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Abstract—The goal of this study was to analyze the human ability of external force discrimination while actively moving the arm.

With the approach presented here, we give an overview for the whole arm of the just-noticeable differences (JNDs) for controlled

movements separately executed for the wrist, elbow, and shoulder joints. The work was originally motivated in the design phase of

the actuation system of a wearable exoskeleton, which is used in a teleoperation scenario where force feedback should be

provided to the subject. The amount of this force feedback has to be calibrated according to the human force discrimination

abilities. In the experiments presented here, 10 subjects performed a series of movements facing an opposing force from a

commercial haptic interface. Force changes had to be detected in a two-alternative forced choice task. For each of the three joints

tested, perceptual thresholds were measured as absolute thresholds (no reference force) and three JNDs corresponding to three

reference forces chosen. For this, we used the outcome of the QUEST procedure after 70 trials. Using these four measurements

we computed the Weber fraction. Our results demonstrate that different Weber fractions can be measured with respect to the joint.

These were 0.11, 0.13, and 0.08 for wrist, elbow, and shoulder, respectively. It is discussed that force perception may be affected

by the number of muscles involved and the reproducibility of the movement itself. The minimum perceivable force, on average, was

0.04 N for all three joints.

Index Terms—Perception, psychophysics, biorobotics, human factors, wearable computers

Ç

1 INTRODUCTION

HAPTIC devices provide the user with force feedback,
enabling proper interaction with real or virtual objects

[1]. Nowadays, this interaction is becoming very detailed in
applications where machines replace or extend limbs’
capabilities as well as in cases where subjects have to
immerge into sophisticated virtual scenarios. Exoskeletons
are an example of haptic devices, where successful force
discrimination of the human is essential for the close
interaction with the machine. From the engineering point of
view, it is possible to provide a wide range of force
resolution to the human, but it is not immediately clear if
the human is really able to perceive the intended changes.
However, this question can be answered using psychophy-
sical methods, which is what we do in the present study.
The aim here is to measure the human force resolution
to use the results for specification of requirements for an
exoskeleton. More specifically, our goal is to measure the

smallest force changes that a human can perceive with his
arm. This analysis is important from three aspects: design,
force feedback, and smooth movements.

Teleoperation with the exoskeleton happens in a dy-
namic environment, i.e., the force is applied to the human
while s/he is actively moving. In contrast, most of previous
works have concentrated on passive movements, where the
body was considered to be fixed (such as [2], [3]).

Our approach bases on first defining a precise set of
actively executed movements that are common in tele-
operation scenarios and then measuring the force sensitiv-
ity during these executions. The feedback generated by the
exoskeleton will use this measured force sensitivity to
make sure that it is indeed perceived by the user. The
intended exoskeleton will be used to teleoperate a robotics
system and will cover both arms and the back of the user.
For a reliable telemanipulation, the impression of a realistic
percept is essential, i.e., an impression of being onsite
strongly improves the human abilities to fulfill the task and
to deal with unexpected situations. In this context, force
feedback is used from the environment to facilitate the
user’s immersion into the scene during teleoperation [4].
The feedback received from the haptic interfaces (i.e., the
exoskeleton) is usually sensed as external force by the user.
As an example, a previous version of the exoskeleton is
illustrated in Fig. 1. To get a more direct impression of the
system depicted in Fig. 1 and an example of the
teleoperation application, we refer the reader to the video,
submitted as supplemental material, which can be found
on the Computer Society Digital Library at http://doi.
ieeecomputersociety.org/10.1109/ToH.2013.4. It covers the
right arm and is equipped with a total of nine DOFs, seven
of which are actuated and two are purely passive. The
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kinematics is configured on the base of the human
anatomy to maximize the usable workspace [5], [6] and
to avoid restrictions to the user’s movements. To deliver
complex force patterns and to distribute the weight of the
system over the body, three contact points were defined
between the limb and the exoskeleton (see Fig. 1):
shoulder, upper-arm, and forearm (wrist proximity). The
system is actuated via a low-pressure hydraulic circuit
operating at 25-30 bar. Each joint is equipped with position
and torque sensors. In addition to that, at each contact
point with the limb, the interaction forces can be measured
via dedicated force/torque sensors.

For the design phase, choosing proper actuators for a
wearable exoskeleton is a critical point. Precise actuators are
usually complex and expensive. Having detailed knowledge
about the human force perception helps the designers to
select more suitable actuators. In addition, this knowledge
will be used to compute the appropriate force feedback.
Once the user manipulates the environment, s/he has to be
aware of any obstacles, objects’ displacement, and so on. The
magnitude of force feedback must be calculated properly to
establish a percept that the user can rely on. In this respect,
too small differences will not be perceived, while too large
feedback will confuse the user and may pull him out of the
current task. This is of particular importance during tasks
requiring fine-manipulations or taking place in fragile
environments. In these cases, small magnitudes of force
feedback are very important such as the beginning threshold
of the force sensation while touching a fragile object. Finally,
the force feedbacks, generated by the actuation system,
should be performed with sufficient smoothness adjusted to
human perception, for example, it should be avoided that
force changes are smaller than perceivable for the human
limb hindering successful interaction with the environment.
In addition, as long as the actuation error of a system stays
below the perceptual threshold, the user will not notice any
error. Quite similar technology is nowadays used in
animations [7]. Therefore, the complete design of the
actuation system of the haptic interface can benefit from
the information obtained in the present study.

The interaction between the haptic interface (here, the
exoskeleton) and the target system is generally bidirec-
tional, namely the position and applied force of the subject’s
limb is sensed by the interface and mapped to the target

system (virtual or real), and concurrently the position/force
measured in the target system (virtual or real) is displayed
back to the user via the interface. In this manner, the
interface enables an extension of the human sensory system
allowing a better integration between the machine and the
human. For this reason, the human sensory-motor system
plays an important role in defining the performance of a
haptic interface. The perceived stimulus does not only
depend on the physical quantity, but is also conditioned by
the instantaneous state of the somatosensory system [8]. It
is, therefore, critical to know the relationship between the
applied force and the force changes required to reach a
noticeable difference for the subject. This relationship was
measured for three contact points (wrist, elbow, and
shoulder) of the human arm. We consider classical
psychophysical methods used for this measurement as a
crucial step in developing a robotic system designed to
closely interact with a human.

The paper is structured as follows: Section 2 introduces
some related works on force discrimination analysis.
Section 3 describes the methods and experimental setup.
Section 4 explains the results and analysis of them. Section 5
is assigned to discussions on the results. Section 6 concludes
the paper, and raises some future research directions.

2 STATE OF THE ART

For a good quality of haptic feedback, i.e., to exert
appropriate forces to elicit the intended sensation of the
user, knowledge about human force sensitivity is manda-
tory. A classical framework for relating physical quantities to
the psychological percept is provided by psychophysics, where
the perception of a stimulus difference has been termed
difference threshold or just noticeable difference (JND). The
minimum intensity value � that a stimulus becomes
perceivable is called absolute threshold.

In 1860, Fechner formulated a law, which he called
Weber’s Law, stating that the sensitivity to perceive a
difference between two stimuli decreases with increasing
size of the original intensity �0 [18]. The value of the JND,
��, is the intensity difference corresponding to the
perception of a stimulus with intensity �1 as different from
�0. Fechner further states in this law that the ratio between
�� and �0 stays constant, so that

��

�0
¼ c: ð1Þ

The constant c is called the Weber Fraction.
Nowadays, it is well known that this relationship is not

true for every modality under every circumstance: Other
sensory modalities can influence the JND measured in a
single modality as was shown in, for example, [3], while the
discrimination of force direction is influenced by visual
congruency. Furthermore, it is a long standing fact that for
very high or very low intensities, the ratio between �� and
�0 changes. This has been shown, for example, for the
sensitivity of rods in the human retina [19] or for acoustic
intensity discrimination of high frequencies [20]. One way
to compensate for this when measuring small stimulus
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Fig. 1. A subject wearing the VI-Bot Exoskeleton. The three contact
points to the arm, where force feedback is possible, are shown (1, wrist;
2, elbow; 3, shoulder). For more details on the system, see [5], [6].



intensities �0 close to 0 is to take into account the noise of
the sensory system a [8]. This changes (1) to

��

�0 þ a
¼ c: ð2Þ

This modification allows us to incorporate the absolute
threshold at Fref ¼ 0 into the calculation of the Weber
Fraction by avoiding division by zero, and has been used
recently for computation of the Weber Fraction, for
example, in [21].

The application of Weber’s Law is still valid within limits
and widely used in the literature showing that, for example,
discrimination of tactile stimuli [22], auditory discrimina-
tion in an intermediate range [23], and judgment of
numerical inequality [24] can be described with this
relationship. The theory has been applied for human force
discrimination as well [8]. However, the picture is not
complete because most research has so far focused on
specific fine manipulations with the hand or single fingers,
the human arm or foot movements. In addition, the
methods are varying in the way these measures were
obtained: some experiments did not allow a movement, and
fixed the respective body part (e.g., [2], [3]), while others
did not specify a certain movement (e.g., [14]). Therefore, a
direct comparison of the results is often difficult.

In the following, the existing works on human force
discrimination of the arm are described, from single finger
movements to movements of the whole arm. The important
results for the current study are also listed in Table 1. The
approaches in all of these studies are based on Weber’s law.

For the index finger, JNDs not less than 5 percent have
been reported in a task, where a user-friendly button was
developed and finger tipping was investigated to simulate
a push button with an opposing constant force [9]. Such
studies have also been carried out in the context of
rehabilitation applications using virtual environments
[10], where the authors looked for thresholds of force
sensitivity of the index finger so that they may ultimately
construct therapeutic force feedback distortions that stay
below these thresholds. In their study, Allin et al. reported
JNDs around 10 percent. In [11], force perception of the
index finger while rotating around the metacarpophalan-
geal (MCP) joint was investigated. They considered the
effect of age. A stroke patient was also taken into account.

The result of their research showed force JNDs between
19.7 and 46 percent.

For grasping with two fingers, JNDs around 7 percent
have been observed [12] along with small influences of
other task parameters such as speed and span distance.
Here, a task was used where two plates should be grasped
with the thumb and forefinger, then squeezed together
along a linear track.

A recent study characterized the force JND of the
human hand using an adaptive psychophysical procedure
[15], similar to the approach we follow in the present
study. Vicentini et al. concentrated on the measurement of
the hand force and torque JNDs for usage in teleoperating
a surgeon robot. They did not explicitly control with
which joint the actual movement was performed and
reported JNDs around 15 percent for forces bigger than
3 N. Another study considering force discrimination of the
hand for communication suggested an influence of move-
ment velocity on the JND [14]: thresholds increased with
increasing velocity. The driver’s perception of steering feel
was measured in [16]. The method of three-up one-down
from [25] was used setting the perception threshold to
79.4 percent. They calculated the force Weber Fractions
between 11.5 and 16.5 percent.

A study investigating arm force capabilities was con-
ducted by Tan et al. [2] reporting very low JNDs for wrist,
elbow, and shoulder of 1 percent or 2 percent. Here, the
force resolution was derived from a task where subjects had
to track half of the maximum controllable force recorded
earlier while they received the visual feedback of the
applied force. The JNDs obtained here were surprisingly
low and, so far, not supported by studies using classical
psychophysical paradigms for measurement of the JND.
Several reasons may contribute to these differences: In the
experiment by Tan et al., subjects could use visual and
haptic modalities to solve the task and force adjustments
were performed continuously in each trial. Furthermore,
the results were based on the output force of the subject
instead of the input force, and the JNDs were calculated by
averaging the differences between the desired and real
output forces.

Another study investigated human force matching in
[13]. Eight different reference forces were exerted to the left
hand of subjects, and they were asked to generate an
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TABLE 1
Summary of Prior Works on Force Discrimination, m and f Represent Male and Female Subjects, Respectively



isometric force by their right elbow flexor muscles. A
digital meter provided subjects with the feedback of their
force. Weber Fractions from 5.2 to 8.8 percent (mean
7.3 percent) were obtained. In addition, studies on force
discrimination capabilities of other body parts have been
conducted. For the foot, for example, much higher JNDs
have been reported: a study using a yes-no paradigm to
improve the gas pedal system of cars considering different
frequencies and footwears [17] reported JNDs between 30
and 50 percent.

In summary, force discrimination capabilities of the
human arm have only been studied for subparts of the
arm using specific tasks or without defining a specific
movement. None of the mentioned studies combined a well-
defined reproducible movement with a measurement of all
possible joints of the whole arm namely the wrist, the elbow,
and the shoulder. These three points are also the main force
feedback points of the human arm in the application, as
shown in Fig. 1. Furthermore, the methods applied in
existing studies are diverse and often biased in the subjects’
response. The results of a yes-no paradigm, for example, are
not independent of the subject’s decision criterion, so the
obtained JNDs might be biased. This particular kind of bias
can be avoided by using a 2-alternative forced choice (2AFC)
design, where both alternatives are presented on every trial
[26], [27], [28].

With the present study, we try to fill the existing gap in
the literature using a controlled and a simple movement in
each condition for each joint of the human arm. For the
threshold measurement, we use an adaptive psychophysi-
cal measurement and a rather unbiased 2AFC design [26],
[27], similar to Vicentini et al. [15] measuring force
sensitivity in the hand. We apply Weber’s law on multiple
psychophysical thresholds (JNDs) to find the appropriate
Weber Fraction with respect to the joint. The results will
serve the improvement of teleoperation because the human
user will receive appropriate force feedback and, thus, be
able to better react to the situation at hand. In the following
section, we provide more details about our approach.

3 METHOD AND EXPERIMENTS

For the development of the exoskeleton, we measured the
three main contact points with the limb, where it will be
possible to display the forces: wrist, elbow, and shoulder.
To this aim, we measured the force discrimination abilities
of the human arm relative to these locations.

3.1 Subjects

The exoskeleton was designed to fit the body size of
95 percentile of European male subjects (based on
standard DIN 33402). Therefore, 10 male subjects partici-
pated in the experiment. They were right handed and
reported no history of disorders concerning muscles or
sense of touch. All subjects were researchers at DFKI
GmbH, Robotics Innovation Center, aged between 20 and
38 years (mean 29.5, standard deviation 5.06). Each subject
was informed about the purpose of the experiment,
participated voluntarily, and did not get paid. The study
was conducted in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki).
After recording, one subject had to be rejected due to
inconsistent behavior (see Section 4).

3.2 Selected Movements

This section will briefly describe the selected movements
and the main muscles involved. For each of the exoskele-
ton’s contact points, we considered a corresponding
movement as the reference movement, which was a typical
movement during a fine-manipulation scenario (see sup-
plementary video, available online). As null pose we
assumed the limb relaxed and stretched along the body
(maximal loose-packed position). A summary of all move-
ments is given in Fig. 2. During the actual experiment,
subjects had to perform each movement against a defined
force (see Section 3.4).

3.2.1 Wrist Movement

Most fine manipulations with the hand will rely heavily on
the movement of the wrist to place the hand and fingers
accordingly. The movement selected here is a simple flexion
of the wrist between �45 and þ45 degree (Fig. 2b). The
forearm muscles are made up of 19 individual units that are
localized on the palmar (flexor muscles) and on the radial
side (extensor muscles). Of these, the flexion of the wrist
involves about six muscles [29]. Anatomically, the wrist is a
colloquial term and describes the joint between the forearm
and proximal carpal, radiocarpal joint, and the joint
between the proximal and the distal row of the carpal
bones [30]. The radiocarpal joint is functionally considered
as an ellipsoidal joint and allows, among other things,
flexion of the palmar extension of the dorsum of the hand.

3.2.2 Elbow Movement

For the elbow, a flexion movement between þ20 and
þ80 degree has been selected too (see Fig. 2c). In this
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Fig. 2. Selected movements: (a) Reference frame of human body. (b) Right wrist movement from top view. (c) Right elbow movement from front
view. (d) Right shoulder rotation from front view.



movement, only twomuscles are involved: the Biceps Brachii
and the Brachioradialis [30]. The elbow is like a hinge joint
between humerus and ulna.

3.2.3 Shoulder Movement

In contrast to the other two joints, the shoulder movement is
a rotation of the upper arm between �40 and þ40 degree.
This means that the shoulder girdle is fixed while the arm
moves as depicted in Fig. 2d. The actual rotation takes place
in the transverse plane around the longitudinal axis of the
joint. In the movement, nine muscles are involved:
Pectoralis, Serratus anterior, Rhomboideus, Latissimus,
Trapezius, and muscles composing the rotator cuff [30].

3.3 Experimental Setup

The forces applied during the experiment were generated
by a haptic device, Phantom Omni, developed by Sensable.1

Its main features are summarized in Table 2. As our goal is
to measure maximum sensitivity of human force discrimi-
nation, we were interested in rather small forces. Here, �F
must be small, and we measure the force in a limited
range, which is crucial for the validity of Weber’s law.
Accordingly, the maximum exertable force of the Phantom
was sufficient for our needs (see Section 3.4).

3.3.1 Calibration and Control of Phantom

To reach high accuracy in measuring the JND and the
absolute threshold, our experimental setup required precise
control of the amount of forcedelivered to the subjects. To this
end, a calibration of the haptic interface was performed
before the experiments todecrease thediscrepancies between
the desired and the applied force. Different forces were
generated by the Phantom in the xy-plane and measured by
an external sensor with a resolution of 0.001 N. The resulting
points were fitted using a linear regression (see Fig. 3).
Finally, the calibration curve was integrated in the control
system of the device. All the software was developed in C++
andwas based on the Phantom driver-library that is a part of
the Robot Operating System (ROS) framework (further
details can be found in the webpage2).

3.3.2 Setup

Due to the fact that the Phantom Omni is a lightweight
haptic device, different precautions were taken to prevent
any unwanted motion of the limb from altering the position
of the device relative to the subject. More precisely, it was
necessary to setup the experiments in a way that the hand’s

trajectories were always confined within the system’s
workspace. The experimental setup for each movement
kind is illustrated in Fig. 4.

Regarding the wrist movement a special structure was
built to block the forearm of the subject. With this support,
controlled movement of the wrist were easily possible.

For the elbow and the shoulder movements, we used an
anti-slip mat where the subject was able to rest his arm.
During the experiment the subject was asked to keep
always the contact of his elbow with the table; this allowed
only the movement under study. Furthermore, because only
low forces were applied, no additional fixations were
necessary here.

3.4 Task and Procedure

3.4.1 Experimental Procedure

Each movement type (see Section 3.2) was tested on a
separate experimental day. All subjects started with the
shoulder movement on day 1, continued with the wrist
movement on day 2, and finished the whole experiment
with the elbow movement on day 3. Each day consisted of
four experimental runs, i.e., an absolute threshold measure-
ment (Fref ¼ 0), and three JND measurements correspond-
ing to three different reference forces Fref (compare (2)).
These reference forces were chosen such that they are much
higher than the absolute threshold to avoid nonlinear
effects of the Weber Fraction near the absolute threshold
[13], [17]. On the other hand, we are mainly interested in
force feedback during fine manipulations, so we chose
rather small reference forces, i.e., 0.5, 1.0, and 1.5 N for the
wrist and shoulder. For the elbow, we had to choose even
smaller forces, because applying 1.5 N along the z-axis
harmed the Phantom device. Therefore, we chose 0.5, 0.75,
and 1.0 N as values for Fref . Half of the subjects performed
these runs with ascending reference forces while for the
others it was descending. The weight of Phantom’s arm
was always compensated, i.e., without external force the
arm did not move.

On each experimental day, before starting the experi-
ment, the task was explained and the subject could perform
a training run. This training was the same as an experi-
mental run in the main experiment (see Sections 3.4.2
and 3.4.3): force differences �F decreased, and the training
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TABLE 2
Phantom Omni Properties

Fig. 3. Calibration diagram of Phantom in xy-plane: Green points denote
average values of measured forces. The blue dotted line is computed by
linearizing the average points, and the red solid line is the desired line.

1. http:// www.sensable.com accessed 31 May 2012.
2. http://www.ros.org/browse/details.php?name=phantom_omni ac-

cessed 31 May 2012.



was aborted when the subject started to make errors, i.e.,
when the difference was too small. For this, roughly 20 trials
were needed and then the training was finished.

3.4.2 Task

For the results reported here, we used a 2AFC design,
which is rather unbiased of the subject’s decision criterion
[26], [27]. The subject was asked to keep the end-effector of
the Phantom in his right hand as shown in the Fig. 4. A
defined force was applied, opposite to the direction of the
expected movement, which was one of the reference forces

(see Section 3.4.1) and the subject performed the intended
movement (either wrist, elbow or shoulder). In the middle
of the movement, for example, flexion of the wrist, the
applied force either decreased or increased in the amount
�F determined by the adaptive threshold algorithm
described in Section 3.4.3. After the movement, the subject
had to respond whether there was a decrease or increase in
force. After each such trial, the subject was informed about
the correctness of his response. For each run, i.e., for each
reference force, 70 trials were performed.

3.4.3 Adaptive Threshold Measurement

The measurement of the perceptual threshold was per-
formed with the help of the adaptive staircase procedure
QUEST [31]. This algorithm estimates and directly tests the
intended point of the psychometric function. This function
is the relationship between the stimulus intensity and

correct responses [28]. In other words, the value�F applied
in a trial is the threshold actually estimated by QUEST. The
next value �F is then estimated by QUEST according to the
subject’s response. With this procedure, QUEST converges
to the intended intensity/performance pair.

In the current study, we used the QUEST algorithm
provided by the Psychophysics Toolbox3 as a Toolbox for the
Matlab Software (Mathworks Inc., Massachusetts). In our
experiments, we chose a threshold of 75 percent as the
perceptual threshold, corresponding to the turning point of
the psychometric function between guessing probability
(50 percent) and a perfect performance (100 percent) in a
2AFC task. Other initial parameters were: threshold
estimate ¼ 0:5; estimated standard deviation = 0.3; Weibull
function parameters: beta ¼ 3:5, delta ¼ 0:01, gamma ¼ 0:5;

step size ¼ 0:01; difference range ¼ 1; max value ¼ 0:9; min
value ¼ 0:01.

Whether the force Fref is indeed increased or decreased
by �F is randomized during the run. The same is true for
the measurement of the absolute threshold, where
Fref ¼ 0. We took the last �F provided by QUEST after
70 trials as the estimated threshold for a JND specific for
Fref with which the Weber Fraction c can be principally
determined in (1).

3.5 Data Analysis

3.5.1 Linear Regression for Weber Fraction

Weber’s law describes a linear relationship between the
ratio of Fref and �F , which is still widely used in the
literature as described in Section 2. To reduce noise in
the threshold measurement and have enough data points
for an appropriate estimate of the linear regression, we
measured three JNDs belonging to three reference forces
plus the absolute threshold, so that we have an estimate
for Fref ¼ 0 using the benefit of adding a in the
modification described in (2). The slope of this linear fit
is the Weber Fraction giving us an estimate of the human
force discriminability in each particular contact point of
the exoskeleton.

3.5.2 Statistics

We compared absolute thresholds and Weber Fractions for
different “movement types” (wrist, elbow, and shoulder),
respectively, using repeated measures ANOVA with
“movement type” as a within-subjects factor. Wherever
appropriate, p-values were adjusted by Greenhouse-Geisser
corrections. Pairwise comparisons were conducted by using
posthoc paired t-tests. With this analysis, we evaluated
whether the type of the movement affected the result of the
absolute threshold and Weber Fraction, respectively. The
bivariate correlation of absolute threshold measurements
and JND measurements were calculated for each movement
type (wrist, elbow, and shoulder) to investigate how the
correlation pattern differs depending on “movement type.”

4 RESULTS

The behavior of the QUEST algorithm and its convergence
to the intended threshold is illustrated by the example in
Fig. 5. This figure further demonstrates that the algorithm
reached the vicinity of the final threshold much faster than
the 70 trials applied, which was observable for all measured
contact points (wrist, elbow and shoulder). However, the
additional trials were used to deal with possible noise in the
measurement due to inconsistent behavior of the subjects
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Fig. 4. Experimental setup. Left: Wrist. Middle: Elbow. Right: Shoulder.

3. http://psychtoolbox.org/HomePage accessed 31 May 2012.



near the threshold. This noise reduction can be seen in

Fig. 5 as the curve gets smoother.
For each movement condition (wrist, elbow, and

shoulder), we measured the JND for each of the three

reference forces and the absolute threshold, i.e., the smallest

detectable stimulus level (see also Section 2). To compute

the Weber Fraction, we applied these four measurements

and computed the linear regression. Then, the slope of this

regression line corresponds to the Weber Fraction.
Only one subject failed in the task, which was obvious in

higher values of the absolute threshold than for the JNDs

tested. In the wrist task, this effect was most pronounced

even causing a slightly negative slope in the linear regression

(single subject results: ��0 ¼ 0:33 N, ��1 ¼ 0:17 N, ��2 ¼
0:13 N,��3 ¼ 0:32 N, andWeberFraction ¼ �0:01), which is

in itself contradicting the results of the other subjects and the

rationale behindWeber’s law. For the other joints, the results

were similar (elbow: ��0 ¼ 0:14 N, ��1 ¼ 0:11N; shoulder:

��0 ¼ 0:1 N,��1 ¼ 0:07 N). For this reason, this subject was

excluded from the study.
The results for all other subjects (n ¼ 9) are shown in

Fig. 6. The obtained averages of the Weber Fraction were

0.11 for the wrist, 0.13 for the elbow, and 0.08 for the

shoulder. Absolute thresholds (mean � standard deviation)

were 0:04� 0:04 N for the wrist, 0:04� 0:04 N for the elbow

and 0:04� 0:03 N for the shoulder. Table 3 shows the

corresponding results individually for each subject as well

as the median values for comparison.

A one-factorial ANOVA for repeated measurements
showed a significant main effect of “movement type”
on the size of Weber Fraction [F ð2; 16Þ ¼ 4:0; p < 0:05].
However, no such main effect was revealed for the
measurement of the absolute threshold [F ð2; 16Þ ¼ 0:4;
p ¼ 0:70]. Posthoc t-tests revealed that the pattern of Weber
Fraction measurements between the wrist and the elbow
movement was very similar [wrist versus elbow: p ¼ 0:28].
However, the shoulder movement seemed to be different
from the other movement types, which was obvious for the
difference between shoulder and elbow movement
[p < 0:047] and rather weak for the difference between
shoulder and wrist [p ¼ 0:09]. These differences are also
obvious as regards the single subject results, as depicted in
Fig. 7. The subjects behaved very similarly concerning the
wrist and the elbow movement, and differently regarding
the shoulder movement.

This result is underlined by the correlation analysis
summarized in Table 4. For wrist and elbow movements,
respectively, the measures were highly correlated (coeffi-
cients �0:75), and for each of the two conditions very
homogeneous coefficients were obtained. In contrast, most
measurements in the shoulder condition were rather
weakly correlated or even uncorrelated and we obtained
an overall heterogeneous correlation measure. This hetero-
geneity in the shoulder movements can also be inferred
from Fig. 7: Although the measured JND generally
increases with increasing reference force, the individual
characteristics differ across subjects.
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Fig. 5. Sample results taken from the shoulder movement of subject S3
with reference force of 1.0 N. Here, QUEST converges to 0.08.

TABLE 3
Absolute Thresholds and Weber

Fractions Obtained for Single Subjects

The Weber Fraction is computed by linear regression of the single
threshold measurements (three JNDs plus absolute threshold). The
results are summarized in Fig. 7.

Fig. 6. Results of linear regression. Left: Wrist analysis. Middle: Elbow analysis. Right: Shoulder analysis.



5 DISCUSSION

The aim of this study was to analyze human arm force
discrimination abilities in motion to be used in robot
teleoperation using a wearable exoskeleton. For this, we
measured the JNDs in the three main joints of the human
arm, which correspond to the contact points of the
exoskeleton. Using established psychophysical techniques,
we found different force discrimination abilities in each
joint demonstrating that this ability is not equally distrib-
uted across the whole arm. Therefore, our results indicate
that knowledge about the force discriminability in one joint
is not easily transferable to another joint in the human arm.

The magnitude of the thresholds we measured (wrist
0.11, elbow 0.13, shoulder 0.08) is comparable to the
thresholds reported in the existing literature (compare
Table 1), although a single study for these three joints
using one well-defined movement and a response-bias
free paradigm is not existing. Moreover, a direct compar-
ison with the existing literature is almost impossible due
to a high diversity of experimental approaches as
described in Section 2.

We try to fill this gap here measuring the response in
well-defined active movements for the whole arm using
three rather low reference forces plus the absolute thresh-
old to obtain an accurate measure of the Weber Fraction.
To weaken a possible response bias due to influence of
the subject’s decision criterion, threshold measurements
were performed with a 2AFC task, where both alternatives
were presented for each trial (for details on this issue see
[27, pp. 166-179]).

The study most similar to our approach is the study by
Vicentini et al. [15], where much higher forces were tested
for the hand and slightly higher JNDs of 15 percent were

obtained. The slight difference with their results is con-
sistent with the notion that Weber’s law is only true within
a limited range of reference intensities of the stimulus
considered. Similar deviations have been shown for other
modalities, as elucidated in Section 2.

The different thresholds measured for the wrist, elbow,
and shoulder might be partly explained by the number of
muscles involved in the corresponding movements (see
Section 3.2). According to our results, a higher number of
muscles involved increases the ability to discriminate forces.
This is supported by the fact that more muscles go along
with more proprioception, but we cannot prove this with the
current approach and such a relation remains to be shown.

In a further analysis, we investigated how the complexity
of each movement affects the correlation of the results. The
shoulder movement is the most complex one, and it might
be performed slightly different each trial. Such differences
might explain the rather low and heterogeneous correlation
coefficients shown in Table 4. For elbow and wrist much
higher and more homogeneous correlation coefficients were
obtained. Our results indicate that a measure of correlation,
like the one applied here, can be used as an overall indicator
of the reproducibility of the results with respect to the
movement applied.

5.1.1 Linear Regression

Since the Weber Fraction is actually the slope of a linear
relationship between ��i and �i (compare (2)), we decided
to compute it using the linear regression approach. Given
that the reference forces chosen for measuring the JND do
not exceedingly differ in their magnitude, the proportion of
the obtained JND should be more or less the same
according to Weber’s law. In addition to the fact that we
reduce the estimation noise by obtaining three points for the
linear regression, we used the extension of adding a fourth
value for taking into account an offset at �0 [8]. In summary,
we used four independent measurements to estimate the
Weber Fraction postulated in Weber’s law.

This effect of a linear relationship between measured
perceptual thresholds across subjects is also supported by
the results of the correlation analysis for the wrist and the
elbow movement. For these movements, we obtained
similar patterns of thresholds for all subjects, i.e., when a
subject had a higher JND for �1 the JND for �2 was very
likely to be high as well. For the shoulder movement, this
correlation was not observed, which might be attributed to
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TABLE 4
Correlation Coefficients

��0 is the absolute threshold and ��i the JND with respect to reference
force i.

Fig. 7. Detailed JND experiments results. Each colored line represents an experiment with a particular reference force. Left: Wrist. Middle: Elbow.
Right: Shoulder.



the higher flexibility in the movement itself, as discussed
above. Nevertheless, we reliably measured the increase in
JND with increasing reference force as predicted by
Weber’s law (compare Figs. 6 and 7).

5.1.2 Behavioral Measurements

From the 10 subjects that originally took part in the
experiment we had to reject the results of one subject due
to inconsistent behavior in the experiment (see Section 4).
The results for the remaining nine subjects were in
agreement with Weber’s law, but still contained a lot of
noise as can be drawn from the individual results (Fig. 7).
There is not always a distinct gradient of JND obtained
from lowest to highest reference force. Furthermore, not all
subjects are equal in their sensitivity, for example, S7
needed higher amounts of force to respond.

According to the methods applied in this study, our
results are rather free of individual response biases, but still
many error sources remain in the final setup. First of all, the
measurement itself is not noise free. The psychophysical
threshold is a well-known and often used concept, but its
identification is always difficult: Fast and at the same time
completely bias-free methods are not existing. A more
accurate measure needs more time, for example, by
recording many more trials using the Method of Constant
Stimuli [28] in the vicinity of the threshold, with the
drawback of introducing new noise by exhausting subjects.
Second, there is always the problem that measurement noise
adds with possible noise from the recording device. To
maximally reduce this factor, we applied an extra calibration
procedure prior to the experiment. Still, due to the sigmoid
shape of the psychometric function, even small changes of
stimulus intensity influence the performance in the vicinity
of the threshold. Therefore, if the Phantom device is
imprecise at that point, the accuracy of the threshold
estimate will be influenced. Third, there is a certain degree
of flexibility in every movement. Although we tried to
counteract this using simple experimental manipulations,
there is always some flexibility remaining. Indirectly, we
demonstrate this effect for the shoulder movement, where
we lose the correlation of the results across subjects. It is
straightforward that slight changes in the movement also
slightly change the way the corresponding muscles are
involved, which may in turn change proprioception.

However, our aim was to have a simple and at the same
time reliable estimation of the force discrimination abilities
of humans when conducting arm movements. Although we
had to face all the difficulties stated above, we could show
that a measurement of these thresholds is possible and
reliable across subjects. This is supported by the quality of
the linear regression and indirectly by the correlation
analysis for the wrist and the elbow movement. Concerning
the quality of the results, the accuracy obtained should be
sufficient for the final application as discussed in the
following paragraph.

5.1.3 Transfer to Application

The results of the present study will be used as require-
ments for the construction of a wearable exoskeleton. In
particular, they will help in defining the accuracy that is
needed in the actuation system to display a proper force

feedback. In a normal teleoperation scenario the force
feedback will be exerted to the user’s arm in dynamic
conditions. This is in accordance with our experiments that
were intended to analyze the force sensitivity of different
parts of the human arm during motion. The active move-
ments in our sets of experiments simulate a dynamic
teleoperation scenario.

For the measurement of the absolute threshold, we
would like to point out that the friction still remains in the
system. This friction can be considered as a static force,
which also exists in the final scenario with the exoskeleton.
According to experience with previous exoskeletons, we
would hypothesize that the user gets used to this friction
after some time, and will consider it as a part of his arm.
This will be investigated in the final system.

6 CONCLUSIONS AND FUTURE WORKS

In this study, we characterized human perception of
external forces for all three main joints of the human arm,
i.e., wrist, elbow and shoulder. We showed that this can be
done by applying psychophysical procedures, as long as
these are independent of individual response biases.
Although we could reliably measure thresholds for force
perception, our results demonstrated that these thresholds
were different for the joint with which the movement was
performed. With the approach presented here of character-
izing the perceptual threshold for each joint separately, we
are able to complement existing studies (such as [15]),
which considered the arm as one single structure (all joints
are equal) when measuring the force JND. Furthermore, we
suggested simple correlation measurements as indicators
for the robustness of the movement under study. Other
possible influences, like movement velocity and direction,
were beyond the scope of the present study, but could be
investigated using the same methodology.

We summarized the results obtained using the Weber
Fraction as the key value for the force discrimination ability
of each joint. For the application, an exoskeleton used for
teleoperation, the Weber Fraction will be used to design the
system with proper actuators and adjust the feedback
delivered to the human appropriately via a specific
mapping between the teleoperated robot and the exoskele-
ton. This, for example, will be required when the tele-
operated robot is able to detect forces with a higher
precision in comparison to the human arm.

In the application, the respective force JND can be
considered during teleoperation and it will be interesting to
see how much this will improve the human abilities using
the system. However, in some situations in the scenario,
forces will be applied to more than one joint at a time. This
might in turn change the overall sensitivity of human
perception in that particular situation. The final effect of this
can only be estimated in the final system, where we can
measure the force combination effect.

In the present paper, we raised the idea about the
influence of the number of involved muscles in a movement
on force sensitivity. This idea may be validated in the
future. One proposition for this would be to analyze
the EMG signals and evaluate possible dependencies with
the subjects’ force discrimination abilities.
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