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Framework for Human Haptic Perception With
Delayed Force Feedback

Wei Fu
David A. Abbink

Abstract—Time delays in haptic teleoperation affect the abil-
ity of human operators to assess mechanical properties (damping,
mass, and stiffness) of the remote environment. To address this,
we propose a unified framework for human haptic perception of
the mechanical properties of environments with delayed force feed-
back. In a first experiment, we found that the delay in the force
feedback led our subjects to underestimate all the three mechan-
ical properties. Moreover, subjects perceived additional damping
or stiffness properties that the environment did not possess. It was
found that the extents of these changes in the perception depend
on both time-delay magnitude and the frequency of the movement
with which subjects interacted with the environment. This was due
to the fact that subjects were not able to distinguish the delay-
caused phase shift in the movement—force relation from changes
in the three mechanical properties. Based on this, we proposed a
framework that allowed for a prediction of the change associated
with delayed force in perception of mass—spring—-damper environ-
ments. The framework was corroborated by a second experiment,
in which a combined mass—damper environment was tested. Qur
hypotheses that the delay would cause subjects to underestimate
the mass but overestimate the damping and that the extents of
the under- and overestimation would differ between individual
subjects due to the difference in the interaction frequency were
confirmed.

Index Terms—Haptic perception, haptics, mechanical proper-
ties, teleoperation, time delay.

1. INTRODUCTION

ELEOPERATION systems allow the human operator to
T accomplish tasks on a remote or hazardous site with-
out the need for physical presence. This field has prompted
the continuous development since the mid of the last century
[1]-[4]. Providing haptic force feedback that directly reflects
the environment properties is essential for maximizing the po-
tential of teleoperation systems. It enables the human operator to
sense mechanical properties—damping, mass, and stiffness—of
the environment.
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A system with poor transparency may adversely affect the op-
erator’s perception of the properties of the environment, limiting
the performance on the task [5]. Designing high-transparency
teleoperation systems is, therefore, of primary importance [6].
However, the information of damping, mass, and stiffness is in-
evitably distorted as the force feedback passes though different
mediums (slave, communication channel, and master device)
before reaching the operator. Effective mitigation of these dis-
tortions, in particular those caused by time delays, requires us
to first understand how these mediums affect the perception of
the mechanical properties.

Many studies attempted to understand the effect of time de-
lays [7]-[12]. It seems that humans cannot separate the delays
from the perception of the mechanical properties. Instead, the
delay in the force leads to improper estimations of the envi-
ronment properties [7], [8]. During continuous contact with an
elastic force field, humans underestimate the spring stiffness
when the delay exists [8], [11], [13]. However, such an under-
estimation disappears in the case of small delays (up to 30 ms)
[10]. Apparently, the reported effects related to different time-
delay magnitudes on the haptic perception of spring stiffness are
inconsistent. Moreover, a detailed exploration of the effect of
delays on perceived damping and mass properties is still lacking.

To this end, we aim to establish a clear understanding of the
effect of the delayed force feedback on human perception of
damping, mass, and stiffness properties of linear dynamic envi-
ronments. This study consists of two user studies. In a first
experiment, we investigate the variation associated with the
time-delay magnitude in the perception. Attempts are also made
to explore the correlation between the delay-caused perception
changes and the frequency at which the interaction between the
human operator and the environment occurs. The experiment
allows us to reveal the fundamental principle that governs the
perception change associated with delayed force feedback. On
the basis of the principle revealed, we establish a framework
that unifies the effect of delays on the perception of all three
mechanical properties. It also provides a straightforward visu-
alization that allows for a prediction of the perception change
associated with delayed force feedback. With a second experi-
ment, we tested its predictions and showed that knowledge of
both the time delay and the interaction frequency is sufficient to
describe the assessment of the mechanical properties perceived
with delayed force feedback.

The remainder of the paper is organized as follows:
Section II provides details about the first experiment. Section I1I
gives the results of the experiment and the analysis of the results.
In Section IV, we reveal the principle behind the change caused
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Fig. 1. (a) Devices used for the experiment. The LCD screen and the side-stick

manipulator are marked by white boxes. (b) Contents shown on the LCD screen.
The left-hand side part is the visual display for the tracking task. The preview
curve moves downward as time progresses, and the two symbols “+” and “o”
only move horizontally (see Section II-C). The two bars on the right-hand side
are used for the adjustment of the parameters of the control environment (see
Section II-D). (c¢) Schematic diagram of the experimental procedure.

by delays in the mechanical properties perceived. A unifying
framework is proposed in Section V. Section VI elaborates on
the second experiment that corroborates the proposed frame-
work. Section VII discusses findings of this study, the limitation
of this paper, and the future work. Section VIII concludes the
contributions of this study.

II. EXPERIMENTAL METHODS

An experiment was conducted to measure human haptic per-
ception of damping, mass, and stiffness properties when force
feedback was delayed. It was performed by 12 participants (10
male and 2 female), ranged in age from 24 to 55 years with a
mean of 33.7, all right handed and without a history of impair-
ments in moving the arm or hand. Participants were graduate
students and academic staff members of TU Delft. All had suf-
ficient knowledge about how each of these three mechanical
properties feels, but were naive about the effect of the time
delay on the perception of mechanical properties. The study
was approved by the Human Research Ethics Committee of
TU Delft, and informed consent was obtained from participants
before the experiment.

In this experiment, the effect of the magnitude of the delay
time was studied. We also studied the frequency dependence
of the effect of delays, by asking subjects to apply sinusoidal
excitation movements at different frequencies.

A. Procedure

Fig. 1(c) shows a schematic diagram of the experiment. The
subject (the operator) haptically perceives one of two environ-
ments through a side-stick manipulator. One environment is a
reference environment, and the other is a control environment.
Both environments consist of a mass, damper, or spring load
simulated with one degree of freedom in the lateral direction.
Their forces in response to the manipulator movement can be
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expressed as

Tﬁqj(t) = f(mjvbj’kjvom)

=m0 (t) + b5 0 (8) + K- 0,0 (). (1)

Here, the subscript j € {r,c}, where r and ¢ refer to
reference and control, respectively. m, b, and k are the mass,
damping, and spring coefficients. 7. and 6,,, denote the environ-
ment torque and the manipulator deflection angle. The force of
the reference environment 7. , is delayed, whereas that of the
control environment 7, . is not delayed.

The experiment has a “perceive and adjust” procedure. The
subject initiates an experimental run by selecting one of the two
environments. During each experimental run, the subject inter-
acts with the selected environment using a prescribed sinusoidal
manipulator movement. Such a manipulator movement will be
realized by performing a tracking task. Each experimental run
lasts for a fixed length of time. Details about the tracking task
and the duration of the experimental run will be given later.
After each run, the manipulator automatically moves back to
the center, and the subject can adjust the mechanical proper-
ties of the control environment before he/she initiates another
experimental run (see Section II-D for the tuning procedure).
The subject is asked to repeat this procedure until the two en-
vironments are the same in the perceived damping, mass, and
stiffness properties.

The simulated dynamics of the side-stick manipulator are
the same for the two environments. Therefore, although the
subject perceives the lumped dynamics of the manipulator and
the environment, the dynamics of the manipulator will not affect
the comparison between the two environments. The Appendix
gives the manipulator dynamics and the information about the
hardware in greater detail.

Section II-B gives the settings of the reference environment.
The initial settings of m.., b., and k. of the control environment
are taken to be identical to those of the reference environment.
Their final values adjusted by subjects will be taken as the mea-
surements, they will indicate the mechanical properties subjects
perceived from the delayed reference environment.

Subjects were not informed that the force feedback from the
reference environment was delayed. If our subjects are able to
perceive the time delay and isolate it from the correct infor-
mation of the mechanical properties, the three parameters of
the control environment should remain at their initial settings.
However, if the delay cannot be assessed separately, it will affect
subjects’ perception of the mechanical properties, and the three
parameters will change.

B. Conditions

Three different reference environments were tested. To re-
duce complexity, each reference environment only possessed a
single mechanical characteristic, i.e., damper, mass, or spring.
Table I lists the settings of the three reference environments. All
these settings chosen here are within the typical manipulator
setting range for manual control tasks [14]. Note that in this pa-
per, all the mechanical properties are expressed in a rotational
coordinate system, the corresponding linear quantity can be de-
rived using the distance from the effective grip point on the
manipulator to the axis of rotation of the manipulator (90 mm,
see the Appendix).
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TABLE I
SETTINGS OF THE THREE REFERENCE ENVIRONMENTS

Environment ~ Damping b, Mass m Stiffness k.
[Nm-s/rad] [kgm?] [Nm/rad]
Damper 0.3 0 0
Mass 0 0.035 0
Spring 0 0 2.0

Two time delays ¢4 ; (icq1,2)) (ta,1 = 100 ms, £ 2 = 170 ms)
were studied. To investigate the frequency dependence of the
effects of delays, we selected two frequencies for the prescribed
sinusoidal manipulator deflection w; (jef1,2y) (w1 = 6 rad/s and
wy = 8 rad/s). A factorial combination of these two independent
variables results in four conditions for each of the three reference
environments. The duration of an experimental run was set to
7.35 s in the case of w; = 6 rad/s and 5.5 s in the case of
w; = 8rad/s.

C. Prescribed Manipulator Movement

To ensure that our subjects moved the manipulator at the
desired frequency w; (and with that excited the environments at
that frequency), they performed a preview tracking task [15] in
each experimental run. The visual display of the tracking task
was shown by an LCD screen in front of the subject, as can be
seen from Fig. 1(a). Fig. 1(b) illustrates the tracking display in
greater detail. The reference manipulator deflection is calculated
according to

Oree(t) = 0.37 - sin (w;t). (2)

In this paper, the manipulator deflection is given in radian.
In the experiment, the first and last full cycle of this prescribed
movement are used as fade-in and -out phases. The movement
amplitude gradually increases from 0 to 0.37 during the fade-in
phase, and decreases from 0.37 to O during the fade-out phase.
To perform the tracking task, the subject needs to reduce the dis-
tance between the current manipulator deflection 6, (¢) [shown
by “o” in Fig. 1(b)] and the current reference deflection 0, (t)
(shown by “+”). The two symbols only move horizontally. The
visual preview, shown as a winding curve, contains 1.5-s future
information of the reference deflection. It moves downward as
time progresses.

D. Tuning of the Control Environment

Rather than asking our subjects to adjust all three coefficients
(b., m., and k.) of the control environment, we reduce the
complexity of the procedure through coupling the adjustments
of m, and k... This can be motivated from the frequency response
function (FRF) of the control environment as

F, . (w ) )
H((W):(_)(((‘U)):m( (']w)2+b(jw+k(
=k, —me-wr+j- bow . (3)
RH . (w) SH, (w)

Here, F, .(w) and ©,, (w) are the Fourier transforms of 7, .
and 6,,. RH. and 3H, are the real and imaginary parts of the
complex-valued FRF.

Due to the tracking task, subjects will only excite the environ-
ment at a single frequency of w;. The force of the environment
is determined by the FRF at this particular frequency. First, the
real part of this complex number is determined by k. and m,
combined, see (3). It generates a spring or inertia force in re-
sponse to the movement, depending on its current sign [16].
When R H..(w; ) is positive, it generates a spring force of which
the ratio to the displacement is % H,.(w;). The combination of
k. and m, that yields a particular harmonic spring force is
not unique. However, the harmonic spring forces generated by
all combinations are equal to that generated by a pure spring
with zero mass and a spring constant of $tH, (w;). A negative
RH,.(w;) generates an inertia force that is directly proportional
to the acceleration. Similarly, all combinations of k. and m,. that
generate a particular harmonic inertia force can be represented
by a pure mass of RH, (w;)/w?. Due to this characteristic and
the fact that a system generates only one of the two forces (the
spring and the inertia forces) at a single frequency, the adjust-
ment of the mass and stiffness can be combined by means of
the real part RH,.. Second, the damping is adjusted with the
imaginary part SH,., independent of the other two parameters.
In the experiment, the computer calculates the three mechanical
properties according to the following rule:

b, SHelw)
Wi
k. — %Hc(wi), if%Hc(wi) Z 0
70, if %Hﬁ(wi) <0
0, if %Hc(wi) >0
={ —RH.(w; .
me %wé(” ) RH,(wi) <0 *

In the experiment, RH,. and SH,. were labeled as the “first
variable” and “second variable,” respectively. Subjects could
individually adjust these two variables, using two vertical slid-
ers shown on the screen [see Fig. 1(b)]. Before the experiment,
the relation between the two variables and the three mechanical
properties was explained to subjects. All subjects received suf-
ficient training for the adjustment of the mechanical properties.

III. RESULTS

In the experiment, our subjects performed the tracking task
with considerable accuracy. The frequencies of the actual ma-
nipulator movement with regard to the two desired frequencies
were 6.011 £ 0.032 and 8.019 £ 0.040 rad/s (mean =+ std.),
respectively. This indicates that the measurements accurately
reflect the effects of the condition tested.

Each subject spent a similar amount of time on the adjustment
of mechanical properties under all conditions. All finished the
experiment with confidence that the two environments were per-
ceived to be the same. The original mechanical properties of all
the three reference environments were underestimated. In addi-
tion, the delay in the force feedback led our subjects to perceive
each of the reference environments as having one more mechan-
ical property. Additional spring stiffness was perceived from the
delayed damper environment; an additional damping property
was perceived from the delayed mass environment; and an addi-
tional property related to negative damping was perceived from
the delayed spring. Different experimental conditions led to dif-
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TABLE 11
MECHANICAL PROPERTIES PERCEIVED BY SUBJECTS AND THE RESULTS OF STATISTICAL TESTS
Delayed Perceived mechanical properties, mean + 95%CI Factor Impact, DOF.: (1,11)
Envir- tg: 100 [ms] tg: 170 [ms] tq: 100 [ms] tq: 170 [ms] tg * w tq w
onment w: 6 [rad/s] w: 6 [rad/s] w: 8 [rad/s] w: 8 [rad/s] F Sig. F Sig. F Sig.
damper be [Nms/rad]  .2499+£.0089  .14754+.0075  .2126+.0116  .04374+.0124 106 .000 299 .000 210  .000
ke [Nm/rad] 0.931+£.0357  1.5474.1044  1.586+.1455  2.253+.1071 241 633 84.5 .000 197  .000
mass me [kgm?] .0275+.0015  .0176£.0013  .02364.0008  .0070+£.0013 17.7 .001 504 .000 111  .000
be [Nms/rad]  .1205+£.0066  .18144.0060  .2073+.0070  .28114.0084 2.13 172 441  .000 598  .000
spring ke [Nm/rad] 1.690£.0586  1.0114.1030  1.423+.0939  0.435+.0825 23.9 .000 235 .000 64.9 .000
be [Nms/rad]  -.195£.0087  -.2854+.0119  -.180+.0106  -.2334.0055 32.6 .000 103 .000 51.8 .000

ferent extents of these changes in the perception. Table II lists
the measurements of the mechanical properties perceived from
each reference environment, i.e., the final values of b., m,., and
k. of the control environment, along with the results from two-
way repeated measures ANOVAs that indicate the effect of the
factor tested. Note that in the table, the term 95% CI denotes the
95% confidence interval corrected for between-subject variabil-
ity, and that a significance value of 0.000 means p < 0.0005.

A. Perception of Delayed Damper

The perceived damping b, under all the four conditions is
smaller than the reference damping of 0.3 N-m-s/rad. The ef-
fects of both the delay time ¢; and the excitation frequency w
are significant: An increase in either ¢{; or w causes more un-
derestimation. This can be seen more straightforwardly from the
left-hand side plot of Fig. 2(a). In addition, the red line drops
faster than the blue line due to a significant interaction. This
indicates that the change caused by ¢, in the perception is more
pronounced when w increases.

The additional spring stiffness perceived by our subjects
varies significantly with ¢; and w. As can be seen from the
right-hand side plot of Fig. 2(a), higher t; or w significantly
increase the level of the spring stiffness perceived.

B. Perception of Delayed Mass

The delayed mass was underestimated under all conditions.
Greater underestimations occurred when either of ¢; or w in-
creased, as can be seen from the left-hand side plot of Fig. 2(b).
In addition, a significant interaction leads to the faster drop of the
red line, indicating that the effects of the time delay is amplified
when the frequency increases.

Under different conditions, different amounts of additional
damping were perceived from the delayed mass. The increase
in b, due to a larger ¢, or w as shown in the right-hand side plot
of Fig. 2(b) was significant.

C. Perception of Delayed Spring

The delay in the force feedback led our subjects to un-
derestimate the spring stiffness of the reference spring envi-
ronment. Moreover, subjects related a part of the environment
response to negative damping. These two mechanical properties
perceived varied significantly with both ¢; and w, as can be seen
from Fig. 2(c). Moreover, a strong interaction was revealed: The

slopes of the two lines in both plots are different. Again, this
indicates that the effect of ¢; depends on w.

D. Discussion

The results clearly demonstrate that the time delay affects
the human perception of all the three mechanical properties. It
appears as if the delay “shifts” a part of the perception of the
original property toward the perception of another. This shift in
perception depends on both the time delay and the excitation
frequency. In conclusion of the impacts of these two factors:
Different time delay magnitudes have different effects on the
dynamics perceived, and changes in perception are more pro-
nounced with larger delays. In addition, the effect of the time
delay varies with the frequency at which the environment is
excited, demonstrating a clear frequency dependence.

1IV. BLACK-BOX MODELING PRINCIPLE AND EVALUATION

In this section, we will investigate how the mechanical prop-
erties were estimated by our subjects, and reveal the principle
behind the perceptual changes caused by the experimental vari-
ations. We will first carry out an analysis in the time domain,
then visualize it in the frequency domain. The findings will then
be verified by the experiment results.

A. Principle Behind the Perception Change

1) Investigation Into the Subjects’ Strategy: After the ex-
periment, we asked our subjects to explain their strategies for
adjusting the mechanical properties. We found that all subjects
were unaware of the delay in the force feedback from the ref-
erence environment. In order to match the damping of the two
environments, subjects compared the forces that they perceived
at around the center of the manipulator movement (i.e., the
point where the deflection angle is zero, 6,, ~ 0). They related
the amount of this force to the damping level. Both the mass and
stiffness levels were estimated at the extremes of the manipula-
tor movement (the peaks of the deflection). At the extremes, the
force pulling the manipulator back to the center (elastic force)
was related to the stiffness level, whereas the force needed to
change the direction of the manipulator velocity (inertia force)
was related to the mass level. This indicates that our subjects
estimated the mechanical properties on the basis of the correla-
tion between the movement and force, in line with the findings
reported in [7], [17]-[19].
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rected for between-subject variability (represented by the bars). The symbols
(square and circle) represent the measurements from individual subjects. (a) De-
layed damper environment. (b) Delayed mass environment. (c) Delayed spring
environment.

2) Time-Domain Analysis: For an undelayed environment,
the forces felt at the deflection angles mentioned earlier, indeed,
reflect the true levels of the corresponding properties. For ex-
ample, consider a pure damper environment that possesses a
damping of b and zero mass and zero stiffness. Here, we use b
instead of an explicit numerical number for the damping. This
is because the example shown in the figure is not limited to any
particular value of damping.

When the human operator moves the manipulator with a sinu-
soidal profile, as prescribed during the experiment, the velocity
profile of the manipulator is a cosine, which reaches the peak
when the deflection angle is zero, see Fig. 3. When relating the
force perceived at this point to the damping, one is actually esti-
mating the ratio of this force to the velocity maximum. Because
the force caused by the damping is proportional to the velocity,
if the force feedback is not delayed, it will indeed be perfectly
“in phase” with the manipulator velocity, as can be seen from
the force profile shown as the gray curve in Fig. 3. Therefore,
the damping estimation on this basis approximates the true level
of damping.

However, due to the time delay, the force feedback from
the damper environment does not align—is not “in phase”—
with the manipulator velocity. As can be seen from the force
profile shown as the red curve, the force at the center is smaller,
so does its ratio to the maximum velocity. This reduced ratio
results in an underestimation of the environment damping. In
addition, the delay causes resistant forces at the two extremes
of the manipulator deflection, leading subjects to perceive a
nonzero environment stiffness. This explains the “shifts” in the
perception observed earlier.

3) Frequency-Domain Analysis: From the aforementioned
analysis, we conclude that our subjects based their estimation of
the environment properties on the phase characteristics between
their actions on the manipulator (the manipulator movement)
and the force feedback they received. A time delay in the force
feedback causes this phase characteristic to change, leading our
subjects to perceive different mechanical properties. With regard
to the example shown in Fig. 3, an undelayed environment that
possesses a lower damping and a nonzero stiffness can generate
exactly the same phase change. Hence, the perception changes
observed in the experiment are due to the fact that subjects
cannot distinguish between the phase changes caused by the de-
lays and the phase changes resulting from changes in damping,
spring, or mass properties. This principle can be interpreted as
a “black-box estimation problem,” where the candidate model
is always a single mechanical system no matter what the actual
structure of the system is. That is, humans are inclined to al-
ways interpret what they feel as a mass—spring—damper system,
no matter whether the force feedback they obtain is delayed
or not.

To better understand this, we describe the correlation between
the position and force of a delayed mass—spring—damper system
with the FRF as

w)

Hdeluy(w;td) = W = e*jwid (m . (JUJ)2 + b . Jw + k)
delay Ho

(&)
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where t, is the delay constant. In order not to cause confusion,
note that we express the system dynamics with a position—force
form, instead of the perhaps more commonly used impedance
Z that describes the velocity—force relation.

When considered at a single frequency, the complex-valued
FRF is a vector in the complex plane. Excited at this frequency,
the system behaves like a single mechanical impedance, i.e., the
characteristics of its force response are described by the FRF’s
projections on the two axes [16], which are as follows.

1) The force response at the velocity maximum—the force
that our subjects used to estimate damping—is determined
by the projection on the imaginary axis.

2) The force response at motion extremes—the force that our
subjects used to estimate the stiffness or mass—is deter-
mined by the projection on the real axis. A positive real
projection results in an elastic (spring) force; a negative
one results in an inertia force.

3) The magnitudes of the aforementioned forces relate lin-
early to the size of the corresponding projections.

Now consider a pure damper environment (b # 0, m = k =
0), and draw the corresponding Hgelay and Iy at a single fre-
quency w; on the complex plane—a single-frequency Nyquist
plot—as shown in Fig. 4. As can be seen, the FRF of the un-
delayed environment (Hj, the blue vector) is located on the
imaginary axis. So this system only generates a force in phase
with the manipulator velocity, while at the extremes, the force
is zero; it has a force profile similar to the gray curve in Fig. 3.
The FRF of the delayed environment (Hgeay(wi, tq), the red
vector) has a same magnitude, but is rotated by w; - t4 radians
in the clockwise direction, because of the time delay. Due to
this, Haelay(wi,tq) has a smaller projection on the imaginary
axis and a new projection on the real axis.

The findings of the experiment show that our subjects did
not separate the delay from the perception of the mechanical
properties. This means the time-delayed dynamics Hgelay rather
than the original dynamics H; was used as the basis of the
estimation of the environment properties. A reduction in the
imaginary projection reduces the force at the velocity maximum,
causing humans to perceive a lower damping. The additional
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projection on the positive real axis leads our subjects to feel an
elastic force. As a result, the environment feels “more elastic,”
causing a perception of additional spring stiffness.

Similarly, all dependencies on the time delay magnitude ¢4
and excitation frequency w, and their interactions, can also be
explained. In the experiment, the variation in t; or w led to
different phase shifts, causing different changes in the percep-
tion of the environment dynamics. Because the phase shift is
the product of these two variables, the effect of each of these
two factors is bound to increase when the other factor increases.
Also, due to the trigonometric relation between the FRF vector
and its projections on the two axes, the effects of these two
factors are nonlinear.

B. Verification

The aforementioned principle can be verified using the exper-
iment measurements. First, take the parameters listed in Table I
and the settings of ¢;; and w; into (5), Haelay(wi,tq,;) of the
reference damper environment under different conditions can
be obtained. This complex number yields the prediction of how
the delayed damper will be perceived. Second, the FRFs of the
control environments H, (w;) yield the frequency-domain mea-
surements of the perception of the delayed damper. The first
row of Fig. 5 shows the comparisons between the predictions
and measurements in the complex plane. As can be seen, the
measurements from all subjects are close to the predictions.

The perceptual changes associated with the delayed mass and
spring environments can similarly be explained, and the mea-
surements also matched the predictions very well, as shown
in the second and third rows of Fig. 5. The experiment mea-
surements provide clear evidence of the “black-box modeling”
principle, indicating that, while matching the perceptions of
two environments, our subjects were actually matching the fre-
quency responses of the two environments at the prescribed
frequency w;.

V. FRAMEWORK

In this section, we take a combined mass—damper environ-
ment as an example to illustrate how the principle discussed
in the previous section can be extended to more general cases,
e.g., cases where the environment consists of multiple mechan-
ical properties. We start from a single excitation frequency, and
then proceed to multiple frequencies. The extended principle
provides a unified framework describing the effects of time de-
lays on the perception of linear dynamic environments.

A. Single Frequency

Consider a combined mass—damper environment at a single
frequency of w,. This environment possesses a damping of b
and mass of m and zero stiffness. Again, values of the variables
used for this example are not limited to particular numbers.
Fig. 6 shows the single-frequency Nyquist plots of the undelayed
dynamics of this environment (Hy(w,)) and the time-delayed
dynamics with a time delay T, (Hetay(wa, 15 ))-

The FRF of the undelayed system (H) has projections on
the negative real axis and positive imaginary axis. These two
projections, respectively, determine the inertia force felt at the
extremes of the manipulator deflection, and the damping force



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

FU et al.: FRAMEWORK FOR HUMAN HAPTIC PERCEPTION WITH DELAYED FORCE FEEDBACK 7
Imaginary , Imaginary , Imaginary , Imaginary
=]
2 | 2 | 2 | 2
o | | "o |
o ] =3
15 o I 15 I 15 s I 15
| | |
1 I 1 a I 1 I 1
Damper: I CEE I I
0.5 | 05 | 0.5 I 0.5 ]
Sl ]
Real | Real | Real | ™
| | |
0.5 0.5 1 L5 2 | s 0.5 1 15 2 | 05 0.5 1 1.5 2 | 05 0.5 1 15 2 Red
0.5 I 0.5 I 0.5 I 0.5
| | |
Imaginary | Imaginary | Imaginary | DD‘“ Dn‘.F' Imaginary
2 I 2 I 2 I . 2
[ " e [
1.5 I 1.5 | a7 1.5 I 1.5
| | |
1 1 1 1
Mass: % : : :
05 ‘ 05 ‘ 05 ‘ 05
Real : Real : Real : Real
2 -1.5 1 -0.5 0.5 | 2 -1.5 1 -0.5 0.5 | 2 -1.5 1 -0.5 0.5 | 2 -1.5 1 -0.5 0.5
-0.5 | -0.5 | -0.5 | -0.5
| | |
0.5 | Imaginary | 0.5 | Imaginary | 0.5 | Imaginary | 0.5 | Imaginary
0.5 05 1 15 2 I o5 05 1 15 2 I 05 05 1 15 2 I 05 05 1 15 2
| | |
Real | Real | Real | Real
0.5 I 0.5 I 0.5 I 0.5
Spring: : : :
pring -1 I -1 I -1 I -1
= g = | n | 3 g @ |
o
1.5 | 1.5 - | 1.5 E'@ | 1.5 .D
| o | |
]
2 [ 2 [ 2 \ 2t e g
| | |
T T T

tq: 100 ms; w: 6 rad/s ta: 170 ms; w: 6 rad/s

Fig. 5.

tq: 100 ms; w: 8 rad/s ta: 170 ms; w: 8 rad/s
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perceptions, H.(w;) (shown by red squares M). First row: the damping experiment; second row: the mass experiment; third row: the spring experiment. Outliers
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Fig. 6.  Single-frequency Nyquist plots of a combined mass—damper system
with undelayed force feedback (blue vector) and 7}, -second delayed force feed-
back (red vector).

felt around the zero deflections. From the changed projections on
the two axes, one can see that the delay causes this environment
to be perceived as having a lower mass and higher damping,
as compared to the reference. However, the change in the per-
ception is not consistent over the entire frequency range. If the
product w, - T, is further increased, for instance when increas-

ing the excitation frequency w,, Haelay (w,) may move to the
first quadrant of the complex plane. In this case, the projection
on the real axis becomes positive, the original inertia behavior
disappears completely, and an elastic force is exhibited instead.
The original mass—damper environment will then be perceived
as a spring—damper environment. With an even larger value of
wy - Ty, the environment can exhibit an inertia behavior again.
Such “switching” between different perceived mechanical prop-
erties occurs with increasing rotation angle w, - T}, with a period
of 2m rad.

B. Multiple Frequencies

Now, we proceed to a wider frequency range of 0—15 rad/s.
The higher end of this range is slightly beyond the approximate
(open-loop) natural frequency of human arm neuromuscular
system [14]. Consider two different time delays: 77 = 60 and T5
= 140 ms. Fig. 7 shows the Nyquist plots of the corresponding
Hy(w) and Hgelay(w) of the mass—damper environment used
earlier for this frequency range.

As can be seen, the time delays move the FRF of the orig-
inal environment clockwise. We first analyze the effect of 77 :
the red curve. At all the frequencies in the selected range, the
projection on the real axis decreases in size, whereas the imag-
inary projection increases. As a result, the mass will be always
underestimated and the damping will be always overestimated,
no matter how the operator interacts with the environment.
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Fig. 7. Nyquist plots of a typical mass—damper system with undelayed (blue)
and delayed force feedback (red and yellow). The delay times are 77 = 60 ms
and T = 140 ms, respectively. The frequency range shown is 0—15 rad/s. The
arrows of the curves indicate the increase of frequency. At frequencies of 4,
7,9, and 14 rad/s, respective responses are marked and connected to facilitate
comparison.

However, the extents of the under- and overestimation vary
with the frequency. This is due to the fact that the delay-caused
phase shift becomes larger as the frequency increases, shifting
a larger proportion of mass into the damping. The perception
will in fact depend on how the human operator interacts with
the environment. Slow interaction movements will result in less
distortion of the mechanical properties perceived, whereas fast
movements cause more pronounced changes.

The trend of changes in the perception also depends on the
delay time, as demonstrated by the larger time delay 75. The
corresponding FRF is shown as the yellow curve in Fig. 7. This
curve intersects the imaginary axis at around 9 rad/s. When the
interaction occurs below this frequency, the changes in the per-
ceived mass and damping still follow the tendency discussed
before while being more pronounced. However, the system be-
gins to exhibit a spring behavior at higher frequencies, as the
real-axis projection becomes positive. If the operator interacts
with the environment with only fast movements, the inertia
force is hardly presented. The elastic force makes the envi-
ronment perceived to be similar to a spring. Moreover, with
larger delays this spring behavior will appear earlier, because
the FRF enters the first quadrant at lower frequencies. One can
also imagine that the imaginary projection starts decreasing at
higher frequencies or in the case of a larger delay time. Due
to this, the viscous damping behavior exhibited by the delayed
environment becomes weaker.

Similar analyses can be carried out to assess the effect of de-
lays on the perception of damping, mass, and stiffness properties
of all linear environments. The black-box modeling principle, in
combination with the Nyquist-plot visualization, forms a frame-
work that intuitively provides information of all delay-caused
changes in the perception. In conclusion, the effect of delayed
force feedback on human perception of environment mechan-
ical properties is not consistent. Knowledge of the frequency
range of excitation and the delay time is necessary to assess the
full effect. But even when such knowledge exists, using fixed
values to approximate the mechanical properties perceived by
a human operator is still difficult, especially when the delay
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TABLE III
PARAMETERS OF THE REFERENCE ENVIRONMENT

Damping b, Mass m- Stiffness k. Delay T'
[Nms/rad] [kgm?] [Nm/rad] [ms]
0.07 0.03 0 80

is large. Nevertheless, the general trend of how the delay af-
fects the perception can be predicted. In order to corroborate the
proposed framework, a second user study is carried out in the
following section.

VI. FRAMEWORK VERIFICATION

A second experiment was conducted to evaluate the proposed
framework. The experiment followed a same “perceive and ad-
just” procedure. Subjects interacted with the two environments
with the same side-stick manipulator. The dynamics of the ma-
nipulator are given in the Appendix. The reference environment
was a typical mass—damper environment, of which the mass
property would be perceived to be more dominating than the
damping property. The force feedback from this environment
was delayed by 80 ms. Table III gives details about this envi-
ronment.

The control environment was a mass—spring—damper system
from which the force feedback was not delayed. The initial set-
tings of the mass, spring, and damper coefficients (m., b., and
k.) of this environment were the same as the reference environ-
ment. Subjects were asked to adjust the dynamics of the control
environment until its three mechanical properties approximate
to those of the delayed reference environment. In this experi-
ment, instead of the two complex components, subjects directly
adjusted the mass, spring, and damper coefficients using three
vertical sliders shown on the screen. Moreover, unlike the first
experiment in which the interaction was fixed at a particular
frequency, in the second experiment, subjects were allowed to
freely move the manipulator to explore the environments, but
were asked to avoid hitting the manipulator’s end stops and not
make violent movements. The duration of each individual inter-
action with an environment was not limited. No feedback of the
manipulator movement was given on the display.

Fig. 8 shows the Nyquist plot of the delayed reference envi-
ronment, along with the dynamics without the time delay. The
frequency range shown here is 0—15 rad/s. We believe this fre-
quency range is sufficient for the assessment of the effect of
time delay, since humans cannot generate movement beyond
the bandwidth of their neuromuscular systems [14]. As can be
seen from the figure, we expect subjects to perceive the delayed
reference environment as having less mass but higher damping,
as compared to the original undelayed dynamics. In addition, no
stiffness would be perceived since the delayed environment does
not exhibit any spring behavior within this frequency range.

The final values of m,, b., and k. of the control environ-
ment will indicate the mechanical properties perceived from the
reference environment. As discussed earlier, the behavior ex-
hibited by a delayed environment depends on the frequencies
at which the excitation mainly occurs. Since the manipulator
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Fig. 8. Dynamics of the delayed reference environment and the dynamics
without the delay.

TABLE IV
MECHANICAL PROPERTIES PERCEIVED BY SUBJECTS

Subject
1 2 3 4 5 6
be [Nms/rad]  0.271  0.165 0206  0.106  0.135  0.150
me [kgm?] 0.014 0.019 0.017 0.023 0.021 0.020
ke [Nm/rad] 0.000  0.000 0.000 0.000 0.000 0.000

movements applied by different subjects may differ, we expect
the perception differs between individual subjects.

Six subjects (5 male and 1 female, between the age of
26-56 years with a mean age of 32.2), graduate students, and
academic staff members of TU Delft participated in the experi-
ment. They were all right-handed and did not have any history
of impairment in moving the arm or hand. All subjects had
sufficient knowledge about how each of the three mechanical
properties feels, but were naive about the effect of the time delay
on the perception of mechanical properties. In addition, subjects
did not know the force feedback from the reference environment
was delayed. This user study was approved by the Human Re-
search Ethics Committee of TU Delft. Informed consent was
obtained from all subjects before the experiment.

A. Result

Table IV lists the final values of m,., b., and k. of the control
environment adjusted by subjects. Except for the stiffness prop-
erty, the mass and damping properties perceived by different
subjects of the delayed reference environment are considerably
different. As expected, all subjects underestimated the mass and
overestimated the damping. Moreover, no spring behaviors were
perceived.

The differences in the mechanical properties perceived can be
accounted for by the differences in the frequency of excitation
between subjects. Although subjects were encouraged to use
whatever movements they would like to interact with the envi-
ronments, the manipulator movements applied by all subjects
were still dominated by clear sinusoidal profiles. Fig. 9 gives
an example that shows the manipulator movement generated

t [s]

Fig.9. Manipulator deflection angle ¢,,, generated by a subject during a single
interaction.

ol M M

[©p| [rad]
>

10
10! 10° 10" 102
w [rad/s]
Fig. 10. Magnitude of the Fourier transform of the manipulator deflection

angle generated by a subject during the entire experiment.

by one subject during a single interaction with the reference
environment.

A similar human behavior was also mentioned by Nisky et al.
in [20]. It seems that humans are inclined to use a sinusoidal
profile to establish their impressions about a mechanical prop-
erty. According to an interview carried out after the experiment,
subjects attempted to interact with the control environment with
similar manipulator movements to what they generated for the
reference environment. The two environments were then com-
pared in terms of the correlation between the movement and the
force.

Due to this, we hypothesize that the frequency responses of
the two environments would be the closest at the frequencies at
which the environments were excited the most. Fig. 10 shows the
power spectrum of the manipulator deflection angle generated
by a subject during the entire experiment. The peak of the power
spectrum occurs close to 4 rad/s. This is the frequency at which
the majority of the interaction took place, i.e., the approximate
frequency of the sinusoidal profile. Noticeable energy can also
be seen at frequencies below 0.1 rad/s, which account for nearly
static manipulator deflections. According to our subjects, such
slow movements were applied at the beginning of the experiment
to obtain the static spring force that was used to determine the
spring stiffness of the environments.

Our hypothesis can be verified by plotting the difference in
the frequency response between the two environments on top
of the power spectrum of the manipulator deflection angle. The
absolute value of the frequency-response difference can be ob-
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Fig. 11. Difference in the frequency response between the delayed reference

and control environments, plotted on top of the scaled power spectrum of the
manipulator movement. (a) Subject 1. (b) Subject 2. (c) Subject 3. (d) Subject
4. (e) Subject 5. (f) Subject 6.

tained from
[AH(w)| = |Hyef(w, T') — Heon(w)]- (6)

Here, H..¢ and H,,, denote the FRFs of the delayed reference
environment and the control environment, respectively.

Now, consider the frequency range of 0—15 rad/s. For a better
illustration, the power spectrum is scaled up and shown with
its average over each frequency bin of 1.0 rad/s, as can be seen
from Fig. 11.

In general, the characteristics of |AH (w)| for all subjects
are similar. |AH (w)| starts from zero as both environments
do not generate any static spring force. It then increases as
the energy of the excitation reduces. As expected, the minimum
value of | A H (w)| occurs at roughly the same frequency at which
the power spectrum of the manipulator movement reaches the
peak. The quick increase in the dynamic difference at higher
frequencies is due to the fact that the noticeable difference in
the mechanical properties increases as the system magnitude
increases [18], [21]. To take this into account, the ratio of the
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dynamic difference to the system magnitude (| HA,%&T))
shown in Fig. 11. '
To avoid numerical singularity, the lower end of the frequency
range used to calculate the ratio is set to 0.1 rad/s. As can be
seen, the slope at higher frequencies becomes lower and corre-
sponds better to the characteristics of the power spectrum. The
minimum of this difference ratio occurs at the same frequency
as the absolute difference, coinciding with the peak of the power

spectrum.

) is also

B. Discussion

The experimental findings confirm our hypothesis and
demonstrate the validity of the framework proposed in
Section V. Clearly, the mechanical properties of an environ-
ment will be perceived differently when the human operator
excites the environment at different frequencies. Although the
exact change in the perception varies with the frequency of exci-
tation, in this experiment, we have demonstrated that the general
trend of how the perception will change is readily appreciable
using our framework.

We also found that humans may assess different mechanical
properties at different frequencies. In the experiment, subjects
assessed the stiffness of the environments with nearly static
manipulator movements. According to subjects, this is due to
the fact that, in this case, the spring force was less “polluted”
by the forces generated by the damping and mass properties.
Since the damping and inertia forces are stronger at higher
frequencies, at lower frequencies, subjects can estimate the
stiffness with higher accuracy. This can be accounted for by
the perception threshold, which increases as the magnitude of
the system dynamics increases [18], [21]. However, in cases
where the damping and mass are negligible compared to the
spring stiffness, accurate estimation of stiffness can also be ob-
tained using faster movements. It remains unclear whether in
such cases subjects will still select static movements for the
assessment of the stiffness or be different in the movement fre-
quency as they did to assess the mass and damping properties. A
possible correlation may exist between the excitation movement
and the dynamics of the environment. This question needs to be
answered in future research.

It is of interest to note that the manipulator movement that our
subjects employed to explore the properties of the environments
resembles a sinusoid. This was also reported in [7] and [20]
during the interaction with springlike environments. The reason
for such behaviors is beyond the scope of this study, but certainly
needs to be addressed in further research.

VII. GENERAL DISCUSSION

Our framework is based on examining the FRF of the lumped
dynamics of the environment and the time delay. This uses
the fact that humans do not separate the time delay from the
perception of the mechanical properties. Instead, the dynamics
of the time delay and the mechanical properties are lumped
together and perceived as a single mechanical system. This is
consistent with the findings of previous research [7], [8], [10],
[12]. A similar phenomenon also exists in the motor control
in tracking tasks [22]. It is suggested that the central nervous
system compensates for delays in a sensory channel by means
of a representation that resembles a mechanical system.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

FU et al.: FRAMEWORK FOR HUMAN HAPTIC PERCEPTION WITH DELAYED FORCE FEEDBACK 11

Our findings related to the perception of stiffness are in line
with previous work [8], [13], [23], in which the underestimation
is also observed during continuous interaction with the envi-
ronment. In addition, we find that changes in the perception
of all three mechanical properties respect the same principle.
However, as a result of the threshold for perceiving a difference
in the mechanical properties, not all delays can cause a change
in the perception. For a noticeable change in the stiffness, a
minimum delay of 36ms is reported [24]. Delays below this no-
ticeable level, as tested in [10], are therefore unlikely to cause
significant effects.

In the present study, our subjects interacted with the envi-
ronments using a side-stick manipulator. Such a setup of the
manipulator led the lower arm to be the body part that was
mainly involved in the interaction. We found that subjects were
inclined to consider the movement to be the cause and the force
to be the result, as also suggested by Nisky et al. in [9]. However,
if the estimation would be on resulting movement in response
to an applied force, as is hypothesized in [9] to match the con-
trol strategy for the shoulder joint, a different elaboration of the
black-box estimation framework might be needed.

Clearly, due care should be taken when trying to evaluate
the mechanical properties of a remote environment when force
feedback is delayed. The effect of a time delay can be easily
assessed using our framework. With knowledge of the frequency
of excitation applied by the human operator, the mechanical
properties perceived can be approximated by means of fitting
the dynamics of the delayed environment with a mass—spring—
damper system at the frequencies where the excitation mainly
occurs.

Such an approximation can be fairly accurate in the case of
self-exploration tasks, as humans are inclined to employ a si-
nusoidal profile to interact with the environment. In tasks that
involve tracking, the mechanical properties perceived by the
human operator is determined by the reference signal of the
tracking task. If the reference signal possesses considerable en-
ergy over a relatively wide frequency range, the accuracy of
the approximation depends on the magnitude of the time delay.
The approximation can still be accurate when the delay is small,
as demonstrated in [10]. However, when time delay increases,
quantifying its effect using a model with a limited order is not
possible any more. As shown by both experiments carried out
in this study, there need not be a consistent change in the per-
ception of each mechanical property in the presence of a delay.
The change depends on the product of the delay time and the
excitation frequency. Nevertheless, our framework still provides
clear insights into the general changing trend in the perception
of the mechanical properties.

As discussed earlier, the FRF of the time-delayed dynamics
switches over the four quadrants with a frequency “period” of
w = 27 /Tyetay rad/s. One can imagine that the FRF of the time-
delayed dynamics can even spiral across all the four quadrants
when the delay time is sufficiently large. In this case, a slight
change in the excitation frequency will lead the environment to
exhibit completely different behavior. Due to this, assessing the
mechanical properties of the environment becomes very diffi-
cult for a human operator. As a result, the human operator will
probably stop perceiving the environment as a mechanical sys-
tem. It is therefore of interest for future research to understand
the delay magnitude from which this situation starts to occur.

Furthermore, the framework proposed in this study is based
on the assumption of the continuous interaction between the
human operator and the environment. However, discontinuous
interaction, during which the boundary of the force field is fre-
quently crossed, can have different effects on the perception
of mechanical properties [7], [8]. Extension of the framework,
which takes this effect into account, should be made to include
this effect.

VIII. CONCLUSION

In this paper, we investigated the effects of delayed forced
feedback on the haptic perception of damping, mass, and stift-
ness properties of dynamic environments. In a first experiment,
we observed that all mechanical properties were underestimated
with time delays, and subjects perceived different mechanical
properties than simulated. These changes in perception were ac-
counted for by the fact that our subjects could not separate phase
differences due to delayed force feedback from phase differ-
ences due to different environment mechanical properties. This
key finding led us to define a unified framework—based on a
visualization of the FRF of the lumped (environment and delay)
dynamics—which can accurately predict all effects due to time
delays. Our framework is verified by the second experiment, in
which participants could explore a mass—damper environment
with freely-selected movement patterns. The experimental find-
ings showed that the delayed force caused an underestimation
of the mass but an overestimation of the damping, as predicted
by the framework. The framework also explains how perception
of these two mechanical properties varied between individual
subjects, depending on the frequency content of the movement
pattern.

APPENDIX

The manipulator is configured with an admittance architec-
ture. It is driven by an electrohydraulic servomotor. Position of
the manipulator and moment on the manipulator are led through
presample filters (bandwidth = 200 Hz) before being digitized
at 2500 Hz and read into the laboratory computer. The manip-
ulator’s control system is executed at 2500 Hz, and effective
position following bandwidth is around 40 Hz. The manipulator
is supplied with a handle, diameter 35 mm, with grooves for
placement of the fingers. When a hand is correctly placed on
the handle, the center of the hand lies 90 mm above the manip-
ulator rotation axis. The equivalent (simulated) dynamics of the
manipulator can be expressed as

O, (s) 1
Fm(s) B mm '32+bm '5+km.

The manipulator dynamics were configured to guarantee the
stability of the overall system. In the first experiment, m,,, was
set to 0.01 kg - m? for the delayed-spring experiment (the ex-
periment in which the reference environment was a spring),
and 0.06 kg - m? for both delayed-mass and -damper experi-
ments. b, was 0.3 N-m-s/rad for the delayed-spring experiment,
and 0.05 N-m-s/rad for both delayed-mass and -damper exper-
iments. The effort to move the manipulator was minimized by
setting stiffness &, to be m,, - w? With such settings, the pre-
scribed excitation frequency w; becomes the eigenfrequency of
the manipulator. Thus, the manipulator itself only generates a

Hm (5) -

(N
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damping force during the experiment, since the responses of
the stiffness and mass are counteracted by each other. Note that
the dynamics of the manipulator were identical for each refer-
ence environment and its corresponding control environment,
although different settings were used for different reference
environments.

In the second experiment, the dynamics of the manipulator
were settom,,, =0.035kg - m?,b,, =0.05N-m-s/rad, and k,,, =
0 N-m/rad, respectively. Again, the dynamics of the manipulator
were identical for the reference environment and the control
environment.

Note that in the experiment, the manipulator could only move
laterally (left-hand side and right-hand side). The movement in
the longitudinal direction (forward and backward) is fixed at the
center.
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