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Motivation

• Human manipulation is 
inherently asymmetric 

• Low-frequency hand motions 
elicit high-frequency responses 
from the environment 

• High-frequency transients are 
often lost in haptic simulations 

• How do we get them back?



Recall Stiffness…

700 N/m

3000 N/m

5000 N/m

> 100 N/m

> 1000 N/m

> 10,000 N/m

> 100,000 N/m



Everything feels like foam!

But what if we did have a device that could 
render an infinite stiffness?



Contact Transients

• Whenever we strike a real-world 
object, we can feel a rich, high-
frequency transient 

• What causes this transient? 

• How can we simulate it?

transients and measured the accelerations felt during
tapping, exploring surface texture, and puncturing a
membrane [24], [35]. Empirical models were fit to this data,
tuned via user testing, and used to provide vibrotactile
feedback during virtual interactions, improving both task
execution and surface discrimination. This paper develops a
new method for generating contact transients and compares
its performance with previously explored approaches and
with the feel of real objects.

3 EVENT-BASED HAPTICS

Honoring the user’s sensitivity to and reliance on high-
frequency interaction transients, the paradigm of event-
based haptics defines an alternative display strategy for
improved realism. Rather than trying to generate adequate
force transients using closed-loop position feedback, this
method uses discrete event triggers to begin playback of
precomputed force histories. To achieve true realism, we
believe the accelerations experienced by the user at contact
should match real impact acceleration profiles. Building on
previous efforts in transient playback, we seek to explore
the event-based paradigm and understand its potential for
improving the realism of haptic interactions.

The dynamics of contact with rigid objects produce two
distinct, superimposed forces: an initial high-frequency
transient and a slower extended response. Fig. 2 shows a
force signal recorded from tapping on a hard wooden surface
with a stylus. Over long durations, the object opposes
penetration, yielding a quasistatic, low-frequency reaction
force. The shape of the short-duration transient at impact is
determined by material properties and initial user conditions,
including grasp configuration and incoming velocity. Impact
transients generally take the form of decaying sinusoids,
though multiple resonant modes and intermittent contact
may lead to a more complex response. It is these signals,
lasting tens of milliseconds, that create high-frequency
accelerations and allow the user to infer material properties
of the object. Virtual environments devoid of these high-
frequency cues will never feel truly realistic.

Event-based haptics aims to replicate the feel of real
interactions by adding high-frequency force transients at the
start of contact. An impact event is triggered when the stylus
moves through the surface of a virtual object. The entire
transient signal is computed and then overlaid with tradi-
tional proportional feedback for its short duration, as
depicted in Fig. 3. With tapping, the contact state is latched
during transient output, preventing multiple event detec-
tions. Because the shape of real transients depends on

material properties as well as impact velocity and user
impedance, a library of transient signals may be utilized. Such
a library can be built from physical measurements or based on
multimodal vibration models and analysis. In this sense, the
haptic experience should closely match the audio behavior of
objects, possibly combining multiple resonant frequencies
[36]. Regardless of the method used to predetermine the
transient, its output remains deterministic up to the user’s
reaction time of approximately 150 ms [27] and, hence, does
not require continual sensor feedback or additional online
computation.

In addition to providing important high-frequency cues,
event-based forces can quickly decrease the user’s momen-
tum and reduce penetration into the virtual object. Bringing
the hand to a stop requires the force transient to be carefully
matched to the user’s incoming momentum. Under the
assumption of constant mass, momentum varies linearly
with incoming velocity vin. The transient signal magnitude
should thus be scaled by this measurable quantity. Care
must be taken to maintain force levels that do not over-
whelm the user’s incoming momentum to keep the surface
feeling passive and natural. Additionally, the apparent
impedance of a hand-held stylus can vary significantly with
hand configuration and grip force [37], foreshadowing the
possible importance of a hand impedance indicator in
future work. Present investigations have found it sufficient
to scale transient signals by incoming velocity, provided the
user maintains a consistent grip on the stylus.

Using standard haptic hardware, event-based rendering
can also take advantage of higher force levels than those
permissible with proportional feedback alone. Thermal
constraints prevent the motors from being driven with
high current for long periods of time; however, high-
frequency transient signals may exceed the steady-state
maximum for short durations, enabling faster, more
forceful momentum cancellation. These high current levels
are available in most haptic systems but are not leveraged
by traditional feedback algorithms.
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Fig. 2. Tapping on a hard wooden surface yields a high-frequency

transient force superimposed on a low-frequency response.

Fig. 3. Event-triggered open-loop force signals superimpose on

traditional penetration-based feedback forces.



The Hard Way

Calculating the transient response



The Easy Way

Recording the transient response



Strong precedent from the audio community…



Improving Contact Realism through Event-Based Haptic Feedback

• Use accelerometer to sample contact transients on real-world objects 

• Detect contact events with virtual objects in the haptic simulation 

• Play back sampled transient in an open loop

reduces task completion time, error incidence, and excessive
force application in a variety of situations, making interac-
tions feel more natural and easing the cognitive burden on the
operator [9], [10], [11]. Over the last 15 years, similar ideas
have matured in the context of virtual reality [12], [13], where
users want to feel interactions with virtual objects in tasks
such as surgical training [14], [15], [16].

The addition of haptic feedback is particularly crucial
when simulating interactions with rigid objects. While
visual feedback can convey sufficient information for the
exploration of soft environments, surface deformations of
hard objects are too small and abrupt to be seen. The same
argument applies to the exploration of edges, small surface
features, and other discontinuities; in all such cases, visual
cues are of limited value, and the sense of touch becomes
the dominant source of information [17].

To meet this need, robotic mechanisms have been
adjusted to serve as haptic interfaces, providing light-
weight, low-friction, backdrivable devices capable of dis-
playing forces. Yet, the corresponding control strategies
have fallen short of the objective to portray realistic hard
contacts and impacts. This discrepancy may be traced to the
robotic heritage of using position-based closed-loop feed-
back to regulate all output forces.

2.1 Rendering Algorithm

The classic haptic rendering algorithm for rigid objects [18]
applies a force F proportional and opposite to the user’s
penetration x into the virtual object,

F ¼ "kx if x > 0
0 if x # 0;

!
ð1Þ

where k represents the virtual object stiffness. The penetra-
tion depth is the difference between the user’s position and
the closest point on the surface of the virtual object, which is
tracked by a proxy [19]. This algorithm has been augmented
to simulate texture and friction, perturbing the force vector
to depict more realistic interactions [20], [21], [22]. The
quasistatic feedback law (1) has also been modified to
include velocity and, possibly, acceleration feedback from a
dynamic proxy [23].

Yet, fundamentally, this penalty-based method represents
a linear control system. The frequency content of the force
output is governed by the input signal (i.e., the user’s motion)
and the system’s resonant frequency, ! ¼

ffiffiffiffiffiffiffiffiffiffi
k=m

p
, with m

denoting the combined mass of the haptic device and the
user’s hand. Assuming a typical gain of k ¼ 1;000 N/m,
limited by sensor resolution and computational update rates,

this resonance falls no higher than 15 Hz. In contrast,
interactions with real materials such as metal and glass
commonly exhibit force transients above 1,000 Hz [24].
Closed-loop generation of such signals would require feed-
back gains up to 1,000,000 N/m, roughly a 1,000-fold increase
over the performance of existing systems; such stiffnesses
would necessitate significant improvements in both position
resolution and servo rate, as analyzed in [7]. Considerable
effort has been expended to understand and overcome these
limitations [25], [26], but closed-loop feedback is inherently
restricted to smooth, low-frequency forces.

2.2 Human Perception and High-Frequency
Transients

When interacting with real specimens via a stylus, humans
can gauge stiffness more accurately by tapping, which
elicits high-frequency contact transients, than by pressing
continuously [3]. Indeed, the mechanoreceptors in our
fingertips detect signals up to 1 kHz, with the highest
sensitivity around 300 Hz [27]. In contrast, we cannot move
or position our fingertips above 10 Hz [1]. The asymmetry
of our sensory and manipulation bandwidths leads to a
strategy of identifying signature transients and treating
them as discrete cognitive events. Other researchers have
also distinguished between the user’s skill at perceiving
high-frequency force information and his or her inability to
control and regulate these forces [28]. We therefore believe
that, while a low-bandwidth closed-loop controller may
sufficiently capture user motion, the display of faster
transients is vital to stimulating the user’s perception.

Interestingly, the perceived rigidity of a virtual object is
not necessarily associated with static object stiffness, but
rather with the dynamics of the interaction. Rate hardness,
which is defined as the initial rate of change of force over
the penetration velocity, has been shown to be a much
better predictor of perceptual hardness than stiffness [29].
Adding impulsive braking forces at contact improves rate
hardness, creating sharp force changes and reducing virtual
object penetration [30], [31], [32].

Examining impact transients, the force response of a
stylus tapped on a rigid surface can be approximated as an
exponentially decaying sinusoid with a frequency that
depends on material composition [33]. Human-subject
testing demonstrated that the addition of such transients
improved the perception of virtual stiffness during tapping.
This work was subsequently extended to a teleoperational
testbed where users showed improved performance at a
variety of tasks under vibrotactile feedback [34]. Okamura
et al. also recognized the importance of high-frequency
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Fig. 1. Contacting real and virtual wooden surfaces. (a) Real wood, (b) position-based virtual wood, and (c) event-based virtual wood.

[From K. Kuchenbecker et al., IEEE Transactions on Visualization and Computer Graphics 12(2), 2006.]



Recording the Signal

• Accelerometers are everywhere! 
- sensor on small board 

- data recording device 

- your smart phone!
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The kit contains:

A PhidgetAccelerometers�

A custom USB cables�

Connect the PhidgetAccelerometer to your PC using the custom USB cable.

Installing the hardware
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Pre-Operation

Prior to using the Slam Stick X for data logging, it will need to be fully charged and configured.

Charging Instructions
The Slam Stick X is charged by connecting the device to a USB power source with the USB to Micro 
USB cable as shown in Figure 3.

CAUTION: Be certain to insert the USB to Micro USB Cable into the micro USB receptacle with 
minimal force to prevent damage. Do not insert the cable at an angle because it can cause
damage to the receptacle.  Do not hold the button down when connected to power.
 

Figure 3: The Slam Stick X is easily charged by using the provided USB to Micro USB cable.

The LED indicator will designate the battery charging state as specified in LED Status Indication 
section. Once fully charged the LED indicator will display a constant green light. It is estimated that 
a full battery charge will take one to two hours depending on the power source and the age of the 
battery.

Battery Level Check
To check the battery charge level, press and hold the X-button for greater than three seconds while 
unplugged from the PC. While the button is held down, the battery life will be indicated by the LED 
color as specified in “LED Indication” section for approximately three seconds, after which time the 
LED will turn off. Once the LED indication has ceased, releasing the button will return the Slam Stick 
X to sleep mode.

NOTE: If only checking battery level, be sure to hold the button until the charge indication 
completes. Pressing the button for less than approximately three seconds will initiate a recording.



Playing the Sample

• Record acceleration 

• Command force 

• How do we reconcile the units?
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???

F = m a



The Mass Term

• What mass should we use in our playback equation? 

• Is it device-dependent? 

• What should we use for the Novint Falcon? 
- mass of the grip?

F = m a



System Identification

• If we don’t know the right 
“mass”, can we somehow 
empirically find out? 
- We have the tools… 

• Experimental Transfer Function 
Determination
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4 HAPTIC INTERFACE

The event-based haptic paradigm was explored and
analyzed via implementation on a standard haptic device.
For this initial investigation, we selected the target interac-
tion of tapping on a horizontal object, considering only the
forces along the axis of the stylus. In the past, some
researchers have used the motors of the haptic device to
provide vibratory cues [24], [35], and others have placed a
separate actuator near the user’s fingertips, specifically for
teleoperation [34]. We prefer to use the device’s main,
grounded actuators, keeping the system simple and allow-
ing event-based transients to cancel the incoming momen-
tum of the user’s hand.

A high-bandwidth haptic system is necessary to provide
the user with the transient cues essential to the event-based
approach. As illustrated in Fig. 4, we chose an early
Phantom, produced by SensAble Technologies: Its Maxon
motors, smooth cable drive, and stiff linkage elements allow
transmission of high-frequency signals, and its motor-shaft-
mounted optical encoders enable high-fidelity position
measurements. The orientation of the Phantom’s distal link
was reversed to point upward and was rigidly extended
with a pen-based stylus. During interactions, motion along
the axis of the stylus was isolated using a proportional
controller to keep the distal link vertical. The motor on the
shoulder joint was used to render all interaction forces, and
mechanical stops were added to the base joint to keep it
centered. Software gravity compensation allowed the stylus
to maintain a constant position when the user was not
holding it.

The amplifiers, which produce the current that drives the
system’s motors, must be able to output signals in the
frequency range of interest. Our setup uses linear current
amplifiers from an Immersion Impulse Engine 2000 rather
than the lower-bandwidth pulse-width modulation ampli-
fiers commonly used with Phantoms. The linear amplifiers
provide excellent high-frequency response, producing full-
scale sinusoidal current at up to 1 kHz with no attenuation
or phase lag. One drawback of these amplifiers, however, is
their 1.4 A maximum current; although the Phantom’s
motors can sustain only 1.26 A continuously, they can
tolerate much higher currents for short durations, which
would allow for even stronger event-based cues.

In order to measure accelerations at the endpoint, we
selected an Analog Devices ADXL150 with a bandwidth of
1 kHz and a range of !50 g. The small package of this
accelerometer was easily attached to the Phantom’s distal
link using double-sided tape, and its wires were routed
along the arm. The voltage output of the accelerometer was
measured using a National Instruments PCI-1200 card. A
desktop computer running RTAI Linux sampled the
accelerometer signal, as well as the Phantom’s encoders,
at 10 kHz, commanding output from the current amplifier
at the same rate. This high servo frequency was chosen to
allow the system to measure accelerations and output forces
at many hundreds of Hertz.

Once the hardware platform was chosen, we character-
ized the ability of its actuator to create high-frequency
accelerations at the endpoint. The multielement transmis-
sion from motor to stylus makes it well-suited to nonpara-
metric frequency-domain techniques, which treat the
system as a black box. A 2.5-second-long swept sinusoid
force signal from 10 to 500 Hz was applied to the system as
a user passively held the stylus with a moderate grip force,
and the resulting acceleration was recorded. Four tests were
performed at three force magnitudes for two users, and
results were averaged across tests. The frequency content of
input and output signals was compared by taking the ratio
of their discrete Fourier transforms (DFTs) in the complex
domain; the resulting magnitude profiles are shown in
Fig. 5, matching well between users and across force
amplitudes, especially at high frequency. The system
exhibits good transmission from 20 to 250 Hz with peak
response at 125 Hz, highlighting the important role that
device dynamics play in shaping transient behavior. High
device bandwidth enables the exploration of a range of
transient signals for use in event-based haptic feedback.

5 TRANSIENT GENERATION

Event-based haptics seeks to create high-frequency accel-
erations at impact, mimicking those experienced when
tapping on the real object emulated by the virtual
environment. In the past, researchers have successfully
used short-duration pulses and decaying sinusoids as
contact transients, two approaches that we find promising.
Signal parameters such as duration, frequency, and nominal
magnitude must be hand-tuned for each device and target
object, a process that is more art than science. Extensive
psychophysical testing can be used to identify preferred
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Fig. 4. Experimental setup for tapping on real and virtual objects.

Fig. 5. The chosen system shows good high-frequency transmission
from motor force (Newtons) to stylus acceleration (g’s) for a variety of
users and input amplitudes.



Again, we’ve already seen this in the audio community…



Handling Virtual Contacts

• Once we estimate a mass, do we have everything we need? 

• How might we handle exploring the virtual world in an undetermined way? 

• We can modulate the sample by the contact velocity

dynamics of a variety of other haptic devices, including a
one-degree-of-freedom testbed [37] and an Impulse Engine
2000 joystick [39], [40].

The system model was validated in the time domain by
playing a variety of transients as users held the stylus with a
moderate grip force and tapped on a virtual object. Three
sample force and acceleration traces are shown in Fig. 7,
and we see that the model’s response matches the measured
values very closely, especially for the short durations
characteristic of force transients. We conclude that a simple,
user-invariant dynamic model is useful in describing the
response of our system during haptic interactions, provided
the user maintains a consistent grip on the stylus. The
influence of grip force on system dynamics will be
characterized in future work.

Inverting the identified system model enabled us to
determine the force transient that must be applied to create
a specified acceleration profile at the device’s endpoint. We
began by recording acceleration at 10 kHz for 100 ms
following tapping contact between the Phantom and the
target substance at five different velocities. These signals
were each prepadded with zeros and smoothed to remove
high-frequency electrical noise without altering phase. The
smooth acceleration transients were then applied to the
inverse of the system model, producing a raw version of the
required force. Low-pass filtering and smoothing, combined
with high-pass filtering, eliminated noise and drift while
preserving the force signals in our frequency range of interest,
from 10 to 500 Hz. The force transients were then extracted
from the longer zero-padded signals, forcing zero magnitude
at the beginning and tapering the end to ensure smooth
superposition. The model inversion process was verified by
applying the computed force transient to the forward model
and by testing the transients on the actual hardware. Close
correspondence was achieved with the above methodology,
supporting the viability of model inversion for matching
virtual feedback to real accelerations.

We constructed a transient library for contact with wood
on a foam substrate, as shown in Fig. 8. Note the nonlinear
variation of both acceleration and force with velocity, which
highlights the ability of a model-based approach to produce
realistic, nonparametric accelerations at impact. The real-
time controller loads the library and selects appropriate
transients when contact events occur. The user’s incoming

velocity is compared to those of the library transients, and a
linear combination of the closest signals is selected. After
the acceleration-matched library was constructed, its feel
was compared to that of tapping on the target sample.
When such transients are superimposed with strong
proportional feedback, force levels and contact accelerations
increase, and some users report that the surface feels
slightly active. Multiplying the library transients by a gain
of 0.8 restored appropriate force magnitudes and elimi-
nated these complaints. Future work will account for
proportional feedback during transient generation to avoid
these issues. We found that this technique of event-based,
acceleration-matched feedback creates contact accelerations
that closely resemble those experienced when tapping on
the real sample.

6 ASSESSING CONTACT REALISM

Encouraged by the feel of our three transient signals, we
sought to evaluate the performance of the event-based
paradigm more thoroughly, especially as compared with
traditional position-based feedback. Realism of virtual
contact is inherently difficult to quantify and can only be
accurately assessed by perceptual user tests; consequently,
we conducted a human-subject experiment to analyze the
effectiveness of event-based haptics and the performance of
the pulse, decaying sinusoid, and acceleration-matched
transients. Subjects rated the realism of tapping on three
real and nine virtual objects. The real objects included
samples of wood, soft foam, and wood on a foam substrate,
as shown in Fig. 9. The approximate linear stiffness of each
of these samples was measured using the Phantom and the
force sensor, as listed in Table 1.

The first three virtual samples were designed to
represent traditional position-based feedback; the highest
proportional gain (very firm) was chosen near the limit of
the device’s capabilities, at which point encoder discretiza-
tion causes significant buzzing. The mid-level gain (firm)
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Fig. 7. Time-domain model validation.

Fig. 8. Recorded accelerations and force transient library for tapping on

wood with a foam substrate.



was tuned to provide strong feedback without encoder
buzzing, and the lower gain (soft) was set to half this level.
The remaining six virtual samples represent the event-
based rendering approach, combining a contact transient
with either the firm or soft proportional controller. Over-
laying transients on the very firm proportional feedback
requires short-duration force output presently beyond our
system’s capabilities and was thus not included in user
testing.

User testing was performed on the hardware described
in Section 4 with motion of the stylus constrained to one
degree of freedom to isolate tapping motions. The real
samples and virtual sample placeholders were positioned
on a rigid stand beneath the center of the stylus, as shown in
Fig. 9. An ATI Mini-40 force sensor allowed the system to
measure contact forces at 1 kHz during interactions with
real samples.

At the beginning of each experiment, we collected
information on the subject’s age, gender, handedness, and
prior experience with haptic devices. We then outlined the
three phases of the study: familiarization with the wood
sample, demonstration of the 12 test samples, and repeated
rating of sample realism. Users were told that they would
be presented with a number of different renderings of a
hard, wooden surface. They were asked to rate, on an scale
from one to seven, how well each sample represented the
experience of tapping on the real piece of wood. Subjects
were asked to repeat the definition of this realism metric
before starting the experiment to ensure comprehension.

To isolate the user’s sense of touch, extraneous stimuli
were removed from the experimental setting, as illustrated in
Fig. 10. Sitting at a computer terminal, the user passed his or
her right arm through an opening in a tall barrier to prevent
visual observation of the device and samples. The user rested
his or her elbow on a padded armrest to counteract muscle
fatigue. The user was instructed to hold the stylus with a
consistent grasp and to avoid touching the table with his or
her left hand to prevent inadvertent transmission of contact
vibrations. The user wore headphones playing white noise at

a high volume to mask the sounds caused by tapping on the
different samples. Simple text commands were presented on
the computer monitor to guide the user through the three
phases of the experiment. The operator sat behind the barrier
at another computer, monitoring the progress of the experi-
ment and placing samples beneath the stylus.

During the first phase of the experiment, the user was able
to tap repeatedly on the real wooden sample to become
familiar with its response. The interaction was monitored
with the force sensor, and forces known to exceed the
amplifier’s current limit (had the controller been in use) were
detected and indicated to the user by auditory feedback.
During virtual tests, the same low tone was provided
whenever the commanded force actually exceeded the
amplifier’s current limit. Throughout the experiment, all
trials that evoked this auditory cue were repeated to prevent
the system’s force limit from biasing the data.

When the user was done interacting with the wooden
sample, the system transitioned into the demonstration
phase, in which each of the 12 samples, both real and
virtual, were presented to the user once in random order.
This phase was included to allow the user to learn the
experimental procedure, which was replicated in the
following testing phase, and to explore the range of samples
before beginning to rate their realism. Before each tap, the
system would move the stylus to a home position above the
sample, giving the operator space to place the next object.
Two virtual placeholder blocks were used so that the
operator removed and placed an item on the stand every
trial, regardless of whether the sample was real or virtual.
When the sample was ready, the user was instructed to tap,
both by a text command on the monitor and by a recorded
voice in the headphones.

The user would then move the stylus down to tap on the
surface of the object, which was always at the same height.
From the time of first impact, they were given five seconds
to tap repeatedly on the surface. After five seconds, the
device moved the user’s hand back to the home position,
and the user was instructed to rate the realism of the sample
on a scale from one to seven using the keyboard. The test
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Fig. 9. Users blindly tapped on three real and nine virtual samples using
the Phantom. Real interactions were monitored with the force sensor,
and virtual samples were rendered via motor forces.

Fig. 10. Test subjects rated each sample’s ability to approximate the

haptic sensation of tapping on real wood.

Summary

• Haptic simulations are often 
lacking high frequency transients 

• Event-based haptic feedback 
can provide contact transients 
- Record real data with accelerometer 

- Open loop playback in virtual world 

• What are the limitations of this 
technique?



Applications Nintendo Switch, 2017







Have Fun

…hitting things with your phones!


