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Highlights
In situ measurement of friction on curved surfaces
Pearson A. Wyder-Hodge,Egor Larionov,Dinesh K. Pai

• Propose a general method to measure force data on curved surfaces for sliding contacts and friction analysis.
• Implement this curve correction method with a linear sliding handheld tribometer.
• Describe the importance of carefully testing and calibrating the outputs of lightweight devices that may have low

flexural rigidity.
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A B S T R A C T
In situ measurement of frictional properties, particularly of human skin, is challenging. A major
challenge is that the measured surface may be curved and oriented arbitrarily relative to the
measurement device, making it difficult to obtain accurate and reliable friction estimates.

Here we propose a method to simultaneously estimate the orientation of the surface during
friction measurements, using a custom-made hand-held tribometer. The method accounts for the
position and orientation of the tribometer relative to the shape of the measured surface. Our simple
calibration method allows lightweight tribometers to be built with cheaper materials like plastic,
without sacrificing accuracy.

1. Introduction
Accurately and reliably measuring friction between hu-

man skin and contacting surfaces is a prerequisite to un-
derstanding the mechanics of skin friction. In turn, this
allows designers and engineers to optimize the comfort and
usability of the surfaces that frequently come into contact
with our skin. Several areas of interest rely on accurate
measurements: clothing[15, 4], wearable devices[28], com-
puter simulation [22, 23], skincare [31, 32], cosmetics [33],
aging [5, 39], injuries and scaring [2, 24], and sensation
[11, 20]. When designing sportswear, it is important to limit
the amount of friction that is experienced by the wearer, as it
may cause discomfort or even pain [9]. Clinically, reducing
the friction between the skin of bedridden hospital patients
and fabric can reduce pressure injuries, such as blisters and
abrasions [13, 29]. Despite the the interest in this type of
data, methods for measuring skin friction across the body
have fallen short.

Classically, in vivo research of skin friction has predom-
inantly investigated easy-to-access areas on the body, such
as the hand and the forearm [7]. However, it is known that
friction varies across anatomical locations [5, 6, 38, 39, 16].
In order to efficiently and accurately measure friction across
the body, several factors need to be accounted for. First, the
tribometer should be mobile so that the device can easily be
moved to access hard-to-reach areas (e.g. chest, back, and
face). Second, the measurement system needs to account for
the surface shape of the body so that the forces essential for
analyzing friction, the normal (𝑓𝑁 ) and tangent forces (𝑓𝑇or force of friction), are recorded correctly. This problem is
not trivial, as the human body is curved and these curves
vary between humans. Third, the movement of the contact
should be representative of the application; sliding contacts
are more common than rotating contacts in everyday life.
Finally, the measurement strategy should minimize any tran-
sient changes to the skin during measurement. For example,
if the skin is occluded by the tribometer in one location
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for too long then the moisture level may increase, causing
changes in the measured forces. [7]

Common skin friction measurement techniques can be
organized into four categories: the contacting surface rotates
with the axis of rotation perpendicular to the skin [5, 16,
10, 39], rotates with the axis of rotation parallel to the skin
[35], slides linearly across a distance of the skin while the
skin stays in place [21, 3, 1, 36], or the skin patch slides
across a stationary force sensor [8, 12, 34, 37, 17]. Rotating
tribometers are often portable and handheld. The portability
allows for rapid data collection from many different loca-
tions and hard-to-reach areas on the body [5, 16, 10]. This
is an advantage over the linear sliding tribometers, which
are not portable and require anatomical locations that can be
easily placed on a sampling stage (e.g. forearm [19, 21, 3, 1],
fingers [30], and calves [25, 24]).

To calculate the coefficient of friction (COF) between
two surfaces it is necessary to reliably measure the surface
normal and the surface tangent in the direction of motion
during the contact. The measurement device needs to be
aligned correctly with the skin surface to ensure that the
forces measured by the tribometer are representative of the
𝑓𝑁 and 𝑓𝑇 . Most linear sliding tribometers restrain the
region of interest so that the probe tip is properly aligned
along a flat skin surface. Rotating tribometers do not move
across the curves of the body, as they are held in a single
location while the head of the probe rotates.

Two advantages of linear sliding tribometers are that
they collect data that is more representative of everyday skin
contacts and researchers do not have to be as concerned
about the variability of skin conditions from occlusion dur-
ing measurement. In the literature linear sliding tribometers
are used more often than rotating tribometers. Nevertheless,
there remains an absence of linear sliding measurements
on the hard-to-access areas, due to constraints from the
sampling stage and curvature of the regions of interest.

Here, a method is proposed to reliably estimate 𝑓𝑁 and
𝑓𝑇 across curved surfaces with a custom-made tribometer
(Fig. 1). This is done by accounting for the position and
rotation of the tribometer relative to the known shape of the
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In situ measurement of friction on curved surfaces

measurement target’s surface. This setup can align the frame
of the measured forces to the contact frame to account for
any misalignment between the two during measurement. In
addition, this device allows for linear measurements while
being mobile. The proposed surface correction method is
tested by taking linear sliding force measurements across
various curved surfaces of skin like silicone.

While the construction of our tribometer is structurally
sound, like many lightweight devices it is encased in plastic,
and is not completely rigid or isotropic in its stiffness.
Furthermore, the displacement of the probe tip from the
force sensor amplifies this discrepancy. Therefore, this is
a representative example to demonstrate the importance of
carefully testing and calibrating the output from a custom-
made measurement device. Fig. 2 shows measurements from
a constant force applied 360° about the probe. The asym-
metry is clearly visible in the output, where the forces are
expected to be constant. A calibration scheme is developed
here to account for potential biases when measuring friction
in different directions with respect to the probe frame. This
scheme allows for reliable friction sensors to be built with
cheaper materials like plastic without sacrificing accuracy.

2. Methods
2.1. Skin probe

A custom skin probe [27] (Fig. 1) is used to collect force
and position data during sliding contacts. The probe contains
a six-axis force/torque sensor (F/T Nano 17, ATI Industrial
Automation, USA) connected to a carbon fiber shaft (Alston
Carbon Fiber Tech Co., China) with a 3D printed (Ultimaker
3, Netherlands) spherical probe tip (radius = 3.5 mm) at
the end of the shaft. A 10-camera motion capture system
(Vicon, Oxford, UK) tracks the position and orientation
of 5 retro-reflective markers strategically attached to the
probe to avoid occlusion from the arm of the experimenter.
Through calibration, the weight of the shaft on the force
sensor is accounted for and the forces at the force sensor
frame are transformed to the probe tip frame defined by
�̃� = (𝑓𝑥, 𝑓𝑦, 𝑓𝑧).
2.2. Calibration

Ideally, the force magnitude measured at the probe tip
should not depend on the orientation of the force with respect
to the probe. However, this is not always the case in practice,
due to flexion in the probe structure that connects the force
sensor to the contact point. Raw force data �̃� 𝑖 = (𝑓 𝑖

𝑥, 𝑓
𝑖
𝑦, 𝑓

𝑖
𝑧)collected at angle, 𝑖, spread 10° apart about a circle is

diplayed in Fig. 2. The 𝑓 𝑖
𝑧 and �̃� 𝑖

𝑥𝑦 display circular force
data that has shifted from its expected position about the
origin. In addition, 𝑓 𝑖

𝑧 appears to be more off-center than
�̃� 𝑖
𝑥𝑦. When a force is applied to the probe tip there is a small

deflection of the probe shaft and the force sensor, relative
to the rest of the plastic housing. Considering the geometry
of the probe, when the probe shaft deflects, the axial force
(𝑓 𝑖

𝑧) moves in the direction of the force applied and the 𝑓 𝑖
𝑧increases. The larger shift in the axial force in contrast to

Figure 1: The handheld skin probe. The probe makes contact
with a counter-surface at the probe tip’s contact surface. Force
data is collected from a force sensor housed within the probe
and attached to the probe shaft. Motion capture markers track
the position of the probe during measurements.

the radial force (�̃�𝑥𝑦) is potentially due to the larger distance
between the force sensor and probe tip in the axial than radial
direction. This asymmetry in the measurements motivates
the calibration scheme. By systematically measuring the bias
in the force data with a controlled calibration setup, the bias
can be removed from any subsequent force measurement.
The calibration process consists of three steps:

1. The probe is fixed in place, and the probe tip is
pulled along 10° increments in all directions around
the probe shaft. A force ratio (defined in Section 2.2.2)
is calculated from the raw force data.

2. A unitless force ratio scale is computed for each mea-
surement and used to fit a sinusoidal function, which
closely approximates the data with a shifted circle.

3. The resulting scale function is used to remove the bias
from subsequent force ratio measurements.

This calibration setup is advantageous for several rea-
sons. First, by using a unitless scale factor, the calibration
becomes magnitude independent. Second, by calibrating the
force ratio, rather than individual forces, the exact force
magnitude is not needed, and the calibration is robust with
respect to parasitic frictional forces on the cord holding
the calibration weight in the setup. Third, the calibration
is applied to force ratios which are structurally similar and
close to the Coulomb friction coefficient, making the results
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Figure 2: Raw force measurements measured at the probe tip
during 2 complete circles of hanging a calibration weight 360°
about a smoothly finished circle. An asymmetry of the force
magnitude is observed for both �̃� 𝑖

𝑥𝑦 and 𝑓 𝑖
𝑧, with a slightly

larger bias in 𝑓 𝑖
𝑧

particularly suited for friction measurement. Finally, the
calibration method is simple and repeatable. The method
uses a smoothly finished wooden circle, a piece of inelas-
tic string, and a calibration weight. These components are
readily available through purchase, and typically already on
hand at any laboratory.

The following two sections describe the calibration in
more detail.
2.2.1. Force measurements

The calibration system measures a constant force applied
360° about the probe tip as shown in Fig. 3. The probe is
clamped in place so that the probe tip is positioned vertically
at the center of a smoothly finished wooden circle. A 100 g
calibration weight is attached to the probe tip with a non-
stretch cord so that the weight hangs off the edge of the
circle. Raw force data �̃� 𝑖 = (𝑓 𝑖

𝑥, 𝑓
𝑖
𝑦, 𝑓

𝑖
𝑧) is collected at angle,

𝑖, spread 10° apart. The weight hangs for 1 minute at each
location to allow it to settle.

Two complete circles of data collection define the cali-
bration data. A third round of data is collected for validating
the calibration. Before each circle of data collection, the
wooden circle is rotated arbitrarily and recentered to reduce
any bias due to systematic errors in the positioning of the
setup.
2.2.2. Force ratio correction

Friction is defined in terms of the ratio between tangen-
tial and normal force components. This suggests that the
calibration can be performed in force ratio space, which
also tends to be less noisy than the total applied force (see

100 g

(a)
10°

100 g

(b)
Figure 3: Circle calibration setup. The probe tip is positioned at
the center of the circle and a 100 g calibration weight attached
to the probe by a non-stretch cord is shifted 10° at a time to
capture any bias in the force output.

Fig. 7a). Thus, at each 𝑖, a force ratio vector is calculated
in terms of the raw calibration data as �̃�𝑖 = �̃� 𝑖

𝑥𝑦∕𝑓
𝑖
𝑧 where

�̃� 𝑖
𝑥𝑦 = (𝑓 𝑖

𝑥, 𝑓
𝑖
𝑦) is the tangential force.

To make the result of the calibration scale independent,
it is performed on a unitless scale factor rather than the force
ratio directly. For each 𝑖, a scale factor, 𝛾 𝑖, is calculated by
which to scale our measured force ratio �̃�𝑖 such that ‖�̃�𝑖‖𝛾 𝑖 =
𝜌, where 𝜌 is the average force ratio defined as

𝜌 = 1
𝑛

𝑛
∑

𝑖=1
‖�̃�𝑖‖. (1)
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Here 𝑛 is the total number of measurements around one circle
(𝑛 = 36). The bias in 𝛾 𝑖 closely follows a simple sinusoidal
pattern periodic with angle 𝜃. This suggests that the error in
force ratio measurements can be corrected by a continuous
sinusoidal function for any angle 𝜃. Thus, the scale factors
𝛾 𝑖 are fit to a generalized sine function

Γ(𝜃;𝐴,𝜙, 𝛽) = 𝐴 sin(𝜃 + 𝜙) + 𝛽 (2)
where 𝐴, 𝜙 and 𝛽 are the fitting parameters. Formally, the
following non-linear least squares problem is solved

(�̄�, �̄�, 𝛽) = argmin
𝐴,𝜙,𝛽

1
2

√

√

√

√

𝑛
∑

𝑖=1

(

Γ(𝜃𝑖;𝐴,𝜙, 𝛽) − 𝛾 𝑖
)2

(3)
where 𝜃𝑖 = arctan(𝑓 𝑖

𝑦∕𝑓
𝑖
𝑥). Equation (3) is solved using

Levenberg–Marquardt with the lmfit Python package [26].
Due to the regularity in the samples 𝛾 𝑖, it may suffice to use
far fewer than 36 samples, but at least 3 is required to find a
unique solution to (3).

After calibration, Γ(⋅; �̄�, �̄�, 𝛽) can be used to correct any
measured force ratio 𝒓 = �̃�𝑥𝑦∕𝑓𝑧 as follows

𝒓 = 𝒓Γ(arctan(𝑓𝑦, 𝑓𝑥); �̄�, �̄�, 𝛽) (4)
Results showed a larger variability in 𝑓𝑧 than �̃�𝑥𝑦 as

seen in Fig. 2, indicating that the flexion bias has the largest
affect on 𝑓𝑧. Therefore, 𝑓𝑧 is adjusted rather than �̃�𝑥𝑦. The
calibrated force along the z-axis is found with

𝑓𝑧 = ‖�̃�𝑥𝑦‖∕‖𝒓‖ (5)
while keeping the in-plane force unchanged 𝑓𝑥𝑦 = �̃�𝑥𝑦.
Hereafter we refer to the calibrated force frame at the probe
tip as 𝒇 = (𝑓𝑥, 𝑓𝑦, 𝑓𝑧).
2.3. Surface correction

A sliding tribometer applied to an irregular curved sur-
face like human skin, cannot be kept reliably perpendicu-
lar to the contact surface without a strictly controlled en-
vironment. This problem is further exacerbated when the
tribometer is handheld. Fig. 4 depicts 2D examples where
the tribometer’s measured force frame (𝑓𝑥 and 𝑓𝑧) is aligned
and misaligned with the contact force frame (𝑓𝑁 and 𝑓𝑇 )
at the contact point between the tip of a tribometer and
the measured surface. It would be an error to assume that
𝑓𝑁 = 𝑓𝑧 and 𝑓𝑇 = 𝑓𝑥 on the downward curve in Fig. 4.

In theory, it is possible to correct for this misalignment
if the shape, position, and rotation of the two contacting
surfaces is known. It is also assumed that the transformation
from the probe-tip frame to the tribometer’s force sensor
frame is known. With this information the shapes of the
measurement target and tribometer contact surface can be
registered to their respective locations and the contact point
between the two surfaces can be calculated (see Section 3.2
for a discussion of tools available for 3D scanning and
surface registration). Fig. 5 shows a 2D representation of the
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fz

fx
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Figure 4: Force frame alignment. When a tribometer is
positioned perpendicular to a flat surface, the 𝑓𝑥 and 𝑓𝑧
measured at the tribometer’s force frame are aligned with 𝑓𝑁
and 𝑓𝑇 at the surface contact frame. As the tribometer moves
across a curved surface, the frames rotate out of alignment,
and the location of the contact point on the probe tip changes

surface of a tribometer and the surface of a measurement
target in contact, where 𝒕 is the tribometer shaft frame’s
orientation (aligned with force sensor’s “z” direction) and
�̂� is the contact normal (aligned with the contact frame’s
“z” direction). The transformation from the tribometer mea-
surements to measurements in the contact frame simplifies
to a pure rotation if we assume the tip is spherical (as it is,
in our device), and the radius is small relative to the length
of the probe shaft. While spherical probes are ubiquitous in
linear tribometers [1, 14, 30, 3], it is possible to generalize
this analysis with affine transformations for the case of more
general probe tip shapes.

Let 𝑅 be a rotation matrix such that
𝑅𝒕 = �̂� (6)

Then the forces measured in the tribometer’s frame can be
transformed to the contact point frame via a change of basis
matrix, which in this case is 𝑅−1 = 𝑅𝑇 :

𝒇 adj = 𝑅−1𝒇 (7)
where 𝒇 adj is the adjusted force frame at the contact surface.
If the position and rotation of the two contacting surfaces is
being recorded continuously during a sliding contact, then it
is possible to estimate the forces in the contact point frame
across a surface with curved geometry. For force ratios, the
same change of basis can be applied to (𝒓, 1) ∈ ℝ2 × ℝ to
generate the adjusted force ratio

𝒓adj = 𝑅−1
(

𝒓
1

)

. (8)

The next two sections describe the implementation of this
surface correction in a controlled measurement environ-
ment.
2.4. Measurement

To test the surface correction, an experiment was de-
signed to measure friction on various curved surfaces. A
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Figure 5: Surface correction diagram. A probe tip with ori-
entation 𝒕 touches the cylinder centered on 𝐬 at the point 𝐜.
The center of the probe is located at 𝐩, which conveniently
determines the normal �̂� due to the geometry of the probe and
cylinder.

Figure 6: Friction measurement target.

measurement target (Fig. 6) was designed and 3D printed
(Ultimaker 3, Netherlands) to systematically vary the cur-
vature of the surface that the probe tip travels along. The
target consists of four 3x3 cm measurement areas with varied
curvature: flat and sections of cylinders with radii of 4.5 cm,
3 cm, and 1.5 cm. A skin-like silicone sheet was securely
attached to each measurement area. Motion capture markers
were attached to raised posts to track the position of the
measurement target.

The axes of the cylindrical target surfaces were aligned
along the 𝑦-axis of the motion capture coordinate world
frame. This way the surface correction can be performed
entirely in the 𝑥𝑧-plane.

The probe tip and target surface were cleaned with an
isopropyl alcohol solution and allowed to dry for 20 minutes
before measurements were collected. 5 reciprocating cycles
of sliding data were collected for each measurement area. To
ensure the angle of the probe relative to the curved surfaces
varied over time, the probe was held vertically for all trials
across each surface. The experimenter moved the probe so
that the path traveled during sliding followed the x-axis (𝑓𝑥)
of the probe tip force frame. The correction applied here is
in 2D, therefore, it was important to minimize the measured
𝑓𝑦, as it was not corrected in this exampe.
2.5. Surface correction example

To estimate 𝑓𝑁 and 𝑓𝑇 the general surface correction
strategy from Section 2.3 is applied applied to the measure-
ment data collected in Section 2.4.

The target’s surface shape is known from the 3D print
design and the position of the surface shape was registered

to the motion capture markers. Let 𝐩 = (𝑝𝑥, 𝑝𝑦, 𝑝𝑧) be the
center point of the spherical probe tip (see Fig. 5) in world
coordinates and 𝐬 = (𝑠𝑥, 𝑝𝑦, 𝑠𝑧) be the position of the center
of each cylinder aligned with the probe tip on the 𝑦-axis. Due
to the cylindrical geometry of the contact surface and the
spherical geometry of the probe tip, the contact unit normal
can be computed simply as

�̂� =
𝐩 − 𝐬

‖𝐩 − 𝐬‖
(9)

The contact point can then be computed as 𝐜 = 𝐩−𝑙�̂�, where
𝑙 is the radius of the probe tip.

In general, 𝒕 is determined from the tracked motion cap-
ture markers attached to the skin probe. In the experimental
setup, it is close to (0,0,1), since the experimenter holds
the probe vertically. With the known values of �̂� and 𝒕 the
rotation matrix 𝑅 can be computed according to Eq. (6)
using Rodrigues’ formula:

𝑅 = 𝐼 + sin 𝛼[�̂�]× + (1 − cos 𝛼)[�̂�]2×

where cos 𝛼 = 𝒕 ⋅ �̂�, 𝐼 is the 3×3 identity, �̂� = 𝒕 × �̂�∕|𝒕 × �̂�|
and [⋅]× is the cross product matrix:

[𝐤]× =
⎡

⎢

⎢

⎣

0 −𝑘𝑧 𝑘𝑦
𝑘𝑧 0 −𝑘𝑥
−𝑘𝑦 𝑘𝑥 0

⎤

⎥

⎥

⎦

.

By definition 𝑓𝑧 is aligned with 𝒕 and therefore 𝑓𝑥 is orthog-
onal to 𝒕. Each force measurement at the probe tip frame
was transformed to the contact frame with Eq. (7), where
𝒇 = (𝑓𝑥, 𝑓𝑦, 𝑓𝑧) and 𝒇 adj = (𝑓 adj

𝑥 , 𝑓 adj
𝑦 , 𝑓 adj

𝑧 ).
The normal and tangential forces at the contact point are

defined via
𝑓𝑁 = 𝑓 adj

𝑧

𝑓𝑇 = ‖(𝑓 adj
𝑥 , 𝑓 adj

𝑦 )‖.

Note that 𝑓 adj
𝑦 = 𝑓𝑦 here since the cylinder is aligned with

the 𝑦-axis, thereby there is no curvature to correct for in the
𝑦 direction.

To compare results of the calibrated forces and the
corrected forces, the calibrated force ratio is defined as
𝑟 = 𝑓𝑥𝑦∕𝑓𝑧 where 𝑓𝑥𝑦 = ‖(𝑓𝑥, 𝑓𝑦)‖ and the corrected
force ratio is then given by 𝑟𝑐 = 𝑓𝑇 ∕𝑓𝑁 . Equivalently the
corrected ratio can be computed directly using Eq. (8) as
𝑟𝑐 = ‖(𝑟adj

𝑥 , 𝑟adj
𝑦 )‖∕𝑟adj

𝑧 , where 𝒓adj = (𝑟adj
𝑥 , 𝑟adj

𝑦 , 𝑟adj
𝑧 ).

3. Results and Discussion
3.1. Calibration

Fig. 7a shows the measured �̃� 𝑖
𝑥𝑦, 𝑓 𝑖

𝑧, �̃�𝑖, and 𝒓 from the
two circles of calibration data collected. The varied starting
locations of the hanging calibration weight can be identified
by the gaps in the polar plot. A larger variance in 𝑓 𝑖

𝑧 than
�̃� 𝑖
𝑥𝑦 is observed as the calibration weight is moved about the

circle. The calibration data produces 𝜌 = 0.79 from Eq. (1).
P. Wyder-Hodge et al.: Preprint submitted to Elsevier Page 5 of 11
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Fig. 7a shows how applying the calibration directly to �̃�𝑖
produces a close approximation 𝒓 to the circle with radius 𝜌
centered at the origin as expected. This demonstrates that the
calibration is working correctly. Fig. 7b shows the validation
trial for the calibration. A similar asymmetry is observed in
�̃�𝑖, but after calibration, 𝒓 is well centered around the origin.

To demonstrate the impact this calibration makes on
sliding force data collected with the skin probe, Fig. 8 shows
�̃�𝑖 and 𝒓 from reciprocal sliding along a flat silicone surface.
An asymmetry in �̃�𝑖 is observed in the raw experimental data,
where sliding in one direction produces a larger force ratio
than sliding in the opposite direction. After the calibration
is applied a similar 𝒓 is produced regardless of sliding
direction.

The value of 𝜌 can be changed in this calibration setup by
increasing or decreasing the angle between the non-stretch
cord and the smoothly finished wooden disc. Here, 𝜌 =
0.79 is chosen because it is within the range of force ratios
collected during the sliding experiment. The asymmetry
seen in 𝑓 𝑖

𝑧 and �̃� 𝑖
𝑥𝑦 may be due to flexion in the plastic that

the probe is built from. This flexion is likely not isotropic
and changes non-linearly when the force applied is varied.
A useful future direction for this type of calibration would
be to collect calibration data at various angles to represent a
large range of values of 𝜌.

3D printers and related technology have become ubiqui-
tous across research centers. These machines are extremely
useful, as they allow researchers to build tools for specific
applications that would not exist otherwise. Nevertheless,
this opens the door to errors if researchers are not meticulous
about construction and data validation. To ensure that the
data produced by these tools is accurate and precise, it is
imperative to be critical of the design and test it stringently.
Here, a direction-dependent inconsistency in the force output
may be unavoidable, however, this type of error can be
systematically identified and corrected. Otherwise, it likely
would lead to attributing the bias seen in the data to the real
properties of the surfaces that are being measured.
3.2. Surface Correction

Sliding contact data between the probe tip surface and
the measurement target was collected. Fig. 9 displays data
from a single sliding trial across the friction target curve
with a 3 cm radius. At the beginning of the measurement
the probe tip moves up the curve where 𝑓𝑥𝑦 and 𝑓𝑧 reach
their maximum and minimum values respectively due to the
contact’s minimum angle between the probe’s leading edge
and the surface of the curve. The reverse trend for 𝑓𝑥𝑦 and 𝑓𝑧is observed as the probe begins to descend along the curve
at the end of the contact.

After the surface correction is applied to 𝑓𝑥𝑦 and 𝑓𝑧in Fig. 9, the variability in 𝑓𝑥𝑦 and 𝑓𝑧 is decreased in the
calculated 𝑓𝑇 and 𝑓𝑁 . For such a sliding contact, when the
𝑓𝑁 increases, the 𝑓𝑇 is expected to increase, and when the
𝑓𝑁 decreases, the 𝑓𝑇 is also expected to decrease. Here,
the 𝑓𝑇 and 𝑓𝑁 are both increasing over time, whereas the
𝑓𝑥𝑦 and 𝑓𝑧 are trending in opposite directions. The probe tip
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Figure 7: Probe force calibration. Fig. 7a displays the measured
normal and tangent force of each measurement around the
circle and the calculated force ratio before and after calibration
is applied. Fig. 7b shows a validation trial, where the calibration
calculated in Fig. 7a is used to correct the force ratio of a
separate collection of force measurements about the circle

forces (𝑓𝑥𝑦 and 𝑓𝑧) and contact surface forces (𝑓𝑇 and 𝑓𝑁 )
intersect at the apex of the measurement target curve where
the probe tip coordinate frame is equal to the contact point
coordinate frame (i.e. 𝒕 = �̂�).

When working with a force sensor, an elastic element, it
is important to consider if the effective bandwidth of the tri-
bometer is affecting the force data [37]. It is noted that even
though the resonant frequency of the force sensor is rated
by the manufacturer as 7200 Hz, the effective bandwidth
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Figure 8: Force ratio data from reciprocal sliding along a
flat silicone surface before and after the calibration has been
applied. The change of sliding direction can be identified by
the break in the data.

of the sensor system (including the stiff carbon fiber probe
shaft) could be significantly lower (a back of the envelope
estimate suggests 10-100Hz). However, this work does not
attempt to characterize the specific modes of the system. A
spectral analysis suggests the dominant oscillations seen in
the force data are in the 1-3 Hz range. These oscillations
are hypothesized to be due to a combination of stick-slip
between the surfaces and physiological tremor from the
experimenter.

Fig. 10 shows 𝑟 and 𝑟𝑐 of single touches across the four
measurement target curve conditions. The correction in the
flat surface condition, shown in Fig. 10a, demonstrates that
it is necessary to account for the orientation of the probe
even in ideal conditions. Regardless of the experimenter’s
attempt to hold the probe 90° to the flat target surface,
there still existed a bias to hold the probe at a slight angle,
which resulted in 𝑟 > 𝑟𝑐 . This is an important result to
consider when using handheld linear sliding tribometers.
Even if the measurement area is flat, there is still a high
probability that the tribometer is not perpendicular to the
surface. In addition, even when using robotic tribometers it
is essential that the measurement area is correctly aligned on
the sampling platform.

Regarding the curved surfaces (Fig. 10b, Fig. 10c, and
Fig. 10d), the 𝑟 displays a negative slope as the probe tip
moves across all three of the curves. This trend is expected,
as the data in Fig. 9 shows an increasing 𝑓𝑧 and a decreasing
𝑓𝑥𝑦. The magnitude of the negative slope and the variability
of 𝑟 increase as the radius of the measurement curves de-
creases (i.e. slope of the curve increases). The 𝑟 in Fig. 10d
has a maximum value above 3 and a minimum value close
to 0.

Applying the surface correction produces two improve-
ments in the curved surface contact data. First, the negative
slope and large within-condition variability of 𝑟 are replaced
with flatter and more consistent 𝑟𝑐 . Second, there is more
consistency in 𝑟𝑐 between-conditions. These observations

Force ratio
mean std min max

Curve Data

1.5 𝑟𝑐 1.09 0.24 0.10 2.68
𝑟 5.66 42.04 0.00 1435.49

3.0 𝑟𝑐 0.90 0.12 0.54 1.27
𝑟 1.13 0.63 0.18 5.45

4.5 𝑟𝑐 0.93 0.13 0.55 1.42
𝑟 1.01 0.46 0.32 3.30

flat 𝑟𝑐 1.05 0.18 0.62 1.66
𝑟 1.07 0.22 0.57 1.76

Table 1
Summary statistics for Fig. 11

are promising, given that the probe tip surface and the sili-
cone surface are constant across conditions this consistency
indicates that the surface correction is working as expected.

Fig. 11 shows force ratio data for all sliding trials across
all surface conditions. Table 1 summarizes the statistics for
Fig. 11. The trends shown in Fig. 10 are visible in this
overview of the data set. There is an overall larger variance
in 𝑟 than in 𝑟𝑐 , and this variance increases as the radius of the
curves decreases. The difference between 𝑟 and 𝑟𝑐 on the flat
surface is minimal. The medians of 𝑟 and 𝑟𝑐 are similar for
each curve and across conditions. This can be explained by
acknowledging that the curves are symmetric, therefore, the
same location on the opposite side of each curve will give an
inverse force result and a median close to the 𝑟 and 𝑟𝑐 at the
apex of the curve where the 𝑟 approaches 𝑟𝑐 due to the probe
shaft being close to perpendicular to the curve surface. If the
curves were not symmetric there would be larger differences
in medians.

It is acknowledged that the highly controlled experimen-
tal setup and confining the surface correction to 2D has not
truly tested the limits of this methodology. However, this
work should motivate future work to expand the correction
methods to 3D and measure on more complex shapes, such
as a human body. Adding an extra dimension to the analysis
will bring challenges, such as registering the surface topog-
raphy of the measurement surfaces to the motion capture
data. An extra dimension introduces an opportunity for a
larger error. As well, registering a surface mesh of a non-
rigid surface (such as a human body) is a difficult problem
to solve and is exacerbated if the human is in different
poses during the scan and motion capture; even subtle pose
changes such as shoulder slouching. Another challenge will
be estimating the vector normal at the contact point. There
exists useful open-source geometry processing libraries (e.g.
libigl) to assist with estimating the normal, however, these
results will rely on the quality of the surface mesh con-
structed from the raw data of a 3D scanner or some other
means.

The principles of the method remain the same and with
3D scanning technology rapidly improving and becoming
more available, researchers will be able to gather reliable
3D data for this type of correction. Full-body 3D scanners
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Figure 9: Raw and surface corrected forces of one slide across a curved surface on the measurement target. The probe tip’s height
as it moves across the curve is plotted along the same time sequence.

(e.g. VITUS 3D Body Scanner, Vitronic, Germany) are
excellent tools, but are expensive and require a large space
to store them. Less monetary and space expensive methods
exist for 3D mesh construction, such as photogrammetry.
Photogrammetry is a process to extract 3D information
from a set of overlapping photographic data. Software is
available to researchers, either open-source (e.g. Meshroom)
or commercial (e.g. Agisoft), where the user only needs to
supply a set of photographs collected with a smartphone
camera at minimum.

A 3D mesh may even be constructed with a motion cap-
ture system. If the probe tip is traced over the measurement
area, then that position data may be used to reconstruct a
3D surface mesh. Figure 12 shows 𝐩 plotted over the shape
of a curve on the measurement target. Quantification of the
difference between the two curves shows a difference in area
of 0.57 mm2 and a discrete Fréchet distance of 0.68 mm
[18]. This suggests a good estimation of the shape of the
target, however, the deformation of a soft surface during
this hypothetical “probe scanning” can be problematic. The
probe paths would vary depending on the normal force used
and may lead to an irregular surface mesh. As well, in a
research setting with human participants, it is important to
consider the time that they are in the lab. Full-body 3D
scanners can produce a high-quality 3D mesh in 10 seconds.
It may take some time to collect and quality check the data
from the “probe scanning”. Nevertheless, this may be an
interesting option to explore instead of the 3D scanner if it
is not easily accessible.

Accurately tracking the motion of the measurement tar-
get and the tribometer may prove to be more difficult without
a motion capture system. This work relies on a Vicon Motion
Capture system and, similar to the full-body 3D scanner, this

tool produces excellent data but it is expensive and requires
space to store. A less expensive and promising future direc-
tion is markerless motion capture; there have recently been
significant advances in this field (e.g. OpenPose). This tech-
nology does not rely on the sensors that attach to the human
body for classic motion capture but instead just requires a
set of standard video cameras. With photogrammetry and
markerless motion capture, it may be possible to collect all
the necessary data with a set of smartphone cameras in the
near future.

A final consideration is that the surface topography is
only one factor of many that is important to consider when
measuring friction on soft surfaces. One of these important
considerations for the probe is the surface material at the
probe tip contact area. In this paper, the probe tip is 3D
printed with polylactic acid, however, the probe tip can
be exchanged for tips of different shapes and materials.
Friction measurements depend on other surfaces and this
will need to be considered when exchanging probe tips.
Other considerations for measuring friction include fluids
and moisture between the two surfaces. This is outside the
scope for this research article, but should be considered
when measuring friction with human skin. Tools such as the
Corneometer®CM 825 and Sebumeter®SM 815 (Courage
& Khazaka Electronics, Germany) can measure moisture
and surface oils on the skin, respectively. This information
can compliment the data collected from the skin probe.

4. Conclusion
In this paper, a new method is proposed for estimat-

ing normal and tangential forces on curved surfaces using
a handheld tribometer. The method is tested by measur-
ing forces during sliding contacts on curved surfaces. The
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(b) Curve radius 4.5 cm
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(c) Curve radius 3 cm
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(d) Curve radius 1.5 cm
Figure 10: Calibrated force ratios (𝑟) and corrected force ratios (𝑟𝑐 of single slides across four surface curve conditions of the
measurement target

curved surface adjustment significantly improved the esti-
mation of forces and produced a more consistent force ratio.
In addition, a simple but careful procedure is described for
calibrating a friction measurement instrument, custom-made
with 3D printing techniques that are becoming more widely
available. This technique demonstrates a way to measure
intrinsic bias within such devices and effectively correct for
said bias to improve the accuracy of measurement data.
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