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Distribution Characteristics and Correlation of Edge
Sharpness Threshold and Contact Area

Qian Wu and Jianguang Li

Abstract—It is currently unclear how sharpness discrimination
ability is distributed across a wide range of edge sharpness and
the effect of contact area on haptic perception. We 3D printed
triangular prisms with various edge sharpness and half-edge widths
in the full-scale range and conducted 2AFC tasks to gain the haptic
threshold distribution. Results show that the distribution curves
of the sharpness threshold and its contact area have a similar
inflection point at 115◦, implying a boundary between medium-low
and high stimuli. It is also found that Weber fractions in the
medium stimulus range follow Weber’s Law and are consistent with
previous studies but lower than the mean of Weber fractions in the
high stimulus range. Besides, there is no significant difference in
upper and lower thresholds in the medium-low stimulus range but
a significant difference in the high stimulus range with the higher
upper threshold. Variations in contact area do not affect sharpness
discrimination ability when the half-edge width exceeds 2 mm.
However, decreasing the half-edge width from 2 mm to 1 mm sig-
nificantly reduces haptic sensitivity. Our findings offer preliminary
evidence contributing to understanding haptic perception in edge
sharpness discrimination, encompassing the properties of objects
and object-individual interfaces.

Index Terms—Contact area distribution, edge sharpness
discrimination, haptic perception, Weber fraction,.

I. INTRODUCTION

A S ONE of the main ways for human beings to feel things
and explore the world, the sense of touch plays a vital

role in human-computer interaction. With the emergence of new
technologies and interactive platforms (such as haptic displays
in VR [1], [2], wearable devices [3], [4], and new interfaces [5],
[6]), the research on haptic sensation and its mechanism is
enriching and deepening [7]. In psychophysics, threshold refers
to the minimum level of stimulation required to produce a
noticeable change in perception [8]. As an essential indicator
to describe haptic sensitivity and perception changes, the haptic
threshold is a primary research object in haptic mechanisms.

Prior studies in haptic mechanism demonstrated discrimina-
tion abilities differed from the spatial properties of real objects,
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such as curvature [9], [10], length [11], and volume [12]. Schol-
ars also conducted a series of studies to test haptic discrimination
ability in different conditions, such as indirect contact [13],
[14], interactive region [15], [16], exploration strategy [17],
[18], health status [19], [20], [21], and simulated stimuli [22],
[23], [24]. These studies have enriched the methodology and
content of experimental psychophysics, exploring human haptic
sensitivity to different objects and the various underlying factors
and mechanisms that influence haptic perception.

The study of edge sharpness is equally essential as the haptic
spatial properties mentioned above, as it represents a salient
object feature that provides information about the shape [25].
The perception, simulation, and interaction of haptic information
from natural objects heavily rely on the ability to detect edges
and distinguish their length, curvature, and angle [26], [27], [28].
When we define an edge as being formed by the juncture of
two surfaces, a fundamental property of an edge is the angle
at which these surfaces meet, which is similar to the psycho-
logical dimension of sharpness. Skinner et al. [29] obtained the
thresholds and Weber fractions of 4 triangular prisms varying
from sharpness, and the results closely followed Weber’s Law.
Compared to previously reported Weber fractions from other
haptic manipulations, the discrimination ability was sufficiently
sensitive to changes in edge sharpness. They also found that the
threshold in the free exploration condition was lower than that in
the single touch condition, indicating that the exploration strat-
egy affects sensitivity to edge sharpness. Further, Kent et al. [30]
demonstrated that under the free exploration condition to feel
the sharpness of the edge, a proximal-distal movement results
in substantially lower sharpness discrimination thresholds than
a medial-lateral movement.

Compared with studies on the full-range distribution of visual,
auditory, and gustatory discrimination [31], current studies on
sharpness discrimination are limited in stimuli scope. Only a
few typical edges were selected, which lacks an overview to
fully explore the haptic discrimination of all possible edges.
Besides, limited studies investigated the relationship between a
wide range of edges and their corresponding contact area distri-
butions. As the contact area influences the sensitivity of human
perception of softness and curvature, establishing this geometric
relationship can aid in designing desired object properties in
interaction design or haptic simulation [32], [33].

To address the above gaps, this study focused on the distribu-
tion of thresholds and contact areas for edge sharpness stimuli
across a full range of scales. Two experiments were conducted
to study the distribution characteristics and correlation of the
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sharpness threshold and its contact area, respectively. In Ex-
periment I, we 3D printed 36 triangular prisms with sharpness
ranging from 0◦ to 175◦ and conducted a series of two-alternative
forced-choice (2AFC) tasks [34] to obtain the sharpness thresh-
old. Our analysis of the raw data revealed an inflection point in
the threshold distributions, causing a change in slope. We also
compared the Weber fraction and upper/lower threshold based
on the inflection point and explored the correlation and distri-
bution characteristics between the edge sharpness threshold and
contact area. In Experiment II, we analyzed the contact area
distribution and examined the degree of different contact areas
with the same sharpness affecting the discrimination ability.
This experiment utilized the same method and experimental
procedure as Experiment I, but the test shapes with different
half-edge widths. The outcomes of this study can further the
understanding of haptic mechanisms by providing data support
and be applied to the design and evaluation of haptic displays.

II. EXPERIMENT I: EDGE SHARPNESS THRESHOLD

DISTRIBUTION

A. Design

The main independent variable in Experiment I was edge
sharpness, while the dependent variables included threshold and
Weber fraction. Thirty-six triangular prisms featuring various
angles and identical bases were fabricated by 3D printing to
serve as test shapes. The participants touched the edges of these
test shapes as sharpness stimuli. For the 3D printing, we utilized
the Mono X 3D printer (Photon Mono X 4 K, Anycubic, China)
with white resin. This printer boasts a 4 K LCD screen resolution,
and the printing direction was aligned parallel to the edge,
minimizing the impact of layer thickness on edge accuracy to
ensure optimal shape precision and surface quality. The internal
angle between two upper surfaces of each prism, denoted as
angle θ, was changed from 5◦ to 180◦ with fixed increments
of 5◦.

Similar triangular prisms were employed in a previous study
focusing on sharpness [29], and they introduced a variable
denoted as S to streamline data analysis. This process was
made because as sharpness perception increases, the internal
angle θ decreases, which can complicate comparing results with
other studies where stimulus measure increases with enhanced
perception. In this study, the relationship between θ and S is
defined as follows:

S = 180− θ (1)

The range of sharpness S was varied from 0◦ to 175◦. Edges
with sharpness S exceeding 175◦ were not generated due to insuf-
ficient wall thickness for successful 3D printing. The surfaces
of all test shapes were meticulously polished using 1000-grit
sandpaper, resulting in uniformly smooth surfaces devoid of
noticeable textures or defects. The bottom dimensions (30 mm
× 20 mm) and height (20 mm from bottom to the edge) of all
shapes remained consistent to control variables (Fig. 1). A fixed
stand was used to ensure the test shapes maintained a relatively
constant position throughout the experiment and predefined the
initial finger touch position by baffles.

Fig. 1. Test shape (a) defines the internal angle θ and sharpness S,
(b) illustrates dimensions and fabrication axes, and (c) shows the top view of 36
shapes.

Fig. 2. Fixed stand (a) where 2 shapes were arranged side by side, (b) and (c)
show one single press in the experiment.

B. Participants

Eleven participants were recruited for the study (3 identified
as female, 8 as male) with ages ranging from 22 to 32 years (M
= 26.91, SD = 2.64). All participants confirmed that they had
not encountered any cognitive or sensory impairments that could
hinder their capacity to comply with the experimental protocol.
According to the Edinburgh Handedness Inventory [35], all
participants were classified as right-handed. They possessed no
prior knowledge of the research objective and had not partici-
pated in any other investigations regarding sharpness discrimi-
nation. Participants were compensated equally for their time.

C. Procedure

The 2AFC tasks were conducted to collect experimental data.
The participant should cover his eyes and wear soundproof head-
phones to eliminate environmental influences on their haptic
perception. The experimenter could give instructions to the par-
ticipant through the earphone. During each trial, the participant
touched two edges with varying sharpness, respectively, one as
the reference and the other as the comparison. The shapes were
arranged side by side on a fixed stand, ensuring consistency
in their relative position to the participant (Fig. 2). The fixed
stand was used to control the finger’s initial position, press angle,
and touch location and ensure the participant pressed vertically
on the edge with identical movement stroke. The participant
was instructed to touch the edge using one single press by
the pad of his dominant index finger. The process began from
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Fig. 3. Measured contact force in the pilot study from 5 participants. The red
line indicates the mean contact force.

the fixed stand’s upper and left baffles, then touched down at
the approximate midpoint of the shape’s edge. The participant
remained still without any relative movement until the haptic
perception was completed, with a time limit of 3 seconds.
Subsequently, the participant lifted his finger, moved it to the
upper and right baffles, and completed the second single press.
The participant should always first touch the left edge and then
the right edge, and be asked to report which edge (left or right)
feels sharper. Between trials, the participant placed his right
hand on the marked location in front of the fixed stand to reset
the position and then had a break.

We conducted a pilot study involving five participants to
measure the contact force during a single press on all edges
using an electronic scale ranging from 0 to 1 kg. The results
indicated a decrease in contact force as sharpness increased (see
Fig. 3). Subsequently, participants were asked to compare edges
with reference angles of 160◦, 120◦, 90◦, 60◦, and 30◦, following
the experimental procedure. They were instructed to adjust their
contact force to match the mean contact force for each edge
(the red line in Fig. 3). Experimenters reminded participants to
ensure that the change in contact forces remained within a 30 g
range from the mean. Following this pilot study, two participants
reported discomfort while touching 60◦ and 30◦ edges using
the mean contact force. One participant mentioned difficulty
perceiving the edge when adhering to the mean contact force.
Additionally, four participants reported that focusing on con-
trolling the contact force hampered their ability to concentrate
on comparing the edges, resulting in longer exploration time.
According to the pilot study results and related research that
did not control the contact force [29], [30], the contact force in
Experiment I was not controlled.

For each reference shape, 14 comparison shapes (if available)
were used with 7 higher sharpness and 7 lower sharpness relative
to the reference. The difference in sharpness between the com-
parison shapes and the reference shape ranged from 5◦ to 35◦,
with sharpness increments of 5◦. During the experiment, each
pair of reference and comparison shapes was presented ten times,
with positions balanced (five times on the left and five times on
the right), resulting in 2240 presentations. The order of the stim-
uli was randomized throughout the experiment. To avoid fatigue

Fig. 4. Example of data collected. The curve shows the fitted function through
the measured data points. The vertical line at 105◦ indicates the sharpness of the
reference shape. The dashed line specifies the place of the 84% threshold. The
value of this discrimination threshold, σ, is shown in the top right corner of the
figure.

and pressure pain from prolonged touch acuity, the experiment
was divided into several 15-minute blocks, each comprising
approximately 70 continuous trials, with at least 5 minutes of
rest between blocks. Participants were limited to conducting six
blocks daily, with a maximum of three consecutive blocks. It
took about 8–9 hours to complete the entire experiment.

D. Analysis

To accurately calculate the proportion of the correct identifi-
cation of the sharper edge for each combination of reference
and comparison shapes in the original data set, a weighted
cumulative Gaussian distribution (f) was used as a function of the
sharpness of edges (S). The data were fitted using a maximum-
likelihood procedure [36], which followed the equation below:

f(S) =
1

2

[
1 + erf

(
S − Sref

σ
√
2

)]
(2)

where erf() represents the Gauss error function, and the param-
eter σ reflects the participant’s sensitivity to detect differences in
sharpness between two shapes, corresponding to the perceptual
threshold of the reference edge (Fig. 4). The parameter Sref

represents the sharpness of the reference edge. Based on Weber’s
Law, the Weber fraction k is obtained by the following equation:

k =
σ

Sref
(3)

The distribution curve is plotted using the calculated sharp-
ness threshold. According to Weber’s Law, the Weber fraction is
expected to remain constant within the medium stimulus range,
while the Weber fraction in the low and high stimulus ranges
may change depending on the stimuli. Two inflection points
representing the endpoints of the medium stimulus range divide
the distribution curve of the Weber fraction into three parts,
and (4) is used for the curve estimation. Based on (3), the
Weber fraction can be expressed as the slope of the threshold
distribution, thus rendering the threshold distribution as a linear
function within the medium stimulus range. By observing the
curve, the slope of the curve changes at a certain inflection point,
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which can be located using a segmented fitting method using (5).

fw(S) =

⎧⎪⎨
⎪⎩
G(S), if S < Si1

k0, if Si1 ≤ S ≤ Si2

G(S), if S > Si2

(4)

ft(S) =

{
a0S + a1, if S ≤ Si2

G(S), if S > Si2

(5)

where k0 is the estimated Weber fraction by segmented fitting.
Si1 and Si2 are the sharpness of the theoretical inflection points
obtained by one-sample Wilcoxon signed rank test on the Weber
fractions in Experiment I. a0 and a1 are the parameters related
to the linear function. G(S) represents the set of fitting equations
(see Equation (6)–(12)) including the linear, inverse, quadratic,
cubic, power, S-curve, and exponential models [37]. We changed
G(S) in every fitting process to obtain the best fitting parameters.
G(S) (S < Si1) and G(S) (S > Si2) could be different. The
segmented fitting model will output a R2 that represents the
fitting quality of the curve.

Linear : G(S) = b0 + b1S (6)

Inverse : G(S) = b0 +
b1
S

(7)

Quadratic : G(S) = b0 + b1S + b2S
2 (8)

Cubic : G(S) = b0 + b1S + b2S
2 + b3S

3 (9)

Power : G(S) = b0S
b1 (10)

S − curve : G(S) = exp

(
b0 +

b1
S

)
(11)

Exponential : G(S) = b0exp(b1S) (12)

E. Results

Due to Weber fractions of the reference shapes not following a
normal distribution (p-values of the Shapiro-Wilk test were less
than 0.05), a one-sample Wilcoxon signed rank test on the Weber
fractions was conducted to test the disparity to the Weber fraction
of 0.11 provided by Skinner’s research [29] and determine Si1

and Si2. Data at 0◦ were excluded due to the absence of Weber
fraction values. The results are presented in Table I. It indicates
that the discrepancy between the medians of Weber fractions
in [35, 115] and the Weber fraction from the previous study as
0.11 is not statistically significant, while the medians of Weber
fractions in other ranges are significantly higher than 0.11.

We used G(S) as the curve estimation model and segmented
fitting model through (4) to analyze the Weber fraction distribu-
tion curve (the red line in Fig. 5) with Si1 as 35◦ and Si2 as 115◦.
The curve estimation results are shown in Table II. The definition
ofR2 states that, as the Corrected Sum of Squares is constant for
one set of data, the smaller the Residual Sum of Squares (RSS)
is, the larger theR2 is. Although there is a same bestR2 of 0.985
when G(S) (S < Si1) is the inverse model and G(S) (S > Si2) is
the quadratic or cubic model, the best-fit function use the cubic
model as G(S) (S >Si2) with the lowest RSS of 0.00777. Where
k0 = 0.113 ± 0.000, the parameters of G(S) (S <Si1) are: b0

TABLE I
RESULTS OF ONE-SAMPLE WILCOXON SIGNED RANK TEST ON WEBER

FRACTIONS IN [5, 175]

= −0.077 ± 0.000, b1 = 3.719 ± 0.000, and the parameters of
G(S) (S >Si2) are: b0 = 0.327 ± 0.001, b1 = −0.009 ± 0.123,
b2 = 7.848*10−5 ± 0.083, b3 = −2.049*10−7 ± 0.004. The
threshold distribution curve (the blue line in Fig. 5) was also
analyzed through curve estimation. The best segmented fitting
is (5) with G(S) as the cubic model (R2 = 0.958), which also
indicates the same inflection point of 115◦. The parameters of
the function are: a0 = 0.087 ± 0.013, a1 = 2.28 ± 0.861, b0 =
36.048 ± 508.96, b1 = −0.953 ± 10.494, b2 = 0.01 ± 0.072,
b3 = −2.399*10−5 ± 0.000. The results of curve estimation
using G(S) were compared with the result of segmented fitting,
where the exponential model has the best fitting accuracy (R2

= 0.967), with b0 = 0.014 ± 0.000 and b1 = 3.107 ± 0.139.
Weber’s Law stipulates that Weber fractions should remain

constant in the medium stimulus range. However, Table I and the
red distribution curve in Fig. 5 indicate that the Weber fraction
in (0, 35) does not follow this trend. Some previous works
established that Weber’s Law is inapplicable in the low stimulus
range [31], [38]. Therefore, the data in this range will not be
analyzed based on Weber’s Law. According to the results of the
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Fig. 5. Distributions of Weber fraction and threshold, where can be divided
into 3 ranges with different stimulation intensities according to Weber’s Law
and the inflection points of the threshold.

TABLE II
CURVE ESTIMATION RESULTS OF THE WEBER FRACTION DISTRIBUTION IN [5,

175] WITH Si1 = 35◦ AND Si2 = 115◦

Wilcoxon signed rank test on Weber fractions and segmented
fitting, the data in [35, 175] was divided into two parts: [35, 115]
and (115, 175], and an independent sample t-test was conducted
between them to compare the difference. The data is normally
distributed with no outliers. The independent sample t-test shows
that the mean value of Weber fraction in (115, 175] (M = 0.173,
SD= 0.024) is significantly higher (t=−7.649, p= 0.000) than
that in [35, 115] (M = 0.113, SD = 0.014), with a difference of
0.051 (95% CI: −0.076 to −0.043).

Because the overlarge (small) sharpness edges have insuf-
ficient fitting points to calculate the lower (upper) threshold,
not all shapes could be used to accurately calculate upper and
lower thresholds in the sharpness range [0, 175]. For instance,
an edge with 0◦ sharpness only has an upper threshold but no
lower threshold. To ensure the reliability of experimental data,
the sharpness range [20, 150] was chosen due to at least 5 fitting
data points of upper or lower thresholds.

We conducted a one-sample Wilcoxon signed rank test on
the Weber fractions of the upper threshold (DLU) and lower

TABLE III
RESULTS OF ONE-SAMPLE WILCOXON SIGNED RANK TEST ON WEBER

FRACTIONS OF DLU AND DLD IN [20, 150]

Fig. 6. Distributions of the upper threshold (DLU) in the blue line and lower
threshold (DLD) in the red line, and the infection point is 115◦.

threshold (DLD) to test their disparity to the previous result
of 0.11, and the results are shown in Table III. There are no
significant differences between most Weber fractions of DLU
and DLD in [35,115], while the medians in other ranges are
significantly higher than 0.11. The results of the segmented
fitting (Fig. 6) using (5) indicate that when Si2 is 115◦, it has
best fitting accuracy for the upper threshold (R2 = 0.91) and
the lower threshold (R2 = 0.924) while G(S) as the cubic model
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Fig. 7. Test shape (a) defines the sharpness S and half-edge width a, (b)
illustrates with dimensions and fabrication axes, (c) shows the top view of 40
shapes.

(see (9)). The parameters of the segmented function for DLU
are: a0 = 0.12 ± 0.029, a1 = 3.275 ± 1.536, b0 = 12448.545 ±
4625.529, b1 = -276.19 ± 103.351, b2 = 2.038 ± 0.768, b3 =
−0.005 ± 0.002; for DLD are: a0 = 0.088 ± 0.017, a1 = 3.446
± 0.882, b0 = -2688.982 ± 2656.128, b1 = 61.088 ± 59.348, b2
=−0.462 ± 0.441, b3 = 0.001 ± 0.001. The data is divided into
two parts: [20, 115] and (115, 150], and their upper and lower
thresholds are further compared.

The data in [20, 115] and (115, 160] conform to the normal
distribution (p-values of the Shapiro-Wilk test were higher than
0.05) without outliers, so we conducted a paired sample t-test to
compare the difference between DLU and DLD in each range.
The results show that there is no significant difference (t= 1.613,
p = 0.123) between the upper (M = 8.44, SD = 4.05) and lower
(M = 7.256, SD = 2.905) threshold distributions in [20, 115].
In contrast, the mean value of the upper threshold (M = 28.789,
SD= 7.548) was significantly higher (t= 3.076, p= 0.022) than
that of the lower threshold (M = 18.946, SD = 6.063) in (115,
150]. The difference was 9.843◦ (95%CI: 2.012◦ to 17.674◦).

III. EXPERIMENT II: CORRELATION OF SHARPNESS

DISCRIMINATION AND CONTACT AREA

The results of Experiment I reveal the presence of an inflection
point within the sharpness threshold distribution. Significant
differences exist in the sharpness discrimination ability and
the upper and lower thresholds on both sides of the inflection
point. We designed and conducted Experiment II to explore the
potential influence of variations in contact area on these results.

A. Design

The main independent variable of Experiment II was the
contact area, and the dependent variable was the Weber frac-
tion. In this study, the contact area represents ‘the gross area’
corresponding to the overall area comprising the elliptical shape
encompassing the entire contact [39]. We fabricated four sets of
triangular prisms with various sharpness and half-edge widths as
test shapes, which are shown in Fig. 7. The 3D printer, materials
(excluding the color), and parameters used in Experiment II were
consistent with those in Experiment I. The range of sharpness
S was varied from 30◦ to 120◦ with increments of 10◦. The
half-edge width a differed among the four sets and was measured

Fig. 8. Fingerprints and contact area analysis. (a) Fingerprints stampted onto
the paper and scanned into. jpg format at the original scale. (b) The outer
contour, contact width and length were marked by the researchers. (c) The
contact area output from the software. The fingerprint in this figure has been
partially obscured to protect participant privacy.

as 4 mm, 3 mm, 2 mm, and 1 mm, respectively. Additionally, we
employed Weber fractions to analyze the data collectively from
Experiments I and II.

B. Participants

The participants involved in Experiment II were the same as
those in Experiment I.

C. Procedure

Before Experiment II, we employed the imprint method, as de-
scribed by Hauser et al. [40], to measure the contact area between
the finger and various edges used in Experiment I under identical
touching conditions. In this procedure, participants coated their
testing fingers with washable red ink and single pressed all
edges. The surface of the edges was covered with sulfuric acid
paper to record the contact area during pressing. Subsequently,
the fingerprints were scanned into the computer as image files,
preserving their original scale. Researchers then utilized image
processing software (Adobe Photoshop and Solidworks) to man-
ually outline the outer contours and calculate the corresponding
contact areas. Additionally, we measured the contact length L
(the longest median perpendicular to the edge) and width D (the
longest median parallel to the edge), as shown in Fig. 8.

2AFC tasks were conducted to collect the data in Experiment
II, and participants were asked to single press the edge in every
trial. The procedures closely mirrored those implemented in
Experiment I. We measured sharpness thresholds at 50◦, 70◦, and
90◦ from the medium stimulus range, selected based on earlier
study [29] involving half-edge widths of approximately 4 mm.
For the sharpness of 50◦, we used the sharpness of 30◦, 40◦, 60◦,
and 70◦ as the comparison shapes; For the sharpness of 70◦, we
used the sharpness of 50◦, 60◦, 80◦, and 90◦ as the comparison
shapes; For the sharpness of 90◦, we used the sharpness of 70◦,
80◦, 100◦, 110◦, and 120◦ as the comparison shapes. During
the experiment, each pair of reference and comparison shapes
was presented 10 times, with positions balanced (5 times on the
left and 5 times on the right), for a total of 520 presentations.
The order of presentation remained randomized throughout the
experiment, and it took about 2 hours.
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Fig. 9. Distributions of raw, calculated, and measured contact area, half-
contact length, and contact width for full range of sharpness.

D. Analysis

The calculation process of the threshold and Weber fraction
and the segmented fitting method for the distribution curve of
the contact area are similar to Experiment I, where using the
following equation:

fc(S) =

{
G(S), if S ≤ Si2

G(S), if S > Si2

(13)

An elliptical shape was assumed to estimate the contact area,
where the semi-major and semi-minor axes corresponded to half
of the contact length and width, respectively. The area of the
ellipse was calculated using (14), with A representing the area
of the ellipse, L and D denoting the contact length and width,
and l indicating half of the contact length:

A =
1

4
πLD =

1

2
πlD (14)

The contact width remained consistent (the yellow line in
Fig. 9) across various sharpness for each participant (M =
12.779, SD= 0.411). This is supported by the calculated contact
area using (14), which closely aligns with the measured contact
area. The contact length exhibited variation with changing sharp-
ness. Distribution curves for the half-contact length, contact area
calculated using (14), and measured contact area were plotted
(shown in Fig. 9). These three curves are almost identical, which
indicates that the half-contact length can replace the contact area
as the independent variable in Experiment II. This substitution is
advantageous because controlling the contact area is challeng-
ing. The half-contact length can be calculated using the half-edge
width a and sharpness S with the following equation:

l =
a

sin
(
90− S

2

) (15)

E. Result

Curve estimation and segmented fitting were used to estimate
the distribution curve of the contact area, and results are shown
in Table IV. According to the results, the infection point with
the highest fitting accuracy (R2 = 0.998) is 115◦, and the fitting
model is (13) with both the G(S) (S ≤ Si2) and G(S) (S >Si2)
is the cubic model. The result is similar to the segmented fitting

TABLE IV
CURVE ESTIMATION RESULTS OF THE CONTACT AREA DISTRIBUTION IN [0,

175] WITH Si2 = 115◦

Fig. 10. Weber fractions of edged with different sharpness (50◦, 70◦, and 90◦)
and half-edge widths (4 mm, 3 mm, 2 mm, and 1 mm), and the red line indicates
the mean Weber fraction of sharpness as 0.11. The blue box named normal
indicates the Weber fractions in Experiment I.

of the threshold distribution curve. The parameters of G(S) (S
≤ Si2) are: b0 = 204.38 ± 0.000, b1 = −0.532 ± 0.003, b2 =
−0.021 ± 705.066, b3 = 0.0001 ± 0.099. The parameters of
G(S) (S >Si2) are: b0 = 42.162 ± 2.122, b1 = 0.557 ± 0.000,
b2 = −0.009 ± 14.538, b3 = 3.014*10−5 ± 0.163.

The Weber fraction is shown in Fig. 10. One-sample t-tests
were used to compare the data to the results of Skinner’s re-
search [29]. There are no significant differences between the
mean Weber fractions of 50◦, 70◦, and 90◦ with the half-edge
width as 4 mm, 3 mm, and 2 mm and the mean Weber fraction
in the medium stimulus range as 0.11. By contrast, the mean
Weber fractions of 50◦ (M = 0.538, SD = 0.514, t = 2.762, p
= 0.02), 70◦ (M = 0.54, SD = 0.325, t = 4.388, p = 0.001)
and 90◦ (M = 0.215, SD = 0.079, t = 4.433, p = 0.001) with
the half-edge width as 1 mm are significantly higher than 0.11.
Based on (15), the half-edge width at 1 mm and 2 mm corre-
sponds to the half-contact length at 1.246 mm and 2.492 mm. The
half-contact length of the inflection point at 115◦ is 1.599 mm,
between 1.246–2.492 mm. Fig. 11 shows the distribution of the
half-contact length in Experiment II.

IV. DISCUSSION

The distribution analysis results reveal an inflection point in
the distribution curves of contact area and perception threshold
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Fig. 11. Distribution of the half-contact length for the full range of sharpness.
The constant lines indicate the corresponding half-contact length of the half-edge
widths used in Experiment II, and the red spot shows the location of the inflection
point.

Fig. 12. Side views of the finger press on the edge of the shapes vary in
sharpness. A gap occurs when the fingers cannot fit the edge, and the contact
area at this point is similar to the effective contact area.

at 115◦. This inflection point divides the distribution curves into
two parts: one in the preceding range [0, 115] and another in
the subsequent range (115, 175], each characterized by different
slopes. In the [0, 115] range, the contact area distribution curve
exhibits a more pronounced rate of change than that in the (115,
175] range. Conversely, the threshold distribution curve in the
[0, 115] range displays a lower change rate than the (115, 175]
range. This abrupt shift in the contact area distribution can be
attributed to both the finger’s elasticity and interaction depth
limitations. Fig. 12 provides a side view of the interaction be-
tween the fingerpad and edges with various sharpness. At lower
sharpness (20◦, 60◦, and 85◦), the finger can conform closely
to the edge, where the contact area is primarily based on the
length of contact and the maximum interaction depth between
the finger and the edge, leading to a substantial rate of change in
the contact area. In contrast, at higher sharpness (110◦, 140◦, and
160◦), the finger and the edge cannot fit well due to the elastic

limit of the finger, leading to a more modest change in the contact
area.

The sudden mutation in the threshold, marked by a signifi-
cant change in the slope, is closely associated with alterations
in the contact area distribution. This change in the threshold
distribution, quantified as the slope of the curve, serves as an
alternative expression of human haptic discrimination ability.
The similar changing trend between threshold change and the
contact area aligns with prior research, as also reported by
Goodwin [41]. Pont et al. [15] suggested that the maximum
contact length of different hand areas is crucial in determining
the threshold, not the specific contact area. The results verified
Goodwin’s study [33] that humans can discriminate spherically
curved surfaces without recourse to the accompanying changes
in the contact area. Once the contact area reaches a critical value
(i.e. the effective contact area in Fig. 12), its alteration will not
affect threshold change. In our study, when the contact area
distribution comes to the inflection point, it may also meet the
critical value required for sharpness perception. As the effective
contact area diminishes, the number of mechanoreceptors also
decreases, consequently diminishing haptic discrimination abil-
ity, as evidenced by a reduced rate of change in the threshold.
However, any numerical decrease does not impact the threshold
change rate when the contact area exceeds this critical value,
which affirms Weber’s Law.

To facilitate the discussion of our study results, we introduce
two definitions: ‘effective contact area’ and ‘ineffective contact
area’. For the edges, the ‘effective contact area’ pertains to
the region closely encircling the edge impression, while the
‘ineffective contact area’ comprises the area outside this region.
Prior studies [42], [43] have suggested that haptic discrimi-
nation ability hinges on the number and activation level of
mechanoreceptors in the skin of the fingers. We posit that only
mechanoreceptors within the effective contact area are activated
during touch. The extent of their activation corresponds to
the strength of the stimulus, i.e., the depth to which the edge
penetrates the finger. Based on the results of Experiment I,
we categorize the sharpness range into three distinct ranges:
the ‘low stimulus range’ ranging from [0, 35), the ‘medium
stimulus range’ ranging from [35, 115], and the ‘high stimulus
range’ ranging from (115, 175]. The inflection point at 115◦ in
distributions of the threshold and the contact area demarcates
the medium-low and high stimulus ranges.

In the low stimulus range, edge sharpness is relatively mild.
As sharpness gradually intensifies, the depth to which the edge
penetrates the finger increases, while the contact area gradually
diminishes due to skin stretching. Results from Experiment I
reveal a monotonic decrease in the Weber fraction within this
range, indicating an augmentation in the finger’s discrimination
ability as stimulus strength increases. This phenomenon seems
to be primarily associated with stimulus strength rather than
the contact area. Although the number of mechanoreceptors in
this zone remains constant, their activation level amplifies with
the stimulus, resulting in an enhanced resolution ability. This
enhancement manifests as a logarithmic curve, consistent with
findings from Alfred’s research [31].
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In the medium stimulus range, the depth to which the
edge penetrates the finger remains consistent as sharpness in-
creases. The number and activation level of mechanorecep-
tors remain at their peak within the medium stimulus range,
resulting in a constant discrimination ability consistent with
Weber’s Law. Conversely, the contact area decreases due to
alterations in the ineffective contact area, signifying that varia-
tions in contact area do not impact discrimination ability in this
range.

In the high stimulus range, the ineffective contact area has
diminished to zero, and alterations in the contact area exclusively
impact the effective contact area. While the activation level of
the mechanoreceptors remains at its peak due to the maximum
depth to which the edge penetrates the finger, the quantity of
mechanoreceptors decreases in tandem with the decrease in
the effective contact area, leading to a decrease in discrimi-
nation ability. Consequently, the Weber fraction significantly
increases.

Remarkably, both upper and lower thresholds share a similar
inflection point in their distribution, situated precisely at 115◦.
As expounded upon earlier, this inflection point differentiates
between the medium-low and high stimulus ranges within the
distributions of both upper and lower thresholds. The distinction
between the distribution of the upper and lower thresholds
is primarily marked by the inflection point, with the upper
threshold exhibiting a significantly higher value than the lower
threshold in the high stimulus range. The results of the paired
sample t-test indicate no significant difference in the distri-
bution of upper and lower thresholds within the medium-low
stimulus range. However, the upper threshold is significantly
higher than the lower threshold in the high stimulus range.
These findings can be elucidated by considering the upper and
lower thresholds’ range. In the high stimulus range, the fitting
points of the upper thresholds of stimulation points are all
located in the high stimulus range, where discrimination ability
is comparatively limited, leading to a high threshold value.
In contrast, the lower threshold remains in the medium-low
stimulus range, characterized by superior discrimination ability
compared to the high stimulus range, resulting in a low threshold
value.

Furthermore, the contact area at the intersection of the
medium and high stimulus ranges can be regarded as the effective
contact area, aligning with the inflection point of the distribution
curve at 115◦. We calculated the effective contact area at the
inflection point to be 32.098 mm2, with a corresponding half-
contact length of 1.599 mm. Experiment II involving different
half-edge widths at the same sharpness further validated this
hypothesis. The Weber fractions were identical for half-edge
widths greater than 2 mm (corresponding to the half-contact
length of 2.492 mm), despite variations in the contact area, and
exhibited no significant differences. However, for a half-edge
width of 1 mm (corresponding to the half-contact length of
1.246 mm), the Weber fractions for different sharpness were
significantly higher than in other cases. The corresponding
half-contact length at the inflection point is within the range
of 1.246–2.492 mm, consistent with the above calculations,
indicating a maximum effective area.

V. CONCLUSION, LIMITATION AND FUTURE WORK

In this study, we investigated the distribution characteristics of
the haptic threshold and its contact areas across the full range of
edge sharpness, and explored the potential correlation between
changes in contact area and sharpness discrimination ability. We
discovered a consistent inflection point at 115◦ in the distribution
curves of both the contact area and the sharpness threshold, then
analyzed the differences and characteristics in the distribution
on both sides of the inflection point. Our results reveal that
this inflection point in the threshold distribution separates the
medium-low and high stimulus ranges. Within the medium stim-
ulus range, the Weber fraction distribution follows Weber’s Law,
the results of previous studies. Furthermore, the difference in the
distribution of the upper and lower thresholds is distinguished by
this inflection point, where the upper threshold is significantly
higher than the lower threshold in high stimulus ranges. Only
when the contact area is smaller than the effective contact area,
does the change in the contact area affect the discrimination
ability. The outcomes of this study provide valuable insights for
understanding the mechanisms of haptic perception and can be
applied to inform the design of resolution and user studies in
haptic displays.

The limitation of this study was not controlling the contact
force while measuring the contact area of the finger pressing on
the edge. Although passive touch by mechanically pressing is
easy to control the contact force, active touch aligns more closely
with individuals’ habitual actions during real interactions than
passive touch. However, participants actively controlling the
contact force during the touch process might cause distraction,
potentially impacting haptic perception abilities. It is essential
to provide reminders and assistance in controlling the contact
force through the experimental setup and determine the contact
force range for precise control.

Future research will investigate the distribution of other haptic
stimuli, such as curvature and spheres, to determine whether
similar correlations and distribution characteristics exist for their
thresholds and contact areas. If such correlations exist, we aim
to develop a method for predicting haptic thresholds and Weber
fractions based on shape and contact area.
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