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The manufacture of optical molds for generating optical components in 
continuous or batch production has become a great challenge as freeform 
components are increasingly required. New manufacturing techniques have 
emerged to meet these technological demands; however, freeform optics 
present previously unseen manufacturing challenges as traditional optical 
workshops are designed to produce components with spherical shapes. The 
mold technique is widely used for batch production, but the main challenge is 
mold manufacturing. Therefore, the manufacturing process of a toroidal 
6061 aluminum optical mold is presented, using a CNC milling machine. To 
evaluate the finish of the toroidal surface, null screen tests and coordinate 
measurements were used as these methods allow changes in slopes across 
the entire surface to be measured in a single evaluation, which is not possible with 
other tests. The results obtained show that implementation is feasible at a 
reduced cost, with a Peak to-Valley (PV) error of 0.1806 mm and an Root 
Mean Square (RMS of 0.0402 mm in the surface finish, which can be further 
improved by taking the polishing stage as a guide.
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1 Introduction

Freeform surfaces are gaining popularity in new instruments because they enable the 
generation of desired concentrations, illumination, or images with fewer optical 
components, making instruments more compact, lightweight, and versatile than those 
based on traditional components (Rolland et al., 2021; Chen et al., 2012; Ding et al., 2008; 
Sha et al., 2021; Kumar et al., 2022). This has been made possible by the use of recent 
manufacturing techniques and the incorporation of polymeric optical materials as 
traditional techniques pose a great challenge due to inadequate infrastructure for 
producing them (Li et al., 2018; Brenner et al., 1993; Mali et al., 2021; Ottevaere et al., 
2004; Roeder et al., 2019; Moskaleva et al., 2021; He et al., 2022).

The existing techniques for fabricating freeform surfaces include the following: 
precision glass molding, wet or dry etching photolithography, micro-drilling, hot 
embossing, laser machining, powder blasting, injection and compression molding, and 
electrochemical etching; although these techniques allow mass production, they present 
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challenges in the dissolution of the material in all directions, leading 
to imperfections in the components, long manufacturing times and 
die replacement, surface scaling, or poor adhesion of the particles 
subjected to the control of the engraved profile (Li et al., 2018; Mali 
et al., 2021; Moskaleva et al., 2021; Peixoto et al., 2022; Lu and Khim, 
2001; Liu et al., 2019; Santiago-Alvarado et al., 2023; Asgar et al., 
2021; Zhang and Liu, 2017; Gurganus et al., 2019; Gates et al., 2005; 
Zhou et al., 2021; Michaeli et al., 2009; Li et al., 2021; Moon et al., 
2003; Loaldi et al., 2018; Huang, 2008; Mayer, 2007; Spina et al., 
2012). Other techniques, such as grinding, ultra-precision diamond 
turning, micro-milling, local grayscale oxidation, direct laser 
writing, laser catapulting (Li et al., 2018; Gates et al., 2005; Li 
et al., 2021; Moon et al., 2003), and scanning beam lithography 
(e.g., electron beam, focused ion-beam, and particle-beam 
lithography) (Ottevaere et al., 2004; Roeder et al., 2019; Gates 
et al., 2005), still present challenges for mass production. Some 
of these manufacturing processes may require complicated setups, 
where optimal processing parameters must be found to avoid 
altering the desired optical parameters, such as profiles or the 
refractive index distribution, to prevent the generation of 
inhomogeneous index distribution, birefringence, or thermal 
residual stress due to shrinkage (Peixoto et al., 2022). Moreover, 
many of them are suitable only for micro- and nano-surfaces. For 
example, the electric discharge machining technique can produce 
components with a surface roughness less than 0.1 µm; however, it 
has the disadvantage that the workpieces must be conductive, so it 
cannot be applied to all types of materials (Roeder et al., 2019).

Meanwhile, the e-beam writing technique, although achieving a 
roughness of less than 0.2 µm, only works over small areas due to the 
long processing time, making it desirable for manufacturing 
microstructures (Roeder et al., 2019).

For these reasons, injection–compression molding is widely 
used as it allows multiple optical elements to be manufactured 
using the same mold in a short period once the optimal molding 
parameters have been determined through the trial-and-error 
method. The greatest challenge with this technique lies in mold 
manufacturing, considering the mold material, its size and shape, 
and the number of components to be produced, while also 
requiring a high-quality surface finish (Asgar et al., 2021; Zhou 
et al., 2021). The techniques commonly used to manufacture molds 
include photolithography, micromachining, electroforming 
(EDM), pyrolysis, wet and dry etching, laser-assisted etching, 
diamond cutting ultra-precision, milling, vibration cutting and 
grinding, conventional laser ablation (Asgar et al., 2021; Gates 
et al., 2005; Zhou et al., 2021; Pelin et al., 2024; Li et al., 2017; Fang 
FZ. et al., 2013; Singh et al., 2021), micro-compression with 
polymer powder (Moon et al., 2003), stereolithography, and 
selective laser sintering (Roeder et al., 2019; Atwood et al., 
1998). Alternative methods also include chemical and plasma 
etching, metal 3D printing, fused filament fabrication, selective 
laser sintering, and reactive ion etching (RIE) (Li et al., 2018; 
Roeder et al., 2019; Pelin et al., 2024). Turning, ion-beam 
engraving, hybrid techniques, photothermal expansion, CO2 

laser irradiation, photoresist reflow (Gates et al., 2005; Mayer, 
2007; Chen et al., 2014), laser beam shaping, photopolymerization 
(Ottevaere et al., 2006), microjet printing (Ottevaere et al., 2006), 
electron-beam lithography (Li et al., 2018; Ottevaere et al., 2004; 
Roeder et al., 2019; Lee and Scherer, 2001), and patterned SU-8- 

layer photolithography processes (Asgar et al., 2021; Yu et al., 
2009). Other processes that are less widely used or have recently 
emerged are described in the literature (Li et al., 2018; Roeder et al., 
2019; Gates et al., 2005; Spina et al., 2012; Davis et al., 2009). 
However, these require modern, sophisticated equipment that is 
expensive, has restricted access, and was primarily developed for 
producing micro- and nano-molds in polymeric materials. In 
addition, tests are required to evaluate the mold’s parameters 
and verify its quality (Ottevaere et al., 2004; Peixoto et al., 2022; 
Lu and Khim, 2001; Liu et al., 2019; Santiago-Alvarado et al., 2023; 
Asgar et al., 2021; Gates et al., 2005; Huang, 2008; Mayer, 2007; Li 
et al., 2017; Fang FZ. et al., 2013; Singh et al., 2021; Davis et al., 
2009; Zhong, 2020; Lasemi et al., 2010; Zhan et al., 2009). 
Verification is carried out by applying optical tests, among 
which the most used are interferometric tests, geometric tests, 
null screens, and coordinate measurement (Santiago-Alvarado 
et al., 2023; Huerta-Carranza et al., 2021).

In this study, the design and traditional milling combined 
with the polishing stage were selected to manufacture the toroidal 
insert mold because this approach is inexpensive, easily accessible 
and implementable, and does not require state-of-the-art 
technology (Li et al., 2018; Loaldi et al., 2018; Chen et al., 
2014). Once the mold has been manufactured, the quality 
evaluation of the mold finish is carried out; as the changes in 
surface slopes are large, null screen tests and measurement 
coordinate tests are implemented.

These tests can evaluate convex surfaces with f/#< 1 and 
freeform at low cost; they do not require additional elements, 
such as holograms or reference surfaces, making them favorable 
for this type of evaluation as it only involves the design of the screen 
and its implementation in the desired arrangement.

The remainder of this study is structured as follows: freeform 
surfaces are described in Section 2. In Section 3, the optical materials 
used to produce molds are presented. Section 4 describes the 
methodology implemented. Section 5 deploys the results, 
analysis, and discussions. Finally, the conclusions and references 
are provided in Sections 6, 7, respectively.

2 Freeform surfaces

Freeform surfaces lack rotational or linear symmetry, unlike 
traditional surfaces such as spherical or aspherical surfaces. They are 
known as non-axis rotational invariance surfaces, also referred to as 
axially unbalanced surfaces (Rolland et al., 2021; Fang F. et al., 2013). 
These surfaces are designed to have more precise light control and 
are opening new application possibilities. Freeform surfaces have 
been applied in augmented and virtual reality, automotive lighting, 
imaging systems, and lighting and concentration systems, among 
other applications (Kumar et al., 2022).

Freeform optical surfaces are a powerful tool in modern optical 
design, enabling innovative, high-performance solutions in 
advanced applications and mass production. Usually introduced 
in compact or high-precision optical systems, these surfaces have 
revolutionized traditional optical systems.

The mathematical description of freeform surfaces can be global 
or local; radial basis functions, splines, wavelets, hybrid stitched, 2-Q 
polynomials, X–Y polynomials, Zernike polynomials, and aspherical 

Advanced Optical Technologies frontiersin.org02

Santiago-Alvarado et al. 10.3389/aot.2026.1745190

https://www.frontiersin.org/journals/advanced-optical-technologies
https://www.frontiersin.org
https://doi.org/10.3389/aot.2026.1745190


surfaces with deformation terms have been reported (Kumar et al., 
2022; Elgarisi et al., 2021; Gross et al., 2015; Ye et al., 2017; Broemel 
et al., 2017). In this study, the toroidal mold is mathematically 
described using Equation 1 (Santiago-Alvarado et al., 2025): 

A0 + A1x + A2y + A3x
2 + A4xy + A5y

2 − z � 0, (1)

with 

A3 �
1
􏼎2rx and A5 �

1
􏼮2ry,

where rx and ry are the curvature radii on axes x and y, respectively; 
Ai represents the coefficient; and x, y, and z are the Cartesian 
coordinates of the surface.

3 Materials

The materials used in mold manufacturing are diverse and 
depend on the type of application, the technique used for its 
manufacture, and the precision required in surface finishing, 
dimensions, durability, and the number of elements to generate. 
The chosen material must possess rigidity, thermal stability, low 
thermal expansion, wear resistance, hardness, and the capacity to 
produce a large number of elements.

The literature reports the use of metals, polymers, ceramics, 
wood, fiberglass, quartz, glass, and other materials (He et al., 2022; 
Liu et al., 2019; Santiago-Alvarado et al., 2023; Ottevaere et al., 2006; 
Visconti et al., 2013; Carrasco Morcillo, 2019). In particular, metals 
including stainless steel, aluminum, germanium, zinc sulfide, zinc 
selenide, metal alloys with copper, nickel, iron, electroless 
nickel–phosphorus, tungsten carbide, silicon carbide, and 
metaloglass, which are combinations of metal and glass, have also 
been used (Chen et al., 2012; Sha et al., 2021). Since the mold 
presented in this study must guarantee the generation of several 
elements and is exposed to the melting temperatures of the polymer 
used, it was considered to be made of Aluminum 6061, which meets 
these requirements.

Aluminum 6061 is a 6000-series hardened aluminum alloy 
containing magnesium and silicon. It is versatile, lightweight, 
easy to machine, recyclable, offers good weldability, and has high 
corrosion resistance. It has medium-to-high strength compared to 
that of some mild or low-carbon steels. It can be easily cut and 
molded, reducing production costs and allowing the creation of 
complex parts with high precision.

Its ease of processing makes it a cost-effective option for many 
industrial applications. Due to its excellent mechanical properties, it 
reduces machining time, extends the life of the cutters, and allows 
the production of complex-shaped parts. It has low density, is heat- 
treatable, has a melting point between 582 °C and 652 °C, and 
exhibits good thermal (167 W/m·K) and electrical conductivity 
(Bohórquez et al., 2010; Coppermetal, 2025).

In this work, a five-axis CNC vertical machining center 
(Challenger MM 430) with a table size of 90 cm × 43 cm x 

FIGURE 2 
Diagrams of (a) lens and (b) mold development to be manufactured.

FIGURE 1 
Machining center used for manufacturing the mold.
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40 cm and AT&O® solid carbide vertical cutting tools with 
X-FACTOR® coating was used. Figure 1 shows the milling machine.

4 Methodology for manufacturing and 
testing the mold

The process to manufacture the aluminum 6061 toroidal mold 
using a machining center CNC is as follows: 1) the design of the 
optical component and the required mold is performed using optical 
theory or design software, validating their performance; 2) the 
computer-aided design (CAD) and computer-aided manufacture 
(CAM) models of the mold are generated using finite element 
software (FES); 3) machining codes required are generated using 
a milling machine; 4) machining strategies and parameters should be 
chosen to reduce the machining footprints left by cutting tools 
(related to roughness); 5) a polishing stage is implemented to erase 
traces of the cutters when changing paths; and 6) optical testing 
stages are applied to verify the surface shape finish.

The process begins with the optical design of the lens, and from 
this, the mold is designed using FES (Ansys Zemax OpticStudio©). In 
this case, a toroidal convex-plane lens was designed, where the toroidal 
surface has radii Rx = 23 mm and Ry = 64 mm, with a major axis 
diameter of 32 mm in the Y-axis and a minor axis diameter of 20 mm 
in the X-axis, a marginal thickness of 6 mm, and a paraxial thickness of 
2.28 mm; diagrams of the lens and mold designs are shown in Figure 2.

The profile of the mold surface was designed to produce convex 
toroidal surfaces with differing X and Y curvatures (more than 
double) to determine which methods can evaluate the entire surface 
without additional elements, for application human eye cornea 

assessments. Because interferometric tests cannot measure large 
changes in the wavefront slope in a complete measurement, it is 
necessary to evaluate in parts or with additional elements.

After validating the mold design using design software, the 
resulting CAD file generated is used to create the machining 
code (see Table 1), from which the machining strategy and 
parameters are chosen to minimize processing time and reduce 
cutter marks on the mold surface. Simulations of the machining 
strategy allow assessment of the feasibility of the operations, as 
shown in Figures 3, 4.

The simulations indicate the type of operations that can be 
carried out during the roughing and finishing processes, depending 
on the type of surface to be generated. This also allows us to know 
the feed speed and cutting depth ranges, the cutter revolutions 
range, and the number of flutes to be used. The manufacturing 
technician selects the appropriate machining parameters from these 
options. The optimal selection of machining parameters can be 
determined through an experimental design, which yields the lowest 
surface roughness, as reported in the literature (Hazir et al., 2018).

Once the mold has been machined, a polishing stage is carried 
out to remove the machining marks left by the cutting tool on the 
workpiece. The polishing process implemented is similar to that of 
classical polishing. It begins with the use of fine-grained sandpaper 
numbers 1500 and 2000, for an average time of 20 min. Afterward, 
the surface is rinsed and polished with Terazit 2402 abrasive paste 
for 10 min using cotton pads, followed by polishing for an additional 

TABLE 1 Sample start of machining codes.

%Toroidal mold, MX-- N14 M8 N19 X0.84 Z3.252

N1 G90 N15 Z5.585 N20 X1.2 Z3.069

N2 T01 M06 N16 G1 Z4.295 F800 N21 X1.598 Z3.005

N3 G54 N17 X0.372 Z3.897 N22 X1.806 Y-2.884 Z2.999

N12 G0 X0.308 Y-2.901 S3500 M03 N18 X0.555 Z3.537 N23 X2.008 Y-2.831 Z2.992

FIGURE 3 
Simulation of a machining strategy.

FIGURE 4 
Simulation of the cutting tool’s paths with the selected 
parameters.
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10 min with silicon-based polishing paste (1422 Austromex high- 
concentration diamond paste, 1 μm). In the process, a mototool is 
used; the surface is observed and qualitatively tested. Once finished, 
the surface is quantitatively evaluated.

Finally, the surface quality of the mold produced must be 
validated; for this purpose, two optical tests are implemented: the 
null screen test and the coordinate-measuring machine. These allow 
the measurement of surface profiles with rapid slope changes as 
conventional interferometry cannot quantify these phase changes 
without requiring additional elements.

In turn, the null screen test only requires designing the 
experimental setup and generating the null screen, and the 
coordinate measurement test needs to define the experimental 
arrangement to measure the mold profile using a position sensor. 
Both tests, after being applied, require processing the information to 
know the shape of the mold surface under test.

First, the application of the null screen test is described [a 
detailed description of the ray tracing and the mathematical 
theory used in the test is provided by Huerta-Carranza et al. 
(2021), Díaz-Uribe and Campos-García (2000), Aguirre-Aguirre 
et al. (2018), and Avendaño-Alejo et al. (2009)]. The test consists 
of the following: 1) designing an experimental arrangement to 
evaluate the surface of the mold; 2) choosing the shape of the 
image that the mold surface will form (ideal image); 3) calculating 
the shape of the null screen that will serve as the object; 4) 
performing the surface test by placing each element in the 
established position; 5) capturing the image produced by the 
mold surface using a CCD camera; and 6) processing the 
captured image by comparing it with the desired image. If the 
surface under test has the desired profile, the generated image will be 
identical to the ideal image; otherwise, the surface profile can be 
determined by quantifying the deviations in the image.

FIGURE 6 
(a) 3D graph of the mold surface and (b) view of the level curves of the mold surface.

FIGURE 5 
(a) Ideal image and (b) ray tracing diagram to generate the null screen, which will be used as an object.
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The reference screen (null screen) is obtained by reverse ray 
tracing, considering the ideal shape of the mold surface. This 
suggests that the null screen is designed by performing a reverse 
ray path from the points that form the desired image (image 
plane) to the surface of the mold (ideal) to calculate the directions 
of the incident (I), reflected (R), and normal (N) rays and finally 
obtain the coordinates of the points where the rays intercept the 
plane of the object. When performing this process by sweeping the 
image plane, the object reference screen is constructed (see 
Figure 5). Once the null screen is generated, it is displayed on 
the liquid crystal screen (LCD) and projected onto the surface of 
the mold, forming its image (Santiago-Alvarado et al., 2023; 
Huerta-Carranza et al., 2021). When quantifying deviations, 
the shape of the mold surface is known.

To evaluate the toroidal mold surface, the setup shown in 
Figure 5 was implemented, where Figure 5a shows the null 

screen image and Figure 5b shows the schematic diagram of the 
proof to be implemented.

The ideal surface of the mold is described using Equation 1, and 
toroidal parameters given at the beginning of Section 4 were taken 
for designing and applying a geometrical test based on the null 
screen method (Huerta-Carranza et al., 2025). The coefficients used 
are A0 = −2 mm, A1 = 0, A2 = 0, A3 = 1/(2rx), A4 = 0, and A5 = 1/(2ry), 
with rx = 23 mm and ry = 64 mm, as the reference center is 2 mm 
above the vertex of the toroidal face of the mold. Level curves of the 
mold were generated, as shown in Figure 6.

Once the null screen has been calculated, it is displayed on an 
LCD, and the implementation of the geometrical null test is carried 
out in the laboratory to generate the desired image (null image). An 
LCD was used to display the object pattern as it allows for the easy 
design of the null screen (Huerta-Carranza et al., 2025; Huerta- 
Carranza et al., 2024). In the experimental implementation, the 
following values are considered: pinhole position h = 
(4.58 mm, −78.068 mm, and 167.00 mm), focal length of the 
lens = 16 mm, and LCD center at Q0 = (−2.21 mm, 32.80 mm, 
and 45.44 mm); the components of the unit vector normal to the 
plane of the LCD are (−0.013, −0.745, and −0.667), and the origin is 
located at the center of the surface. An EO-5023C 2/3″ color CCD 
camera from Edmunds Optics was used for this purpose.

The object pattern or the null screen is displayed on an LCD with 
dimensions Lx = 107.70 mm, Ly = 172.31 mm, Px = 800 pixels, and 
Py = 1,280 pixels.

The image obtained (Figure 11b) is processed to determine the 
centroids of the bright spots. These points, along with the pinhole 
position, are used to calculate the directions of the incident rays 
I � (Ix, Iy, Iz). The reflected rays R � (Rx, Ry, Rz) are calculated 
using the intersection of the incident rays I with the design surface 
(see Equation 1) and the points of the object displayed on the LCD. 
Once both rays are known, the slopes to the surface under test can be 
calculated using Equation 2: 

Sx �
Rx − Ix
Rz − Iz

; Sy �
Ry − Iy
Rz − Iz

. (2)

FIGURE 7 
Experimental setup to test the workpiece by measuring 
coordinates.

FIGURE 8 
Mold machining process.
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The shape of the surface can be obtained using the following line 
integral Equation 3: 

z � z0 + 􏽚 Sxdx + Sydy􏼐 􏼑, (3)

where z0 is the z coordinate of the design surface vertex. The 
trapezoidal rule was implemented to recover the point cloud (x, 
y, z) describing the surface under test (Huerta-Carranza et al., 2021; 
Huerta-Carranza et al., 2025).

On the other hand, a second surface evaluation was performed 
using the coordinate measurement technique, using a stylus 
(Edmund Optics Spherometer Kit) and a two-axis micrometric 
displacement system (Bosch, 2012; Zhang et al., 1985; Shen et al., 
2023; Michihata, 2022). The implemented arrangement is shown 
in Figure 7.

Height measurements were made along the major axis (YZ 
plane) and minor axis (XZ plane) to find the values of the radii of 
curvature along these directions. The process involves measuring 
the coordinates at various points on the surface, fitting a 
polynomial function to the measured points, and determining 
the radii of curvature in both directions.

5 Results, analysis, and discussions

After applying a stage of manual polishing (Figures 8, 9), images 
of the mold surface were captured using an Olympus BX 51 optical 
microscope, with a pixel size of 0.15 μm, and using the Fiji program 
(Schindelin et al., 2012), the surface roughness was measured by 
taking a line, yielding a roughness Rq = 165.5; Figure 10 shows the 
roughness profile.

Once the mold was polished, its finish quality was verified using 
optical tests. First, the null screen test was implemented; a 
photograph of the experimental arrangement setup, together with 
the image obtained, is shown in Figure 11.

Figure 12a shows the desired ideal image used to design the 
object pattern, and Figure 12b shows the experimental 
image obtained.

When processing the obtained image, quantitative results are 
obtained and shown in Table 2. The coefficients found are used to 
calculate the radii of curvature of the toroidal surface.

The terms A0, A1, and A2 do not deform the surface and can be 
ignored; therefore, the polynomial representing the surface is 
presented in Equation 4: 

z � 0.020x2 − 0.0005xy + 0.008y2. (4)

A 3D graph of the reconstructed surface is shown in Figure 13a, 
and a contour map of the reconstructed mold face is presented in 
Figure 13b. Finally, Figure 14 shows the map of differences between 
the ideal surface and the generated surface, yielding a PV of 
0.1806 mm and an RMS of 0.0402 mm. In these tests, the error 
was obtained when comparing the point cloud with the points of the 
ideal surface rather than with the best-fit surface; hence, the 
peak–valley error is larger.

Since the arrangement is expected to be a horizontal and 
vertical distribution of spots, the image (Figure 12b) shows slight 
deviations in the horizontal spots and that the pictures appear 

FIGURE 9 
Manual polishing using a cotton swab to erase machining traces.

FIGURE 10 
Graph showing the roughness on a selected line of the mold.
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smaller at the top than at the bottom, which translates into slight 
variations of the radii of curvature in both directions. We assume 
that these variations are small as large deviations would result in 

more pronounced defects in the obtained image. On the other 
hand, when examining the map of differences between surfaces, 
we observe that the surface exhibits greater deviations along the 

FIGURE 11 
(a) Experimental null screen test arrangement implemented; (b) image obtained.

FIGURE 12 
(a) Ideal image; (b) experimental image.
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edges in the horizontal direction. The center of the surface is 
where the best fit between the surfaces occurs. Therefore, it can be 
concluded that the proposed methodology using a traditional 
machining center is feasible for manufacturing molds without 
rotational symmetry.

Likewise, when applying the coordinate measurement test, a 
database was generated; coordinates of the points found are 
shown in the graphs in Figure 15. A quadratic adjustment was 
applied to the distributions of the detected points, where the 
polynomials used to perform the fit in the x- and y-directions are 
given by Equations 5, 6: 

z � B0 + B1 y−y0( 􏼁 + B2 y−y0( 􏼁
2
, (5)

and 

z � D0 +D1 x−x0( ) +D2 x−x0( )
2. (6)

The values of the coefficients found are provided in Table 3, with 
which the radii of curvature are calculated, given by Rx = 1/(2 B2) 
and Ry = 1/(2 D2).

Figure 16 shows a map of differences between the ideal surface 
and the surface found, yielding a PV of 0.2366 mm and an RMS 
of 0.0506 mm.

When analyzing the map of differences between the ideal 
surface and the reconstructed surface, it is observed that there are 
slight variations in the poles of the curves, and in the central part, 
there are slight variations in the symmetry that would be expected 
in the curves, as shown in Figure 16. On the other hand, when the 
polynomial fits were made in the x- and y-directions, the surfaces 
exhibit minimal deviations, as indicated by the PV and RMS 
values, which are of the same order as those obtained using the 
null screen technique.

The implemented test methods are effective for evaluating 
convex surfaces with f/#< 1 and freeform surfaces at low cost, 
whereas other tests require complementary elements, such as 
holograms or reference surfaces, which increase their cost. Since 
the radii of curvature in the x- and y-directions vary by nearly a 
factor of three, for some tests, it is not possible to evaluate the entire 
surface area in a single measurement. The null screen test does not 
present this difficulty and allows measuring the surface profile by 
quantifying the deviations computationally, but it depends on the 
resolution of the CCD camera and the display used in the test. On 
the other hand, the measurement of coordinates does not present 
such problems, and its resolution depends on the arrangement 
implemented, the precision of the mounts used to make the 
displacement, and the resolution of the probe (stylus). 
Quantification is carried out computationally by integrating the 
information and knowing the shape of the surface. The disadvantage 
of the latter technique is that it can scratch the surface.

In future work, these tests will be implemented to guide the 
polishing stage, enabling a better match with the expected values in 
the surface design.

According to the measurements, the null screen test yields better 
results than coordinate measurement. Despite the emergence of 
recent freeform mold-manufacturing techniques, CNC milling is 
still an alternative due to its accessibility and low cost, but it is 
necessary to strengthen the finishing process, implementing a 
polishing stage along with optical tests to guide this process.

FIGURE 13 
Images of the reconstructed surface: (a) 3D graph and (b) contour map (level curves). The units are mm.

TABLE 2 Geometrical parameters obtained for the toroidal mold.

Coefficient polynomial Radii of curvature

A0 = −2.047 Rx = 24.54 mm

A1 = −0.007

A2 = 0.035 Ry = 60.47 mm

A3 = 0.020

A4 = −0.0005

A5 = 0.008
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The use of manufacturing simulations allowed the validation of 
machining operations and the determination of ranges for selecting 
the manufacturing parameters to be applied.

The manual polishing process allows the elimination of 
machining traces; however, its localized nature introduces 
deviations in the surface profile and roughness, which will 

need to be analyzed to determine how to minimize its effect. On 
the other hand, when applying the optical tests to determine 
the shape of the surface, it was found that both tests obtain 
deviations of the same order, but the combination of the radii 
of curvature found with the measurement of coordinates is 
better suited to the ideal values of the surface of the mold, 
although the null screen test obtains lower PV and RMS 
deviations.

Therefore, the proposed methodology for manufacturing 
aluminum molds uses conventional instruments, which reduces 
the cost of production compared to modern techniques 
(considering the high number of components that can be 
manufactured with the mold). Finally, because the surface lacks 
rotary symmetry, its contour is not circular, and the radii of 
curvature in the x- and y-directions differ significantly, which 
makes manufacturing and testing difficult, as only a limited 
number of low-cost tests can be applied.

6 Conclusion

A comprehensive methodology to elaborate freeform molds 
using a five-axis machining center was presented. It is shown that 
the generation of this type of mold in aluminum with the desired 
shape is possible as a low-cost alternative to existent technologies. 
The manufacture of the part begins with the optical design, 
validating its optical performance and the use of valid 

FIGURE 15 
Coordinates measured in both directions: (a) x-direction and (b) y-direction. The units are mm.

TABLE 3 Coefficients and radii of curvature found.

Parameters in the y-direction Parameters in the x-direction

B0 = −0.00014 D0 = 0.000042

B1 = −0.00007 D1 = 0.000032

B2 = 0.00785 D2 = 0.021602

Y0 = 11.01253 X0 = 11.000036

Ry = 63.7124 mm Rx = 23.1457 mm

FIGURE 14 
Map of differences between surfaces.
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machining processes for the milling machine through 
simulations. Likewise, it is shown that a polishing stage is 
required to improve and guide the finishing of the 
manufactured mold and reduce the tool marks left by the cutters.

Finally, the null screen and coordinate measurement tests 
allowed the quality of the machined surface to be evaluated, 
qualitatively demonstrating that the deviations of the desired 
profile are minimal; these tests were simple and 
straightforward to implement and evaluate, considering that 
the shape of the generated surface has no symmetry of 
revolution. The surface contour is not circular, and there is a 
difference in the radii of curvature of the X- and Y-axes. The 
results obtained are encouraging, but a design of experiments is 
required to find the best combination of machining parameters to 
produce a surface with minimal roughness. A polishing stage is 
necessary to improve the surface finish, requiring further studies 
to achieve greater precision. Although the tests applied to assess 
the mold surface demonstrate similar accuracy, it is necessary to 
explore variations of the null screen to improve evaluation 
precision and investigate other applicable tests that can further 
improve accuracy.
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