication capabilities and can entirely and

directly replicate the featured dimensions of microstruc-

tures. The casting process is relatively simple and accurate,

and the resulting mold is easy to demold. However,

PDMS’s soft texture makes it prone to deformation under

high embossing pressure. At present, PDMS embossing

methods are limited to plate-to-plate (P2P) (Narasimhan

and Papautsky 2004; Goral et al. 2010; Liu et al. 2014) or

gas-assisted embossing with lower pressures (Chang and

Yang 2003, 2005; Chang et al. 2005). The hardness of

PDMS can be increased up to 32% by changing the PDMS

AB agent’s mixing ratio from 10:1 to 5:1 (Kim et al. 2002).

Increased curing agent content makes the PDMS mold

thermally stable at temperatures up to 300 �C, enabling hot

embossing operations at higher temperatures. Hsu et al.

(2022, 2023) added ferromagnetic metal powder inside

PDMS, increasing its hardness by 2.29 times and reaching

the pressure required for roller embossing. Additionally,

Hsu’s method generates internal heat through induction

heating, reducing heat loss caused by external heat source

conduction. Adding magnetic powder also improves

PDMS’s high thermal resistance shortcomings by making

the temperature distribution on the mold’s surface more

uniform.
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Electroplated metal molds have traditionally been used

in roller embossing as they can withstand high local pres-

sures without deformation (Yeo et al. 2009; Velten et al.

2011). However, preliminary studies have shown that

achieving good replication fidelity of convex microlens

arrays using metal molds is challenging. The reason is that

PMMA can only partially fill the microcavities of micro-

lens arrays through rolling pressure, capillary action, and

surface tension of the PMMA (Jiang et al. 2007; Moore

et al. 2016). Air gaps rapidly form at high temperatures,

hindering the extrusion of PMMA into the microcavities of

microlens arrays (Heyderman et al. 2000). Nevertheless,

Yang and Hu proposed a new rolling process for fabri-

cating microlens arrays using soft PDMS molds. They

tackled the issue of the soft mold by curing the microlens

array pattern with UV radiation heating instead of direct

hard roller embossing (Yang et al. 2008; Chang et al. 2007;

Hu et al. 2011).

In this study, we developed a novel double-sided PDMS

composite mold that contains magnetic powder to enable

induction heating. Compared to a traditional Ni metal

mold, the double-sided PDMS composite mold heats up

faster, reaching 28.3% of the Ni mold’s heating rate under

the same induction conditions. By embedding magnetic

particles into the PDMS mold, we enhanced its hardness

and strength, improving rolling performance without

causing deformation. The double-sided design of the

PDMS composite mold allowed for a double-sided rolling

process while maintaining the accuracy of the microlens

array pattern transfer. This innovative PDMS composite

mold also successfully created high-quality rolled convex

microlens arrays with satisfactory replication rates.

2 Fabrication procedures

2.1 Fabrication of double-sided PDMS composite
mold

We design and fabricate a double-sided PDMS composite

mold by blending 5:1 PDMS with two magnetic particles.

The first particle, an ultrafine nickel powder measuring

3.5 lm in size (T123, Vale S.A., BR), was added to

enhance the mold’s hardness. The second particle, a larger

380 lm Ni/Co alloy powder, was included to improve the

efficiency and temperature of the induction heating pro-

cess. Figure 1 provides fabrication of the various steps in

creating these double-sided PDMS composite molds.

We selected the PDMS material from Sylgard 184 Sil-

icone Elastomer Kit (Dow Corning, USA). The dual

magnetic powder we employed consisted of Vale T123

ultra-fine nickel powder, with a particle size of about

3.5 lm and a purity of 99.8%, and Ni/Co alloy powder

comprising 75% Ni and 25% Co with a particle size of

approximately 380 lm. We mixed the two types of mag-

netic particles (70 wt% Ni-PDMS and 70 wt% Ni/Co-

PDMS) with a 5:1 PDMS AB agent to make the composite,

forming a dual magnetic colloidal solution to achieve the

optimal hardness and heating efficiency. We thoroughly

stirred the mixture for about 5 min to ensure an even dis-

tribution of the magnetic particles within the PDMS.

Next, we placed the mixture into an airtight container

and used a pump to vacuum out any air bubbles generated

during stirring. This process took about 10 min to remove

all bubbles entirely from the colloidal solution, ensuring no

impact on the casting accuracy. We then poured the

degassed mixture into the acrylic baffles of a double-layer

nickel metal mold, resulting in a PDMS composite with

dimensions of 60 mm 9 60 mm 9 1.5 mm. After sealing

the acrylic barrier, we allowed the composite to cure for

24 h at room temperature, followed by baking in an oven at

85 �C for 24–72 h to harden the PDMS surface from 24 h

Shore-A 83HA to 72 h 87HA. From 83 to 87HA, this

hardness range can meet our roller embossing

requirements.

The hardening process aims to enhance the rigidity and

hardness of the double-sided mold while improving the

thermomechanical properties of the PDMS composite,

thereby making the rolling process more viable. Following

the hardening of the PDMS composite double-sided mold,

we proceeded to de-mold it, completing the fabrication of

the double-sided PDMS composite mold. In Fig. 2a, two

nickel metal molds can be seen within vertical acrylic

baffles. In contrast, Fig. 2b illustrates pouring the mixed

colloidal solution of Ni, Ni/Co, and PDMS into the acrylic

baffles after vacuum degassing, resulting in a double-sided

mold embedded with dual magnetic particles in PDMS

(DMP-PDMS).

2.2 Induction heating facility

Figure 3 illustrates the mobile platform induction system

designed in this study, which comprises an induction

heating device, coils, an aluminum platform, pneumatic

cylinders, a roller, and a thermocouple system for tem-

perature measurement of the double-sided DMP-PDMS

mold. As demonstrated in Fig. 4, mica, silicone sheet,

PMMA, double-sided DMP-PDMS mold, PMMA, and

silicone sheet are arranged sequentially on the platform.

The non-magnetic aluminum platform helps prevent

interference and energy loss caused by induction heating.

The platform automatically moves to the correct position

below the coil at a 164 mm/min feed rate for induction

heating during embossing. An 80 kHz induction heating

system heats the double-sided DMP-PDMS mold for 60 s

until the PMMA reaches its Tg, the transition temperature,
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and is ready for roller embossing. Pneumatic cylinders

adjust the roller pressure, and a water-cooling stage after

rolling improves efficiency, reduces cooling time, and

facilitates rapid demolding at room temperature.

2.3 Platform design with concentrators

Induction heating of magnetic particles embedded in

PDMS generates internal heat, reducing induction heating

time, enhancing heating efficiency, and minimizing heat

loss. Figure 4 illustrates the platform and magnetic flux

concentrator setup used for double-sided embossing

experiments. The double-sided DMP-PDMS mold is

sandwiched between two layers of PMMA polymer, and a

roller simultaneously embosses two types of microlens

Fig. 1 Steps for casting a double-sided mold with dual magnetic particles embedded in PDMS

Fig. 2 Double-sided DMP-PDMS composite mold fabrication

Fig. 3 The mobile platform with an induction heating system
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arrays. The experiment utilizes magnetic flux concentrators

to adjust the heating rate for improved efficiency and

temperature uniformity. The concentrators can enhance the

magnetic field, concentrate magnetic flux and current in the

heating area, increase heating power under the coil, and

improve the heating efficiency and temperature of double-

sided DMP-PDMS. The magnetic flux concentrators are

made of nickel-zinc ferrite with high resistivity and per-

meability, which will not affect the experimental results

during induction heating. Under the same conditions, the

concentrators increase the heating rate to 3.35 �C/s, 3.2
times the heating rate without the concentrators (1.05 �C/
s), as illustrated in Fig. 5. The double-sided DMP-PDMS

mold can achieve temperatures exceeding the glass tran-

sition temperature Tg (105 �C) of PMMA within 60 s

under 3.35 �C/s heating rate.

3 Results and discussion

3.1 Temperature consistency verification

The dual magnetic particles of the double-sided DMP-

PDMS mold contain 70wt% Ni-PDMS, improving

PDMS’s surface hardness. The Shore A hardness of DMP-

PDMS reaches 87HA, 2.3 times that of traditional 10:1

PDMS 38HA. The primary objective of 70 wt% Ni/Co-

PDMS is to increase the efficiency of induction heating. As

a result, the DMP-PDMS double-sided mold can enhance

the mold’s surface hardness and heating efficiency, ren-

dering it ideal for roller embossing induction heating.

Figure 6 shows the double-sided DMP-PDMS mold

utilized in the rolling experiment, which enables two

PMMA embossings to be carried out simultaneously in a

single rolling. Apart from the primary parameters of tem-

perature and embossing pressure, achieving temperature

uniformity and consistency on upper and lower mold sur-

faces is crucial to ensure high replication fidelity during

double-sided embossing.

In order to achieve precise replication during emboss-

ing, it is crucial to maintain consistent heating on both

sides of the double-sided mold. Figure 7 depicts the mea-

surement of the heating and cooling curves at the central

points of both mold surfaces during induction heating to

confirm the uniform distribution of dual magnetic particles

within the PDMS. It affirms double-sided DMP-PDMS

mold temperature is evenly transmitted during induction,

even if the upper surface is nearer to the coil. The upper

and lower surfaces of the double-sided mold exhibit similar

heating and cooling trends, with a temperature discrepancy

of only 3.6 �C at the highest point.

Fig. 4 Platform design
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Fig. 5 The heating rate is 3.35 �C /s with magnetic flux concentrators,

which is 3.2 times faster than the heating rate of 1.05 �C/s without

concentrators

Fig. 6 The double-sided DMP-PDMS mold can simultaneously

produce two PMMA embossings with a single rolling, namely

convex and concave microlenses
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3.2 Heating efficiency

The primary source of heat generation in double-sided

DMP-PDMS is the induction heating of Ni/Co magnetic

powder, which conducts heat through the Ni powder inside

PDMS. We performed measurements under identical test

conditions to compare the induction power and heating rate

of the DMP-PDMS double-sided mold with those of the

nickel mold. Figure 8 shows that the double-sided DMP-

PDMS mold’s heating rate increased from 1.05 �C/s (at

1.5 kW) to 3.08 �C/s (at 7.5 kW), with the heating rate

varying according to the induction heating power. How-

ever, the heating rate of double-sided DMP-PDMS is not as

high as direct induction heating and high thermal conduc-

tivity nickel molds. According to our experimental results,

the heating rate of double-sided PDMS is about 0.3–0.7

times that of the nickel mold, and this difference becomes

more significant as the induced power increases. The DMP-

PDMS double-sided mold can be rapidly heated from room

temperature to over 200 �C within 60 s at an induction

heating power of 7.5 kW, well above the glass transition

temperature (Tg) of PMMA, 105 �C.

3.3 Roller embossing single-sided PDMS mold

Before embossing the DMP-PDMS double-sided mold

with a roller, completing the single-sided microlens

embossing and identifying the ideal parameter range for

both concave and convex microlens arrays is crucial. The

intersection of these two parameters will determine the

optimal condition for double-sided DMP-PDMS mold

embossing. However, rolling convex microlens arrays with

nickel metal molds presents a challenge, as shown in

Fig. 9. If only relying on the pressure of the roller and

surface tension of PMMA are insufficient to fill the

microcavities of the microlens arrays. At high tempera-

tures, air gaps form quickly between the convex microlens

nickel mold and the PMMA polymer, preventing the

PMMA from being embossed into the microcavity. In

contrast, embossing concave microlens arrays is relatively

straightforward because air gaps do not form. Therefore,

before proceeding with double-sided embossing, it is nec-

essary to address the common replication fidelity issue of

single-sided embossing of convex microlens arrays.

PDMS is a soft mold that lacks sufficient hardness and

strength, with a Shore-A hardness of only 38HA. This

characteristic makes it easy to deform under high pressure,

rendering it unsuitable for rolling. Typically, roller

embossing requires a high-strength nickel metal mold with

good flatness instead of a PDMS mold. However, this

experiment employs a metal-like DMP-PDMS composite

mold with a Shore-A hardness of 87HA and a heating

efficiency of 3.08 �C/s to replace nickel metal mold.

Experimental results show that the DMP-PDMS mold can

overcome the low replication fidelity problem associated

with nickel metal molds due to the following factors: (1)

The DMP-PDMS mold is more elastic and flexible than a

nickel mold. (2) Rolling can slightly deform the DMP-

PDMS mold, allowing air to discharge from the concave
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Fig. 7 The heating and cooling trends of the upper and lower surfaces

of the mold are highly similar, with a temperature difference of only

3.6 �C at the highest point
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mold

Fig. 9 At high temperatures, air gaps can form when embossing the

convex microlens, which may hinder the embossing of PMMA into

the microcavity
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hole. (3) The soft silicone film can quickly fill PMMA into

the microcavity under high pressure to create a convex

microlens, leading to a high replication rate of 96%.

Table 1 illustrates the operating window of the convex

microlens arrays based on temperature and pressure as

variable factors. The optimal embossing temperature is

130 �C, and the pressure is 5–6 kgf/cm2. If the embossing

pressure exceeds 7 kgf/cm2, the DMP-PDMS mold can

deform due to excessive force, leading to a lower replica-

tion rate.

Embossing concave microlens arrays without air gaps is

relatively straightforward by roller embossing. The optimal

replication rate is achieved by using an embossing pressure

of 5–6 kgf/cm2 and a temperature range of 120–130 �C, as
outlined in Table 2. Lower temperatures require higher

pressure. There is no air gap problem when embossing

concave microlens arrays, so the optimal pressure should

be below 7 kgf/cm2. In the next section, when using a

DMP-PDMS double-sided mold, the optimal parameter

intersection of the concave and convex microlens arrays

can be used as the operating range for double-sided

embossing.

3.4 Roller embossing double-sided PDMS mold

Figure 10 depicts a double-sided DMP-PDMS mold made

from two nickel metal molds. The double-sided DMP-

PDMS mold on an induction heating system can simulta-

neously emboss convex and concave PMMA microlens

arrays via a roller. Based on the single-sided PDMS mold

replication rate data in Tables 1 and 2, we set the inter-

section of these two table parameters as the optimal con-

dition for double-sided DMP-PDMS mold embossing: the

optimal pressure of the roller should be set at 5–6 kgf/cm2,

and the temperature should be 120–130 �C. The average

Table 1 The operating window of the convex microlens arrays based

on temperature and pressure as variable factors

Pressure Temp.

110 �C 120 �C 130 �C

5 kgf=cm2 4 (86.3%) O (92.4%) O (94.6%)

6 kgf=cm2 O (91.6%) O (92.8%) O (96.6%)

7 kgf=cm2 O (92.0%) O (94.8%) O (93.7%)

Table 2 The operating window of the concave microlens arrays based

on temperature and pressure as variable factors

Pressure Temp.

110 �C 120 �C 130 �C

4 kgf=cm2 X (\ 80%) X (\ 80%) X (\ 80%)

5 kgf=cm2 4 (85.7%) O (93.0%) O (93.8%)

6 kgf=cm2 O (95.6%) O (95.3%) O (94.4%)

Fig. 10 The process depicts a

simple double-sided mold

casting and embossing

procedure. a, b Concave and

convex microlens arrays of two

nickel molds. c DMP-PDMS

double-sided mold cast with two

nickel molds. d Moving

platform and roller with

induction heating system for

embossing. e, f Complete the

embossing of two PMMA

convex and concave microlens

arrays through the roller system
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replication rate of the upper and lower PMMA microlens

arrays is calculated to determine the replication rate for

double-sided embossing, which is evaluated using laser

scanning confocal microscopy (LSCM). Figure 11 illus-

trates the temperature and replication rate trends under 5–6

kgf/cm2 embossing pressure. At the higher temperature of

130 �C, we got the best average replication rate of double-

sided embossing. In the future, based on the success of

double-sided embossing, it can be extended to quadruple or

multiple embossing to enhance the efficiency of roller

embossing and expand the application of PDMS molds.

4 Conclusion

We have designed and manufactured a double-sided mold

made from PDMS embedded with magnetic particles.

Incorporating magnetic particles has significantly enhanced

the mold’s surface hardness, induction heating efficiency,

and temperature distribution uniformity. Unlike nickelmetal

molds that easily form air gaps at high temperatures, our

DMP-PDMS mold can replicate the higher fidelity PMMA

roll-embossed convex microlens arrays. During the experi-

ment, we applied an induction heating power of 7.5 kWand a

heating rate of 3.08 �C/s, enabling the double-sided DMP-

PDMSmold to reach over 200 �Cwithin 60 s. Thismold can

simultaneously emboss two pieces of PMMA convex and

concave microlens arrays via the self-made mobile platform

rolling system, with a high replication rate of 96.7%.
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