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Research into manufacturing technology requires reg-
ular measurement and documentation of workpiece
and tool quality. The instant or direct measurement
of tool or workpiece surfaces is often difficult or im-
possible. Remounting of workpieces or tools leads to
undesired remounting errors, a direct integration of
adapted measurement systems is not suitable for re-
search and development. Additionally, abrasive or
transparent surfaces can be unsuitable for use with
some measurement systems. This study evaluates an
imprinting method for the production of positive repli-
cas of tool or workpiece surfaces. The resulting er-
rors between original sample and replica are eval-
uated. The analyses include common test methods,
such as tactile surface profiling, focus variation mi-
croscopy, and white light interferometry. The study
shows that for the evaluated reproduction method, the
difference between original and replica is less than
10% of the surface roughness, Ra, for original surface
roughnesses greater than Ra === 000...111µµµm. Mostly better
results are achieved (difference <<< 222%). In addition,
contour dimensions greater 1 mm can be copied with
deviations less than 0.5%.

Keywords: positive replica, degree of resemblance, ther-
mosets, measurement technology

1. Introduction

Research and development in manufacturing regularly
evaluates new prototypes and new processes. Measure-
ment of prototype parts and tools typically takes place
in rooms with highly controlled environmental condi-
tions, and with commonly used metrological devices. In-
process measurements face additional difficulties. Mea-
surement between different manufacturing steps is often
not possible or leads to new problems. For example, re-
mounting errors can occur if the workpiece or tool needs
to be removed between roughing and finishing. In this
case, the metrological devices would have to be mounted
directly on the machine tool. This adaption is mostly fa-
vorable for series production, but difficult and expensive
to implement in research, due to the constantly changing
process conditions.

Extensive and regular quality analyses during manu-
facturing in research applications can lead to low pro-
duction efficiencies: transport and remounting among the
various measurement devices and machine tools are re-
quired. Furthermore, machine tool and measurement de-
vices need to be available at the same time. Heavy or
large samples often cannot be mounted on measurement
devices or require an adaption. Difficult-to-access sur-
faces, such as the wall of a bored hole or undercuts, can
require the destruction of the workpiece for the measure-
ment. Ultra-hard materials, such as diamond or cubic
boron nitride, cause accelerated wear on tactile measure-
ment systems. In addition, the semi-transparency of ma-
terials like diamond or glass makes the application of op-
tical measurements difficult.

Positive replicas are able to avoid the above-mentioned
problems; therefore, the positive replica must meet the re-
quired precision. Additionally, the replica material needs
to either possess sufficient hardness for use with a tac-
tile measurement device or meet optical requirements of
the associated measurement systems. Such a reproduc-
tion method was developed by Wunder and Vargas [1-3].
In their studies the authors required efficient analyzing so-
lutions for engineered grinding tools, including grinding
wheels or honing tools, for example. Engineered grind-
ing tools possess diamond grains 100-400 µm in diam-
eter that are brazed to the tool body. The analysis of the
wear patterns on the single diamond grains was of primary
interest. Additionally, neither optical nor tactile mea-
surements of these highly abrasive and transparent grains
could be conducted. The authors required an imprint tech-
nology which enabled measurements from within the ma-
chine tool. The negative imprints needed to be taken inde-
pendent of the tool orientation. Additionally, all geomet-
ric features, including undercuts, had to be reproduced
and short imprint curing time was preferred; the curing
time of the positive replica was of secondary importance.
The shrinkage during curing needs to be as low as possi-
ble, during each stage of the process. The authors tested
different viscosity and material combinations until they
found a precise system for a positive replica design that
can be analyzed using optical and tactile systems. Neg-
ative copies of parts are generated by silicone imprints.
On this basis, positive replicas are made by casting the
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negative form with epoxy.
The presented study evaluates roughness, and form, po-

sition, and dimensional deviations between original and
replica components. Surface replication based on cast-
ing is employed for quality control purposes following
two main routes described by Hansen [4]. For qualitative
surface inspection (A), surfaces are checked but not mea-
sured. Examples therefore are metallographic inspections
or wear analyses of grinding tools. The other route fol-
lowed involves quantitative topographical measurements
(B), e.g., surface roughness measurements. The differ-
ence between (A) and (B) is that measurement technology
is used to obtain quantitative results.

2. State of the Imprint Technology

The method developed by Wunder [1] (further refer-
enced as IWF-Wunder) uses polyvinyl siloxane to create
negatives. Additionally, IWF-Wunder generates a posi-
tive replica made from polyepoxide (epoxy). The appli-
cation of the reproduction method for wear inspection (A)
has already been evaluated in previous research [1]. Wun-
der analyzed a grinding process with engineered grind-
ing tools [3]. Wunder found that the grinding process is
significantly influenced by the wear pattern of the single
grains. In the current study, a detailed determination of
the diamond grain wear of these cutting tools with unde-
fined cutting edges is required, and positive replicas of
the grinding wheel surface have been manufactured. The
evaluation compared the amount of tool wear on both,
the original and replica surfaces. Good suitability for this
wear analysis is validated.

Many technologies have been developed to generate
imprints and positive replicas. Most technologies have
been developed for mass production applications, such as
metal casting and plastic molding [4]. These methods typ-
ically modify the material properties using high tempera-
tures, transforming metal, glass or plastic from a fluid or
viscous state to a solid state for the creation of the im-
print [5-10]. Replication methods at shop floor conditions
need to work at or close to room temperature. Addition-
ally, the creation of an adapted tray for the negative im-
print material in research applications needs to be simple,
as only a limited number of samples of the same dimen-
sions is to be produced. Most authors and companies rec-
ommend using thermoset materials for such applications
[11-14]. A chemical reaction leads to an irreversible so-
lidification of the thermoset material. Depending on the
modification of the thermoset, the reaction can occur at
room temperature. Main materials used are polyepoxide
(epoxy) and polydimethylsiloxane (PDMS) [4].

Replication for surface inspection, especially regard-
ing surface roughness, has been analyzed extensively.
Meanwhile most research focuses on the replication of
metal [15, 16]; other research focuses on different materi-
als like wood [17]. In scientific metallographic research
an error margin of 6% is typically achieved [4]. Com-
mercially available systems using a PDMS base focus on

maintaining a short curing time for the negative imprint
for efficient research [13, 14]. The systems combine a
structure resolution of approximately 0.1 µm and a low
shrinkage coefficient. In the medical industry, the applica-
tion of replica for measurement of specimen dimensions
is well known. Similar to the presented method, in medi-
cal applications, imprints must be cured within five min-
utes, as the well-being of the patient is important. Chee
and Donovan reviewed different systems for dental im-
prints [18]. The authors conclude an excellent impression
quality of the polyvinyl siloxane. Like the IWF-Wunder
method, most methods start with a “tray” for the polyvinyl
siloxane made from a high viscosity (putty) material. The
method is also used for dental imprints on fossils [12].
Analyses in the dermatology field focus on micro geom-
etry features [19]. Imprints using a silicone resin have
also been taken to analyze the influence of repeated sun
exposure on human skin.

3. Evaluation Procedure

The authors’ evaluation of the IWF-Wunder method
aims to test the suitability of the reproduction method in
typical manufacturing floor conditions. Meanwhile con-
ducted in environmentally controlled rooms with speci-
mens at room temperature, surface cleaning devices are
used as available at a machine tool station. This includes
gloves, compressed air, ethanol and acetone. The produc-
tion of a positive replica is done using the following steps:

i. Cleaning of the specimen surface with ethanol
ii. Production of a tray using high-viscosity (putty) ma-

terial
iii. Hardening of the tray material
iv. Application of the negative imprint material on the

specimen
v. Hardening of the polyvinyl siloxane

vi. Generation of a mold by adding additional walls to
the imprint

vii. Casting of the negative mold with epoxy
viii. Deform of positive replica

The physical properties of the used imprint and replica
materials are listed in Table 1. The consistency is mea-
sured according to DIN EN ISO 4823.

The experimental design for quantitative topographi-
cal measurements (B) is two-fold: testing the capability
of the IWF-Wunder process for (1) roughness measure-
ments, and (2) for position, form, and dimension devia-
tion measurements. Following this setup, two object types
have been defined.

3.1. Type 1 Objects – Roughness Measurements
Seven roughness standards according to ISO 5436 have

been selected. The ISO 5436 set is expanded by one ultra-
precision ground workpiece having a profile roughness
finer than Ra = 0.01 µm (see Table 2 for data).
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Table 1. Physical properties of imprint and replica material.

Analysing step Putty
carrier

Negative
imprint

Positive
replica

Material Polyvinyl
siloxane

Polyvinyl
siloxane Polyepoxide

Consistency 24 mm 42 mm −
Viscosity − − 550 mPa
Working time at 20◦C 2 min 2 min 30 min
Total setting time 4 min 4 min 12 hours
Hardness [Shore] A60 A46 D78
Linear dimensional
change [%] −0.2 −0.2 −

Table 2. Type 1 Objects.

ID Object Manufacturing
process Nominal value

N01 Mirror UP-Grinding Ra < 0.01 µm

N02
Standard Heidenhain
(fine) not representative Ra = 0.11 µm

N03 Standard Heidenhain
(rough) not representative Ra = 0.86 µm

N04 Standard Agie No.4 EDM Ra = 0.80 µm
N05 Standard Schlatter Grinding Ra = 0.80 µm
N06 Standard Schlatter Turning Ra = 3.20 µm
N07 Standard Agie No.7 EDM Ra = 3.15 µm

N08 Standard Heidenhain
(middle) not representative Ra = 0.31 µm

The sample N01 has been manufactured using the
technology of Electrolytic In-Process Dressing (ELID)
grinding [20-23]. The selected samples cover the ma-
jor machining technologies, including cutting with de-
fined and undefined cutting edges, as well as corrosive
processes. The chosen bandwidths for surface roughness
corresponds with typical values achieved in each of the
machining processes.

The setup for profile measurements consists of three
devices: (1) a tactile surface form profiler, Talysurf Series
2 (TSP)1; (2) an infinite focus microscope, Alicona2 IFM
G4 (IFM); and (3) a white light interferometer, Zygo3 NV
5000 (WLI). The uncertainty of the TSP is U (k = 2) = 2%
of the roughness value +4 nm; the manufacturers of the
other devices does not give any explicit uncertainty val-
ues [24, 25]. Originals and replicas of all Type 1 Objects
are measured on all three devices. The kinematic rough-
ness of each sample is measured according to ISO 4287
and 4288. The evaluation length, ln = 5lri, is measured
three times for each specimen. The values for Ra and Rz
of every specimen are calculated as the average of these
three measurements. The average deviation in Ra between
original and replica is taken to evaluate the replication ac-
curacy. A deviation less than 10% is judged “sufficient,”
a deviation less than 5% is judged “good.”

1. Manufactured by: Taylor-Hobson Ltd., Leicester, UK.
2. Alicona Imaging GmbH, Grambach, Austria
3. Manufactured by: Zygo Corp., Middlefield CT, USA.

Table 3. Type 2 Objects.

ID Object Comment
G01 Sandvik Cutting-Insert backside w/o chip breaker
G01-A Replica No.1 none
G01-B Replica No.2 none
G01-C Replica No.3 none

Fig. 1. Planes on Type 2 Objects.

3.2. Type 2 Objects – Form, Position, and Dimen-
sion Deviations

The evaluation of shape and form errors resulting from
the imprint method is conducted using a cutting insert
from Sandvik4. The cutting insert contains all required
geometric features. The chosen model consists of tung-
sten carbide, allowing the measurement using tactile and
optical devices. Parameters including measurement of
clearance, wedge, and rake angle are also possible appli-
cations for the replication method. Table 3 shows the four
analyzed Type 2 Objects.

Object shapes of originals and replicas are measured
using a coordinate-measuring machine (CMM), Leitz
PMM 864, having a tip diameter of 2 mm. The uncer-
tainty of the CMM is U (k = 2) = 1, 2 µm + L/400
for a single measurement point, according to ISO 10360-
1:2000. Planes 1 to 4 are detailed using 35 points, and
Plane 5 using 26 points (Fig. 1). Circles are measured
using 20 points. The following deviations are measured
on the original part, G01, and replicas A, B, and C (see
Figs. 1 and 3).

• Flatness of Plane 1 to 5

• Parallelism and plane distance of Planes 1 to 3, and
Planes 2 to 4

• Roundness and diameter of the hole at three different
depths, with offset of 1 mm

• Angle of the Planes 1 to 4, relative to Plane 5

• Angle between Planes 1 and 2, as well as between
Planes 3 and 4

4. Article code: CNMG 12 04, manufactured by Sandvik Coromant AB.,
Stockholm, Sweden.
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Fig. 2. Type 1 Objects – evaluation of surface roughness for
original and replica.

3.3. Object Overview
Figure 2 shows the objects, imprints and positive repli-

cas of Type 1 Objects. The blue imprints are made of
polyvinyl siloxane; the positive replicas consist of epoxy.
The yellow trays shown consist of high-viscosity (putty)
polyvinyl siloxane. The surface roughness of the original
objects and the positive replicas is analyzed.

Figure 3 shows the object and the multiple positive
replicas of the corresponding Type 2 Object. The devi-
ations in the shape and form errors are measured using a
CMM.

4. Capability of Method

4.1. Roughness Measurements
Figure 4 shows the resulting deviations for the differ-

ent roughness standards of the Type 1 Objects. The spec-
imens shown are sorted by the surface roughness and the
periodicity of the specimen surface. Each sample is dis-
played with a total of three boxes. The first box shows
the specimen name. The other two boxes show absolute
deviations between original and positive replica. The sec-
ond box shows the smallest achieved deviation and the
measurement device, which achieved this smallest devia-
tion. The third box displays the average deviation value
for all three measurement devices. The specimen name
and the average deviation are always highlighted in the
same color. If the two boxes are highlighted in green, the
average reproduction deviation is less than 5% and rated
“good.” If the deviation of the positive replica is less than
10% but not 5%, and is hence “sufficient,” the specimen
name and the average deviation are highlighted in yellow.
Otherwise the boxes are highlighted in red. The same de-
tails apply to the second box. If the best measurement de-
vice achieves a deviation less than 5%, the box is green,
below 10% yellow, otherwise the box is colored red.

For Ra = 3.2 µm the turned roughness standard
N06 can be reproduced with an average deviation of
0.18 µm (5.5%), the lowest deviation, 0.16 µm (5.2%), is

Fig. 3. Type 2 Objects – evaluation of form, position and
dimension deviations for original and replica.

achieved using TSP. The specimen N07 being EDM ma-
chined achieves an average deviation of 0.12 µm (3.5%);
the smallest deviation is achieved with the IFM being
0.01 µm (0.3%). For Ra = 0.8 µm the Haidenhain rough-
ness standard N03 is reproduced with an average de-
viation of 0.074 µm (8.9%), the smallest deviation is
0.073 µm (8.6%) using the WLI. The EDM machined
roughness standard N04 with a value of Ra = 0.8 µm
shows an average deviation of 0.03 µm (2.8%), the lowest
deviation is achieved by the TSP with 0.01 µm (0.9%).
The Haidenhain surface roughness standard N08 with
Ra = 0.3 µm can be reproduced with an average deviation
of 0.027 µm (8.3%). The lowest deviation occurs with the
WLI being 0.016 µm (4.9%). The ground roughness stan-
dard N05 with the same surface roughness shows an aver-
age deviation of 0.01 µm (3.0%), with the lowest devia-
tion being 0.007 µm (2.3%), achieved with the WLI. The
Haidenhain roughness standard N02 with a surface rough-
ness of Ra = 0.1 µm is reproduced with an average devia-
tion of 0.004 µm (3.9%). The best value is achieved using
the TSP with a deviation of 0.003 µm (2.6%). The ELID-
ground sample with a surface roughness Ra < 0.01 µm
can be reproduced with a deviation of 0.01 µm (286%)
with the TSP, the WLI measures an even greater devia-
tion.

For surface roughness values from Ra = 0.1 µm to
Ra = 3.2 µm five of seven specimens reach a good repli-
cation quality, the other two specimens achieve a suffi-
cient replication quality. The deviation decreases with
greater specimen periodicity. In contrast to the findings
of Tosello et al. [23] for this bandwidth of surface rough-
nesses, the deviation of the positive replica is independent
of the surface roughness of the specimen.

Object N01 with a surface roughness Ra < 0.01 µm
produces replication results of insufficient quality. The
object has a very smooth surface. The errors inserted dur-
ing the reproduction process are too severe. A limit for
the method seems to exist for values of the original part
between Ra = 0.1 µm and Ra = 0.01 µm.

Figure 5 shows the singular results of the roughness
measurements. The dots display the mean value of the
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Fig. 4. Deviations of roughness measurements.

measurement for each device. The black bars show the to-
tal uncertainty of the measurement. The total uncertainty
results from the uncertainty of the single measurement
plus the deviation between the three measurements. The
blue rhombi show the measured roughness of the origi-
nal, the red squares display the measured roughness of
the positive replica. N01, N02, N03 and N08 could not be
measured using the IFM microscope because of the high
surface transparency of the positive replicas.

In average the WLI achieves the lowest deviation be-
tween original and replica. The very smooth ELID-
ground surface of the specimen N01 and its positive
replica are challenging to reproduce and measure. The
TSP measures a deviation of 0.01 µm (286%) for the Ra-
and 0.05 µm (250%) for the Rz-values.

4.2. Form, Position and Dimension Deviations
Table 4 shows the results of the measurement for form,

position and dimension tolerances for the Type 2 Ob-
jects. The measurement results include the original cut-
ting insert and the average of the three positive replicas.
The difference between these measurement results is dis-
played in absolute and relative values. The flatness de-
viation of Planes 1 to 4 of the original is 18.8 µm in
average. The average flatness deviation of the positive
replicas is 26.0 µm. The difference of the flatness devi-
ation between original and replicas is for Planes 1 to 4
is 7.2 µm (38.1%). The flatness deviation of Plane 5 is
4.2 µm for the original. The positive replicas achieve an
average value of 9.7 µm. This results in a difference of
5.5 µm (130.2%). The parallelism error between Planes 1

and 3 and Planes 2 and 4 is 61.2 µm for the original cut-
ting insert. The positive replicas reach an average value
of 76.0 µm. The results differ for 14.9 µm (24.3%). The
cutting insert has an average roundness error for the cir-
cles 1, 2 and 3 of 10.0 µm; the three replicas achieve an
average roundness error of 21.1 µm. The roundness error
of the positive replica is thus 11.1 µm (111.3%) greater
than the original. The IWF-Wunder method produces in
general poor results for the measurement of form devi-
ations (e.g. flatness). Differences exceeding 100% be-
tween the original value and the replica are observed. The
position deviation (parallelism) on the replica produces a
maximum error of 25% compared to the original. Main
reasons are deformations on the micrometer scale of the
(negative) imprint material during the curing process.

The plane distances of the Planes 1 and 3 as well as
from the Planes 2 and 4 have been measured. The cutting
insert shows an average distance of 12.721 mm, the three
positive replicas show an average distance of 12.693 mm.
The difference is 28 µm (0.221%). The average hole
diameter of the cutting insert is 5.200 mm compared to
5.192 mm for the replica, resulting in a difference of 8 µm
(0.149%).

Finally the angles between Planes 1 to 4 and plane 5
have been measured. The angle on the original cutting in-
sert is 90.307◦ in average, meanwhile the measured angle
for the positive replica is 90.191◦, resulting in an error of
0.116◦ (0.128%). The angles between Planes 1 and 2 as
well as Planes 3 and 4 are in average 80.086◦ for the orig-
inal and 80.036◦ for the replica, resulting in an error of
0.049◦ (0.062%).
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Fig. 5. Results of roughness measurements.

The influence of replication errors is related to their lo-
cal expansion. The main errors occur during the genera-
tion of the negative imprint. These errors are on the lower
micrometer scale. Errors on this order of magnitude es-
pecially affect form and position deviations. Dimension-
deviations can be recorded on replicas without significant
deviations to the original value. The differences are typ-
ically smaller than 0.5% for lengths greater than 1 mm.
Accordingly angles between different planes can also be
recorded on replicas without significant deviation.

Table 4. Type 2 Objects – measurement results for the form,
position and dimension deviations.

 

Flatness (Form)
Object 
Plane 1...4 18.8 μm 26.0 μm 7.2 μm 38.1 %
Plane 5 4.2 μm 9.7 μm 5.5 μm 130.2 %

Parallelism (Position)
Object 
P1/P3   P2/P4 61.2 μm 76.0 μm 14.9 μm 24.3 %

Plane Distance (Dimension)
Object 
P1/P3   P2/P4 12.721 mm 12.693 mm 0.028 mm 0.221 %

Roundness (Form)
Object 
Circle 1,2,3 10.0 μm 21.1 μm 11.1 μm 111.3 %

Hole Diameter (Dimension)
Object 
Circle 1,2,3 5.200 mm 5.192 mm 0.008 mm 0.149 %

Angle (Dimension)
Object 
P1...4 to P5 90.307 ° 90.191 ° 0.116 ° 0.128 %
P1/P2   P3/P4 80.086 ° 80.036 ° 0.049 ° 0.062 %

Original Replica Difference

Original Replica Difference

Original Replica Difference

Original Replica Difference

Original Replica Difference

Original Replica Difference

5. Conclusion

This study has introduced the IWF-Wunder method to
preserve geometrical features of tools and workpieces.
The method allows location- and time-independent qual-
ity control of tools and workpieces in research and de-
velopment. The method enables frequent quality control
checks during machining processes as well as a more ef-
ficient research.

5.1. Roughness Measurement
The IWF-Wunder method is suitable for analyzing ma-

chined surfaces with surfaces roughnesses greater than or
equal to Ra = 0.1 µm. Differences less than 10% of the
Ra-value between original and replica can be achieved in
general. Careful sample preparation is prerequisite. Rz-
values can also be measured in the range greater than
Ra = 0.1 µm. Measurements on areas including obvious
replication errors should be avoided. For surface rough-
nesses Ra < 0.1 µm the method is not suitable in general.
Especially the polyvinyl siloxane material for the imprints
would require a lower viscosity. A lower viscosity would
reduce the applicability, e.g. the measurement of verti-
cal surfaces would be impossible. Nevertheless applica-
tions and processes generating very smooth surfaces and
small geometrical features such as ultra-precision grind-
ing, micromachining and MEMS-products are advanc-
ing [27-29]. An adapted replication process with materi-
als of low viscosity would be required. During the evalu-
ation the smallest difference between original and replica
is measured using white light interferometer. Tactile mea-
surement provides almost equally good result quality as
the WLI. The tactile measuring-process is fast and inde-
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pendent from optical surface properties on the replica. In
general, tactile measurement is recommended.

5.2. Form, Position and Dimension Measurements
The IWF-Wunder method has proven to be a well ap-

plicable tool for dimensional measurements of replicas.
The accuracy is sufficient for applications with dimen-
sions greater than 1 mm. Tool and workpiece features
can be controlled using the technology. In contrast, the
suitability of the IWF-Wunder method for form and posi-
tion measurements is not given. The accuracy of the pos-
itive replica is insufficient for research and development.
In [1] the potential on wear investigation has already been
demonstrated.

5.3. General Statement
Careful sample preparation and replication allows ac-

curacy comparable with the presented study. Nevertheless
the accuracy depends on the user, application technique,
measurement devices, and the original part. For higher
quality requirements, pretesting is recommended.

Local errors forced by the replication process (e.g. dur-
ing imprinting, epoxy casting) cannot be excluded. Thus
it is recommended to obtain data from more than one
measurement area. Measuring on areas with the above-
mentioned errors reduces the result quality. Dataset with
obvious replication errors should be disregarded.
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