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A Combined Experimental and Modelling
Approach towards an Optimized Heating Strategy
in Thermoforming of Thermoplastics Sheets

Determining the operational settings for the heating equip-
ment in thermoforming is still mainly done by trial and error
as well as personal experience. Depending on the type of IR
heating equipment, these settings can be the consumed electri-
cal power or the desired temperature of the heating elements.
In this study, a workflow is developed, applied and validated
to characterize the IR heating equipment and to determine
the optimal heating strategy. The workflow starts with an on-
site equipment/machine characterization, which takes all ma-
chine and environment parameters into account. This ap-
proach results in the optimal heater setting and heating dura-
tion in order to obtain a through thickness temperature
distribution which lies within a predefined forming range.
The proposed methodology is universally applicable as it can
deal with different types of sheet material and thicknesses.
Moreover it can be applied to any type of IR heating element
(halogen, metal foil, ceramic or quartz). Moreover, the metho-
dology can easily be implemented in an industrial environ-
ment. Additionally, an estimate for the thermal efficiency of
halogen heater equipment can be determined.

1 Introduction

Thermoforming of thermoplastic sheets is a versatile process in
which both thin (< 1 mm) and thick (> 1 mm) sheets (Van Mie-
ghem, 2015) are transformed into consumer goods or technical
products. Based on the achievable production rate, thin gauge
thermoforming is able to compete with injection molding,
while thick gauge thermoforming is more dedicated to smaller
production volumes (max. 10000 parts) and products with spe-
cific demands or with integrated functionalities (e. g. metal in-
serts, textile surface finishing).

Thermoforming consists of three main steps: (1) heating of
the sheet by means of contact, convective and/or radiative heat
transfer, (2) forming of the product in or on a mold and (3)
cooling and demolding of the part (Throne, 1996). A key fea-
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ture of the process is a non-uniform thickness distribution in
the final part, which is caused by different draw ratios and in-
plane temperature variations. An optimized heating strategy
and sheet temperature is therefore imperative to obtain a quali-
tative product, which fulfils the customers’ demands (Yousefi
et al., 2002).

In practice the heating of the sheet is mainly done by means
of infrared radiation via ceramic, quartz, halogen or metal foil
heater elements. The use of different settings of these heater
elements allow an in-plane temperature distribution of the
sheet which is obtained by using a grid of heating elements
with different settings (Duarte et al., 2004; Lee et al., 2001a).
The absorption of the radiative heat combined with the low
thermal conductivity of thermoplastic materials, leads to a
varying temperature distribution through thickness which is
nearly inevitable and should be controlled. Next to the tem-
perature evolution of the thermoplastic sheet, also the tempera-
ture of the mold and possible assisting plugs influence the final
thickness distribution of the product (Marathe et al., 2016). De-
spite the large influence of the sheet temperature on the part
quality (Lee et al., 2001b), process start-up and control is still
mainly based on trial and error as well as personal experience.
This leads to varying machine settings, excessive material
waste and high start-up times and costs. There is thus a need
for a higher level of process monitoring and control (Gilham,
2016). The present study focuses on the characterization and
optimization of the through-thickness distribution. In order to
be industrially relevant, the heating should be accomplished
as quickly as possible without producing temperature varia-
tions exceeding the desired forming range (Throne, 1996).

Measuring and monitoring the sheet temperature during the
heating phase of the process can be done by means of thermo-
couples or contact free measurements. Using thermocouples
to measure the through-thickness temperature is only feasible
for specific research purposes as they need to be embedded in
the thermoplastic sheet. Since the embedded thermocouples
cannot be removed without damaging the part, this method
can be seen as a destructive measuring technique which is of
course unacceptable in industrial applications. Contact free
methods are based on intensity measurements of the emitted in-
frared radiation by the thermoplastic sheet using thermal cam-
eras or pyrometers. Making an accurate temperature measure-
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ment based on IR radiation, is however complicated by differ-
ent factors: unknown temperature dependent emissivity of the
sheet material, the need to tune the measuring wavelength
range of the sensor to the wavelength spectrum of the emission,
directional dependency, difficulties to filter out the interfering
reflectance, ... (Monteix etal., 2001; Haji and Spruiell,
1994a; Haji and Spruiell, 1994b). In practice, these artefacts
can easily result in measurement errors up to 15 °C (and some-
times more). For some complex products or materials, the
forming range can be as small as 10 °C. The aforementioned er-
rors are thus unacceptable. In addition, infrared measurements
are considered to be surface measurements and are meaning-
less when evaluating the through-thickness temperature. For
the purpose of the present study, accurate temperature mea-
surements were performed with thermocouples.

Modelling the IR heating step of the thermoforming process
has been the topic of different studies. A first approach was to
apply a standard enclosure analysis to predict the IR heating
of the sheet. (Brogan and Monaghan, 1996; Cunningham et al.,
1997; Cunningham et al., 1998). Brogan and Monaghan (1996)
eliminated the need for exact temperature settings of quartz
tube heaters, by basing their model on the electrical power in-
put to the heater elements. Cunningham et al. (1997) per-
formed a study on contact, convective and radiative heat trans-
fer to heat up thermoplastic sheets. The developed enclosure
methods showed reasonable accuracy compared to experimen-
tal temperature measurements performed on thermoplastic
sheets during heating. One year later, Cunningham et al.
(1998) added a sheet transfer step from the heating position to
forming positions to their model.

The most widespread method to model the heating of a ther-
moplastic sheet is however the explicit or implicit finite Differ-
ence method (Holman, 1997, Gauthier et al., 2005). This meth-
od is based on the basic heat balance equation and allows
adding additional thermal effects (e.g. temperature dependent
boundary conditions or material properties) when necessary.

To increase the accuracy of the through-thickness tempera-
ture prediction, the calculations need to take into account that
the incident IR heating sheet is not completely absorbed at its
surface but partially penetrates inside the sheet. This results in
a rather volumetric heating compared to a pure surface heating
(Throne, 1999). Based on the law of Lambert-Beer, the optical
penetration depth is defined as the distance from the irradiated
surface where the radiation intensity has decreased to l/e
(=~ 36.8%) of the intensity at the surface (Puehringer et al.,
2011; Puehringer et al., 2013). The higher the optical pene-
tration depth is, the more radiation is absorbed deeper in the
volume of the sheet, thus improving the uniformity of the
through-thickness temperature distribution without increasing
the heating time. Gauthier et al. (2005) proved that the imple-
mentation of the penetration depth in a model to predict the
IR heating of thermoplastic sheet improves the accuracy of
the model when comparing results to experimental data.

Finite element thermal modelling as an alternative for finite
difference was demonstrated by Erchiqui et al. (2007) by mak-
ing use of the Galerkin method. Although feasible, the use of
finite elements in thermoforming is most often applied when a
subsequent mechanical deformation analysis of the thermo-
plastic sheet is performed (Erchiqui et al., 2007; Labeas et al.,
2008; Cosson et al., 2011).
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Cosson et al. (2011) used the ray tracing method as an alter-
native for the use of view factors to predict sheet heating
Although this method is more computer intensive compared to
the calculation of view factors, it describes the physical phe-
nomena taking place in infrared heating in a more realistic way.

More recently the use of virtual sensors and the use of model
predictive controllers are explored. The main goal of these
methods is to estimate the temperature distribution of the
whole sheet based on known physical models, instead of esti-
mating or directly measuring temperatures at certain points
(Chy and Boulet, 2010). The potential of this type of control-
lers has been proven in numerical studies but the high compu-
tational time or power, which is still required for this type of
systems, obstructs an immediate industrial application (Chy
and Boulet, 2011a; 2011b; 2012; Modirnia and Boulet, 2013).

Next to the development of numerical models to describe
and predict the heating of thermoplastic sheets, the need for re-
liable material data and an accurate process description cannot
be underestimated (Cosson et al. 2011). Density, heat conduc-
tivity and specific heat capacity are the key parameters to
model the thermal behaviour of a thermoplastic material (Dos
Santos, 2005).

IR heating is a complex physical process in which multiple
parameters are involved. Moreover, most of these parameters
are rarely readily available. The type of heating element deter-
mines the wavelength at which energy is transferred to the ther-
moplastic sheet. On its turn the sheet has its own wavelength
dependent absorption spectrum (Schmidt et al., 2003). On top
of this, the IR radiation might be absorbed, transmitted or re-
flected by both the thermoplastic sheet and the surrounding
equipment (Girard et al., 2004; Throne, 1999; Chy and Boulet,
2011a; Khan et al., 2012). Next to the IR radiative heating,
convective heat transfer at the surface will occur simulta-
neously. Taking this convective component into account is of-
ten complicated by the varying air temperature as a function
of time and location (Yousefi et al. 2002; Chy and Boulet,
2011a). Finally the heating strategy itself will influence the
heating of the thermoplastic sheet. On most thermoforming in-
stallations, heating can be done one-sided or two-sided and
using a constant, two-step or pulsed setting of the heating ele-
ments (Progelhof et al., 1973; Sweeney et al.; 1995; Buffel
and Desplentere, 2016). All of this leads to an equipment de-
pendent heating of a thermoplastic sheet.

As a solution for the aforementioned issues, the present
study proposes a method in which the heating equipment is
fully characterized on site. In this way all parameters influen-
cing the heating of a thermoplastic sheet are taken into account.
A finite difference model is developed to reverse engineer the
heating characteristics of the equipment. This results in a data-
set which is used to optimize the heating strategy, and in turn
can be implemented on the real equipment. When applied to
different sheet materials and thicknesses, the optimization
script will result in less trial and error iterations at start-up
times and thus lower costs.

2 Experimental

Temperatures vs. time measurements of the heated material
were performed by means of an instrumented silicone sheet in
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which 15 thermocouples (type K) are embedded. The thermo-
couples are located at five different in-plane positions with on
each location three thermocouples through-thickness. The
through-thickness thermocouples are shifted 5 mm in-plane to
reduce the interaction on each other (Fig. 1). The total thick-
ness of the silicone sheet is 3.9 mm. This sheet allows monitor-
ing the top and bottom as well as the core temperature as a
function of time and location. In the present study, only the
through-thickness temperature distribution of the thermocou-
ples at the center of the sheet is considered. The density, ther-
mal conductivity and specific heat capacity of the silicone
sheet at room temperature are respectively 1380 kg/m3,
0.18 W/mK and 1330 J/kgK.

Temperature measurements were conducted on two different
thermoforming installations: a thermoformer (U8, Geiss, Ses-
slach, Germany) equipped with halogen heating elements (Phi-
lips, Pont a Mousson, France) and a thermoformer (UA 200ED,
Illig, Heilbronn, Germany) which uses ceramic heating ele-
ments made by Elstein, Northeim, Germany. The former pos-
sesses a total power of 30.9 kW on a surface of 0.6 m?; result-
ing in radiative heat flux of 51.5 kW/m” on top and bottom
the heating plane. The latter has an installed flux of 28 kW/m?>
in the upper heater, while the bottom heater has a maximum
flux of 14 kW/m”.

In order to completely characterize a thermoforming instal-
lation a series of heating experiments was performed. In case
of halogen heating elements different percentages of the maxi-
mum power were set in steps of 10%: 40-50-60-70-80-90-
100 %. The lower boundary of 40 % was selected to avoid da-
mage of the halogen heating elements. In the case of ceramic
heater elements the temperature of the elements was adjusted
in steps of 50 °C: 250-300-350-400-450 °C. These temperature
settings are measured by an internal thermocouple in the ce-
ramic heaters and maintained by the control system of the ther-
moformer. The temperature measurements of the instrumented
silicone sheet are used as input for the optimization of the heat-
ing strategy of a thermoplastic sheet in thermoforming. Fig-
ure 2 schematizes the optimization workflow.

After the experimental temperature measurements are per-
formed, a reverse engineering approach is used to characterize
the heating equipment. This approach results in a data set de-
scribing the heating characteristics of the equipment in an in-

dustrial environment and thus taking all parameters that could
possibly influence the heating into account. In the case where
halogen heater elements are used, the thermal efficiency with
respect to the installed electrical power can be determined as
well. Once these equipment dependent parameters are deter-
mined, the optimal heating settings for a given thermoplastic
sheet can be predicted, provided the density, thermal conduc-
tivity, specific heat capacity of the material and the required
temperature forming range are known.

3 Modelling

The standard heat balance differential equation is used to mod-
el the heating of a thermoplastic sheet. In this model conduc-
tive, convective and radiative heat transfer are taken into ac-
count (Eq. 1).

dQ‘“—%:mcpd—e. (1)
dx dx dt

As the present study focuses on an optimization of the through-
thickness temperature distribution, only the thickness direc-
tion, X, is considered. In Eq. I Q denotes the heat flow, m is
the mass, C, is the specific heat capacity, 0 is the temperature
in°C and t is the time variable. The heat balance equation is
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Fig. 2. Workflow for the characterization of the heating equipment
and the determination of the optimal heating settings
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solved by means of the explicit finite difference method (Hol-
man, 1997). The discretization of the sheet thickness, o, and
size of the time step, At, are determined by the Courant-Frie-
drichs-Lewy condition (Eq. 2) (Courant et al., 1967):

At
CFLvalue = £3= < 0,5, 2)
5

In Eq. 2 a is equal to the thermal diffusivity of the thermoplas-
tic material. Equation 3 describes the boundary condition ap-
plied to the outer surfaces. In case the surface is exposed to in-
cident radiation, a specific flux value is assigned to q,,q. When
the surface is only experiencing convection to the environment
Jraq 18 set to zero.

Qin - O('A(eoc - 91) + qradA- (3)

In Eq. 3 a represents the convective heat transfer coefficient,
0., the air temperature of the environment, 0; the surface tem-
perature of the thermoplastic sheet, A the exposed surface area
and q,,4 the radiative heat flux absorbed by the thermoplastic
sheet. Due to the high filament temperature of the halogen ele-
ment compared to the sheet temperature, the net radiative heat
flux is approximated by a constant value in case of halogen
heater elements. In case heater element temperatures are lower
(e.g. quartz or ceramic elements), the radiative net heat flux
decreases as the sheet temperature increases. In this case the
net heat flux is calculated using the standard Stephan-Boltz-
mann equation. The through-thickness transport of heat in the
sheet is modelled using Fourier’s law (Eq. 4).
dQ

= —)A i 4)
In Eq. 4 A represents the thermal conductivity of the thermo-
plastic material.

By combining Egs. 1, 3, and 4 in a finite difference algo-
rithm, a solution can be found for the through-thickness tem-
perature distribution as a function of time. Since thermoplastic
materials are semi-transparent for the incident radiative energy
(Throne, 2016) the heat flux q,,q4 is not only absorbed at the sur-
face, but is also partially absorbed in the core of the sheet. This
is taken into account by implementing the optical penetration
depth, dp, (Puehringer et al., 2011; Puehringer et al., 2013) in
the described model. The higher the optical penetration depth
is, the deeper the IR radiation will penetrate the thermoplastic
sheet resulting in a more volumetric heating compared to a
pure surface heating effect. This parameter depends on the type
of material of the sheet as well as the wavelength of the applied
IR radiation. Since the latter is influenced by the temperature
of the heater elements, the penetration depth will be influenced
by the type and setting of heater elements used. Due to the high
filament temperatures and shorter wavelength of the emitted
radiation, halogen elements are known to give a higher pene-
tration depth compared to quartz or ceramic elements.

The method proposed by Gauthier et al. (2005) was used to
model the penetration of the radiative heat flux and determine
the through-thickness radiative heat flux distribution (Eq.5
and 6).

B=1—eMh, (5)

Qconduolion

ai = B(1 = B)"*(1 = B) ra. (6)
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The term q; was added to the heat balance for each layer (i)
through the thickness of the sheet.

The described model framework is applicable for all types of
heater elements. In the case of halogen heater elements, an ad-
ditional effect is taken into account. These elements are typi-
cally switched on and off in every cycle to reduce energy costs
and to protect the halogen elements. When the heater elements
are switched on, they require a short period of time to reach a
constant temperature due to thermal inertia of the filament.
This, experimentally observed, time delay was implemented
in the model with a time constant T in a first order system
(Eq. 7):

q(t) = (rad e "/, (7)

Combining all previous equations, a one-dimensional explicit
finite difference algorithm was developed based on one-dimen-
sional heat transport by means of convection, conduction and
radiation taking both radiative penetration and halogen heater
element start-up delay into account. As mentioned previously,
in the developed model, the thermoplastic sheet is divided into
multiple layers with thickness d, which were numbered from 1
up to n. The elaborated equations in the algorithm for the outer
surfaces (i=1, n) and the inner layers are respectively pre-
sented in Eqgs. 8, 9 and 10.

At N A
9;+1 :9E+P?p6 qrad(t,l)+g(9§+| —Of) —(X(ef—egc)
withi=1, (8)
At At
1 .
9? = 6; + Qraa(t, 1) pra + a§ [e;—l + 6}H - 26;]
withi=]1,n], 9)
At A
t+1 _ ot - t _pt) _ t _ ot
en - 9n + pCp8 qr‘dd(t7 n) + 6 (enfl en) o (en eoo)
with i = n. (10)

These equations are solved for each time step t until the re-
quired through thickness temperature distribution is reached.
As indicated in these equations the temperature of the sur-
rounding air and the applied radiative heat flux can be a func-
tion of time. The latter is also depending on the through thick-
ness position and time with respect to switching on the
halogen elements through Egs. 5, 6 and 7.

In the present study, this model was used to characterize the
thermoforming heating equipment by means of reverse engi-
neering the different parameters based on experimental mea-
surements.

Next to the characterization of the equipment, the optimal
heating setting for a given heater bank and material can be de-
termined. For this purpose an iterative algorithm was imple-
mented on the same model. This iteration method solves the
equations to find the fastest heating method to obtain a
through-thickness temperature distribution within the desired
temperature forming range. In the iterative process the sheet is
heated until the exposed surface reaches the upper boundary
of the forming temperature range. Next, a check is performed
on the coldest position through the thickness of the sheet. In
case the temperature at this position did not reach the lower
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boundary of the pre-defined forming temperature range, the
heating power is decreased by 10 % and the process is repeated.
The optimal heating parameters are defined as those for which
the coldest position has also reached the forming range. The
procedure is applicable for both single and two sided heating.

In most thermoforming installations, there is a short time-
span between the end of the heating stage and the start of the
actual forming, caused by the retraction of the heaters and the
rising of the mold. In this timespan the outer surfaces of the
sheet will cool down by convective heat transfer while the core
will first continue to heat up due to thermal inertia effects.
When the considered material allows a small overshoot of the
temperature forming range, these thermal effects allow to to
further decrease the required heating time. This effect is inte-
grated in the presented model.

4 Results and Discussion

In this section results will be shown for the workflow presented
in Fig. 2. As mentioned before the whole workflow is applica-
ble to all types of heater elements and single or two sided heat-
ing. In the following paragraphs the results will be shown for
one sided heating with halogen heater elements. Results of the
experimental sheet temperature measurements, the reverse en-
gineering step and determination of the thermal efficiency are
presented. As a proof of concept, the optimal heating settings
are determined for one-sided heating with ceramic heater ele-
ments and validated for a light cover application produced out
of a 3 mm thick high impact polystyrene material.

4.1 In situ Temperature Measurements

The experimental heating curves measured with the instrumen-
ted silicone sheet for 30, 50, 70 and 100 % of the maximum ha-
logen heater power are shown in Fig. 3. The subsequent cool-
ing down of the sheet was not taken into account in the
present model. In order to prevent sagging of the instrumented
silicone sheet, it was heated on one side up to a maximum tem-
perature of 90 °C. The higher the applied heating power, the
faster the heated side reaches the maximum temperature. At
the same time however, the through-thickness temperature dif-
ference increases. This poses an upper limit on the maximum
achievable heating rate, as the sheet should reach temperatures
within the forming temperature range throughout the whole
thickness.

Once the heater elements are switched off, an immediate
drop in surface temperature on the heated side is observed. This
is caused by convective heat transfer to the environment and
conductive heat transfer towards the core of the thermoplastic
sheet. At the opposite side and in the core of the sheet, the tem-
perature keeps increasing for a short period of time before
cooling down as well. The minimum temperature difference
through the thickness of the sheet is observed at the moment
when the opposite side reaches its maximum. If the tempera-
ture of the heated side would still be within the forming range
at this point, this would be the best moment to form the product
as the sheet will experience the least shear stresses between
layers of different temperatures.
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Fig. 3. Experimentally determined heating curves for one sided heat-
ing at different power settings (expressed in %) of the halogen heating
elements. The temperatures are monitored with thermocouples em-
bedded in the instrumented silicone sheet

4.2 Determination of the Equipment Specific Heating
Parameters

Experimentally measured heating curves were used in the re-
verse engineering step to characterize the heating equipment
of the thermoforming installation. The different parameters
taken into account in the procedure are listed in Table 1.

In order to obtain a complete characterization of the equip-
ment, the optimal parameter set was determined for different
heat fluxes emitted by the heater elements at different settings.
In this procedure the experimental temperature curves were used
as a reference to determine the best fitting parameters. It is im-
portant to note that the optical penetration depth is both wave-
length and material dependent. By using this parameter in the
fitting routine, only the wavelength dependency and not the ma-
terial dependency is taken into account. This approach was se-
lected in order to obtain an easily applicable method at the in-
dustrial scale. Determining the optical penetration depth for
each material type and grade is a time consuming task reserved
for specialized laboratories (Puehringer et al., 2013). An exam-
ple of this is shown in Fig. 4 where the experimental heating
curves for single sided heating at 80 % and at 50 % of the maxi-
mum power are approximated by the finite difference model de-
scribed earlier (cfr. section 3 Modelling). Based on the deviation
between experimental and modelled data and the final slope of
the modelled heating curves, a very good agreement between
the model and experimental data can be obtained. It is important
to note that for each heater setting the same value for each of the
parameters is applied for all three curves. The fitted values
change however for each heater setting.

The result of this reverse engineering step is a dataset in
which each parameter of Table 1 is described by a single value
per heater setting. This dataset is a complete characterization of
the heating equipment in its own environment taking the local
influencing parameters into account.

Intern. Polymer Processing XXXII (2017) 3
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4.3 Thermal Efficiency of the Halogen Heating Equipment

In practice, the amount of power emitted by halogen heater ele-
ments is determined by multiplying the selected power per-
centage by the maximum power of the heaters. Moreover, the
emitted heat flux is considered to be constant because the fila-
ment temperature (>1400 K) is an order of magnitude higher
compared to the sheet temperature. When comparing the
emitted heat flux to the net absorbed heat flux, determined in
the reverse engineering procedure, the thermal efficiency of
the heating equipment can be calculated.

The thermal efficiency for one sided heating of the used ha-
logen heater elements is defined as the ratio of the absorbed to
the emitted heat flux and is presented in Fig. 5 as the slope of
the regression line through the different measuring points. A
thermal efficiency value of 19 % was obtained. The high value
of the correlation coefficient of the linear regression indicates
a nearly constant thermal efficiency in the tested range of the
halogen heater elements.
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Fig. 5. Comparison of the emitted heat flux to the absorbed heat flux
allowing the determination of the thermal efficiency of the heating
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4.4 Optimized Heating Settings
for a Light Cover Application

The obtained dataset describing the heating equipment was
used to determine the optimal heating settings for a high impact
polystyrene (HIPS) sheet with a thickness of 3 mm. The sheet
has a density of 1050 kg/m® and a thermal conductivity of
0.15 W/mK. The conductivity was experimentally measured
by means of the Modified Transient Plate Source (MTPS)
method with a C-therm Thermal conductivity Analyzer. The
temperature dependent specific heat capacity was measured
with a TA instruments Q200 MDSC device.

The goal of the optimization procedure is to find the optimal
heating settings to form a light cover (Fig. 6) in an aluminum
mold (negative forming). The mold was previously produced by
Single Point Incremental Forming (SPIF). At the top, the mold
cavity has a diameter of 390 mm which narrows towards a diam-
eter of 180 mm at the base over a vertical distance of 275 mm.

Based on the data available in Throne (1996) the tempera-
ture forming range of the material was between 130°C up to
160°C and is indicated in Fig. 7 by the grey hatched area on
the graph. By applying the optimization algorithm described
in section 3, the optimal temperature setting for the ceramic
heater and the required heating time are respectively 315°C

Fig. 6. Light cover application (left), thermo-
formed part to be used in the light cover
(right)
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and 116 s. The optimal heating curve for the heated and oppo-
site side of the HIPS sheet is shown in Fig. 7. Note that the
curve for the heated side of the sheet does not reach the upper
boundary of the forming range. This is because the highest
temperature of the sheet is not at the outer surface of the heated
side due to convective heat losses. The highest temperature oc-
curs at a short distance underneath the surface and reaches the
upper limit of the forming range.

In order to validate the proposed optimal heating settings,
four runs were tested in which the sheet was heated with identi-
cal heater settings but different heating times. The light cover
was formed after heating times of 80, 90, 100 and 116 s. The
resulting products of these runs are presented in the images on
Fig. 7. The product could only be completely formed after the
heating time was set to the value 115 s as, proposed by the op-
timization algorithm. When the light cover was formed at
shorter times, the HIPS sheet was not at the desired tempera-
ture forming range across the complete thickness, resulting in
an incomplete forming of the product. This is evidenced by
the pictures in Fig. 7 in which the sharp edges at the top of the
product are only formed when a heating time of 115 s is ap-
plied. This successfully validates the results of the optimization
procedure. Moreover it proves the validity of the characteriza-
tion procedure in which only the wavelength dependency of
the penetration depth is taken into account.

5 Conclusions

The present study has developed an on-site characterization
method for the heating equipment in thermoforming. The
method can be used for all different types of heating elements,
it takes local interfering effects into account and it can easily
be implemented in an industrial environment. Moreover in case
of halogen heating elements, the thermal efficiency of the
equipment can be estimated.

An optimization algorithm was developed to determine the
optimal heater setting of the equipment (heater setting and
heating time) for different materials and sheet thicknesses.
The algorithm was successfully validated through the experi-
mental forming of a product. Due to varying boundary condi-
tions in an industrial environment, it is expected that the opti-
mization scheme in practice will yield a well-considered first
value for the machine setting during process start-up. In com-
parison to the currently applied trial and error method, this will
result in lower start-up times and costs as well as less depen-
dency on the experience of the machine operator.

A short delay time prior to the actual forming step is used to
obtain a more homogeneous through thickness temperature
distribution of the thermoplastic sheet. In practice this delay
time can simultaneously be used to perform necessary machine
movements like sheet transfer or displacements of molds and/
or plug assists.

Future work will look into the optimization of two-step and
pulsed heating methods as well as further investigate the differ-
ence in material properties of the thermoplastic sheet material
and silicone material of the instrumented sheet. Especially the
value of the optical penetration depth for different thermoplas-
tic materials with respect to the silicone material is of high in-
terest for future developments.
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