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Framework for a Two-step Evaluation of
Haptic Displays
Wei Fu,! Marinus M. (René) van Paassen, and Max Mulder

Control and Simulation, Faculty of Aerospace Engineering, TU Delft,
2629 HS, Delft, The Netherlands

Abstract: Haptic displays can greatly facilitate manual control tasks. Their capacity of allowing
the operator to perceive the desired dynamics is an important design parameter. However,
attempts to evaluate haptic displays on the basis of what dynamics humans actually perceive
are scarce. This paper proposes a two-step framework which incorporates the characteristics of
human haptic perception into the evaluation of haptic displays. The first step is to evaluate
the haptic display based on a recently developed model of the threshold for changes in the
perception of system dynamics. It allows us to know the frequency spectrum in which a haptic
device alters the operator’s perception of the system dynamics. The second step is then to
understand how the perceived dynamic distortions affect the operator’s characterization of the
system dynamics. Findings from recent psychophysical studies allow us to relate the changes
in perception caused by the haptic device to changes in the perceived mechanical properties
of the system. A numerical example illustrates how haptic displays can be evaluated using the
proposed framework.

© 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
Keywords: Display Design, Human - Computer Interaction, Virtual and Augmented Reality

1. INTRODUCTION

Haptic interfaces can facilitate manual control by estab-
lishing bilateral transmission of information between hu-
man operators and machines (Abbink and Mulder (2009);
Smisek et al. (2017)). In most cases, a haptic interface is
a control manipulator through which the human operator
can sense the force feedback while performing a control
task. It allows the operator to directly feel the dynamics
of the environment in which the task is performed, or the
dynamics of the system which is being controlled, such as
a vehicle or a slave robot (see Cavusoglu et al. (1999); Hou
et al. (2016); Reintsema et al. (2007); Wildenbeest et al.
(2014); Yokokohji and Yoshikawa (1994)).

The feedback fidelity is crucial for a successful application
of haptic interfaces. Ideally, the dynamics as portrayed
by a haptic device should appear to be the same as the
dynamics that one intends to communicate. Inevitable
distortions of the haptic display, such as those caused
by limitations from the control systems and actuators,
and transmission time delays in tele-operation, can dis-
tort this communication, however. Poor fidelity may lead
the operator to perceive the system dynamics differently,
deteriorating the interface effectiveness.

Clearly, there is a need to assess and evaluate the quality of
the haptic communication. A perfect transparency would
mean that the displayed dynamics are exactly the same as
the desired dynamics, and this is indeed considered to be
the benchmark for most evaluations reported in literature
(Hashtrudi-Zaad and Salcudean (1996); Kim et al. (2013);
Yokokohji and Yoshikawa (1994)). The difference between
the desired and the rendered dynamics is often used as
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an indication of the performance of a haptic device (e.g.,
Chang and Kim (2012)).

Most studies, however, do not consider the human element
in their evaluations. This is caused by the fact that our
understanding of the limitations of human haptic per-
ception is rather limited. We claim that an evaluation
should always be centered around what the human opera-
tor perceives from the haptic device. Some changes in the
displayed dynamics caused by the haptic interface design
may not be perceived at all by the operator, because of
for instance a threshold in perceivable changes. Working
towards a perfect transparency can place excessive, and
because small changes are no longer perceived even un-
necessary, demands on the haptic device. In addition, some
crucial elements regarding how the dynamic changes which
are perceived can affect the operator in characterizing the
system’s response are usually overlooked. This hampers a
further optimization of the haptic display considerably.

In this paper we explain how recent advances in under-
standing human haptic perception (see Fu et al. (2018,
2019a,b)) allow us to integrate perception characteristics
into the design and evaluation of haptic displays. Starting
from the perspective that what the operator perceives is
what matters most, we consider the two following ques-
tions to be crucial:

(1) At what point, or, when does a haptic device start to
alter the human perception of the system dynamics?

(2) When perception changes, how does the haptic device
affect the operator’s characterization of the system
dynamics?

In this study we present a two-step evaluation framework
which addresses these two questions. The first step is based

2405-8963 © 2019, IFAC (International Federation of Automatic Control) Hosting by Elsevier Ltd. All rights reserved.
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Fig. 1. Haptic interaction between a human operator and
an arbitrary system.

on the frequency-domain model of the just-noticeable dif-
ference (JND) in system dynamics (see Fu et al. (2018,
2019b)). It allows us to know the frequency bandwidth
within which a haptic device can render the desired dy-
namics with “perceptual transparency”. In other words,
up to what frequency are changes in the dynamics not
perceived? The second step, which is based primarily on the
findings from our recent psychophysical study reported in
Fu et al. (2019a), allows us to understand how the changes
in dynamics which are perceived, are characterized by the
human operator as changes in the mechanical characteris-
tics of the system.

In the next section we will discuss the theoretical founda-
tions of the evaluation framework. In Section 3 we propose
the framework, and use a numerical example to illustrate
how the two steps of the evaluation can be performed.
Section 4 summarizes the contributions of this paper.

2. CHARACTERISTICS OF HAPTIC PERCEPTION

The evaluation framework defines two steps, which re-
spectively examine when and how a haptic device affects
the operator’s haptic perception of system dynamics. The
theoretical bases of these two steps are explained here.

2.1 Preliminaries

To make the problem more tractable, restrictions must be
placed to the scope of this paper. Firstly, this paper is
restricted to linear systems, as the majority of relevant
studies concern. Such a restriction allows for the devel-
opment of powerful analytic tools. Due to the fact that
many nonlinear systems at/around the equilibrium con-
ditions possess strong linearity, this study covers a broad
class of systems. Secondly, this study only concerns the
continuous haptic interaction with soft objects. Although
these restrictions exclude the cases of hard environments
(such as stiff walls), and the effect of transient responses
(such as the moment of contact), the framework proposed
in this paper applies to a great number of applications,
such as de Stigter et al. (2007); Hosman et al. (1990); Lam
et al. (2008); Mulder et al. (2011); Smisek et al. (2017);
Van Baelen et al. (2018); Venrooij et al. (2017).

Consider that the human operator is directly interacting
with an arbitrary system, as shown in Fig. 1. Define H(wj)
as the frequency response function (FRF) of the system

dynamics that describe how the system generates force
F(wj) in response to the displacement X (wj):
F(wj)

H9) = X

(1)

In addition, the FRF is a complex-valued function which
can be divided into two parts:

H(wj) = RH (wj) + SH(wj) - j (2)
Here, RH(wj) and SH(wj) denote the real and imaginary
parts of the system dynamics, respectively. As will be seen

later, the evaluation of system dynamics on the complex
plane is the foundation of the framework.

Due to the effect of the haptic interface, the dynamics
rendered to the human operator may be different from
H(wj). Here we define the dynamic change as AH (wj)
(see Fig. 1). It can also be expressed with the real and
imaginary parts:

AH(wj) = RAH(wj) + SAH (wj) - j (3)

The dynamics the human operator perceives are affected
by AH(wj). The two key questions mentioned earlier now
become clear. The first question becomes when AH (wj)
leads the human operator to perceive the system dynamics
to be different from H(wj). And the second question be-
comes how the change caused by AH (wj) in the system’s
response is characterized by the human operator.

2.2 JND model

Although the system presented to the operator is different
from H(wj), it is not necessarily perceived differently due
to the limitation of human sensory system. The change in
the system dynamics must exceed a certain level to become
noticeable. The threshold for causing a different perception
is usually referred to as just-noticeable difference (JND).

Knowledge about the JND in the system dynamics is
necessary to answer the first question. Through previous
studies, we have found that the JNDs in the two parts,
i.e., the minimum changes in H (wj) and SH(wj) that
are likely to alter human perception of the system, can be
expressed as a function of the system’s FRF (see Fu et al.
(2018, 2019b)):

’Ajnd%H @) | [AmaSHWH)| _ )
H(wj) H(wj) ’
where the constant ¢ is approximately 10% for the general

impedance range used in typical manual control tasks (see
Fu et al. (2018, 2019b)).

This model defines a threshold region in which a distortion
of the system dynamics does not alter the perception of the
operator. To better illustrate this, Fig. 2 shows an example
which considers the dynamics of an arbitrary system at a
single frequency. In the complex plane, the FRF at a single
frequency is represented by a vector (the black line). The
real and imaginary parts define the projections on the two
axes, respectively. A change in the system dynamics will
result in a different vector which has at least one different
projection, as shown by the red and blue vectors.

~

Any change in the system dynamics, independent of its
direction, can always be expressed as changes in the real
and imaginary parts (see Eq. (3)). Thus, perceiving a
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Fig. 2. An illustration of the threshold for altered per-
ception of the system dynamics. Dynamic changes
within the threshold are not perceptible (e.g., the blue
vector), whereas those exceeding the threshold alter
the perception of the system (e.g., the red vector).

change in dynamics of a system is, in fact, discerning
changes in the two parts. This means that a dynamic
change will alter the human perception of the system
when the threshold for perceiving changes in either of the
two parts is exceeded. In other words, JNDs in these two
parts represent the JND in the system dynamics. Eq. (4)
defines the corresponding two JNDs — the intervals for
imperceptible changes in the projections on the two axes of
the complex plane. As a result, there exists a square region
within which humans perceive different systems as the
same. One can imagine that when the haptic interaction
occurs at this particular frequency, for example using a
sinusoidal manipulator movement, AH will only lead the
human operator to have a different perception if it exceeds
the threshold region.

To evaluate the quality of a haptic display, comparisons
between the JND thresholds and the changes caused by the
haptic device in the system dynamics can be carried out
at frequencies where the interaction takes place. It allows
us to know whether or not the haptic device alters the
operator’s perception of a system, and when this occurs.

2.8 Change in perceived characteristics of the system

Studies suggest that humans characterize the behavior
of a system according to the correlation between the
movement and force perceived during the interaction (Fu
et al. (2019a); Nisky et al. (2008)). Usually, humans
are inclined to compare the system behavior to that
of mechanical systems, particularly when one needs to
assess the mechanical properties (i.e., mass, damping,
and stiffness) (see Fu et al. (2019a)). In general, the
force against a displacement (spring force) is usually
perceived as the behavior of a spring; the force resisting the
movement velocity (viscous damping force) is considered
to be the effect of damping; and the effort to change the
movement direction (inertia force) is related to inertia.

What mechanical behavior a system exhibits is determined
by the FRF (i.e., H(wj) in Eq. (1)), in particular, the real

and imaginary parts. Firstly, the real part 8 H (wj) affects
the spring and mass properties humans perceive from the
system (Fu et al. (2019a)). Depending on the frequency of
excitation, this part generates a spring or inertia force:

Fyi(wj) = X (wj)|RH (wj)| /2RI )|

: 0°, if RH(wj) > 0 ()
where ZRH (wj) {1800 L if RH(wj) < 0
When the haptic interaction occurs at a frequency where
RH is positive, the system feels like a mechanical spring.
This is because the system generates a spring force which
is directly proportional to the displacement (with a ratio
of RH). When RH is negative, the system exhibits an
inertia-like behavior. It generates a force which is 180-
degree out of phase with the displacement, thus directly
proportional to the acceleration. Therefore, the sign of
RH determines which of these two mechanical behaviors
the system exhibits, and the magnitude of ®H determines
the amount of the corresponding force that an operator
perceives.

Secondly, a positive imaginary part SH generates a force
which has a 90-degree phase shift from the displacement:

Fafwj) = X (@))|SH(wj) e 31D
where /SH (wj) =90°

Such a phase shift makes this force proportional to (and
resist) the movement velocity. The magnitude, |3 H]|, deter-
mines the amount of this force. One can imagine that this
part affects the damping property humans perceive from
the system. Please note that a negative imaginary part
makes the system unstable, and how humans characterize
this is beyond the scope of this study.

The effect of AH(wj) on the perception of mechanical
properties can be understood by means of changes in the
two parts of the system dynamics. Fig. 3 shows an example
which considers the dynamics of an arbitraty system as
a single frequency. As can be seen, a change in the real
part, ARH, alters the perception of stiffness (see Fig. 3a)
or mass (see Fig. 3b). And a change in the imaginary
part, ASH, leads to a different perception of the damping
property.

The effect of a haptic interface on the mechanical charac-
teristics the operator perceives can be understood in this
way. The evaluation can be carried out over the frequency
range of interest, as shown in the following section.

3. EVALUATION FRAMEWORK

The evaluation framework can be established based on
the theoretical foundations given above. In this section
we propose the framework using a numerical example.
Although for the sake of a straightforward illustration the
problem considered here is simple, the evaluation routine
suits much more complicated cases in practice.

Consider a manual control task in which a human operator
interacts with a virtual environment through a haptic
interface, as shown by a modified two-port representation
in Fig. 4. In this example, we consider the environment to
be a typical mass-spring-damper system:
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Fig. 3. An illustration of the changes associated with a change in the system dynamics in the mechanical characteristics
perceived by humans, (a): when RH (wj) is positive; (b): when RH (wj) is negative.

Envir-
onment

Human
operator

Haptic
interface

o> +ol§<

O = +0|&

System perceived by the operator

Fig. 4. Two-port representation of the interaction between
the operator and the environment through the haptic
interface. Here we consider the flow to be the position
x instead of the commonly used velocity . Such a
modification is made to keep the expressions consis-
tent with those used by the framework.

Fe(wj)
Xe(wj)
where m, b, and k denote the mass, damping and stiffness,

respectively. For this example, these three parameters are
set to: m = 1.8 kg, b = 15 Ns/m, and k£ = 100 N/m.

Henv(wj): :m(w])2+b(o‘}j)+k’ (7)

In this example, the environment dynamics Hep,(wj) can
be considered to be the original system dynamics H (wj)
shown in Fig. 1. The dynamics perceived by the human
operator are those between the perceived movement xj,
and force fj, (as can be seen from Fig. 1, the perceived
dynamics are the sum of H(wj) and AH(wj)). For sim-
plicity, the effect of the haptic device is considered to be
an independent second-order low-pass filter. The dynamics
rendered by the haptic interface (those perceived by the
operator) are defined as:

Fp(wj)
Xn(wj) (8)

6400
= Henv ) - 3 -
() 7 T 80(w)) + 6400

Hperc (UJ]) =

In addition, the difference in dynamics between the envi-
ronment and the haptic display can be expressed as:

20
_T’I‘
_Ti
15 ¢
510
=~
5
0 ‘
0 8 12 15

w [rad/s]

Fig. 5. The dynamic difference caused by the haptic device
in the real and imaginary parts. The gray area rep-
resents the frequency range within which the haptic
display is perceived the same as the environment.

AH(WJ) - Hpe’r‘c(wj) - Henv(wj) (9)

The frequency range for the evaluation is set to 0-15
rad/s. The higher end of this range is slightly higher
than the bandwidth of the neuromuscular system (van
Paassen et al. (2004)). Frequencies beyond this range are
of no interest because humans seldom generate voluntary
actions beyond the capacity of their neuromuscular system
in manual control tasks.

The first step is to examine whether or not the haptic in-
terface alters the operator’s perception of the environment.
To this end, the following two ratios are calculated:

%AH(wj)' SAH (wy)
TrW) = . y Tilw) = N
=t |77 = o)
According to Eq. (4), the rendered dynamics will be

perceived to be the same as the environment dynamics
only if both 7, and r; are below 10%.

(10)
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Fig. 6. Nyquist plots of the environment dynamics and
those rendered by the haptic interface. The frequency
range for the Nyquist plot is 0-15 rad/s. To facili-
tate the comparison between the two systems, their
frequency responses at three different frequencies are
also shown.

Fig. 5 shows these two ratios as a function of frequency. As
can be seen, the difference in the real and imaginary parts
exceed the threshold at 8 and 12 rad/s, respectively. As a
result, this haptic device can only display the environment
dynamics without altering the operator’s perception at
frequencies below 8 rad/s. This frequency range can be
interpreted as the bandwidth of perceptual transparency
for this particular device.

In addition, this also implies that the bandwidth of the
haptic interaction must be limited to ensure an unaffected
perception of the environment. The rendered dynamics
will be perceived to be the same as the environment if
the human operator only uses relatively slow movements
to interact with the haptic interface. Any movement with
substantial energy beyond this frequency range may cause
a different perception.

The second step is to assess how the distortion of the
environment dynamics is reflected in the mechanical prop-
erties perceived by the human operator. Fig. 6 shows the
Nyquist plots of the dynamics of the environment and
the haptic display. The arrows of the curves indicate an
increase in frequency. Each point on a curve corresponds
to the frequency response of the system at a particular
frequency.

As can be seen, the characteristics of the two curves are
similar, indicating that the rendered system exhibits simi-
lar mass-spring-damper behaviors. However, the rendered
dynamics (red curve) deviate more from the environment
dynamics (blue curve) as frequency increases.

The Nyquist plot shows a clear image of the mechan-
ical characteristics of the two systems. Firstly, as can
be seen from the real projection, the two systems both
exhibit spring behaviors at relatively low frequencies and
exhibit inertia behavior at higher frequencies. The envi-
ronment’s changeover frequency at which the sign of the
real projection changes is the undamped eigen frequency:
w = y/k/m = 7.45 rad/s. As can be seen from Fig. 5, the
frequency from which the difference in the real part starts

300 | — Environment
: — Haptic display

=2
\3/ 00
T
2 100

0

8 9 10 11 12 13 14 15
w, [rad/s]
(a)
— Environment

300 — Haptic display

30

= ////
€7 200 F 1

150

12 13 14 15
w, [rad/s]

(b)

Fig. 7. The real and imaginary parts of the dynamics of
the environment and the haptic display, at frequen-
cies where the corresponding distortions exceed the
thresholds.

to exceed the threshold is higher than the changeover fre-
quency of the environment. This means that the stiffness of
the environment is preserved no matter what movements
the human operator uses to interact with the environment,
whereas the perceived mass will be different from the mass
of the environment for most of the time.

Fig. 7a shows the absolute value of the real projections
at frequencies above 8 rad/s for a better understanding of
how the perceived mass is affected. As can be seen, the
haptic interface will lead the operator to always perceive
the environment mass as smaller since the rendered dy-
namics have a smaller negative projection value.

Secondly, the haptic interface also alters the operator’s
perception of the environment damping if the interaction
occurs at frequencies higher than 12 rad/s, the frequency
where the difference in the imaginary part starts to exceed
the threshold (see Fig. 5). Fig. 7b shows the imaginary
projections of the two systems. As can be seen, the
rendered dynamics always have larger projections on the
imaginary axis. This indicates that a haptic interaction
that occurs at relatively higher frequencies may lead the
human operator to perceive the environment as having a
higher damping.

4. CONCLUSION

We presented a framework for the evaluation of haptic
displays, focused on the operator’s haptic perception. Two
steps are suggested as pivotal parts of the evaluation,
which can provide designers aiming at enhancing the ef-
fectiveness of their haptic devices with important insights.

In the first step we investigate with what settings the
haptic device starts to change the operator’s perception
of the desired dynamics. This indicates the allowable
bandwidth of the haptic interaction with a particular
device if a perceptually transparent haptic display is
required. The threshold model used in this step can be
considered an alternative to existing criteria for haptic
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devices, such as the EASA qualification standards (EASA
(2012)) for control loading systems in vehicle simulators.

The second step assesses the changes caused by a haptic
device in the perception of mechanical properties. This
provides insights into how stability and transparency can
be more effectively balanced. It allows us to know that the
rendering of which mechanical property still has room to
be compromised (e.g., to improve stability), and that of
which must be maintained or improved.

In this paper, the difference thresholds for the real and
imaginary parts are considered to be independent. How-
ever, a previous study suggests that there may exist an
interaction between the JNDs in the two parts Fu et al.
(2017). This will need to be verified in the future.
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