
rsc.li/soft-matter-journal
Registered charity number: 207890

As featured in:
  Showcasing research from Professor Robin Ras’s 
laboratory, School of Science, Aalto University, Finland. 

  In situ  error analysis in contact angle goniometry 

 We developed a method for calculating  in situ  error 

estimates for contact angles enabling facile optimization of 

experimental parameters. This  in situ  error analysis will also 

enable more accurate comparison between research groups 

and increase trustworthiness of the measurements. 

Image reproduced by permission of Heikki A. Nurmi from 

 Soft Matter , 2025,  21 , 2422. 

Artist credit: Heikki A. Nurmi 

 See Heikki A. Nurmi, 
Robin H. A. Ras  et al ., 
 Soft Matter , 2025,  21 , 2422.

Soft Matter

 PAPER 
 Paul A. Janmey  et al . 

 Poroelasticity and permeability of fibrous polymer networks 

under compression 

ISSN 1744-6848

rsc.li/soft-matter-journal

Volume 21

Number 13

7 April 2025

Pages 2377–2560



2422 |  Soft Matter, 2025, 21, 2422–2429 This journal is © The Royal Society of Chemistry 2025

Cite this: Soft Matter, 2025,

21, 2422

In situ error analysis in contact angle goniometry†

Heikki A. Nurmi, * Gentrit Zenuni, Sakari Lepikko, Reetta Saine, Maja Vuckovac
and Robin H. A. Ras *

Contact angle goniometry is a valuable tool for characterising surface wetting properties in various

application areas such as petrochemistry, coatings, and medicine. The accuracy of goniometer

measurements is often unknown and underappreciated, yet the errors can be large enough to affect or

invalidate the interpretation of measurement. In addition, goniometer measurement errors are typically

estimated after the measurement by the variance of the measured data, without considering the

instrumental uncertainties in the analysis or in the setup. Here, we present a method for estimating

these intrinsic measurement errors for each frame in situ and validate it against a commercial contact

angle goniometer. We evaluate the method using synthetic images of a droplet with set contact angles.

Our results highlight the need for in situ error estimates in goniometer measurements, as the errors can

be larger than generally estimated ones. The presented in situ error estimation method could be

implemented using contact angle goniometer software to aid the user during the tuning of the

instrument and analysis of the contact angle data.

1. Introduction

Wetting describes the interaction between a solid and a liquid,
which is relevant in many fields of science and technology.1–6

Typically, this interaction is characterised by the internal angle
a sessile droplet forms on a solid (Fig. 1). This angle is called a
contact angle7 and is typically measured with a contact angle
goniometer. Often researchers measure only the ‘‘static contact
angle’’ and then characterise the wetting properties by the
mean value of repeated measurements and estimate the error
with the variance of the data i.e. the amount of spread in the
data.8–12 We define the ‘‘static contact angle’’ as a contact angle
of a droplet placed on a surface without a specific protocol
aiming for a specific contact angle. ‘‘Unfortunately, this [static
contact angle] is a meaningless measurement, since there is a
random element involved in the process of drop landing – that
is, the contact [angle] can be any value within the range of
advancing and receding contact angels [sic]; therefore, this
contact angle is not useful for any analysis (Marmur et al.
2017)’’.7 With a specific protocol producing repeatable results,
the static contact angle can provide rough information about
wetting in a fast and simple manner.13 However, the static
contact angle lacks information about the wetting origin and
droplet mobility over surfaces, and it does not fully describe the

surface wetting properties.14 The meaningful contact angles are
the advancing, receding, and most stable contact angles. How-
ever, their analysis is more complicated and demand a careful
protocol and/or specific setup.15,16 Even when following these
protocols, the measurement errors can be larger than 21 due to
different focus, lighting conditions, edge detection, baseline
location, and operator skill – especially in the case of super-
hydrophobic surfaces.17–21 In comparison, it should be noted
that companies providing commercial goniometers proclaim
an error of 0.11 or similar for the whole measurement range.
Even though measuring with a contact angle goniometer seems
deceptively simple, the method has pitfalls and great care
needs to be taken to gain meaningful data.17,18,20–23

In addition to the commercial contact angle analysis soft-
ware, scientists have shared their tools for contact angle
analysis, which aim to improve the accuracy of the analysis

Fig. 1 Droplet schematic with edge (black line), baseline (red line) and
contact angle y (yellow). The uncertainty of contact angle depends on the
uncertainty of the location of the droplet edge and contact point, which
are depicted in the insets: the edge uncertainty between the two white
lines and contact point uncertainty inside the white ellipse.
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using more suitable theoretical models for fitting24,25 or using
different fitting schemes.26–29 However, these pieces of software
lack error analysis tools to predict the uncertainty due to the
setup and image analysis for each frame of the analysis video.
The error analysis possible for these pieces of software is
to analyse the mean and standard deviation of multiple mea-
surements. In practical applications, it is paramount that the
measurement uncertainty of contact angle can be estimated, as
the measurement only estimates the real value of the contact
angle instead of obtaining the real value.

Here, we first implement a Canny-like edge detector30,31 and
Harris corner detector.32,33 The Canny edge detector calculates
the sum magnitude of x- and y-directional gradients in the
image to detect edges. The Harris corner detector uses the
gradients in x- and y-directions in tandem with their cross
correlation to detect edges and corners. Then, we use the edge
strength and Harris measure distributions to propagate the
uncertainty of the edge and contact point measurement to the
contact angle. We call this error analysis for each frame ‘‘in situ
error analysis’’ in contrast to the error analysis via the mean
and standard deviation of repeated measurements. In general,
we recommend in situ error estimation with all contact angle
measurement methods. However, the details of error estimation
will vary depending on the methods used. Then, the contact
angle analysis method can estimate the intrinsic uncertainty of
the measurement, which would allow better comparison of data
between research groups.

2. Theory

The contact angle is measured from a 2D droplet silhouette
from an image when the droplet edge and baseline can be
found. Then, a model (e.g. Young–Laplace, elliptical, or poly-
nomial) is fitted to the edge points, and the tangent of that
model is calculated at the baseline height. Some models such
as machine learning34 and masking27,29 detect the contact
angle directly from the pixel data based on their own metho-
dology. There are good arguments for selecting a specific
model, however each model has its limitations. For example,
the Young–Laplace model assumes non-deformed and rota-
tional symmetry,35 which in many cases does not hold, e.g. a
needle in a droplet36 and sliding droplet.37 In comparison, the
polynomial model is agnostic about the physics of the
droplet,38 which omits known details of the droplet in model-
ling, e.g. symmetry between the droplet and its reflection and
the continuity of the droplet edge.39 In addition, the different
models and fitting methods can have different contact angle
ranges and cases where they are more accurate, e.g. low,
medium or high contact angles or an advancing/receding
droplet and sliding droplet. For this article, we selected the
polynomial model for the ease of error propagation and its
capability of measuring the left and right contact angles
separately. The shown method for error propagation can be
implemented for Young–Laplace, elliptical or similar fitting
based models, while for the masking and machine learning

models a more suitable error analysis scheme needs to be used,
e.g. the Bayesian statistical model for error estimation.

The error propagation explored in this article follows the
logic of having a function g(xi) with non-correlated xi para-
meters and how its error can be propagated by calculating the
Taylor expansion of the function.

g � g0 þ
X
i

@g

@xi
xi (1)

We can then take the variance on both sides to obtain the
typical variance formula.

s2g �
X
i

@g

@xi

� �2

s2xi (2)

Here, sg represents the standard deviation of the function g and
sxi

represents the standard deviation of the parameter xi. This
logic can be directly used for any fitting function where y = g(x),
e.g. an ellipse or Young–Laplace. This can also be expanded for
other coordinate systems after replacing the x- and y-coor-
dinates with the new system and propagating the error into
the new coordinates using the above logic. This change in the
coordinate system as done by Atefi et al.40 could allow more
accurate fitting and reduced errors.

2.1. Droplet edge detection

The droplet edge is detected with a Canny-like edge detector,
which calculates the sum of the magnitude gradients in x- and
y-directions.30,31 The edge points are detected for the left and
right sides separately and for each row as the maximum of the
edge matrix. The error is estimated in the x-direction as the full
width at half maximum (FWHM), while in the y-direction it is
assumed to be exact, as the selected row of pixels is exactly
known. For the purposes of error propagation, we use FWHM of
the detected edge and contact point to estimate the error. We
assume that the distribution of the edge/corner strength is
close enough to a Gaussian distribution that the connection
between the FWHM and standard deviation of the Gaussian

distribution FWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
p

s � 2:355s holds. The practical
application of this is in the analyseEdge function of the analysis
code.†

The gradient is calculated with a convolution between the
grayscale image matrix and the gradient kernels Kx and Ky.

Kx ¼

�1 0 1

�2 0 2

�1 0 1

2
6664

3
7775; Ky ¼

1 2 1

0 0 0

�1 �2 �1

2
6664

3
7775

The corresponding gradient matrices are calculated with con-
volutions as Ix = Kx * M and Iy = Ky * M. The edge matrix is then

calculated as G ¼ ðI�2x þ I�2y Þ�1=2, where 1
x means element-wise

power. The points near the edge of the image are then removed,
as they contain edge-effect data. The maximum of each of the
rows corresponds to the edge of the droplet and the FWHM was
calculated for each row separately (Fig. 2a). Edge points of the
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droplet too close to the edge of the image (1% of height/width)
are omitted from the analysis.

2.2. Droplet contact point detection

The contact points between the droplet and the surface are
found with a Harris corner detector.32,33 The practical applica-
tion of the detector is found in the function analyseBaseline.†
The detector first calculates the gradient matrices Ix and Iy and
then the autocorrelation matrices A ¼ I�2x , B = Ix } Iy, and

C ¼ I�2y , where } is element-wise multiplication. Then, a

convolution from each of these autocorrelation matrices is
calculated with a Gaussian kernel to smoothen out noise. The
corner strength matrix R is then calculated from these con-
voluted autocorrelation matrices as

R = A } C � B12 � k(A + C)12 (3)

where k is a constant with a value of 0.05 (typically between 0.04
and 0.06).33 With the Harris measure, it is possible to differ-
entiate between edge points (negative values) and corners
(positive values). The left and right contact points are found
separately by dividing the image in half and searching the
largest value in the left and right portions separately. The x and
y directional errors are estimated with the FWHM of the Harris
measure values.

2.3. Contact angle analysis using the polynomial tangent
method

The contact angle and its error are calculated from the detected
edge and contact points and their errors. We fit a line to contact
points to estimate the baseline and its slope k and angle of
inclination a and then fit a polynomial to a subset of edge
points to estimate the contact angle at the estimated intersec-
tion point between the polynomial and the baseline. The
practical application of this is in the functions FitCA and
findIntersectAndCA.†

The polynomial is fitted to the left and right sides indepen-
dently, which allows us to measure non-rotationally symmetric
droplets, e.g. pinned or sliding droplets. The edge points for
fitting are above the contact point at maximum 100 points in
total. The maximum number of points was limited, since we
noticed that too many points caused the polynomial to con-
verge incorrectly to the edge points. Due to this issue, we also
omitted the points above the widest part of the droplet in cases
where the contact point is below the widest part, i.e. y 4 901.
This removed the duplicate values above and below the widest
part of the droplet, which caused issues with fitting the poly-
nomial. This selection of points was then used to fit the 4th
degree polynomial with normalised x values,

f ðxÞ ¼
Xp
i¼0

ai
x� x̂

sx

� �i

(4)

where f is the function for the y-coordinate, ai is the coefficient
of the polynomial, p is the degree of the polynomial, x is the
x-coordinate, x̂ is the mean of the x-coordinates, and sx is the
standard deviation of the x-coordinate.

The contact angle was calculated at the estimated inter-
section point between the baseline and the polynomial fit to the
edge to gain theoretically subpixel accuracy for the contact
point. The intersection point was estimated by calculating the
difference between the line and the polynomial near the
identified contact point. The point having the smallest differ-
ence was then selected as the intersection point (xI). This way
an estimate of the intersection point can be found even if there
is no intersection between the polynomial and the baseline, as
there is no guarantee that the polynomial and line will inter-
sect. In addition, this is computationally cheaper than finding
the zero point of the difference of the polynomial and baseline
function, especially in the case when there is no intersection.
As a sanity check, we limited the size of the difference to be
smaller than 20 pixels (0.04 mm with the used calibration
value), and if the size was larger, we considered the fitting to
have failed and omitted the data as outliers. Typical failure
mode for these cases is finding some stronger corner, such as
dirt on the surface, in the image than the corner from the
contact point of the droplet; more details can be found in the
ESI.† The contact angle was then calculated from the differ-
ential of the polynomial ( f0 ) at the estimated intersection point.

f 0ðxÞ ¼
Xp
i¼0

iais�ix ðx� x̂Þi�1 (5)

Fig. 2 Edge and contact point detection on the droplet. (a) The edge
detected droplet based on the Canny-like edge detector and normalised
edge strength at selected rows. The edge is found as the maximum for
each row and the error estimated with the full width at half maximum.
The left and right side are analysed separately. (b) Harris corner detec-
tion steps. The elements A and C correspond to the x and y gradients and
the B element to the cross-correlation between the x and y gradients.
The Harris measure shows the contact points as dark areas and edges as
white areas.
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The tangent, i.e. the value of the first differential, was turned
into an angle and adjusted with the slope of the baseline to
obtain the contact angle (y).

y ¼
tan�1ð f 0ðxÞÞ
�� ��� tan�1ðkÞ; Case 1

p� tan�1ð f 0ðxÞÞ
�� ��� tan�1ðkÞ; Case 2

8<
: (6)

For the left side of the image, Case 1 is used when f0(x) is
positive and Case 2 when f0(x) is negative. Similarly, for the
right side, Case 1 is used when f0(x) is negative and Case 2 when
f0(x) is positive. The sign of the tan�1(k) is positive for the right
side and negative for the left side.

2.4. In situ error propagation

The in situ error of the contact angle was estimated from the
errors of the edge and contact points. The error of the edge
points was included in the polynomial fit by including the
inverse of the edge error as the fitting weight. The tangent was
calculated as the differential of the normalised polynomial
eqn (5), and the error estimated via the total differential with
respect to the regression parameters ai.

@f 0

@ai
¼
Xp
i¼0

is�ix ðx� x̂Þi�1

ŝf 0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ai

@f 0

@ai

����
����
2

ŝaij j
2

vuut

Then, the 95% confidence interval (CI) for the regression
parameters ai was used to estimate the standard error of the
tangent of the polynomial ŝf 0

� �
. The 95% CI of the regression

parameter ai is connected to the standard error (ŝai
) via

Gaussian distribution’s 97.5 percentile point by relation CI =
1.96ŝ.

The standard error for the baseline slope was calculated
based on the FWHM of the left and right contact points.

k ¼ yl � yr

xl � xr

ŝk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðyl � yrÞ2

ðxl � xrÞ4
ŝ2x;left þ ŝ2x;right
� 	

þ 1

ðxl � xrÞ2
ŝ2y;left þ ŝ2y;right
� 	s

This allows us to calculate the in situ standard error of the
contact angle y.

ŝy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð f 02 þ 1Þ�2ŝ2f 0 þ ðk2 þ 1Þ�2ŝ2k

q
(7)

From this equation, we can also estimate the effect of each
source of error, and search ways for reducing the error size.
Also, we can use this in situ error estimate to analyse the effect
of experimental error sources such as focus by searching for
conditions, which minimise the estimated error.

3. Experiments & methods
3.1. Goniometer data

We obtained the data from previous research and performed
new measurements for validating the analysis method. The
measurements were done using a Biolin Scientific OneAtten-
sion Theta goniometer and the measurement videos were
exported to be analysed with our software. The used surfaces
had a variety of contact angles from y o 101 to y 4 1601: from
y o 101 to y E 1101 were silicon wafers coated with octyl-
trichlorosilane (OTS) self-assembled monolayers41 with varying
coverage degrees to obtain different contact angles, from E601
to E901 silicone nanofilaments on silicon wafers,42 from E701
to E1201 silicon micropillars with fluoropolymers,42 and from
E1351 to E1651 nanorough copper.43–45

The OTS measurement data (goniometer and video) were
obtained from Lepikko et al.41 and the contact angle analysis
was done on the video data and compared to the goniometer
measurements.

The details of making the rest of the samples can be found
in the ESI.† The measurements were done following the proto-
col developed by Huhtamäki et al.15 and are given in detail in
the ESI.†

3.2. Generation of synthetic images of a droplet

In addition to the experimental data, we generated synthetic
images of a droplet with varying contact angles to further
validate the analysis (Fig. 3). These synthetic images are
computer-generated images mimicking real droplets. This gives
the benefit of knowing exactly the contact angle of the droplet.
The images of a droplet were generated by calculating the
spherical cap having a volume of 5 ml and contact angles from
11 to 1791. This allowed us to have correctly proportioned

Fig. 3 A synthetic image of a droplet and its reflection generated with the
spherical cap model. (a) Black and white binary image of a synthetic
droplet and its reflection. The inset shows the pixelation of the edge.
(b) Combination of the background gradient and blurred droplet image
to create a synthetic image of a droplet. The binary image is blurred and
added to a background gradient to create a grayscale image of a droplet.
More images of synthetic droplets with varying contact angles can be
found in the ESI.†

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

4:
46

:0
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01509f


2426 |  Soft Matter, 2025, 21, 2422–2429 This journal is © The Royal Society of Chemistry 2025

droplet images to each other compared to generating the droplet
with a constant height, radius, or baseline length. The area within
the calculated spherical cap was set to 1 and the area outside set
to 0 with a calibration value of 2� 10�3 mm px�1. This calibration
value was selected to generate images with a resolution of roughly
1984 pixels by 1264 pixels, which is the resolution used in the
goniometer. This generated a logical black and white image of a
droplet, which was padded with 200 pixels and rotated with some
angle (between �51 and 51) to simulate a tilted surface and the
area generated in this rotation was filled. The simulated rotation
was used to analyse the effect of misalignment between the
sample surface and the camera.† This rotated image was then
blurred with a Gaussian filter and a background gradient added to
the image (to simulate the surface of a substrate).

The synthetic images of a droplet were generated using the
supplementary code, specifically, the functions createDroplet
and createImage.† The used binary images are included in the
ESI.† The blurring, padding and rotation were added to these
binary images at the same time as they were analysed with the
script analyseSyntheticDrops.

4. Results & discussion

The contact angle analysis described above results in images of
a droplet with an overlay of the detected edge and baseline and
the fitted polynomial and its tangent at the baseline height
(Fig. 4). The error bars of the detected edge are typically so
small (around 2 pixels) that they are not visible in the full
image. These small errors still propagate enough uncertainty
for the regression parameters in the polynomial to cause
significant errors in the estimated contact angle. In compar-
ison, the contact points setting up the baseline have more
visible errors (around 5 pixels), which typically have a smaller
effect on the measured contact angle. For context, some methods
state subpixel accuracy for their edge measurements; however,
they do not report the uncertainty of their measurements.38,40

Thus, the true accuracy of subpixel methods might not really be
subpixel and their accuracy could be more aligned with the
accuracy we state here, i.e. around 2 pixels.26,27,34 The estimated

error from the baseline is B100 times smaller compared to the
error from the polynomial in many of our measurements. This is
estimated based on a comparative size of the terms in eqn (7).
However, the uncertainty of the intersection point is contained
within the uncertainty of the polynomial, which explains the
typical observation that the baseline location can cause large
errors.17–20

We validate our software against synthetic images of a
droplet and experimental images from a commercial contact
angle goniometer (Fig. 5). The analysis of the synthetic images
of a droplet with a misalignment of 0.11 (Fig. 5a) shows

Fig. 4 Experimental droplet analysed with our software. (a) Experimental
image of a droplet with a needle in it. (b) Analysed image of the experi-
mental droplet. The detected edge is shown in blue, fitted polynomial in
red, baseline in yellow, and tangent in purple and the detected contact
points in green.

Fig. 5 Analysed contact angles of (a) and (b) synthetic and (c) real images
of a droplet with varying contact angles. (a) Difference between the
analysed and input contact angles for the creation of a simulated droplet
from the left and right sides of the synthetic image with a misalignment of
0.21 as a function of the known contact angle of the synthetic image with a
black line of zero for reference. (b) Analysed misalignment angle for
synthetic droplets with the input value (0.21) presented with a black line.
(c) Comparison of software included with the commercial contact angle
goniometer and our software using the same experimental images as
inputs. The commercial software does not include error analysis and
therefore no error bars are displayed, in contrast to the software we
developed here. Data points with errors larger than 101, difference
between the left and right contact angles larger than 101 or measured
contact angles outside 01–1801 were considered outliers and removed.
Data points between 01 and 11 and above 1801 were removed from the
commercial software data as outliers. The red line of unity is for visual
guidance showing agreement between the methods.
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agreement between the known contact angle and the analysed
contact angle. Our software struggles to analyse contact angles
in the range between 801 and 1201; however, in our experience
this is a typical issue with many goniometry measurements
using automated baseline detection. This struggle is because
finding the correct baseline location is problematic due to poor
detection of contact points, since the droplets and their reflec-
tion practically form a nearly perfect circle without any clear
contact points to detect as edges. This is shown in the ESI.† The
error bars are small (median 1.31), which implies that the
contact angle values and errors are estimated correctly.

We analysed the rotated synthetic images to check the effect
of a tilted substrate in experimental images. The analysed
misalignment angle in an example case with a misalignment
of 0.11 (Fig. 5b) shows that the misalignment is accurately
detected, except near 901. Also, the estimated error increases
between the contact angle values 1201 and 1791 from estimated
errors of �0.31 to �1.51. We also performed further analysis of
synthetic images of a droplet with varying misalignment angle
and these results are shown in the ESI.† These results show that
the baseline detection works with varying misalignment angles
in a synthetic image up to �51, which was the largest used
misalignment angle. This amount of misalignment is larger
compared to what we have experienced while measuring con-
tact angles.

The experimental measurements from the commercial goni-
ometer do not have any error estimates to which we could
compare the measurements of our software. However, the
device has a stated error of 0.11 for the whole measurement
range. For comparison, we calculated the difference between
the commercial device’s and our software’s results mean error
of 1.51 with a standard deviation of 1.91 and the difference
between the known contact angle of the synthetic images and
our software’s results with a mean of 1.61 and a standard
deviation of 0.91. Here, we have excluded points having a
difference larger than 101, difference between the left and right
contact angles larger than 101 or measured contact angles
outside 01–1801 as outliers. From the commercial software,
the data points between 01 and 11 and above 1801 were removed
as outliers, as the values were clearly incorrect, e.g. 6 � 10�1281

and 4 � 102521. These means and standard deviations show that
the results from synthetic images of a droplet have smaller
variation due to their inherently fewer imperfections.

Typically, the error estimates using the commercial goni-
ometer (or open-source methods) are based on the variation
between multiple measurements, e.g. repeated measurements
or measurements at different locations. In addition, commer-
cial companies state a constant error value for the whole
measurement range around 0.11, which does not agree with
the practical variance observed by many researchers.17–21 This
way of estimating errors does not take into account the uncer-
tainties from the image analysis, i.e. edge and contact point
detection accuracy, which affects lighting, camera focus, etc.
Although there are no in situ error estimates for the contact
angle analysis from the commercial goniometer to compare
with our method, the measured contact angle values from the

commercial goniometer agree well with the analysis from our
software (Fig. 5c). The only areas with variation between the two
methods are specific experiments with low contact angles or
near 901 based on the commercial goniometer. This can be
explained by the contact points being hard to find in the low
and near 901 values. The cluster at (01 and 1801) is due to the
contact angles overflowing from 01 to 1801 in our software. This
then causes inherently a large uncertainty for both methods,
explaining the variation. However, our software can predict this
insensitivity, and the error bars increase in size, which shows
the uncertainty the software has at this range. This ability to
predict the uncertainties and insensitivities would be impor-
tant when measuring non-standard droplets such as particle
covered droplets, where the uncertainties are likely much larger
due to a thicker surface.46,47 In comparison, the commercial
goniometer does not have in situ error estimations or error
flags, and the measurement accuracy is solely estimated based
on the skill of the operator. Even when a highly skilled operator
uses the goniometer, there are differences in the measured
contact angles.20,21 With the in situ error estimations from our
software, we can estimate the uncertainty of the analysis
objectively for each frame of the analysis video. However, this
is still not a complete analysis of errors; more robust protocols
and detailed exploration of the effect of focus, lighting, and
other experimental parameters are needed. For this develop-
ment, the in situ error estimates are a crucial tool to grade the
effects and finding the optimal values for the experimental
parameters and finding the critical steps needing improvement
in the protocols. When protocols considering more of the
experimental parameters are developed, and researchers follow
these protocols, the results of contact angle goniometer mea-
surements could become truly comparable between research
groups.

When there is uncertainty in the measurement of a contact
angle, whether it affects the interpretation of the contact angle
or not, it also affects the interpretation of contact angle hysteresis
(CAH), i.e. the difference of advancing and receding contact angles
(Dy = yadv�yrec). If the assumed error is small (as the commercial
and open-source methods do implicitly), the hysteresis can be
incorrectly interpreted as small and we would expect to see, e.g. a
small sliding angle and low adhesion. However, even a small
uncertainty of 11 causes an increased uncertainty to the hysteresis

by a factor of
ffiffiffi
2
p

when the errors from advancing and receding
contact angles are assumed equal. This increase in error remains if
we use the actual errors, and then it depends on the actual values

of the error estimates as ŝCAH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŝ2adv þ ŝ2rec

q
. This error in

hysteresis makes it impossible to interpret that the hysteresis is
lower than the estimated error. One way to circumvent this
problem is to use other techniques to measure the hysteresis,
e.g. sliding angle or friction/adhesion force, which have higher
accuracy in measuring the hysteresis in terms of the difference of
cosines, i.e. Dcosy = cosyrec � cosyadv. Also, when estimating the
adhesion or slipperiness of the surface, the contact angle and
hysteresis in terms of cosines are more relevant than the pure
contact angles, as the cosine versions are usually used in the
equations instead of the hysteresis.48–50
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5. Conclusions

We have included in situ error estimation in contact angle
analysis, which commercial and open-source contact angle
analysis has previously omitted. This method is a first step in
developing a full error analysis in contact angle goniometry, as
in situ error analysis is a crucial tool in exploring and characteriz-
ing the effect of experimental parameters of the instrument. The
method was validated against commercial goniometer measure-
ments and synthetic images of a droplet. The measured values of
contact angles had good agreement with the commercial goni-
ometer and simulated droplets with most values being within
error bars. We also found a similar insensitivity with our method
between 801 and 1201 due to difficulties in finding contact points
of the near circular droplet, which we have also experienced
with the commercial goniometer with varying fitting methods.
However, our analysis can correctly identify this insensitivity,
which is seen with increased in situ error estimates. Previous
methods do not offer similar in situ error estimations or flags to
predict when the fit might be less trustworthy. For commercial
contact angle goniometers, the companies typically proclaim a
constant error value of 0.11 or similar; however, the correctness of
such values is questionable, as the details of their error analysis is
not explained in their materials.

For increased reproducibility and comparability, we recom-
mend such in situ error estimation with all future contact angle
measurements. Practically, this means including the errors of the
edge and baseline measurements and/or any other input errors in
the analysis and propagating the error estimations into the
contact angle measurement. Furthermore, the selection of the
used method (polynomial, Young–Laplace, machine learning, or
mask) and measurement protocol need to be considered mind-
fully, as different methods have different strengths, weaknesses,
and ranges where they are accurate. The ‘‘static contact angle’’
does not contain meaningful information in wetting characterisa-
tion, as at best it is meaningless and at worst the measurement
can give incorrect results leading to flawed decisions in research
and development. Using error estimations, mindfully selecting
the analysis methods, and the measurement protocol would
increase the reproducibility of the contact angle measurements
and enable more accurate comparisons between measurements
from different research groups, which is currently challenging.
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A. Deák, Z. Hórvölgyi and N. Nagy, ACS Omega, 2019, 4,
18465–18471.

37 S. F. Chini and A. Amirfazli, Colloids Surf., A, 2011, 388, 29–37.
38 A. Bateni, S. S. Susnar, A. Amirfazli and A. W. Neumann,

Colloids Surf., A, 2003, 219, 215–231.
39 A. F. Stalder, G. Kulik, D. Sage, L. Barbieri and P. Hoffmann,

Colloids Surf., A, 2006, 286, 92–103.
40 E. Atefi, J. A. Mann and H. Tavana, Langmuir, 2013, 29,

5677–5688.
41 S. Lepikko, Y. M. Jaques, M. Junaid, M. Backholm, J.

Lahtinen, J. Julin, V. Jokinen, T. Sajavaara, M. Sammalkorpi,
A. S. Foster and R. H. A. Ras, Nat. Chem., 2024, 16, 506–513.

42 V. Liimatainen, M. Vuckovac, V. Jokinen, V. Sariola,
M. J. Hokkanen, Q. Zhou and R. H. A. Ras, Nat. Commun.,
2017, 8, 1798.

43 M. Junaid, H. A. Nurmi, M. Latikka, M. Vuckovac and
R. H. A. Ras, Droplet, 2022, 1, 38–47.

44 Q. Pan, H. Jin and H. Wang, Nanotechnology, 2007, 18, 355605.
45 F. Zhang, W. B. Zhang, Z. Shi, D. Wang, J. Jin and L. Jiang,

Adv. Mater., 2013, 25, 4192–4198.
46 H. Liu, X. Pang, M. Duan, Z. Yang, T. P. Russell and X. Li,

Adv. Mater., 2024, 37, 2413862.
47 X. Li, X. Pang, H. Jiang, M. Duan, H. Liu, Z. Yang, Y. Xi and

T. P. Russell, Proc. Natl. Acad. Sci. U. S. A., 2023, 120,
e2302907120.

48 M. E. Schrader, Langmuir, 1995, 11, 3585–3589.
49 C. G. L. Furmidge, J. Colloid Sci., 1962, 17, 309–324.
50 H.-J. Butt, J. Liu, K. Koynov, B. Straub, C. Hinduja,

I. Roismann, R. Berger, X. Li, D. Vollmer, W. Steffen and
M. Kappl, Curr. Opin. Colloid Interface Sci., 2022, 59, 101574.

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

4:
46

:0
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01509f



