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Abstract. Numerous optical applications have rising demands for ever increasing quantities from 
lighting and projection optics for modern vehicles to home or street lighting using LED technology. 
Glass is the material of choice for most of those application fields. It has several advantages over 
polymers, including heat and scratch resistance as well as longevity and recyclability. Nonisothermal 
glass molding has become a viable hot forming technology for mass production of optics. The major 
challenge is enabling a scalable replication process allowing the optical glass elements to be 
manufactured with high form accuracy and at low-cost production with low reject rates. This work 
introduces recent developments in glass optics manufacturing that allow the fulfilment of seemingly 
contradicting criteria: the economic growth and the need for less consumption of resources and 
energy. While single cavity nonisothermal molding is state-of-the-art, a manufacturing innovation 
through wafer-scale molding enables an exponentially increasing number of optics to be produced 
per production shift, allowing a significant reduction of unit costs. In parallel, as multiple optics are 
produced in one manufacturing cycle, the energy consumption and the consequent CO2 emission can 
be reduced. In contrast, the technological development arises several challenges that will be discussed 
in this work. Besides the selection of suitable mold concepts and materials, the challenges also include 
the temperature control of the mold and the blank up to the optimization of flow and shrinking 
mechanisms of the glass during rapid forming. Another difficulty in the nonisothermal glass molding 
is to maintain the low form deviation required for precision optics, repeatability, and low failure rates 
through process optimization. Finally, detail calculations of cost, energy and CO2 consumption, in 
comparison with conventional fabrication of glass components using grinding and polishing as well 
as single cavity molding, will be demonstrated. The nonisothermal wafer-level glass molding is a new 
technological solution for the sustainable manufacturing of optics at large-scaled production. 

Introduction 
LED-based automotive lighting and street illumination, light projection, and sensor components 

are just some of the diverse applications of lighting and projection optics [1]. The global LED market 
is projected to grow at a compound annual growth rate (CAGR) of 12.5% during the forecast period 
from 2021 to 2028 [2]. In the context of connected and autonomous vehicles, efficient processes for 
mass production of mostly optical sensor and lighting systems are more important than ever. Lenses 
made of glass represent important components in these systems. Consequently, the demand for 
precise optics, which should not only be cost-effective but also ecologically efficient, is increasing. 
Glass is superior to plastics required for those applications, particularly because of its UV-radiation 
and heat resistance, as well as its durability and mechanical strength [3]. Conventional manufacturing 
of optical products by means of grinding and polishing can neither serve the geometrical shape 
complexity nor the required production quantities for a high demand of complex geometries. In the 
process shown in Fig. 1, up to 70% of the raw material is machined in a time-consuming process using 
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polishing slurry and similar environmentally harmful substances. This method is, therefore, not 
suitable for the production of geometrically complex shapes in large quantities and is also 
ecologically questionable. 

 
Fig. 1 Process flowchart of optics manufacturing by grinding and polishing 

Precision glass molding (PGM) is an established, replicative process for the forming production 
of optics. In this process, the glass is heated to the forming temperature (significantly above the glass 
transition temperature) together with the forming tool without a significant temperature gradient and 
then pressed. Finally, a slow cooling process takes place to minimize stresses in the glass and to 
control the shrinkage. This process is very precise, but has the disadvantage of comparably long cycle 
times (Fig. 2) [4,5]. 

In contrast to PGM, nonisothermal glass molding process (NGM) involves external heating of the 
glass blank until it reaches the forming temperature. Forming then takes place in a preheated mold 
whose temperature is well below that of the glass. After molding, an external fine cooling process 
takes place. This significantly reduces the occupancy time of the mold. In the nonisothermal molding 
process, a cycle time of less than half a minute can be achieved for one lens in the single-cavity 
concept [6,7]. An example of this is the so-called rod pressing process, in which a glass rod is 
subsequently formed into individual lenses; however, the rod pressing process owns itself several 
disadvantages including insufficient form accuracy and glass waste. In more recent years, intensive 
research has been focusing on the enhancement of the process efficiency where glass preforms or 
gobs in well-defined volumes are used in the NGM process so that the drawbacks remaining in the 
rod forming can be diminished [8,9]. Nevertheless, the process was mainly developed based on the 
single-cavity molding; hence, the production volume cannot be enhanced [10,11]. To enable the mass 
production, current research aims at replicating several lenses in one press cycle using wafer-scale 
concepts. Thus, a large number of lenses can be produced simultaneously with similar process 
parameters. This allows a significant reduction of costs, time and energy input related to a single 
lens [1]. 
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Fig. 2 Comparison of isothermal precision glass molding to nonisothermal glass molding process 

Methodology 
In the following, the widely used process of rod pressing is reviewed and then compared with 

wafer-scale forming.  
The rod pressing process, shown in Fig. 3, is a partially automated process, but it requires manual 

labor and experience of the operator regarding handling and process control. A glass rod is used as 
the blank for rod pressing. The tip of the rod is heated externally in a furnace to the molding 
temperature. Conventionally, a gas-fired furnace is usually used for this purpose. The hot rod is then 
transported to the mold. Here, the glass is formed into the optical shape between the colder mold 
halves. The mold halves are conventionally heated by gas. Subsequently, the formed optic is separated 
from the rod and finally annealed. Since the glass rod usually provides a higher volume than is 
required for the lens, there is an overhang for each lens, which ends up as waste. This must be 
separated from the actual lens in a further process step by grinding and centering. Rod pressing 
represents one of several single-cavity processes. Other possibilities differ primarily in the use of 
other blanks (e.g., balls or so-called gobs) and the process sequences adapted to them. The efficiency 
of such a single-cavity process is significantly limited, since only one lens is formed per press cycle. 
This has an impact on cycle times and process costs as well as on energy consumption and CO2 
emissions. This represents the limiting factor for nonisothermal blank molding in the single-cavity 
range. The inputs and outputs of material and energy flows for the process are also shown in Fig. 
3 [1]. 

 
Fig. 3 Process chain of the rod pressing process 

In addition, there are general requirements for glass molding, especially nonisothermal glass 
molding. These include the need for low form deviation to ensure the performance of the 
manufactured optics. Furthermore, low reject rates as well as high repeatability must be ensured. 
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The use of multi-cavity molds represents an economically, scientifically and ecologically 
interesting possibility for advancing nonisothermal glass molding. For this purpose, first 
developments have already been made in the field of PGM, which take into account both several 
individual cavities and a wafer-scale arrangement [12,13]. By using multiple cavities, a large number 
of optics can be produced in one press cycle. In the nonisothermal process, the use of one blank per 
cavity can hardly be implemented in a process-safe, economical and efficient manner due to the 
parallel but external heating with regard to material handling. Therefore, in the nonisothermal wafer-
scale forming process, float glass blanks are used as blanks to press a large number of lenses from 
one blank, which subsequently only have to be separated in a cutting process. The process flow is 
shown in Fig. 4 together with its inputs and outputs. In contrast to the rod pressing process, the wafer 
is heated on the preheated lower mold. The glass heats up to the molding temperature faster than the 
mold tool itself. The forming, cooling, and fine cooling phases are similar to the rod pressing process. 
Finally, the glass is separated by cutting processes [1,12,13]. 

 
Fig. 4 Process chain of the wafer scale process 

In nonisothermal glass molding, high-alloy steels or alloys with high chromium and nickel 
contents are used in general [14]. The suitability of these materials for the wafer-scale process has 
yet to be demonstrated. 

However, this novel process approach faces many challenges that have to be overcome for a 
successful industrial employment of the process. In particular, these include the controlled 
influencing of the glass flow. The latter is influenced both by process parameters, e.g. temperature 
and molding force (e.g., Maxwell [15,16] or Burgers’ models [17,18]), the heat transfers at the glass-
mold interface [19–21] and by system variables such as the geometry of the blank and that of the 
mold, as well as the surface properties [22]. Another challenge is the control of shrinkage, which is 
also significantly influenced by thermal and system parameters [23]. The consequence of 
uncontrolled or excessive shrinkage can be glass breakage [24,25]. In addition, in the wafer-scale 
process exists an increased risk of adhesion when the hot glass blank first comes into contact with the 
mold due to the more complex multi-cavity geometry. In summary, both thermal control and correct 
mold geometry design can be considered as essential challenges of the nonisothermal wafer scale 
process. Regarding the mold geometry, both the arrangement of the cavities and their periphery have 
to be accounted. Linear, concentric, or even hexagonal arrangements can be taken into consideration. 
Furthermore, it is possible to use monolithic molds or those with mold inserts. 

When analyzing the molded wafer, various quality features are essentially evaluated (Fig. 5). These 
include the characteristics of center thickness, form deviation and centering errors between the upper 
and the lower side of the lens, which are known from single-cavity molding. Additionally, in wafer-
scale molding, the bending of a wafer must be considered, as well as the so-called pitch error [26]. 
This describes the deviation of the position of the lens on the wafer from its target position [1,22]. 
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Fig. 5 Quality features in wafer scale molding 

The two processes described above are compared in the following with regard to their economic 
efficiency and sustainability on the basis of real process data. The demonstrator lens geometry is 
shown in Fig. 6. 

 
Fig. 6 Demonstrator lens geometry 

For data acquisition, the existing press machine was equipped with appropriate sensors for 
recording forces, temperatures, and other variables. These process data were collected in a central 
SQL database and subsequently analyzed [27]. The comparison was made with respect to energy 
aspects and the CO2 footprint within the context of a Life Cycle Analysis (LCA). This is a 
standardized method that covers the entire life cycle from raw material extraction to disposal of all 
waste [28]. The commercial software "GaBi®" (German: Ganzheitliche Bilanzierung; translatable to 
“holistic accounting”) was used for this purpose. This software allows process chains to be entered 
together with their inputs and outputs. Using a database, the relevant parameters including energy 
and CO2 for individual process steps and materials including glasses and chemicals are selected and 
calculated on a quantity basis. In this way, the product sustainability performance can be determined. 
In this study, the goal of the LCA is to compare the two process chains, i.e., rod pressing and wafer 
scale. Hence, the system boundaries for the LCA only contain the forming processes as shown in Fig. 
7. Inputs are glass preform (rod or float glass) and energy, and outputs are the final single lens as well 
as CO2 and glass waste. Assembly, usage, and end of life were not taken in the analysis since they are 
treated equally in these aspects. Furthermore, the mold manufacturing process was not considered. 
Molds for hot forming can be refurbished several times without exceptional consumption of energy 
or CO2. Nevertheless, these refurbishing processes were considered in the cost calculations. This is 
due to cost intensive high precision machining, which is necessary for surfaces with highest qualities.  
Fig. 3 and Fig. 4 illustrate the corresponding material and energy flows. To determine the real data, 
energy consumption and the number of units produced per period of time were measured. The Global 
Warming Potential (GWP) was determined with the aid of the GaBi® databases for individual raw 
materials and with data sheets of the machines. 
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Fig. 7 System boundaries for the Life Cycle Analysis 

For the wafer-scale process, a 5x5 lens array was used for forming. The cavities are arranged in a 
linear, equidistant pattern to make good use of the area of the wafer and to allow the lenses to be 
separated by common methods such as diamond cutting, waterjet cutting or laser cutting. 

To calculate the unit-related product costs, a cost calculation tool was used which was developed 
at the Fraunhofer IPT and specifically designed for nonisothermal glass molding for the comparison. 
Investment costs such as machines and heating devices as well as costs for molds and raw materials 
were all accounted. In addition, energy and personnel costs were implemented. These costs were 
considered for all steps along the process chain. They included the cleaning of the mold and raw glass, 
the heating of the glass and mold, molding, fine cooling and, if necessary, the final separation of 
lenses. Added to this are intermediate handling steps. This also results in the process times or the 
cycle time of a product. Reject rates were also taken, as well as the quantities to be produced, the 
service life of molds, and the maximum capacity of a machine.  

Key Findings 
Analysis of real production data shows that the process times for each ready-to-use lens have been 

significantly reduced. Specifically, it is possible to produce about 700 lenses in one work shift (8 
hours) using the rod process. With wafer-scale forming, 1500 optics can be produced in the same 
period. This initially illustrates the potential of the multi-cavity approach for high volume production. 
In the following, the processes are considered normalized to 1000 pieces per shift to ensure 
comparability of the data. 

For both processes, the assumptions listed in Table 1 were used in the following calculations. Due 
to the simpler geometry for a single cavity mold, the service life of a mold for rod pressing is 
significantly higher, and the costs are lower due to the simplicity. Due to the requirement of more 
complex and modern machines, the wafer scale process has higher fixed costs. 

Table 1 Assumptions regarding the process comparison 

 
The normalized unit costs are broken down according to their composition in Fig. 8 on the left for the 
rod pressing process and on the right for the wafer scale process. The fixed costs (e.g., machine 
investment), tooling, energy, personnel, material and reject costs were considered. It is noted that the 
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energy costs for the rod process were divided into thermal and electrical costs, since the thermal 
energy was provided by gas. 

 
Fig. 8 Process cost per piece – left: rod pressing process, right: wafer scale process 

The comparison of the individual cost shares illustrates the significant differences, which are 
composed of the mold, energy, personnel as well as reject costs. The total costs per unit differ by  
38.9 %. In addition to the energy costs, the mold costs represent the most significant influence factor. 
Although these are higher in absolute terms for a wafer-scale mold than for a single-cavity mold, the 
mold costs are divided among 25 lenses per pressing for a 5x5 wafer. Furthermore, the significant 
difference in the shared fixed cost must be considered. This results from the more complex, modern 
and expensive equipment technology used for the wafer-scale process. This enables both higher 
process forces and a better distribution of these forces via centering devices. 

A closer look at the energy costs shows that these are also significantly lower for the wafer-scale 
process, although substantially higher electricity prices than gas prices were assumed (by a factor 
of 3). In addition, longer heating times were assumed for the float glass blank, since it was heated on 
the lower mold and multiple glass rods can be heated in parallel. Thus, the energy consumption to 
produce a wafer with 25 lenses increases compared to a single lens in the rod pressing process. By 
dividing the consumption among the individual lenses of the wafer, the energy consumption related 
to one lens can be significantly reduced. 

 
Fig. 9 Course of unit costs of both processes depending on annual production 

Fig. 9 shows the curve of unit costs versus the number of units after taking rejects into account. 
The curve generally depends on various factors. These include the initial costs, which are primarily 
determined by the machine costs. They influence the unit costs, particularly for low quantities, since 
the comparatively high investment costs for machines are distributed over a minor production 
volume. Tool costs and their service life are further factors. The recognizable, smaller discontinuities 
in the graphs represent the need for refurbishment of the mold halves (position 2). The distance of the 
discontinuities (X-axis section) represents the mold lifetime, and the height of the discontinuity is 
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equivalent to the mold refurbishment costs. The larger discontinuities represent the need for another 
machine (position 1). Here, the X-axis section represents the machine capacity, and the jump height 
represents the machine costs. This is particularly noticeable for the rod pressing process at about 
112,000 units (position 1). At this point, the maximum capacity of a molding line is reached. For the 
wafer-scale process, this is only the case at around 260,000 units (position 3). Due to the less 
expensive plant technology and simpler tools, the rod process is more favorable than the wafer-scale 
process for low volumes (below 50,000 units per year). Due to the better scalability of the process, 
wafer-scale molding is preferred for high volumes (over 112,000 units per year). Consequently, the 
wafer-scale process can serve the very high volumes required in the addressed markets of illumination 
optics. In the range between 50,000 and 112,000, unit costs are at a similar level. Hence, optimization 
of the rod pressing process can help to open up this plateau. One possible approach would be to press 
two to three lenses simultaneously, similar to a simplified wafer-scale process. Thus, the total costs 
can be reduced in the entire unit volume range. 

Energy costs account for a significant proportion of the total process costs. This is particularly true 
for the rod pressing process, where the energy needed to heat the glass and the mold is provided by 
gas. Energy costs account for 27.9% of the total cost per finished optic for the rod process, but only 
14.7% for the wafer-scale process. This does not consider energy costs for the production of the raw 
material for glass and also molding tools.  

Fig. 10 shows a detailed breakdown of the energy consumption of the two processes. In the rod 
pressing process, gas heating of the glass and mold accounts for well over 50% of the total energy. 
In the wafer-scale process, this is completely substituted by electrical heating with high efficiency. 
In addition, the float glass blank is heated more efficiently than the rod, which absorbs a lot of heat 
that is subsequently not used.  

 
Fig. 10 Energy consumptions of the rod pressing process (left) and wafer scale process (right) 

The other components, such as molding, separation (cold forming) and rejects, also require 
significantly less energy in relation to an optic. This results in the significant energy savings of 
86.28% shown in Fig. 10, consisting of 64% savings in electrical energy and full substitution of gas-
based by electrical heating.  

The closely related analysis of the GWP provides analogous results to the energy analysis. Here, a 
reduction of 79.25 % can be determined when considering the entire process chain. Fig. 11 shows the 
savings per process step.  
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Fig. 11 Breakdown of GWP savings by process step 

Once again, preheating is the driving process step, accounting for 41% of the total savings. This is 
due to the savings in total energy described above as well as to the substitution of gas by electrical 
energy. A non-negligible share is also accounted for by cold forming. This includes post-processing 
after forming. This involves cutting in the wafer-scale process and polishing in rod pressing. The 
already mentioned environmental impact of the polishing slurry has a significant effect on the savings 
in GWP. 

Summary 
Nonisothermal glass molding is a viable manufacturing process for precision optics with a wide 

range of applications. Nevertheless, the processes that are currently state of the art are limited in their 
efficiency. One solution to this problem is wafer-scale forming. In this work, it was shown that this 
multi-cavity approach offers high economic and environmental potential. This is particularly evident 
when compared with rod pressing as a single-cavity approach. Cost savings of 38.9% are possible 
while increasing the possible output per period by more than a factor of 2. In addition, a life cycle 
analysis has shown that savings of around 80% are possible in terms of energy consumption and 
GWP. However, many challenges remain in nonisothermal wafer-scale forming. These include the 
optimization of the thermal characteristics as well as the glass flow to further reduce the forming 
error.  
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