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ABSTRACT

Haptic controllers have an important role in providing rich and
immersive Virtual Reality (VR) experiences. While previous
works have succeeded in creating handheld devices that simu-
late dynamic properties of rigid objects, such as weight, shape,
and movement, recreating the behavior of flexible objects with
different stiffness using ungrounded controllers remains an
open challenge. In this paper we present ElaStick, a variable-
stiffness controller that simulates the dynamic response result-
ing from shaking or swinging flexible virtual objects. This is
achieved by dynamically changing the stiffness of four cus-
tom elastic tendons along a joint that effectively increase and
reduce the overall stiffness of a perceived object in 2-DoF.
We show that with the proposed mechanism, we can render
stiffness with high precision and granularity in a continuous
range between 10.8 and 71.5Nmm/°. We estimate the thresh-
old of the human perception of stiffness with a just-noticeable
difference (JND) study and investigate the levels of immersion,
realism and enjoyment using a VR application.
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CCS Concepts
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INTRODUCTION

Haptic-force feedback can significantly increase the realism
and enjoyment of Virtual Reality applications [16,23]. Re-
searchers from industry and academia have shown that the
user perception of virtual worlds is greatly impacted by tan-
gible proxies [20, 31] and haptics illusions [16,28]. These,
in tandem with a visual interface, contribute to altering the
sensory perception of reality by tricking the senses. Following
this approach, numerous researches present force-feedback
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Figure 1. ElaStick allows to feel the dynamic response resulting from the
movement of a virtual flexible object (e.g., a rubber beam).

controllers that render dynamic properties to simulate weights
[5,11], movement of masses [16,28,43], impacts [1,40], and
damped oscillations [39].

However, while previous works were able to recreate the il-
lusion of different sizes and shapes of non-deformable ob-
jects [28,31] or the movement of particles swirling in con-
tainers [26, 39], they did not focus on how flexible objects
feels in the hand when swung. This includes how the center
of mass shifts when the object is bent in multiple axes, and
how the object physically reacts (i.e., dynamic response) when
swung or shaken. Although some past research focused on
stiffness displays capable of rendering deformable and bend-
able objects [10, 12,36], they did not investigate how the users
perceive the stiffness of these objects from their dynamic re-
sponse. We therefore propose an ungrounded controller that
renders this dynamic behavior of flexible objects, by changing
the stiffness of the controller itself. With this setup, we can, for
example, create the illusion of holding a beam made of rubber
vs. a beam made of wood—the former feeling shaky and soft,
and the latter feeling stiff and rigid (Figure 1). Similarly, we
can also map the stiffness to other parameters of the object,
such as its length and cross section, and therefore realistically
render how it would respond in the real world.
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This paper presents the following contributions. We present
(1) a novel mechanism and its implementation through the de-
velopment of the ElaStick controller prototype and a technical
evaluation to determine its operational parameters; (2) a JND
evaluation to estimate the human perception threshold of stiff-
ness when freely swinging the ElaStick controller; (3) a study
with a VR application in which users experience holding and
swinging virtual beams of different stiffness and rate their per-
ceived levels of realism, immersion, and enjoyment; (4) three
applications that show extended usages of ElaStick, includ-
ing continuous dynamic changes of stiffness and bi-manual
control.

RELATED WORK

Ungrounded Force-Feedback in VR

Numerous handheld and wearable controllers have been pro-
posed for rendering forces in VR applications and for achiev-
ing different illusions or haptic effects. These include the sen-
sation of dynamic weights, moving center of masses, changes
of shapes, and object oscillations.

Weight and impact: Lopes et al. [23] used electrical muscle
stimulation (EMS) on the arm to create counter forces that
the users perceived as repulsion and weight. Drag:on [44] has
actuated folding fans attached to a game controller to modu-
late the air-resistance of the device when rotated or translated,
creating the illusion of different weights and inertial proper-
ties of virtual objects. Thor’s Hammer [11] uses propellers
to simulate pulling/pushing and gravitational forces. Simi-
larly, Leviopole [27] uses the thrust from multirotors attached
on each end of a pole to create the illusion of weights and
resistance for various bimanual mid-air interactions. Very dif-
ferently from these approaches, Grabity [5] achieves illusion
of weight using asymmetric skin deformation, while Rietzler
et al. [25] achieved it without applying any physical force or
tactile feedback, but instead by using a software approach that
deliberately creates perceivable tracking offsets that nudge
users to lift their arm higher. Finally, researchers also explored
several methods to generate impact forces: ElastImpact [38]
and ElasticVR [40] stretch elastic bands and releases them
to cause instant impacts on the arm and on a Head-Mounted
Display (HMD), while Wind-blaster [17] uses the thrust of
two propellers, mounted on each side of the wrist, to render
impacts such as the recoil of a gun.

Varying center of mass and shapes: Dynamic changes in force
applied to the controller result in perceivable changes in the
center of mass and the illusion of changing shapes. Both Shifty
[43] and TorqueBar [33] move a weight along a rail to render
the effect of moving center of mass in one dimension. Aero-
Plane [16] achieves the same effect on a 2D-plane without
using moving masses, but by modulating the thrust of two
fixed jet-propellers. Aero-plane can also create the illusion of
objects with different shapes, by changing the intensity and
the location of the force on the plane. A similar effect was
achieved using mechanical moving parts for shape changing
handheld controllers that vary their length [20] or fold in
different planar configurations [28].

Shaking and oscillations: Several researchers explored the
effect of shaking a device for realistically rendering the move-
ment objects and oscillations of particles. Yamamoto et al [42]
used shaking of a moving weight on a 1-DOF rail to simulate
liquid and solid content inside a box. SWISH [26] extends
this interaction in three dimensions, simulating the behavior
of fluids inside a barrel-sized container. ElastOscillation [39]
uses six extendable elastic bands to restrain the movement of
a solid mass oscillating inside a cage. The degree in which
the elastic bands are pulled affect the motion of the inner rigid
body in 3-DOF, hence allowing users to perceive up to three
distinct discreet levels of bounciness, such as differently sized
food bouncing on a frying pan.

Our work differs from all the above by proposing a novel type
of handheld stiffness display capable of rendering the dynamic
response resulting from swinging flexible objects.

Stiffness Displays

Along with other haptic effects, researchers have also proposed
several types of stiffness displays in the form of controllers that
allow users to perceive the stiffness when grasping, bending,
and poking objects or interacting with rigid bodies.

Grasping: CapstanCrunch [30] uses a friction-based capstan-
plus-cord variable-resistance brake mechanism to generate
varying resistive force that can simulate rigid and elastic ob-
jects grasped between the index finger and the thumb. Similar
results were achieved by both Wolverine [6] and CLAW [7].
Wolverine simulates objects grasped between the thumb and
three opposing fingers, while maintaining a low cost and
lightweight hardware. CLAW uses a servo motor coupled
with a force sensor and a voice coil actuator, not only to ren-
der the stiffness of different objects in the hand, but also to
simulate touch and textures. PaCaPa [32], SqueezeBlock [9],
and PuPoP [34] are all mechanical, actuated and pneumatic
variations used to generate changes of pressure on the palm
and fingers, hence creating the illusion of objects with differ-
ent and varying sizes, as well as button-like feedback. Simon
et al. [29] developed a mitten-shaped layer-jamming wearable
haptic device that varies stiffness to simulate the grasping
sensation of objects.

Bending: Tokuyama et al. [36] used bending and twisting
motions through a PHANTOM haptic device to aid designers
when bending and twisting 3D shapes. SPRING [10] uses a
spring placed between two handles to bend and twist objects in
virtual reality. PseudoBend [12] takes an alternative approach
by rendering grain vibrations inside a rigid device to create the
illusion of deformation from bending, stretching, and twisting
when force or torque is applied with both hands. Bonanni et
al. [3] developed a VR framework to bend and interact with
slender one-dimensional objects through haptic devices.

Pushing: Stiffness displays can also render the deformation
of objects under pressure. Free-form deformations, such as
bending, can be rendered using a grounded device such as the
Phantom [13] or DELTA [37] for manipulating virtual objects.
Through these devices, users can perceive the haptic sensations
of deforming free-form surfaces [15] with a pen-shaped probe.
Other applications allow interacting with and experiencing



the elasticity of objects with different stiffness [13] through
two-finger interaction, and poking virtual organs such as a
liver with a probe [37].

Interaction with rigid bodies: Other stiffness displays focus
on supporting the interaction with rigid or constrained bodies.
Haptic Links [31] uses the locking and releasing mechanisms
of three different configurations of linkages between a pair
of controllers. The device supports the haptic rendering of a
variety of bi-manual objects and interactions. Elastic-Arm [1]
and HapticSphere [41] use a body-mounted elastic armature
linking the wearer’s hand to the shoulder or HMD that causes
a progressive resistance force to be perceived when extending
the arm and provides haptic cues about the surrounding envi-
ronment. Follmer et al. [8] and jamSheets [24] presented ex-
plorations of particle jamming and layer jamming techniques
that enable malleable and thin input interfaces of variable
stiffness, respectively.

Our work differs from the other stiffness displays presented
in this section by introducing a novel ungrounded handheld
device capable of simulating the inertial forces generated by
bending bodies when shaken.

THE ELASTICK SYSTEM

ElaStick is a haptic handheld device capable of simulating the
mechanical impedance that a flexible object, such as a beam,
generates when abruptly swung or shaken. This dynamic
behavior is usually perceived through a combination of mass-
shifting, due to the object bending, together with the delayed
response and vibrations caused by the object resuming its
original state. The intensity of these forces depends on the
strength, direction and acceleration of the motion and the
physical properties of the material—the size and shape of the
object and the stiffness of its material. For example, shaking
an elastic/long/thin beam produces a larger dynamic response
than an equivalent object that is rigid/short/thick. By changing
the stiffness of a 2-DOF joint, ElaStick is capable of rendering
the effect (i.e., the mechanical impedance) of objects with
different elasticity properties (material, shape, and size).

Mechanism

By applying an orthogonal force (F7) to the tip of a rectangu-
lar beam in relax state, the beam flexes in proportion to the
moment F x L (Figure 2). As described in Equation 1, the
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Figure 2. Equivalent diagram of rotational stiffness for a rectangular
beam and ElaStick’s mechanism. On the right, the quaternion joint
mechanism, which summates two spheres rolling on each other reduc-
ing slip.

Elastic Stiff

Figure 3. The mechanism to control the tendons and the formula to
compute the tendon’s stiffness k& given the stiffness of an elastic k; and
inelastic k, wire of lengths /; and /,.

amount of bending (0) is inversely proportional to the rota-
tional stiffness of the beam (k) — the stiffer the bar, the less it
bends.

FxL=x0 (1

The rotational stiffness x is defined as a function of the beam’s
cross-section shape and length (x, y, and L) and its material
stiffness, described using Young’s modulus (E). ElaStick is
based on this model, but instead of relying on the stiffness
of the beam itself, it uses a rigid joint in combination with
a pair of elastic tendons for each axes. We derived the new
rotational stiffness of the device as k = 4kw?, where k is the
stiffness of the tendons and w is the distance between the
tendons and the center of the base. Given the same input
moment (F] X Ly = F, X L), ElaStick can then render the
same bending behavior of the cantilever beam (6, = 6) by
simply controlling k.

Each tendon has a size of 20cm and it is made from a longer
string of two wires of different materials connected in series —
an inelastic fishing wire and a natural rubber band are looped
through each other to avoid the bump resulting from a knot
(Figure 3). Both ends of the string are attached to a spool and
loop through a pulley, forming a tendon. By rotating the spool,
one end of the wire is wound around the spool, while the other
end is unwound. This novel mechanism allows to control the
proportion of elastic and inelastic materials of the string that
makes up a tendon. Specifically, by changing this proportion
(e.g., the length), we can vary the tendons’ overall stiffness
(k). The equation describing the cumulative stiffness is shown
in Figure 3.

Figure 4. The quaternion joint achieves 2-DOF wide rotational angle.

Because a single tendon can only provide tensile force and not
compressive force, we designed the tendons to be placed sym-
metrically about the center to provide antagonistic stiffness.
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Figure 5. ElaStick overview and its parts.

To maintain a reliable antagonistic behavior the tendons must
remain parallel, which is not possible with traditional ball-
socket joints. Therefore, we resorted to a quaternion joint [19],
which allows to place tendons in parallel and behaves such that
the extension on one side results in a symmetric compression
on the other. The quaternion joint and its range of movements
(245 degrees/axis) is shown in Figure 4.

Implementation

ElaStick is made of a quaternion joint, two pairs of tendons
with a stiffness changing mechanism, a handle with an input
button, and a VIVE tracker placed at the rear end of the handle
(Figure 5). The quaternion joint has a height of 122 mm, and
a diameter of 60mm, which maintain the tip of the joint within
an operation radius of 100mm. The tip, mounted on one end of
the joint, can rotate +45 degrees in two axes, hence remaining
tangential to the inner sphere’s surface. Four servo motors
(Dynamixel MX-12W, Weight: 54.60g, Voltage: 12V, RPM:
460, Signal latency : < 0.5ms) are mounted on the base and are
used to wind and unwind the spools. Motors can be activated
simultaneously or selectively. It takes about 1 second for the
tendon to transition entirely from one material to the other. In
the neutral state, the rubber band that composes tendons is
approximately 200% stretched, and its elongation varies from
approximately 100% to 300% depending on the movement
of the device. In this range of stretching, the natural rubber
can endure up to 10° cycles before breaking [4]. Finally, the
parts where the tendons slide through are coated with Teflon
to prevent frictional wear.

A push-button, which connects to an external Arduino Mega,
is mounted on the cylindrical handle for input control (handle
diameter: 26mm, length: 150mm). The overall structure was
3D printed with PolyLactic Acid (PLA). It measures 170mm x
170mm x 375mm and weights 596g. The firmware for motor
control is written in C++ and runs on an Arduino Mega with
the Dynamixel Shield extension. A software running on a PC
communicates to the Arduino via serial the desired stiffness
levels, and the Arduino moves the motors accordingly.

TECHNICAL EVALUATION

We conducted a technical evaluation to determine ElaStick’s
mechanical characteristics and structural behavior. The evalu-
ation was designed to determine the following properties: (1)
the range of stiffness that can be rendered using ElaStick, (2)

the numerical relationship between stiffness of the device and
the rotations of the spools, and (3) the equivalent inertia and
damping coefficient of the device.

Stiffness evaluation

To measure the stiffness of the device, we followed a com-
mon method found in literature [22]. We positioned ElaStick
horizontally on a table and tightly fixed it with a clamp by
the handle (Figure 6). After attaching or removing loads with
different weight to the tip of the device, we measured the
resulting bending of the joint using a gyro sensor placed on
the device’s tip. Specifically, we used six loads of 50g, for a
total of 300g, attached to the tip using an inelastic fishing wire.
For the bending measurements, we collected and averaged 10
samples at 100Hz with an MPU6050 gyro sensor connected
to an Arduino Mega.

—_ MPU6050
Gyroscope
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Figure 6. Stiffness evaluation setup.

We repeated this process by varying the stiffness of the tendons
through the rotation of the spools. Specifically, we considered
the range between 0 and 7 rotations (the maximum physically
supported) with increments of 0.2 rotations. This resulted in
36 distinct tendons configurations, by 12 weights (down from
300g to Og, and then back up), by 3 times (repeated measures).
In total we collected 1296 data points.

From the collected data we obtained 36 moment-angle curves,
representing the stiffness values in the range between 0 and 7
rotations at intervals of 0.2. The graphs in Figure 7 show six
example of these curves, chosen with constant intervals of 1.4
rotations. These graphs reveal a significant hysteretic behavior.
For each of the 36 curves we then computed the secant angular
stiffness (i.e. the slope of the red lines in Figure 7) using

Equation 2, where M, /min is the maximum and minimum
150 = 4l
o =
sg Rotation : 0.0 Rotation : 1.4 Rotation : 2.8
250
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Figure 7. Examples of moment-angle curves showing hysteresis.
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Figure 8. Rotational stiffness over the range 0-7 rotations and practical
stiffness range. The prediction model is based on the quadratic regres-
sion shown in red.

moment produced by weights and 6,4 /min is the deflected
angle.
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These computed stiffness values are plotted over the full range
of rotations in Figure 8. The range spans between a minimum
of 10.8Nmm/° and a maximum of 616.5Nmm/°, which phys-
ically corresponds to the stiffness of a beam made respectively
of rubber or wood, with a cross-section of 30mm x 30mm and
length of 300mm. However, because of the low vertical reso-
lution beyond 71.5Nmm/° (6.2 rotations), we limited the max-
imum stiffness to this value (i.e., the stiffness of high-density
polyethylene). Therefore, subsequent studies and applications
presented in this paper use a range between 10.8Nmm/° and
71.5Nmm/°, reserving the absolute maximum stiffness value
only to completely lock one of the axis (e.g., rigid object).

Finally, we analyzed the device’s overall behavior. This is
necessary to generalize the mapping between stiffness and
rotation. We conducted a linear and a quadratic regression
using the inverse stiffness computed from the points in Fig-
ure 8. Linear and quadratic regression resulted respectively in
R? =0.9628 and R? = 0.9877. The quadratic regression led
to more reliable fitting. We speculate that this effect is caused
by mechanical imperfections: when the tendons are wound
onto a spool they stack and consequently increase or reduce
the radius of the spool. This affects the linear relationship
between number of rotations and the stiffness. Therefore, in
agreement with our regression results, we adopted a quadratic
function to predict and control the stiffness of ElaStick.

Step-Response Evaluation

The second technical evaluation aims to determine the sys-
tem’s dynamic response by observing the step-response. This
evaluation is necessary to determine the inertia and damp-
ing coefficient, which we will eventually use for simulating
flexible objects in VR applications.

To collect the step-responses we followed this method. As
above, ElaStick was fixed horizontally to a table, with a gyro
sensor (MPU6050) mounted on the tip. We pulled the de-
vice’s tip downward and then immediately released it, so to
generate a step input. We repeated this process five times for

‘ fd fn qu* 05% C*
(Hz)  (Hz) (g-m®)

K 5.47 553 0570 625 0.148
2k | 7.81 795 0564 549 0.187
4x | 11.09 1121 0559 66.8 0.128

Table 1. Summary of result for step-response. /., and { show no statisti-
cally significant differences (at significance level o = 0.05).

three representative stiffness: 12.5, 25.0, and 50.0 Nmm/ °
— which from now on we will refer to as k, 2k, 4x. These
values were chosen to be multiples and to cover as much as
possible of the practical range. The tip’s oscillations were
captured by the gyro sensor and are graphed in Figure 9. We
then conducted a fast Fourier transform to derive the damped
frequency (fy) for each stiffness condition, and derived the
percentage overshoot (OS%) to estimate the damping ratio
(£). Natural frequency (f,,) and equivalent inertia (I,4) were
calculated using the equations in literature [21].
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Figure 9. Step-response of ElaStick for three reference stiffness values.

All results are shown in Table 1. The computed equiva-
lent inertia (,4) and the damping ratios ({) are respectively
0.564gm>(SD: 0.071) and 0.16 (SD: 0.04). Finally, we con-
ducted a one-way ANOVA (a = 0.05) for the equivalent iner-
tia values and damping ratios, which resulted in no significant
differences across the three reference stiffness values: 2 1o =
0.02, p =0.98 for 4, and F> 1o = 2.96, p = 0.09 for {. These
results confirms that changes of stiffness rendered by ElaStick
do not affect other parameters such as inertia and damping.

Technical Evaluation summary

In summary, through these technical evaluations we are able
to determine that ElaStick’s rotational stiffness follows a
quadratic curve, it is capable to generate and control stiff-
ness in its practical range 10.8Nmm/° and 71.5Nmm/° (0
rotations to 6.2 rotations) and provides a maximum stiffness of
616.5Nmm/° (7 rotations). Also we found that the inertia and
the damping ratio are independent from the stiffness control
and they have constant value of 0.564gm? and ratio of 0.16.

USER STUDY 1: JND ESTIMATION

To measure the users’ perception of stiffness with varying elas-
ticity coefficients, we performed a study of Just-Noticeable
Differences (JND) [18]. While prior work reported JND re-
sults about the ability of human subjects to discern weights
through the action of shaking them [42], and about the dis-
crimination of both passive and active natural frequency for
oscillating objects [14], there is no literature describing the
human perception of varying stiffness for flexible object held



and shaken in the hand. Our JND study is motivated by this
absence.

Partition
Interface

Noise-cancelling

headphones

b

Figure 10. JND study setup.

Eight participants (two female) aged 19-29 (M: 24.25, SD:
3.37) were recruited for the study. All participants but one
were right-handed, and none had arm injuries or impairments.
All participants were students from our institution at the time
of the study, and were compensated with 10 USD in local
currency.

Study setup

Our method closely mirrors that presented in prior work [35],
which investigated the perception of haptic compliance with
active input from users. While prior work measured perceived
stiffness of objects that were sequentially presented to the
users and needed to be actively squeezed for discrimination, in
our work we use ElaStick to sequentially present two different
levels of stiffness that can be perceived by actively shaking or
freely swinging the device. Participants then indicate, for each
pair of stimuli which one was perceived stiffer, using a touch
screen with a graphical computer interface. This constitutes a
single trial.

Following previous work [35], we built blocks of trials in this
method. We selected three reference stiffness levels S (of val-
ues K, 2k, 4k, derived from the technical evaluation) and six
variations AS (5%, +10%, and £=15% of S). This means that
for each reference stiffness, we generated six testing stimuli
(S+AS). The result is a block of 12 trials of reference-testing
stimuli, which accounts for all the combinations and orders.

For this study, each participant was presented with 180 trials
(3 reference stiffness x 5 blocks x 12 trials), with trials ran-
domized within each block. The first block was considered as
a training session and corresponding trials were excluded from
the analysis. Throughout the experiment, participants sat com-
fortably in front of a computer, while holding ElaStick with
their dominant hand. A physical partition and noise-canceling
headphones playing white-noise were used to block visual and
auditory cues. There were no limitations on the amount of
time per trial, but we enforced a mandatory 5 minute break
between blocks. Participants were also encouraged to take
rests at any point during the experiment. The software for
collecting the data was developed in Java. It allows to control
ElaStick via serial communication.

Results

The resulting data represent the number of times that a test
stimulus was felt to be stiffer than the reference. This is a
function of the difference of stiffness between the test and the
reference. We then fit this data in a cumulative Gaussian curve,
as in [35]. The width of the cumulative Gaussian corresponds
to the probability of 84% that a testing force was perceived
stiffer than the reference stimulus (discrimination threshold,
or JND). This result is highlighted in Figure 11.
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Figure 11. Result of the JND study, for each of the reference stiffness val-
ues. The bar chart indicates the average value of JND and the error-bar
represents a 95% of confidence interval. Each colored points indicates
different participants.

We report the average JND as the ratio AS/S, for each of the
reference stiffness: 11.99% (SD: 8.66) for k, 16.33% (SD:
5.56) for 2k, and 28.98% (SD: 15.57) for 4x. Overall, our
data shows a trend for which JND grows with the increase of
the reference stiffness. These results indicate that our device
can provide at least eight distinguishable stiffness levels within
the considered practical range, if we use a JND of 28.98%, the
most conservative of the measurements reported.

USER STUDY 2: USER EXPERIENCE

We conducted a second study to observe how users rated Ela-
Stick’s haptic compliance for immersion, realism and enjoy-
ment. Eight participants (five female), aged 20-38 (M: 25.88,
SD: 5.39) volunteered for the study. All participants were
right-handed, none reported hand/arm injuries or impairment.
All participants were students in our institution at the time of
the study, and were compensated with 5 USD in local currency.

Using Unity 3D and C#, we built a VR application that tracks
the motion of the ElaStick controller in real-time and maps
it to the movements of a rectangular virtual beam that bends
according to different levels of stiffness. This bending effect
was achieved in software by modeling the beam using a con-
figurable joint set with the values of inertia, damping ratio
and stiffness that we measured in the technical evaluation. To
account for the differences in shape and size of the virtual
beam and the ElaStick controller, we made the assumptions
that the tip of the virtual beam and that of ElaStick have the
same angular position and velocity, and then computed the
beam’s curvature using Euler-Bernoulli beam theory [2].

For the experiment we constructed virtual beams with three dif-
ferent lengths (Short=37.5cm, Medium=75cm, Long=150cm)



and three different cross sections (Square = 30 x30mm, Hori-
zontal = 20x 100mm, and Vertical = 100 x20mm) for a total
of nine combinations of lengths and shapes (Figure 12). These
were mapped in hardware to three degrees of stiffness (k, 2k,
4x), such that each beam configuration had the exact stiffness
of an equivalently sized silicon rubber beam in the real world.
Finally, while for the Square cross section the beam could
be moved in two axes with the same level of stiffness, for
the other shapes the longer axis was considered completely
stiff (616.5Nmm/° corresponding to 7 rotations, maximum
possible).

The experiment followed a within-subject design setup with
balanced conditions. As in prior work [16, 23], for each of
the nine configurations of the beam described above, the par-
ticipants experienced and rated the realism, immersion and
enjoyment in the two conditions—visual vs. visual + haptic.
In the visual condition users swung and shook the beam us-
ing ElaStick set with maximum stiffness and hence no haptic
feedback. In the visual + haptic condition, users had both the
haptic and the visual feedback.

The physical setup of the study and procedure was identical
between the two conditions. Participants stood in a room
wearing a VIVE HMD and noise-canceling headphones play-
ing white noise, and holding the ElaStick controller in their
dominant hand. They were given then the chance to experi-
ence unconstrained movements of the controller for at least
1 minute for each configuration. Configurations were pre-
sented in a fixed order (as in Figure 12, from left to right). As
in prior work [16, 23], after each condition the participants
filled a questionnaire with 7-point Likert scale questions about
immersion, realism and enjoyment. We also conducted a post-
hoc interview to gather qualitative findings about the overall
experience and various feedback.

Results

The overall scores per conditions is presented in Figure 13.
Participants rated the visual + haptic condition with higher
scores than the visual condition. A Wilcoxon signed rank test
reveals statistically significant differences between conditions,
for all the measured variables: immersion (Z = -2.264, p =
0.024), realism (Z =-2.214, p = 0.027), and enjoyment (Z =
-2.050, p = 0.040).

The interviews were conducted in the local language and tran-
scribed and analyzed by one researcher using open and axial
coding methods to extract qualitative comments. All users
agreed that the haptic experience was the most engaging and
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Figure 12. All the configurations considered for the study.
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Figure 13. Plot of average values with standard error bars. The user
ratings shows consistent significant differences between visual (V) and
visual + haptic (V+H) conditions.

immersive, with participants commenting that "it felt like a
real thing (P6)" and "natural (P1)". In stark comparison, the
visual-only experience was reported to feel "awkward (P2)",
"fake (P7)", and even "boring (P2). P7 elaborated that the
reason why s/he felt this way was because the beam in the
virtual space "moved [bent] more than the effort put in".

Participants were mostly surprised by the rendering of dif-
ferent lengths and cross-sections, commenting that they "felt
dramatic difference [...] when length changed (P2)" and that
they could "definitely feel the asymmetry of the flat beam
(P3)". We could also observe increased enjoyment, with some
users commenting that "the flat shape with both visual and
haptic feedback was my favorite! It was really fun (P2)".

However, users pointed out some limitations of the system.
Specifically, P6 mentioned that "the realism decreased because
the devices was heavy" and P1 reckoned that "it was awkward
that the shape of the [physical] handle was different from the
one in VR". P1 commented that because of the low frame
rate and visual latency, "...it had an unreal feeling." Similarly,
because of visual artifacts generated by deformable surfaces,
P6 mentioned "it reduced the immersion," and caused to "in-
teract[ed] with the device less actively." Finally, participants
suggested some possible applications of ElaStick for VR expe-
riences, including fishing, mixing fluids, games and acoustic
effects.

APPLICATIONS

To show various uses of ElaStick beyond the simple example
of a flexible beam used in the user evaluation, we developed
three additional applications. Overall these applications aim
to demonstrate that ElaStick can control multiple degrees of
stiffness in two independent axes dynamically over time. We
also include an application requiring bi-manual control, that
shows the potential of applying ElaStick’s mechanism to a
different form-factor.

The Fencing application (Figure 14) best demonstrates the
device’s ability to render the varying stiffness of handheld
virtual objects using two independent axes. The user can ex-
perience fencing with three weapons —the foil, the sabre,
and the epee— each uniquely characterized by specific stiff-
ness responses. The foil has the most flexible blade, thin
with a rectangular cross-section that allows flexion in any axis
(11.0Nmm /° stiffness). The sabre is shorter and stiffer with



a Y-shaped cross section that makes the blade stiffer across
the vertical axis (20.0Nmm/° and 70.0Nmm/° across the x
and y axes). Finally, the epee is the stiffest with a triangular
cross section that makes the blade uniformly rigid (7ONmm/°
stiffness).

Figure 14. Using three fencing weapons with different cross sections and
stiffness (identified by users using different colors).

Dynamic stiffness can be used to recreated changing proper-
ties of materials such as their state (e.g., solidifying, harden-
ing/freezing, softening/melting) or shapes (e.g., elongating,
shortening). This can be useful for generating applications
that require high realism, such as industrial training or more
immerse games. For example, we created an application for
increasing the realism of cooking in VR, as seen in the Whip-
ping Batter application (Figure 15). In this application the
user experiences whipping a cream in a bowl. While initially
the cream is liquid and the batter is perceived flexible in any
direction, with time passing and the cream becoming whipped,
the batter consequently becomes stiffer.

In the last application we demonstrate that ElaStick’s form-
factor can be modified to support handheld interactions beyond
shaking with one hand. In the Power Twister application an
additional physical handle is attached to the tip of ElaStick,
turning the device into a bi-manual controller for physical
exercises in a virtual gym. By bending the device, the user ex-
periences different degrees of stiffness, similarly to the weight
adjustments of a power twister.

Figure 15. Whipping batter (left) and power twister bar (right).

LIMITATIONS AND CONCLUSIONS

This paper presents numerous areas of improvements. The
mechanical model on which ElaStick is based on is a conve-
nient simplification that holds true for bending angles smaller
than 30 degrees. Although we pushed this device further than
the limit (45 degrees), users did not report loss of realism.
Furthermore, while in the real world a flexible beam would
have infinite degrees of freedom, ElaStick is only capable of
rendering 1 DOF movement per rotational axis. However,
through our current studies, we did not notice any decreased
realism or immersion.

Some of the participants commented that the heaviness of
ElaStick disturbed the haptic experience. The weight of the
prototype can be reduced using smaller motors or reducing
the size of the joint structure. An alternative approach is to
take advantage of the device’s weight for generating stronger
force feedback. To achieve this, we could reconfigure the mass
distribution, by relocating the motors from the base to the tip
of the device. Finally, we see an opportunity to improve our
tracking mechanism with a closed-loop synchronization, and
to perform users tests simultaneously using multiple stiffness
levels for different axes.

In conclusion, in this paper we introduced ElaStick, a novel
handheld VR controller that allows to feel the dynamic re-
sponse of flexible moving objects in virtual reality through
dynamic changes of stiffness. We presented a model for chang-
ing stiffness of a 2-DOF quaternion joint using tendons of
varying stiffness. We then presented the first attempt to mea-
sure the human perception threshold for the dynamic response
of flexible objects with an ungrounded device (JND study).
In a subsequent study, we assessed the levels of realism, im-
mersion and enjoyment of a VR application, which uses the
ElaStick controller to simulate flexible beams of various shape
and size. Finally, based on the users’ feedback, we created
few example applications that explore the design space of this
novel stiffness display.
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