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Simple and Reliable Method to Estimate
the Fingertip Static Coefficient
of Friction in Precision Grip

Allan Barrea, David Coérdova Bulens, Philippe Lefevre, and Jean-Louis Thonnard

Abstract—The static coefficient of friction (isatic) plays an important role in dexterous object manipulation. Minimal normal force

(i.e., grip force) needed to avoid dropping an object is determined by the tangential force at the fingertip-object contact and the frictional
properties of the skin-object contact. Although frequently assumed to be constant for all levels of normal force (NF, the force normal to
the contact), 1static @ctually varies nonlinearly with NF and increases at low NF levels. No method is currently available to measure the
relationship between pqaic and NF easily. Therefore, we propose a new method allowing the simple and reliable measurement of the
fingertip ustatic at different NF levels, as well as an algorithm for determining jstatic from measured forces and torques. Our method is
based on active, back-and-forth movements of a subject’s finger on the surface of a fixed six-axis force and torque sensor. (tstatic IS
computed as the ratio of the tangential to the normal force at slip onset. A negative power law captures the relationship between pigtatic
and NF. Our method allows the continuous estimation of j.qatic @s @ function of NF during dexterous manipulation, based on the
relationship between pqaiic and NF measured before manipulation.

Index Terms—Biomechanics, neuroscience, human, friction, fingertip skin, prehension
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INTRODUCTION

HUMANS have the remarkable capacity to manipulate
small objects with great dexterity. In precision grip (i.e.,
when holding an object between the thumb and index finger),
contact forces at the fingertip-object interface are typically
decomposed into two components: the force normal to the
object’s surface and directly controlled by the subject (normal
force, NF), and the force tangential to the object’s surface and
resulting from the object’s weight and inertial forces (tangen-
tial force, TF) [1]. To ensure a stable grasp of the object under
predictable conditions, the central nervous system continu-
ously scales and synchronizes NF to the varying TF [2], [3].

To examine how NF follows the variations of TF, Westling
and Johansson introduced the concept of the “safety margin”,
defined as the difference between the exerted NF and the mini-
mal NF that would prevent slippage [4]. This indicator is
widely used when examining human performance in dexter-
ous manipulation tasks [5], [6], [7]. To compute the safety mar-
gin, one must measure the instantaneous NF and estimate the
minimal NF necessary to prevent object drop. The latter is
achieved by measuring the static coefficient of friction ((static)
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at the fingertip-object contact. In precision grip, 4static is defined
as the ratio of TF over NF when the object starts slipping.

In contact mechanics, Amontons’ law describes frictional
forces as being proportional to the applied load and indepen-
dent of the apparent contact area [8]. This property indicates
that pgtatic is constant and independent of the normal force
(i.e., the force perpendicular to the contact surface). However,
several studies have reported that the human skin jistatic
varies nonlinearly with normal force [9], [10], [11], [12], such
that Amontons’ law cannot be applied to fingertip-object con-
tact. Normal force varies continuously during object manipu-
lation, in order to compensate for inertial forces. Therefore, to
obtain a good estimate of figaic at each moment during a
manipulation task, e must be measured at the fingertip-
object interface for the whole range of normal force variation.

To evaluate the fingertip istatic, the slip onset must be
accurately detected. Several methods for this detection
have been developed. The most popular method in dexter-
ous manipulation is the one proposed by Westling and
Johansson in [4]. In this seminal study, the authors asked
subjects to grasp and lift an instrumented manipulandum
with the thumb and index finger. Then, subjects released
the grip slowly until the object dropped.

Despite its popularity, this technique suffers from sev-
eral drawbacks. First, it does not account for the depen-
dence of pgaie on NF. Indeed, inertial forces are
negligible in this method and therefore NF at slip onset
is only determined by the weight of the manipulated
object. Second, the measurements are highly variable
between trials. Indeed, the slip onset is very difficult
to detect because of the rapid variation of force signals
at this moment. Thus, obtaining a reliable estimate of
Mstatic With this method would require very long and
tedious testing, with numerous repetitions to compensate
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for variability and different manipulandum weights to
test different values of NF. Finally, this method requires
fine motor coordination. Therefore, it is difficult to use
with patients exhibiting motor impairments or with
children.

To overcome these limitations, André et al. proposed a
method able to capture the dependence of pgtatic On NF in
[10]. They asked subjects to pinch a manipulandum
equipped with force sensors between the thumb and index
finger, and to maintain NF at a prescribed level. Then,
springs connected to the manipulandum were loaded by a
linear actuator, which progressively increased TF. This
caused the fingers to slip on the contact surface. Although
this procedure allows figtatic to be measured for several val-
ues of NF, it also has some shortcomings. Specifically, this
method requires a dedicated device to move the manipula-
ndum, and the procedure cannot be carried out quickly.
Similarly to this method, other studies have also investi-
gated the idea of moving the contact surface relative to the
finger with an actuator [13], [14].

In short, ptatic i Necessary to estimate the safety margin
in dexterous manipulation, and varies with NF. However,
no method is currently available that is able to capture
quickly the dependence of ptstaric On NF. Here, we propose a
new method to measure pgae While accounting for the
effect of NF. This method enables the continuous estimation
of lstatic during dexterous object manipulation, based on
the relationship between figatic and NF measured before
manipulation. Our experimental procedure is accompanied
by a dedicated algorithm able to detect slip onsets automati-
cally from the data in order to compute figtatic-

2 MATERIALS AND METHODS

2.1 Subjects

Twelve healthy subjects (age: 18-60 years; 9 men, 3 women)
participated in the study. All subjects provided informed
consent to participate in the procedure, which was
approved by the local ethics committee.

2.2 Apparatus
For this experiment, we used a manipulandum (Fig. 1A)
equipped with two six-axis force and torque sensors (Mini-
40 F/T sensors, ATI Industrial Automation, NC, USA) cov-
ered with Kapton polyimide film (DuPont, DE, USA). The
manipulandum was fixed on a table (Fig. 1B). Forces and
torques were recorded at a rate of 1 kHz with resolutions of
1/50 N (for force) and 1/4,000 Nm (for torque). A screen,
placed in front of subjects, provided real-time visual feed-
back of the average NF applied on the manipulandum by
the thumb and index finger.

The fingertip moisture of the subjects was measured with
a dedicated moisture sensor (Corneometer CM 825, Cour-
age + Khazaka electronic GmbH, Koln, Germany, measur-
ing moisture content at the level of the stratum corneum).
This sensor provides measures ranging from 20 to 120 arbi-
trary units, a higher number corresponding to a moister
skin [15], [16].
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Fig. 1. Setup. (A) Manipulandum used for the experiment. The manipu-
landum was equipped with two six-axis force and torque sensors
(shaded in gray), which were covered with Kapton polyimide film
(DuPont, DE, USA). (B) Subjects pinched the manipulandum, which
was fixed on a table, between their thumb and index finger. Fingertip-
object interaction forces were decomposed into components normal
(NF) and tangential (TF) to the sensor surface. (C) During trials, sub-
jects performed vertical back-and-forth movements with their hand with-
out releasing their grip. Blue curve shows the vertical trajectory of a
finger moving on a force sensor.

2.3 Experimental Procedure
Before performing the experiment, all subjects washed their
hands using water and soap. The hands were rested for
approximately 10 minutes, to allow the skin to regain its
natural hydration level. Subjects sat in front of the table
to which the manipulandum was fixed. During a typical
trial, subjects pinched the fixed manipulandum and per-
formed five vertical back-and-forth movements with their
hand at moderate speed without releasing their grip
(Fig. 1C). With the help of visual feedback, subjects were
asked to adjust their NF to a given reference level at the
beginning of each trial, and to maintain their NF close to
this reference level throughout the trial. Subjects were
invited to rub the manipulandum at a natural pace. The
measured rubbing speed ranged between 5 and 15 mm/s.
After completing five vertical back-and-forth movements,
subjects stopped rubbing the manipulandum and released
their grip. Moisture levels of the thumb and index finger
were measured at the beginning of the experiment and
after each trial. Forces and torques were continuously
recorded during trials.

Reference NF levels for the five trials were 0.5, 1, 2, 4, and
8 N. This range was tested in a previous study [10], which
found that ptgtaric varied dramatically with NF values below
5 N. Subjects found it difficult to maintain their NF precisely
at the instructed level during a trial, as illustrated in Fig. 2C.
However, as their NF values remained close to the reference
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Fig. 2. Typical traces and description of the method. Data represent a subset of the complete trial for subject SO3 with a reference NF of 2 N. (A) COP
trajectory (blue curve) on the force sensor and force sensor boundary (red circle). (B) Data were chunked into individual movements based on the
extrema (blue dots) of the vertical COP trajectory (blue curve). “Useful zone” (white) for each movement starts at an extremum of the COP and ends
when the COP crosses a custom threshold (white dots). Such a zone corresponds to the portion of a movement where the slip onset is expected to
occur. Red lines indicate force sensor boundaries. (C) Force exerted by the subject normally to the surface of the sensor (NF, blue curve) and refer-
ence NF level (black line). (D) Force exerted by the subject tangentially to the surface of the sensor (TF, blue curve). (E) Ratio of TF/NF (blue curve)
and maxima of TF/NF in each useful zone (red dots), indicating slip onsets. pstaic Was measured as TF/NF at slip onsets. Finally, we observed that
the COP position could be 10 mm away from the reversal point when slip is detected. This is due to finger pad compliance and fingertip rolling against

the surface of the force sensor.

NF value for each trial, the goal of spanning the whole range
of NF values across repetitions was achieved. The complete
procedure lasted 15 minutes or less with naive subjects.

2.4 Data Processing

For data processing and analysis, we considered the two
force sensors independently. Indeed, the method
described here considers only one force sensor at a time.
Given that each force sensor was dedicated to a single
finger, (static Was analyzed independently for the thumb
and the index finger. The force exerted by a finger nor-
mally to a single force sensor was denoted as NF. The
force exerted by a finger tangentially to the force sensor
was denoted as TF. These forces are illustrated in
Fig. 1B.

We computed the center of pressure (COP) of the finger-
tip from the measured forces and torques. COP was defined
as the point where the resultant interaction force between
the fingertip and the force sensor was acting on the sensor.
The x-y coordinates of COP on the force sensor were com-
puted by using the following formula:

(4 T
coP = (—ﬁ, NF) (1)

where T and Ty denote torques measured about the x and
y axes, respectively, which are tangential to the surface of
the sensor (Fig. 1A). Measured force signals were low-pass
filtered using a 4th-order Butterworth filter with a cut-off
frequency of 75 Hz.

2.5 Data Analysis

We developed a method to compute figatic, based solely on
the forces and torques measured under a given fingertip.
Fig. 2 presents a portion of a typical trial for the index finger
of subject S03.

Fig. 2A shows the COP trajectory on the force sensor.
Because vertical back-and-forth movements were made, we
considered only the vertical component of the COP trajec-
tory in the analysis (Fig. 2B). In support of this choice, we
found that the discrepancy between the total and vertical
amplitudes of the COP trajectory was less than 5 percent.
We chunked the vertical component of the COP trajectory
into several individual movements, using the extrema of
the COP trajectory as separating points.

As mentioned earlier, computing jistatic requires identify-
ing slip onset on each movement. To this end, we defined a
“useful zone” in each movement, where slip is expected to
occur (Fig. 2B). Due to varying fingertip morphologies
between subjects and given that individual movements
started from different vertical positions on the force sensor,
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Fig. 3. Relationship between paric and NF. For each of the 12 naive subjects (S01 to S12), pqatic data for the index finger were plotted against
corresponding values of NF at slip onset (blue dots). A power law function was fitted to individual subject data (blue curve).

we set the threshold delimiting useful zones beyond and
above half the range of the sensor, to guarantee that each
zone would be sufficiently large to include the slip onset of
the corresponding movement. This threshold was deter-
mined arbitrarily and was kept constant across all subjects
and all normal force conditions.

Next, we searched for the slip onset in each useful zone
by looking for the maximum TF/NF in each zone (red dots
in Fig. 2E). TF/NF maxima provide good markers for slip
onsets because the material covering the force sensors
exhibits a static coefficient of friction that is larger than the
dynamic one. As a result, the TF and TF/NF values
decrease slightly at slip onset. Implementation of the overall
procedure in MATLAB (MathWorks, Natick, MA, USA)
and tools for visualizing the data are available in the supple-
mental material, which can be found on the Computer Soci-
ety Digital Library at http://doi.ieeecomputersociety.org/
10.1109/TOH.2016.2609921.

2.6 Statistical Analysis

For each subject, a negative power law was fitted to the data
to quantify the relationship between pigiatic and NF. This
power law, which has been used in several previous studies
[10], [11], [17], was expressed as:

Mstatic = k (NF)1171 (2)

Fit parameters k and n were obtained by using an ordinary
least-squares regression procedure. Paired t-tests were carried
out to test for differences in the fit parameters between the
two fingers and to assess the repeatability of the method.

3 RESULTS

Fig. 3 presents the measured values of (static and the corre-
sponding normal force (NF) values for the 12 tested sub-
jects. This figure clearly shows the relationship between
Ustatic and NF for all subjects. For high values of NF (> 5 N),
Ustaric had a constant low value. As NF decreased, igtatic
increased dramatically, often reaching values above 2 for
forces below 0.5 N.

A negative power function of the form ;. = k(NF)*!
was fitted to the data to capture the relationship between
Mstatic and NF for each subject (solid lines in Fig. 3). Table 1
reports the values of parameters k and n, the coefficient of
determination (R®) of the fit, and the moisture levels for the
thumb and index finger for all subjects. The R values were
large for all fits, with a mean (M) of 0.84 and standard devia-
tion (SD) of 0.14, indicating that the power law correctly
captured the effect of NF on figtatic.

To test whether data acquired for the thumb and index
finger were different, we conducted paired t-tests on fit
parameters k and n from both groups of data. Fit parame-
ters were not significantly different for thumb versus index
finger data (t(11) =1.65, p > 0.05 for k; t(11) = 0.23,
p > 0.05 for n). In addition, the correlations between
thumb and index finger data were 0.85 and 0.84 for k and n,
respectively. Therefore, measuring jtsaic Of only one of the
two fingers can be considered as sufficient to capture the
influence of NF on ftgtatic for a given subject.

For six of the twelve subjects, a second measurement ses-
sion was performed a week after the first. To test the repeat-
ability of the measurements from the two test sessions, we
used paired t-tests conducted separately on the two fit
parameters, with the measurement session as the
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TABLE 1
Experimental Data
Thumb Index
Subject | k n R?  Moisture (M = SD) k n R?  Moisture (M = SD)
S01 126 0.76 0.80 30+ 6 1.07 0.83 0.65 36+5
S02 1.60 059 0.86 34+ 3 1.56 066 0.77 58 £ 11
S03 205 055 0.9 76+ 9 2.02 052 0.92 86+ 13
S04 149 064 094 40+ 5 1.75 0.63 0.90 65+ 7
S05 1.69 054 094 61+ 7 161 044 091 52+ 4
S06 1.35 0.76 0.50 72+ 8 1.18 0.72 042 7%+ 5
S07 205 069 0.93 38+ 3 206 075 0.81 51+ 2
S08 1.54 071 0.90 9%+ 6 1.50 0.67 0.90 114+ 4
S09 148 061 094 N0+ 5 1.53 0.61 0.92 105+ 8
S10 1.68 0.65 0.93 83+ 7 149 0.61 0.92 93+ 6
S11 115 071 0.81 62+ 25 114 069 0.9 61+14
S12 1.55 0.76 0.74 91+ 11 1.27 073 0.83 95+ 9

Fit parameters k and n, coefficient of determination (R?) of the fits, and moisture level for the 12 subjects (M + SD) for
the thumb and index finger. Moisture measurements are provided in arbitrary units ranging from 20 to 120.

independent variable. No significant difference was found
between fit parameters from the two sessions (t(5) = 0.98,
p > 0.05 for k; t(5) = 0.98, p > 0.05 for n). Thus, results
obtained by the proposed method were not significantly dif-
ferent across measurement sessions. In addition, the correla-
tions between data from the two sessions were 0.84 and 0.61
for k and n, respectively.

4 DISCUSSION

4.1 Advantages of Our Method

In this paper, we propose a new method to measure figtatic at
the fingertip-object contact. Our method allows pstatic to be
measured quickly and accounts for the effect of the normal
force (NF), which has already been highlighted by several
previous studies [9], [10], [12]. During dexterous object
manipulation, inertial forces can significantly influence the
tangential force at the fingertip-object interface, hence
affecting the minimal normal force that would prevent
object drop and therefore the safety margin. Accordingly, it
is important to measure [gtic for several normal forces
before manipulation to estimate the safety margin continu-
ously during manipulation.

Our method is applicable to subjects exhibiting skin mois-
ture levels spanning the whole range of moisture measurable
with the Corneometer (cf. skin moisture measurements in
Table 1). It is also applicable to one or several fingers, pro-
vided that there is a single six-axis force and torque sensor
dedicated to each finger contacting the object. Results
obtained with this method are reproducible. Therefore, the
relationship between jigtaic and NF for a given subject can be
measured before an experimental session and used during
the entire subsequent session. Consequently, the experi-
menter can continuously estimate the minimal NF that would
prevent slippage and thus continuously estimate the safety
margin (i.e., the difference between the actual and minimal
NF) during a dexterous manipulation experiment. Finally,
this method works with normal forces spanning the whole
range of forces used in tactile exploration [18], [19] and dex-
terous object manipulation [1], [5], [20], [21], namely from 0.5
N to above 8 N. Reference [10] reported that the fingertip skin

HUstatic becomes constant for NF values above 5 N. Given these
advantages, our method is well suited for studies involving
tactile exploration or dexterous object manipulation.

4.2 Comparison with Previous Methods

Our method only necessitates a single six-axis force and tor-
que sensor to acquire data for different values of normal
force. In comparison, several other methods used more
complicated apparatuses [10], [13], [14], [22], [23].

Our method overcomes several limitations of the classi-
cal fgtatic measurement method introduced by [4], in which
subjects slowly release their grip until dropping the manip-
ulandum. First, our method accounts for the dependence of
Mstatic on NF with no change in the apparatus, thereby
allowing continuous estimation of the safety margin.
Second, the intrinsic variability of the measurements is not
a problem in our method, which is able to acquire numer-
ous measurements rapidly, thereby reducing measurement
error. Finally, our method does not require subjects to lift
an object or release their grip slowly until the manipula-
ndum is dropped. As a result, our method is easier to use
for patients with motor impairments.

4.3 Limitations of Our Method

In addition to the aforementioned advantages, our method
also has some limitations. First, our method requires that
the material covering the force sensors exhibits a higher
static than dynamic frictional coefficient. This is because the
tangential force needs to decrease when the fingertip begins
to slip, in order for our algorithm to detect slip onsets
correctly.

The second limitation regards the moisture level of the
subject’s fingertip. Variations in fingertip skin moisture dur-
ing object manipulation [24] and across subjects [25] have
been shown to impact pstatic [10], [25]. In this study, we mea-
sured the average moisture level of subjects’ fingertips.
Some of the variability in our data might be explained by
the variation in moisture levels across individual measure-
ments. This is a possible explanation for the higher variabil-
ity of Ugtatic €xhibited by subject S06 in Fig. 3. We advise
researchers to measure jig.c frequently and, if possible, to
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measure the fingertip moisture of each subject before and at
different times during each data acquisition session.

Finally, our method was designed to measure the static
coefficient of friction (ie., at slip onset). Adapting our
method to measure the dynamic coefficient of friction (i.e.,
during slippage) would require a complementary study.
The latter measurement is not straightforward because the
dynamic coefficient of friction depends on many factors,
including the slipping speed and normal force [26].

4.4 Validity of the Negative Power Law

To capture the relationship between figtatic and NF, we used
a negative power function that has been used in previous
studies [10], [11], [17]. Reference [9] indicated that the
parameter n must lie between 2/3 and 1, which was most
often the case in our data (Table 1). The case where n = 2/3
corresponds to a purely Hertzian contact. When n = 1, the
model simplifies to jig,;. = k (constant). This case is equiv-
alent to Amontons’ law, which states that the friction force
(TF) is proportional to the normal force (NF). As n < 1 for
all subjects (Table 1), Amontons’ law cannot be considered
as valid for the fingertip-object contact at low normal force
(< 5 N). Our model better describes the reality in this case.

4.5 Influence of Tangential Force Rates

As previously stated, the inertial component of tangential
force in dexterous object manipulation can vary signifi-
cantly due to object’s acceleration. In this study, we
observed the tangential force rates during measurement of
the relationship between fisiatic and NF to be below 60 N/s.
When tangential force rates during object manipulation are
comparable to those applied during measurement, the mea-
sured relationship between jigsric and NF can be used to
predict pganc during object manipulation. By inspecting
typical traces in previous studies, we found tangential force
rates to be around 50 N/s for point-to-point movements [2]
and around 10 N/s for oscillatory movements [5]. However,
some tasks involve large levels of acceleration and therefore
rapid variation of tangential forces, e.g. collision tasks
where force rates can be above 500 N/s [27]. In this case,
when tangential force rates are larger than the ones applied
during measurement, the non-linear, visco-elastic proper-
ties of the fingertip skin might make the measured relation-
ship between pigtatic and NF invalid. This limitation is worth
investigating in future studies.

5 CONCLUSION

Our method enables pgatic at the fingertip-object contact to
be measured easily by using a six-axis force and torque sen-
sor, while accounting for the dependence of pgtatic ON the
normal force. Using our method, it is possible to estimate
Ustatic continuously and quickly during object manipulation
and tactile exploration, provided that the material covering
the force sensor exhibits a higher static than dynamic fric-
tional coefficient. Under the assumption that the fingertip
moisture level is constant, fistatic measured at the beginning
of an experimental session remains valid during the course
of the experimental session. Finally, the continuous estima-
tion of pgtatic during object manipulation enables continuous
monitoring of the minimal NF to prevent object drop and,

accordingly, of the safety margin (i.e., the difference
between the actual and minimal NF values).
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