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A BSTRACT
C OULOMB friction

Viscous friction or damping for rotatory switches is a mechanical
parameter for the torque caused by the angular velocity and crucial to human haptic perception. The detection threshold (DT) and
just noticeable difference (JND) for this mechanical parameter was
measured. The JND was determined for a standard stimulus of
2 mNms. The DT and JND were investigated for two knob sizes and
under the presence or absence of an additional task. In the singletask experimental setup the haptic experiment was the only task. In
the dual-task experimental setup the Lane Change Test (LCT) was
used as additional task. The results indicate that both the DTs and
the JNDs do not depend on the presence or absence of an additional task. Surprisingly, the JNDs are not affected by the used knob
diameters, as one would expect, whereas the DTs clearly do.
Keywords: Haptic, Viscous friction, damping, rotatory switch,
threshold, Weber fraction, just noticeable difference, Lane Change
Test
Index Terms: H.5.2 [Information Interfaces And Presentation]:
User Interfaces—Haptic I/O
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I NTRODUCTION

Viscous friction is crucial to human haptic perception. Many studies already have investigated the feel of rotary switches using
torque versus travel or torque versus time profiles [13, 16, 18]. The
objective of the present study is to determine the detection thresholds (DTs) and the discrimination thresholds or just noticeable
differences (JNDs), respectively, of torque as a function of angular
velocity. This helps engineers to develop design specifications for
passive and active rotary switches.
The dynamic of a passive rotary switch can generally be described as a function of the angular position ϕ and its derivatives with
respect to time (1).
T = f (ϕ̈, ϕ̇, ϕ)

(1)

In (2), where T denotes torque, a second order model with a
nonlinear term describing the C OULOMB friction is shown. The
variables are J as the mass moment of inertia and TC and d (SI unit:
Nms) as the parameters for C OULOMB friction and viscous friction respectively. Torque as a function of position (e. g. detents) is
described as T (ϕ).
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The viscous friction or damping with parameter d is changed
during the experiments. All other parameters remain constant and
for the results in this paper, the torque as a function of position was
zero.
Haptic experiments are often done as a single-task experimental
setup, i. e. the haptic experiment is the only – and therefore primary
– task for the subjects. But in real life, for example in a car, there
are always other tasks or distractions respectively. This paper also
investigates the effect of the presence or absence of an additional
task on the thresholds for viscous friction. The effect is investigated
by comparing the thresholds obtained with a
• single-task experimental setup (only a haptic task) and a
• dual-task experimental setup (a haptic task plus a an additional task).
In the dual-task experiments we use the Lane Change Test (LCT)
as additional task. The LCT is an ISO-standardized procedure for
driver distraction evaluation [7, 11]. It is a simple driving simulation which consists of driving along a straight road with 3 lanes at a
constant speed. Lane change signs appear on both sides of the road
to indicate a required lane change. The driver has to maintain the
car in the center of the indicated lane.
By using two different diameters we also investigated the influence of the knob size on the thresholds for viscous friction.
In summary we determined the DTs and JNDs for viscous friction with the parameter d for rotatory switches depending on
• the knob size and
• the presence or absence of an additional task (single-task or
dual-task).
2
2.1

E XPERIMENTAL S ETUP AND M ETHODS
Apparatus

The experimental apparatus, see Figure 1, is described in [14]. In
contrast to [14] it is now controlled by a PC-based real-time operating system. The implementation and validation of the active damping is described in [10]. The key parameters of the apparatus can
be found in Table 1.
The aluminium knobs have a non-slip surface, and they all have
the same mass moment of inertia due to constructive measures.
For investigating DTs, theoretically, a zero viscous friction is necessary. However, the experimental apparatus has a minimal damping dmin of 0.02 mNms, see Table 1. This is uncritical since the
found DTs are considerably higher.
2.2

Procedure

The 26 participants were divided into two groups: group A began
with the single-task experiments and group B started with the dual-
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Figure 1: Experimental apparatus used in the present study, the key
components are: À aluminium knob, Á torque sensor and Â DC
motor plus angular incremental encoder.

Table 1: Key Parameters of the Apparatus
Mass moment of Torque TC (C OULOMB Sampling
inertia J in kgm2
friction) in mNm rate in kHz
28 · 10−6

3–5

20

Angular resolution in ◦
0.012

Minimal damping
dmin in mNms

Error for damping
parameter d in %

Knob diameter in
mm (D1 and D2 )

0.02

<4

20 and 36

task experiments. In general, the procedure was:
1. LCT training
2. Instructions
3. Block 1
(a) Group A: single-task experiments
(b) Group B: dual-task experiments (LCT)
4. Block 2
(a) Group A: dual-task experiments (LCT)
(b) Group B: single-task experiments
Two knob sizes D1 and D2 (see Table 1) were used, the order
was randomized.
The duration of the whole procedure was about 45 min.
The DTs and JNDs were determined using a non-forced up-down
adaptive staircase procedure [5, 9].
In Figures 3 and 4 d0↓ and d0↑ denote the starting values and
S denotes the standard stimulus. The step size was reduced from
4δ to δ after the first reversal. A run ends after six reversals. All
these staircase parameters were determined in an pilot study with
five participants.
As can be seen in Figure 4, the starting point in the JND experiment is always below the standard stimuli S. Often in these kind of
studies, the JND is determined by approaching the standard stimuli
from above and below. In the pilot study we found that it has no big
effect whether the standard stimuli was approached only from below or from above and below. We, therefore, decided to approach S
only from below. This helps to avoid mental fatigue and keeps the
experiment shorter.
Thresholds obtained this way correspond to the 50 percentile
point on a psychometric function. The participants had to indicate
whether they feel a difference in damping and were instructed to
turn the knob at a ’normal’ speed. ’Damping’ is a very technical



Aluminium knob
(Apparatus is hidden)

Figure 2: Experimental setup – the participants had the possibility to
use an arm support. Not shown: The monitor for the Lane Change
Test, the headphones with music the participants were wearing during the experiments and the input device for choosing yes/no and
damping A/B.

term, we therefore also used language of everyday life, like ’honey
vs. water’, to describe this mechanical property.
The participants had an input device to select damping A or damping B and to enter their decision. There were no constraints on
exploration time but the participants were encouraged to respond
after four comparisons.
The JNDs were determined for a standard stimulus S of 2 mNms
– roughly speaking, this feels like rotating a pen in warm honey.
Figure 2 shows the experimental setup.
Reversal point dR↓k
k = 1, 2 . . . 6

Damping di

d0↓
4δ
dR↓2
δ

dR↓4

dR↓6

dR↓1
dmin

1

2

3

4 ...

Trial i

Figure 3: Staircase procedure used to determine the DTs

All participants wore headphones playing music of their choice
to block auditory noise.
2.3

Data Analysis

The DTs and JNDs were determined by averaging the damping values at the six reversal points, see (3, 4) and Figure 3 and 4.
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Figure 4: Staircase procedure used to determine the JNDs
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Detection Thresholds
Knob size and distraction condition

Damping di

0.0

2.4 Participants
The 26 participants were mainly students or university employees,
for details see Table 2.
Table 2: Data of the 26 participants
Min. 1st Quartile Median Mean 3rd Quartile Max.
Age in years 23
Sex
Handedness

25

25.5

31.2

36.5

0.2

0.4

0.6

0.8

1.0

Damping parameter d in mNms

Figure 5: Boxplots of detection thresholds – the influence of two knob
diameters: D1 = 20 mm and D2 = 36 mm and the presence or absence
of an additional task (LCT): single-task setup (grey) and dual-task
setup (white) were investigated. The diamond symbols  indicate
outliers.

67

15% female and 85% male
96% right-handed and 4% left-handed

3 R ESULTS
3.1 Detection Thresholds
Figure 5 shows the boxplots of the found detection thresholds. It
can clearly be seen that the knob size has an influence on the detection threshold whereas this is not clear for the presence or absence
of an additional task.
Remark: All boxplots in this paper are constructed according
to [17]. This means that the length of the whiskers is limited to
1.5 · IQR (interquartile range). Any data not included between the
whiskers is considered to be an outlier. The box contains the middle
50% of the data (1st to 3rd quartile) and the fat line within the box
represents the median (2nd quartile).
All statistical analysis in this study was performed with the software package R [12]. Choosing level of significance α is an arbitrary task – as usual in this field, a level of 5% is chosen, i. e. if
the p-value of a test is less than 5% the alternative hypothesis is
assumed to be true. In addition, if the p-value is greater than 20%
then the null hypothesis is assumed to be true.
This study has pilot character and aims to detect ’medium’ to
’large’ effects. The effect size can be expressed with C OHEN’s d
[3] (not to be confused with d for damping). C OHEN suggests guidelines for small (d = 0.2), medium (d = 0.5) and large (d = 0.8
and larger) effects. For a C OHEN’s d of 0.6 and 26 participants this
study has an estimated statistical power (1 − β ) of 0.84, calculated
in R [12] using the pwr.t.test function. This means that there
is a 84% chance to detect ’medium’ to ’large’ effects.
To check if the DTs are normally distributed a S HAPIRO -W ILK
test was performed on each data set. The S HAPIRO -W ILK test is
a very powerful statistical test for normality [4]. The result of the
normality test and the descriptive statistics for the data sets can be
found in Table 3.
Since the data sets of D1 and D1 -LCT are probably not normally
distributed (p-values 0.001 and 0.030), a non-parametric method is
used for further statistical analysis.
The W ILCOXON signed-rank test was chosen to test if the paired
threshold data sets have different medians. The null hypothesis is

Table 3: Descriptive statistics and the results of the normality test for
the DT data, all values, except the p-values, are in mNms
D1 -LCT
D1 D2 -LCT
D2
1st Quartile

0.07

0.04

0.16

0.14

Median

0.14

0.11

0.30

0.24

Mean

0.15

0.15

0.32

0.25

3rd Quartile

0.23

0.16

0.44

0.35

0.030

0.001

p-value of normality test
(S HAPIRO -W ILK test)

0.29

0.25

’no difference in medians’. This test is a non-parametric equivalent
of the paired two-sample t-test. Table 4 shows the results.
The found thresholds for the two knob sizes (D1 vs. D2 and D1 LCT vs. D2 -LCT) are clearly different whereas this is not true for
the presence or absence of an additional task (D1 vs. D1 -LCT and
D2 vs. D2 -LCT).
Remark: With the paired two-sample t-test the statements in the
< 5% and > 20% columns in Table 4 would be identical.
The bigger the knob size the bigger the detection threshold. This
can be explained by the fact that, assuming a constant torque, the
tangential force applied to the finger pads increases with decreasing
knob size.
3.2

Just Noticeable Differences

The just noticeable differences are determined for a standard stimulus of 2 mNms. This represents a clearly detectable damping.
Figure 6 show the boxplots of the found just noticeable differences. As one can see, the JNDs do not clearly depend on the knob
size or on the distraction condition.
As for the DTs, a S HAPIRO -W ILK test was performed on each
data set to check if the JNDs are normally distributed. The result of
the normality test and the descriptive statistics for the data sets can
be found in Table 5.
Since it is not clear if the data set of D1 is normally distributed
(p-value = 0.148), the W ILCOXON signed-rank test is used for further statistical analysis. But this is an arbitrary choice – it would
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Table 4: Results of the W ILCOXON signed-rank test performed on
each detection threshold data set.
p-value
D1 vs. D2
D1 -LCT vs. D2 -LCT

0.005
< 0.001

D1 vs. D1 -LCT

0.60

D2 vs. D2 -LCT

0.080

< 5% > 20%
3
3
–
–

–
–

Comment

Significant difference in medians

3

Medians not significantly different

–

No conclusive result

17.1

17.9

14.0

15.0

Median

22.3

19.8

21.9

20.9

Mean

22.8

30.9

27.4

27.9

Quartile

31.6

50.4

48.8

48.8

p-value of normality test
(S HAPIRO -W ILK test)

0.92

0.15

0.73

0.71

3rd

Table 6: Results of the W ILCOXON signed-rank test performed on
each just noticeable difference data set.
p-value < 5% > 20% Comment

D2

0.54

–

3 Medians not significantly different

D1 -LCT vs. D2 -LCT

0.58

–

3

D1 vs. D1 -LCT

0.23

–

3 Medians not significantly different

D2 vs. D2 -LCT

0.64

–

3 Medians not significantly different

D 1−LCT

D1

D1 vs. D2

D 2−LCT

Just Noticeable Differences (JNDs)

Knob size and distraction condition

1st Quartile
Significant difference in medians

0

20
40
60
JND
for damping parameter d in %
S

Medians not significantly different

80

(Standard stimulus S = 2 mNms)

Figure 6: Boxplots of just noticeable differences or W EBER fractions
respectively – the influence of two knob diameters: D1 = 20 mm
and D2 = 36 mm and the presence or absence of an additional task
(LCT): single-task setup (grey) and dual-task setup (white) were investigated. The diamond symbols  indicate outliers.

JND/S,

also be possible to use a parametric method such as the paired twosample t-test.
Surprisingly, the found JNDs do not depend on the knob size
as one would expect! They do also not depend on the presence or
absence of an additional task, i. e. it has no significant effect – at an
α level of 5% – whether the JNDs were determined in a single-task
experimental setup or in a dual-task experimental setup.
Remark: As for the DTs, with the paired two-sample t-test the
statements in the < 5% and > 20% columns in Table 6 would be
identical.
4

Table 5: Descriptive statistics and the results of the normality test for
the JND data, all values, except the p-values, are in %
D1 -LCT
D1 D2 -LCT
D2

D ISCUSSION AND F URTHER W ORK

This study investigated the detection thresholds (DTs) and just noticeable differences (JNDs) for viscous damping of rotatory switches
with the parameter d (SI units: Nms) for two knob diameters and
the presence or absence of an additional task. The results show
that the DTs are clearly affected by the knob size. Detection thresholds do not seem to depend on the presence or absence of an
additional task, or at least the effect is very small. For a knob size
of D1 = 20 mm, the DT1 is about 0.13 mNms and for a knob size
of D2 = 36 mm, the DT1 is about 0.27 mNms. The ratio of the

knob sizes D2/D1 = 1.8 is approximately the ratio of the corresponding DTs DTD2/DTD1 ≈ 2. This is comprehensible, since, assuming
a constant torque, the tangential force applied to the finger pads
increases linearly with decreasing knob size.
For the JNDs, the results indicate that they are surprisingly independent of the knob size! The JNDs are also independent of the
presence or absence of an additional task. The found W EBER fractions JND/S are about 20% for a standard stimulus of S = 2 mNms.
This agrees roughly with [1, 2, 8, 15], although the JNDs were measured in very different ways and not for rotatory switches.
There is some evidence that the turning velocity ϕ̇ does not depend on the knob size [6]. This is not surprising, because the
wrist/knob turning movement mainly originates from the forearm
and not from the finger joints. This suggests that the participants
discriminate torque and not (tangential) force, in the JND experiments.
Please keep in mind that the found DTs and JNDs are only valid
in the context of the other mechanical parameters like mass moment
of inertia and friction, see Table 1. For example, for a different mass
moment of inertia, the DT and JND would also be different.
As mentioned before, the results indicate that the JNDs are independent of the knob size. Further work is required to determine
the underlying reasons. In addition, it would be interesting to determine the DTs and JNDs with an adaptive forced choice method,
because a non-forced choice method measures a mix of perceptual threshold and the participants’ cognitive tendency to respond
with ’same’.
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1 Mean

of the two medians for the presence or absence of an additional
task, see Table 3.
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