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In this white paper we will take an in-depth look at the
principles underlying the 3D Topography Module method,
resulting roughness parameters, and also the Wenzel
theory used for roughness corrected contact angles.
We will also highlight applications and samples that
are feasible for this method.
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[Figure 1] Attension Theta Optical Tensiometer with
3D Topography Module
By automated XYZ sample movement the combination
makes it possible to perform contact angle and roughness
measurements on the same sample location.
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Introduction
Measuring surface roughness together with contact angle makes it possible
to separate the influence of surface chemistry from surface roughness
on wetting and adhesion behaviour. This is especially important when
working with different types of surface modifications where both surface
chemistry and surface topography are altered.
Until now, contact angle and surface roughness have only been measured
individually by using an optical tensiometer and a separate roughness
measurement instrument. The Attension Theta Optical Tensiometer with
3D Topography Module, see Figure 1, enables automated measurement
of the surface roughness on the same sample location as the contact
angle measurement by using automated XYZ sample movement. With
the included software OneAttension, surface roughness and roughness
corrected contact angles are calculated automatically.

Fringe projection phase-shifting
– method description
Surface roughness measured with the Attension 3D Topography Module
is based on structured lighting, where light patterns are projected onto
a sample surface and the sample shape is analysed from images taken
by a camera. Structured lighting has been used in various applications
to measure 3D shapes at different length scales. In the 3D Topography
Module, sinusoidal fringe patterns are used and thus the method is called
sinusoidal fringe projection phase-shifting. With this method it is possible
to simultaneously perform 2D and 3D characterization at pixel-level
resolution.

A

As illustrated in Figure 2, the 3D Topography Module consists of a
projector with an LED light source and a slide with sinusoidal fringe
patterns on a grey-scale. These illumination patterns are sequentially
projected onto the studied surface, and a digital camera captures the
fringe patterns from which the 3D shape of the object is reconstructed
by phase-shift coding. This enables pixel level measurement resolution.
In the 3D Topography Module, the pixel size is 1.1 µm x 1.1 µm for
analysis of micron-scale surface features.
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The sinusoidal fringes can be expressed by :
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where (x, y) is the coordinate in the slide frame plane, a is background
intensity, b is amplitude modulation, p is sinusoidal grating wavelength,
φ0 is the additional phase shift caused by the surface height and δn is the
phase shift from the slide movement.

B

As an example for a color pattern with red, green, and blue light, we can
demonstrate the case of three divided wavelengths where Ir, Ig, and Ib
are the corresponding intensities for each of the colors. The phase shifts
can be plotted as in Figure 3.

[Figure 2] Fringe Projection Phase-Shifting shematics
(A) and an example of a surface with the projected
pattern (B). A sinusoidal pattern is sequentially
projected on the sample surface and a camera is utlized
to capture the fringe patterns and recontruct the 3D
image by phase-shift coding.

Then the spatial phase shift can be expressed with the following equation[1]:

The phase shift indicates the horizontal coordinate, i.e. the height
Camera
differences
in every pixel providing the sample topography.
There are many different algorithms available that use sinusoidal phaseProjector
shifting. For this application, the algorithm was based on an analogous
grayscale version. The RGB light example is given to illustrate the principle,
however theβexact equations used in our approach are proprietary.
φ

The algorithm andλinstrument design can be validated with a validation
tool with a known surface structure. The validation specimen has a
h1
patterned structure with known surface topography features, allowing
h2
the user to compare the measured
roughness value to a theoretical
2�/3
roughness value, see Figure 4.
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[Figure 3] In the sinusoidal phase-shifting method a
series of phase-shifted sinusoidal patterns are recorded
(top), from which the phase information at every pixel
is obtained (bottom). The phase shift correlates with
sample surface topography from pixel to pixel that
defines the resolution.
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[Figure 4] Attension 3D Topography Module images
for the validation tool. A) optical image, B) 2D image
and C) 3D image.

Surface roughness cannot be accurately characterized by using a single
roughness parameter. Instead a set of surface roughness parameters
are defined. Parameters that characterize surface profiles are called 2D
parameters, and are marked with the letter “R”. These parameters are
widely utilized in different applications but are not really able to provide
a complete picture for three dimensional surfaces. Parameters used to
characterize the surface topography are called 3D parameters, and are
marked with the letter “S”. Some of the 3D parameters have 2D counterparts; others are specifically developed for 3D surfaces. A summary
of these parameters as stated by the ISO 25178 standard (and their 2D
counterparts) is presented in Table 1.
Only the area factor, Sdr, is utilized for the Wenzel contact angle roughness
correction. However, with the 3D Topography Module a selection of
2D and 3D parameters are measured for detailed surface topographical
characterization: Sa is the arithmetic mean height of the surface. Sq and its
2D counterpart are the most widely used roughness parameters that give
the standard deviation of height. Rp and Rv give the maximum height of
the summit and maximum depth of the valleys, respectively. Rz gives the
peak to peak value and R10z is calculated as the mean height value of five
local maxima and local minima. It is worth pointing out that Rz is more
sensitive to noise than R10z. The ratio between the interfacial and projected
area, Sdr, gives the additional surface area contributed by the texture. This
parameter is especially useful in wettability studies since it can be used to
calculate the roughness factor, r, utilized in the Wenzel equation.
The 3D Topography Module provides 3-dimensional characterization
over a surface area of 1.4 mm x 1.1 mm. Larger surface areas up to
4.2 mm x 4.2 mm can be characterized by automatic stitching of images
in OneAttension software.

Contact angle roughness correction using
the Wenzel equation
Both chemical and topographical properties of the surface are important
parameters in many different applications and processes, where wetting
and adhesion behavior needs to be optimized. Wettability can be studied
by measuring the contact angle of the substrate with a given liquid.
The Young equation[2] describes the balance at the three phase line
between solid, liquid and gas:
γsv=γsl+ γlv cosθY		
The interfacial tensions, γsv, γsl and γlv, form the equilibrium contact
angle of wetting, referred to Young’s contact angle θY. Young’s equation
assumes that the surface is chemically homogenous and topographically
smooth. This is however usually not true in the case of real surfaces, which
instead of having one equilibrium contact angle value generally exhibit a
range of contact angles between the advancing and receding values.
In Figure 5, a droplet on an ideal and a real surface is presented. On the
ideal surface, Young’s equation applies and the measured contact angle is
equal to Young’s contact angle (Figure 5A). On a real surface, the actual
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Symbol
Ra, Sa

Rq, Sq

Name

Equations

Arithmetic
average

Sa = 1
NM

Root mean square
(RMS)roughness

Sq =

N M

Description
Average of IzI

Iη ( x , y ) I
i

j

i=1 j=1

1
NM

N M

Standard deviation of z

η2 ( xi, yj )

i=1 j=1

Rp, Sp

Maximum height
of peaks

Sp = MAX ( ηp )

Max z

Rv, Sv

Maximum depth
of valleys

Sv = MIN ( ηv )

Min z

Rz, Sz

Maximum height
of the surface

Sz = ( Sp + Sv )

R10z, S10z

Ten point height

Sdr

Area factor

I I I I

5

Sz =

Sdr=

Max z – Min z

5

Average of five highest local
maxima and five deepest local
minima

Σi=1 Iηpi I + IΣi=1Iηvi I
5

Ratio between the interfacial
and projected areas

(Textured surface area) – (Cross sectional area)
Cross sectional area

*100%

N–1

=

M–1

Σ j =1 Σ i =1 Aij – (M–1) (N–1) ∆x∆y

*100%

(M–1)(N–1) ∆x∆y

contact angle is the angle between the tangent to the liquid-fluid interface
and the actual, local surface of the solid (Figure 5B). However, the
measured (apparent) contact angle is the angle between the tangent to
the liquid-fluid interface and the line that represents the apparent solid
surface, as seen macroscopically. Actual and apparent contact angle values
can deviate substantially from each other. To calculate theoretically valid
surface free energies of the solid the actual contact angles should be used.
The relationship between roughness and wettability was defined in 1936
by Wenzel who stated that adding surface roughness will enhance the wettability caused by the chemistry of the surface. For example, if the surface
is chemically hydrophobic, it will become even more hydrophobic when
Fluid
surface roughness is applied. Wenzel’s statement[3,4] can be described
by:
cosθm=rcosθY 			

θY

Liquid

where θm is the measured contact angle, θY is Young’s contact angle and
r is the roughness ratio. Roughness ratio is defined as the ratio between
the actual and projected solid surface area (r=1 for a smooth surface and
> 1 for a rough surface). It is important to note that the Wenzel equation
is based on the assumption that the liquid completely penetrates into the
roughness grooves (as in Figure 5B). Wenzel’s equation is an approximation
that becomes more accurate as the drop becomes larger compared to the
scale of the roughness. It follows that if the drop is larger than the roughness scale by two to three orders of magnitude, the Wenzel equation
applies. This fits well with contact angle measurement’s length scale of
microliter volume droplets being millimeters, and the roughness analysed
by the 3D Topography Module being microns. The roughness ratio, r,
for the Wenzel equation is calculated from the 3-dimensional area factor
Sdr according to the following equation[5]:

[Table 1] Roughness parameters
according to the ISO 25178 standard.
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[Figure 5] Definition of different types of contact

angles; (A) Contact angle on an ideal surface is
called the Young’s contact angle (B) Apparent
or measured contact angle on a real surface
with an inherent roughness.

r=1+Sdr/100
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Applications
The 3D Topography Module is utilized in applications, where the
micro-scale roughness is an important factor influencing a materials’
adhesion properties.
Since the 3D Topography Module uses an optical method, a diffuse
reflecting surface is required. Therefore, samples being completely
black or transparent cannot be analysed. Also, surfaces with a
mirror-like appearance (i.e. very shiny surfaces) may give irregular
results.
Below are examples of three common application areas.

Biocompatibility of implants
Various materials such as metals, ceramics, and polymers, are being
utilized as implants in medicine. The surface of the implant is typically
modified through mechanical roughening and/or chemical treatment
to enhance biocompatibility with the surrounding host tissue.
Separating the impact of chemical and mechanical treatment from
water contact angles can be very useful in implant development
and quality control. For details see application note 17 at
biolinscientific.com/attension/applications.

Paper and board coatings
Optimized wetting and adhesion to paper surfaces plays a crucial role
in ensuring quality and runnability in various converting and finishing
operations such as printing and packaging. Base paper can be coated
for example with pigment coatings to provide a smooth surface for
printing or by wax coatings to ensure a barrier against odor and gas
transmission in packaging applications. Paper surfaces typically contain
microscale roughness that has an influence on wetting and adhesion
in addition to the applied coating chemistry. Thus, understanding the
impact of roughness on wetting may help with coating formulation
and optimization of surface treatment processes as well as to give
more insight into the root cause of quality issues.

Construction and building materials
Coating and surface finishing for construction and building materials
are important for enhanced appearance and durability. Adhesion of
different types of coatings, such as paint or veneer sheeting can depend
on both surface topography and surface chemistry. The Theta Optical
Tensiometer with 3D Topography Module can be used for evaluating
surface processing quality and its influence on wettability. For more
information see application note 16 focusing on wood plastic
composites at biolinscientific.com/attension/applications.
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Summary

[References and further reading]

In this white paper we have described the 3D Topography Module
fringe projection phase-shifting principle, defined the roughness
parameters measured with this method and shown how Wenzel’s
equation can be used to provide roughness corrected contact
angles. In addition, a handful of the most common application
areas, along with sample limitations have been described.
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About us
Biolin Scientific is a leading Nordic instrumentation company with roots
in Sweden, Denmark and Finland. Our customers include companies
working with pharmaceuticals, energy, chemicals, and advanced materials,
as well as academic and governmental research institutes. Our precision
instruments help discover better drugs faster, develop better solutions
for energy and materials, and perform research at the frontiers of science
and technology.
Contact us at info@biolinscientific.com
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