
Processing Parameters Affecting Nanoinjection Molding 

Chinnawat Srirojpinyo*, Sung-hwan Yoon*, Jun Lee**, Changmo Sung**, Joey L. Mead*,
and Carol M. F. Barry*

*Department of Plastics Engineering, University of Massachusetts Lowell, Carol_Barry@uml.edu 
**Center for Advanced Materials, University of Massachusetts Lowell  

1 University Ave., Lowell, MA, 01854 

ABSTRACT 

Although micro parts and features are routinely molded, 
the performance of polymer melts is not well understood 
when the part wall thickness is less than 1 mm. In this 
study, the effects of molding conditions and material 
properties were determined for the replication of nanoscale 
features via injection molding. The nanoscale features were 
part of a thin insert incorporated into the mold. 
Polypropylene, polystyrene, polycarbonate, and 
polymethylmethacrylate (PMMA) were examined using a 
two-level design of experiments designed to investigate the 
effects of melt temperature, mold temperature, injection 
velocity, and packing pressure on depth ratio and surface 
quality. Atomic force microscopy (AFM) was employed to 
measure the molded parts. Polypropylene provides the best 
replication with broad process window while polycarbonate 
is the best replicated of amorphous materials with narrower 
process window. As expected, replication is material 
dependent and better achieved with higher melt temperature 
and mold temperature. 
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1 INTRODUCTION

Injection molding on the nanoscale offers the potential 
for high rate, high volume manufacturing of integrated 
circuits and micro- and nano-electro-mechanical systems 
(MEMS and NEMS) [1] due to significant reduction in the 
infrastructure investment, manufacturing costs, and 
environmental impact. Polymers are more biocompatible 
than the silicon-based systems current employed for 
biological MEMS [2] and can be tailored to have desired 
properties, including chemical resistance and protein 
adsorption characteristics. Molding would also match with 
the very broad product range and relatively short lifetimes 
of biomedical products. Such manufacturing methods 
would greatly enhance assays and facilitate tissue 
engineering applications [3].  

Molding of micron-scale parts has shown that heat 
transfer, specifically, mold temperature, plays a far more 
important role in mold filling as compared to conventional 
injection molding [4,5], thereby requiring near isothermal 
mold filling [6,7]. Surface roughness also influences part 

quality and the ejection of micromolded parts [8]. Attempts 
to mold with silicon wafers rather than metal tooling have 
demonstrated that the wafers are feasible tooling, but are 
more fragile than metals [9,10].  Finally, interfacial effects, 
such as surface tension, become more important at the 
nanoscale. While large nanoscale features have been 
molded for digital versatile disks (DVD), the molding 
system was customized for optical grade polycarbonate and 
nickel tooling.  Therefore, replication of nanoscale features 
via injection was examined with several materials and a 
range of processing conditions to determine whether heat 
transfer was the only factor affecting the nanoscale molding 
(as it is with micromolding) or whether interfacial effects 
were influencing the quality of molded parts.   

2 EXPERIMENTAL 

The high flow materials selected for this study included 
an optical-grade polycarbonate (PC), which is standard 
material for DVDs, polystyrene (PS), polymethyl-
methacrylate (PMMA), and polypropylene (PP).  Material 
properties are listed in Table 1. Melt viscosity was 
characterized using the viscosity at the highest melt 
temperature and a shear rate of 10,000 s-1, , the power law 
index , n, and the activation energies, Ea, calculated for a 
shear rate of 10,000 s-1. Thermal properties were condensed 
to the thermal diffusivity, .   

Material PC PS PMMA PP 

n ~ 1.00 0.40 0.45 0.40 

, Pa-s 
(T, C)

30
(316) 

18 
(238) 

18
(288) 

12
(260) 

Ea, kJ/mol 73 39 52 14 

, mm2/s 0.11 0.09 0.07 0.07 

Table 1: Material properties. 

The DVD stamper was cut into 9 x 4 mm2 pieces, 
cleaned in a sonicator, and inserted into an injection mold, 
which was then mounted in a 3-ton two-stage micro-
injection molding machine (Nissei, model AU3E). A four-
factor two-level design of experiments, DOE, as shown in 
Table 2, was conducted to investigate the effect of melt 
temperature, Tm, mold temperature, Tw, injection velocity, 
vinj, and packing pressure, Ppack, on feature replication. Parts 

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-9-2     Vol. 3, 2004464



were characterized using AFM with a PSIA Corp. (model 
High-precision XE-100) instrument and a non-contact 
method at 0.5 Hz. 

PC PS PMMA PP 
Low 293 221 266 204 

Tm, C
High 316 238 288 260 
Low 54 38 49 38 

Tw, C
High 80 66 60 66 
Low 100 110 100 21 vinj,

mm/s High 150 163 150 163 
Low 30 2.7 20 4.7 Ppack,

MPa High 110 92 130 44 
Table 2: Processing conditions. 

3 RESULTS

Figure 1 presents a typical topographic image from the 
AFM.  For each image, three scans were analyzed to 
produce the “surface roughness” traces illustrated in Figure 
1.  In this image, the projections of the tooling have 
produced depressions or features in the molded part.  These 
traces give the depth of the molded part as a function of 
scan distance.  Feature dimensions were measured from 
these traces.  Similar AFM images showed that the 
projections on the DVD tooling were 140 nm deep.  The 
replication of the tooling features was quantified using the 
depth ratio and feature definition. The depth ratio, DR, was 
defined as: 

t

p

d

d
DR  (1) 

where dp is the depth of the depression in the molded part 
and dt is the depth of the projection in the tooling (i.e., 140 
mm). 

Figure 1: The topography for a molded part. and the typical 
surface roughness from AFM. The magnification is 8,000 X 

Since the geometry of the tooling projections was not 
uniform, feature definition, FD, was rated on a scale of 1 to 
10, where a rating of 10 was the best quality of the molded 
part replicated from the tooling.  Table 3 illustrates the 
scale used for feature definition. The depth ratio and feature 
definition analyzed for trends using Minitab.  

Table 3: Feature replication scale. 

Hypothetically, increasing melt temperature, mold 
temperature, injection velocity, and packing pressure 
should improve feature definition and depth ratio. At higher 
melt temperatures, material can flow longer to complete the 
part filling, while higher mold temperatures will slow the 
cooling and allow more material to flow to the end of the 
fill. Higher injection velocities lower the melt viscosity due 
to higher rates of shear and elongation, and to shear 
heating. Lower viscosity melt would be expected to 
improve the depth ratio and feature definition because the 
material can more easily flow into the features. Rapid 
filling also reduces cooling of the molten polymer during 
filling, and thus, should improve feature replication.  For 
this mold design, packing pressure acts like a compression 
force and higher pressures should force the melt closer to 
the cavity walls.  

Tables 4 and 5 present the probability values from the 
ANOVA analysis, with the bold-faced values being 
significant effects.  Melt temperature and mold temperature 
had the greatest effect on feature replication. The depth 
ratio was primarily a function of melt temperature and mold 
temperature while feature definition depended only on mold 
temperature.  

 Material PC PS PMMA PP 

Tm 0.016 0.004 0.219 < 0.001 

Tw < 0.001 0.001 0.017 0.061 

vinj 0.002 0.001 0.200 0.075 

Ppack 0.029 0.634 0.567 0.672 

Table 4: Probability values for depth ratio. 

 Material PC PS PMMA PP 

Tm 0.869 0.071 0.669 0.009 

Tw 0.021 0.757 0.012 0.500 
vinj 0.015 0.093 0.526 0.150 

Ppack 0.424 0.163 0.526 0.081 
Table 5: Probability values for feature definition. 

As illustrated in Figure 2, depth ratio increased with 
melt temperature. The depth ratios of polypropylene and 
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polystyrene were most improved by increases in melt 
temperature and exhibited an increase of 0.45% per C.
Polycarbonate showed an increased of 0.40% per C
whereas PMMA was less affected by temperature and gave 
an increase of 0.22% per C. Feature definition, however, 
was less affected by melt temperature (Figure 3). 
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Figure 2: Effect of melt temperature on depth ratio. 
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Figure 3: Effect of melt temperature on feature definition. 

Only polystyrene showed significant increases in feature 
definition with higher melt temperatures. In contrast, mold 
temperature had a greater effect on the feature definition 
(and depth ratios) of polycarbonate and PMMA. As shown 
in Figure 4, the definition of polypropylene and polystyrene 
features did not change significantly with increased mold 
temperature. 
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Figure 4: Effect of mold temperature on feature definition. 

With respect to material performance, the sensitivity of 
part reproduction to melt temperatures did not follow trends 
typical of conventional injection molding. Generally, 
increases in melt temperature have the greatest effect on 
materials whose viscosity changes significantly with 
temperature (i.e., have a high activity energy).  At higher 
melt temperatures, however, feature replication did not 
improve for polycarbonate (Ea = 73 kJ/mol), showed slight 
improved for PMMA (Ea = 52 kJ/mol) and polypropylene 
(Ea = 14 kJ/mol), and increased significantly for 
polystyrene (Ea = 39 kJ/mol). Although polystyrene, 
PMMA, and polypropylene exhibited similar levels of shear 
thinning and similar viscosities, the depth ratio of PMMA 
was not affected by changes in melt temperature whereas 
polystyrene and polypropylene showed similar 
improvements in depth ratio.  Melt temperature had the 
effect on the depth ratio of polycarbonate, which had no 
shear thinning and a higher nominal viscosity than the other 
three materials, as it had on polystyrene and polypropylene.  

Mold temperature was a significant factor affecting the 
feature definition in polycarbonate and PMMA parts.  
Increasing mold temperature, however, had no effect with 
polypropylene and polystyrene. Polycarbonate and PMMA 
had the highest temperature sensitivity of melt viscosity and 
the highest thermal diffusivities. Polystyrene and 
polypropylene had similar, lower thermal diffusivities, but 
different activation energies. Although mold temperature is 
a much more significant factor in the filling of micromolds 
[11,12], these data suggest that mold temperature 
completely dominates the replication of nanofeatures.  

As expected, the processing window for good 
replication of nanofeatures was very small. For most 
materials, the low end of the melt temperature range did not 
allow adequate filling of the mold or produced parts with 
incomplete features. Higher temperatures produced black 
specks in polystyrene. Therefore the melt temperature range 
was about 20 C for the amorphous materials and 55 C for 
polypropylene. The interaction of low melt temperatures 
and all mold temperatures also caused problems. Low melt 
temperature PMMA exhibited a decrease in feature 
definition at higher mold temperatures, probably due to this 
interaction.   

Injection velocity had far less effect on feature 
replication than was expected. Higher speeds provided 
slight improvements in depth ratio and feature definition, 
but these effects were material sensitive. Packing pressure 
initially had little effect on feature replication because the 
applied effectively compressed the molten polymer. When 
polycarbonate was molded again using a 316 C melt 
temperature, 77 C mold temperature, and 20 mm/s 
injection velocity, packing pressures of 20, 35, and 50 MPa 
produced depth ratios of 75% and similar feature definition 
ratings.  Since the switchover pressure was 35 MPa, this 
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behavior confirms that the features have cooled during 
filling.  

Table 6 presents the “optimum” processing conditions 
and the feature replication associated with those conditions. 
High melt and mold temperatures, rapid injection, and the 
higher pack pressure produced the best replication of the 
nanoscale features. All four materials exhibited similar 
levels of feature definition, but very different depth ratios. 
Polypropylene achieved a depth ratio of 85% of the tooling 
depth while the depth ratio of the control (polycarbonate) 
was 54%. Polystyrene and PMMA produced very low depth 
ratios of 29 and 36%, respectively. This behavior suggests 
that the feature definition may be tied to melt viscosity 
while depth ratio may be influenced by interactions 
between the tooling surface and the polymer melt. 
Polypropylene had the lowest viscosity, a low thermal 
diffusivity, and is non-polar. Polystyrene and PMMA had 
similar viscosities, but PMMA had a higher thermal 
diffusivity and is more polar than polystyrene. 
Polycarbonate had much higher viscosity than the other 
three polymers, the highest thermal diffusivity, and a 
nominal polarity that is similar to that of PMMA. Optical 
grade polycarbonates, however, are formulated to achieve 
the correct level of flow, and therefore, may be less polar 
than expected. As a result, the ability to reproduce 100% of 
the tooling depth may be related to surface tension-related 
interactions between the tooling surface and the polymer 
melt. Greater differences in polarity of the tooling surface 
and melt allow for better reproduction.  In addition, the 
transition temperature of polycarbonate changes as the 
polymer approaches a surface. Therefore, depth ratio 
differences in the polymer melts may be related to possible 
changes in the transition temperatures. Since the surfaces 
significantly affect reproduction of the nanofeatures, 
changes in point of solidification would influence the depth 
ratio.  

Material 
Tm,

C
Tw,
C

vinj,
mm/s 

Ppack,
MPa

DR,
%

FD

PC 293 80 150 110 53 9 
PS 238 38 163 92 36 9.5 

PMMA 288 49 150 130 29 8 

PP 260 66 163 44 86 9 

Table 6: Optimal processing conditions and resultant 
feature replication levels. 

4 CONCLUSION 

Molding of parts with nanoscale features resulted in a 
very small processing window. Melt temperature and mold 
temperature affected the ability of the melt to flow around 
projections in the tooling, while mold temperature was the 
only processing parameter affecting feature definition. A 
comparison of material properties and feature replication 
results suggests that the mold temperature completely 

dominates polymer flow in nanoscale features and that melt 
temperature affects only exist as interactions with mold 
temperature. Injection velocity had little effect on 
replication. Melt viscosity had a major influence on feature 
definition, but depth ratio seems to be related to the 
interactions between the tooling surface and the polymer 
melt. Since depth ratio increased as the difference in 
polarity between the tooling and polymer melt increased, 
this suggests that surface tension may influence replication. 
Alternatively, changes in transition temperatures may be 
affecting melt solidification. Both causes are still under 
investigation.   
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