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Figure 1: CapstanCrunch is a haptic controller that renders touch and grasp haptic sensations in virtual reality. CapstanCrunch
supports human-scale forces during touch and grasp and can resist the user’s grasp force up to 20N. The friction-based capstan

brake mechanism magnifies the small motor’s force, resulting in an integrated, palm-grounded controller design for interaction.
The controller can render complex haptic events exhibiting variable stiffness and compliance.

ABSTRACT

We introduce CapstanCrunch, a force resisting, palm-
grounded haptic controller that renders haptic feedback for
touching and grasping both rigid and compliant objects in a
VR environment. In contrast to previous controllers, Cap-
stanCrunch renders human-scale forces without the use of
large, high force, electrically power consumptive and expen-
sive actuators. Instead, CapstanCrunch integrates a friction-
based capstan-plus-cord variable-resistance brake mecha-
nism that is dynamically controlled by a small internal motor.
The capstan mechanism magnifies the motor’s force by a
factor of around 40 as an output resistive force. Compared to
active force control devices, it is low cost, low electrical
power, robust, safe, fast and quiet, while providing high
force control to user interaction. We describe the design and
implementation of CapstanCrunch and demonstrate its use in
a series of VR scenarios. Finally, we evaluate the perfor-
mance of CapstanCrunch in two user studies and compare
our controller with an active haptic controller with the ability
to simulate different levels of convincing object rigidity
and/or compliance.
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INTRODUCTION

In real life, we use our hands to interact with objects. We
reach out for objects to touch, grasp, manipulate, and release
them. In virtual reality (VR) however, such fine-grained in-
teraction with virtual objects is generally not possible today.
Commercially available VR controllers that are commonly
used for interaction lack the ability to render realistic haptic
feedback and support such natural use [9].

Research on haptic controllers in the context of realistic in-
teraction in VR has recently become popular and produced a
variety of prototypes that compete with the haptic rendering
capabilities of gloves [11, 20, 27]. To provide more natural
haptic experiences when interacting with virtual objects, in-
dividual controllers have been designed to render feedback
in response to touching [7, 15, 41], dragging [14, 37, 48],
single-handed grasping [15—17] and bi-manual grabbing [43,
45]. All of these controllers contain intricate mechanisms to
produce reasonable fidelity haptic sensations.

The main constraint to successfully render haptics for virtual
objects in a realistic way is that a controller must be built to
produce and endure human-scale forces during interaction
and persist in rendering feedback, especially while grasping
and squeezing objects when the force on the controller is
highest. Achieving such magnitude of forces on handheld
controllers is challenging, especially since such devices are
not earth-grounded.

Researchers have introduced a variety of controllers that pro-
duce strong grasping feedback. One solution is using an
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active mechanism with a strong servo motor (e.g., CLAW
[15]), which results in a heavy, expensive, non-robust and
power hungry design. An alternative is resisting the user ap-
plied force with a brake and stopping input movement at pro-
grammable points (e.g., Wolverine [17], Grabity [16]),
which can sustain high forces, but locks in the grasp at a cer-
tain point and requires manual release. This on-off lock is
good for grasping rigid objects, but falls behind for rendering
compliant objects, or rigid objects that require a computer-
controlled release (e.g., crushing a can or an egg).

In this paper, we present a linear brake controller that can
sustain human-scale forces [17]: CapstanCrunch (Figure 1),
a haptic feedback device that uses a controlled brake tech-
nology to render grasp feedback at varying stiffness and/or
compliance levels, and can sustain forces up to 20N. Resis-
tive devices for haptics have advantages over active direct
motor haptics in areas of stability, safety, power require-
ments, complexity, latency, force per device weight and cost.
Our controller uses a capstan-based brake to produce varia-
ble pure resistive forces much like a unidectional particle
brake and a clutch-able spring that is capable of outputting
the stored energy of a built-in spring for the perception of
compliance. The capstan also exhibits a highly asymmetric
behavior, resulting in an automatic and quick response in the
release direction. This duality of a capstan brake and
clutched spring creates a unique device that goes beyond the
limitations of a binary brake and/or spring and can also resist
human-scale forces.

In our evaluation, we compare CapstanCrunch against a real
fixed-spring device and an active CLAW device to discover
the performance limitations and explore the theory of asym-
metric grip vs. release simulation. We also test all devices for
midair pinch simulation and hyper-compliance.

Contributions
We introduce the following contributions in this paper:

- a modified capstan system used as a unidirectional linear
brake,

- avariable-stiffness spring mechanism using the same cap-
stan-based brake approach to render elasticity in haptic
feedback,

- a low-cost, low-latency, cheap and simple twisted-string
actuator whose low force is magnified by our mechanism,

- the validation of the device on a wide range of compliances
and the comparison with other active or passive spring de-
vices.

RELATED WORK

The work in this paper draws on related efforts of haptic con-
trollers, human-scale forces, and grasp-based input. Haptic
devices in the literature take either a stationary or a mobile
approach. The former are typically statically grounded to the
earth in the user’s environment and thus offer only limited
reach, while the latter are worn or handheld and thus un-
grounded.

Perception of Grasp

It is not surprising that previous research has focused on sim-
ulating forces for realistic grasping of objects. Many of the
actions that the user will perform with a particular object will
be determined by its compliance and/or weight [2].

In that regard, in the same way that existing models of grasp
[19] explain how expectations of different object shapes will
change how the hand approaches a grasp, users will also
adapt their expectations and grasp after the initial interaction
with the object. In essence, the main characteristics of the
object will be derived from the initial interaction, and these
will set the expectations for the rest of the manipulation, even
for future release [8, 24].

This perceptually driven grasp behavior can have very prac-
tical consequences for brake-type asymmetric devices, if
only they were able to have non-binary braking. More pre-
cisely, if devices absorbing applied forces with brakes would
also be able to render different spring constants for compliant
objects, even if only in one direction — i.e. the grip part of the
grasp could have high fidelity but the release follows a con-
stant behavior — they could potentially still achieve a highly
realistic performance because the release would be heavily
influenced by the previous experience of the grasp.

Grounded haptic feedback

Due to the solid mounting to the environment, grounded hap-
tic devices have the potential to provide haptic feedback at
extreme forces, matching the user’s input force and stopping
their motion in place. Examples of grounded force-feedback
devices include the Novint Falcon [22], PHANToM [33],
HIRO [21], or SPIDAR [35].

Such grounded feedback devices trade off force and spatial
referencing with the possible reach during operation, as they
limit user interaction to the area within reach. While larger-
scale actuators can exceed human size (e.g., those used in
assembly and fabrication) and produce even larger forces,
their cost and need for installation becomes unrealistic for
the use in interactive VR applications. An alternative is the
use of passive haptic feedback that is statically grounded
while redirecting the user’s input to match the affordances of
the static object (e.g., [13]).

Although not grounded to the environment, Canetroller is a
tactile feedback controller that sustains human-scale forces
while exploring the virtual environment for objects using the
cane [50]. Canetroller is grounded to the user’s hip using a
combination of wearable straps that tightly couple the con-
troller’s magnetic particle brake to the user and enables
Canetroller to brake the user’s motions with the cane.

Ungrounded haptic feedback

Ungrounded devices are capable of being moved around and
grounds the applied force input to the user’s own body. In
the case of wearable interfaces, gloves and exoskeletons are
usually grounded to the wearer’s wrist or arm while handheld
controllers are typically palm grounded.



Wearable haptic feedback

The most basic wearable haptic devices are finger-mounted
actuators that render touch and pin-based texture [12] and
shear [38] effects onto the user’s fingertip. These effects can
also be used to render the contact when grasping an object
and simulate the object’s gravity by deforming the finger pad
[34], though they cannot produce force feedback.

These haptic devices typically come in the form of gloves or
exoskeletons that either fully or partially cover the user’s
hand. To produce credible haptic sensations to the hand, such
gloves and exoskeletons are often custom-fit, require careful
putting on, and mount their mechanics along the outside of
the wearer’s fingers. Due to their coverage, they can render
touch [20, 27, 31] and grasp [10, 17, 27, 31, 52] effects dur-
ing interaction, simulating convincing haptic sensations.

Several implementation methods exist to implement such
wearable interfaces. Resembling the human body, tendons
[20], flexible metal strips [52], or finger phalanx replicas
[27] along the outside of the hand allow room for interaction
and grasping while rendering feedback. Others employ an in-
hand design, thus grounded within the user’s palm and
matching each finger with an actuator [11] or in the form of
a mitten [40, 51] and can produce variable-stiffness sensa-
tions during grasping. Likely closest to the force feedback
rendered by CapstanCrunch are Wolverine [17] and Grabity
[16], hand-worn exoskeletons that use rails along which fin-
ger holsters slide during grasp interaction. Similar to Cap-
stanCrunch, these holsters can be locked in place using small
actuators, thereby effectively braking the user’s grasp and
stopping it while sustaining high grasp forces. Unlike Cap-
stanCrunch, however, the user must release the applied force
for these brakes to unlock, while our controller can gradually
adjust the stiffness and/or compliance of force feedback at
any time.

While the haptic sensations produced by haptic gloves and
exoskeletons can be of high fidelity, their overhead for use is
an unnatural weight and embodiment around the wearer’s
hand, the need for a careful mounting procedure, and the del-
icate mechanical elements and actuators that make their con-
struction complex and expensive.

Haptic feedback through handheld controllers

More recently and closely related to CapstanCrunch, numer-
ous haptic prototype controllers have been researched that
render more expressive haptic sensations than the vibrotac-
tile effects found in most current commercial controllers [9,
25]. In contrast to gloves and exoskeletons, controllers are
easy to pick up and place down, they bear a handle that af-
fords grabbing and holding them throughout interaction, and
they can host haptic elements to render rich effects.

Exceeding the tactile sensations of vibrotactile motors, re-
searchers have instrumented controllers to render kinesthetic
effects to simulate holding virtual objects. Depending on ob-
ject interaction, controllers have moved internal weights to
physically shift the center of gravity for the controller [44,
49]. A similar effect has been demonstrated by oscillating

multiple internal elements at different rates to create the im-
pression of varying weight [4]. Even more, a series of con-
trollers have produced the sensation of an external force act-
ing upon them, for example using external gimbals [36, 47]
or air moving propellers [28].

Another class of haptic controllers produces tactile and kin-
esthetic effects on the user’s finger while holding and mov-
ing the controllers around. While interacting with virtual ob-
jects, controllers can spin wheels under the finger to render
shear forces [32] alongside varying materials [48]. Other
controllers accommodate to the surface normals of virtual
objects to give the user a sense of touching virtual shapes
using a tilt and extrusion platform (NormalTouch [7]). By
rendering such a tilt and extrusion “platform” using an array
of texels, TextureTouch can render object textures in addi-
tion to surface orientations onto the user’s fingertip while
moving the controller around to explore objects [7].

Finally, several haptic controllers were designed to support
grasping in VR, one of the most common activities after
touch input [19]. TORC is a rigid controller that simulate
grasps by individually vibrating the finger-pad surfaces
when applying pressure during grasping [29]. CLAW is a
haptic controller with a movable arm that can guide the
user’s finger to produce touch feedback, grasp force feed-
back, and object textures through vibration under the user’s
finger [15]. CLAW can also simulate compliant virtual ob-
jects and springs and force-open the user’s grasp with con-
siderable force. This is enabled by a strong servo motor that
controls the controller opening, but comes at the cost of
weight, power usage, some safety problems and size and cost
of the actuator. Larger actuators are inherently capable of
producing stronger force sensations, such as Haptic Links
[43], which connect and dynamically brake to lock two con-
trollers to support bimanual tasks, but increase weight, un-
wieldiness, and give up on the integrated form factors all
controllers aspire to.

With CapstanCrunch, we provide strong force feedback sen-
sations in an integrated form factor, reaping the benefits of
controller use in VR while supporting the human-scale forces
with dynamic compliance without the use of heavy and
costly actuators. Our controller accomplishes this using a
capstan-based friction brake mechanism whose resistance is
controlled using a small motor.

CAPSTANCRUNCH DESIGN AND IMPLEMENTATION
CapstanCrunch employs the resistive friction of a program-
mable brake for resisting human finger movements. We
chose this method as it can be low-cost to implement, simple,
safe, operate at human-scale forces, low latency, high speed
and low electrical power requirement.
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Figure 2: CapstanCrunch haptic controller.

We exploited the capabilities of a capstan brake, which en-
joys the logarithmic force relationship of a drum wound with
a cord. Figure 3 shows this relationship where cord-drum
friction depends on the fixed total wind angle, tension on
cord andfixed mutual friction coefficient between cord and
capstan drum.

_ s R
Ticad = Thold € ope

p = friction coefficient between
rope and capstan (unitless)

(¢ = total rope wind angle
around captsan

Note: Tioad > Thold
TLoad THold

Figure 3: Basic capstan equation and cord relationship.: Basic
capstan equation and cord relationship.

Note that like most capstan systems, the friction relationship
between cord and drum is either static (non-moving capstan
with regard to the cord) or dynamic (capstan rotating). Be-
cause we could not find data for the mutual static and dy-
namic friction coefficients, we have empirically tested many
capstan-cord friction relationship pairs to discover one that
has a minimum difference and hysteresis between static and
dynamic friction (small stick-slip coefficient), so that we
may be able to operate the brake in a linear fashion and not
just in binary on/off mode.

During our exploration, we discovered that pairing acetal
(e.g., Delrin) for the drum material with Vectran (an LCD
plastic from Celanese Corporation) allows us to operate the
brake in a nearly-linear fashion. Besides being slippery on
acetal, Vectran has a high tensile strength, stretch resistance
and low creep.

CAPSTANCRUNCH CONTROLLER

The final CapstanCrunch prototype is shown in Figure 2.
The photo shows the two cascaded capstan drums wound
with Vectran cord, grounded to the device frame on one
side of the drum and actuator-connected on the other. What
is not visible is the rotational spring connecting the two
capstan drums to produce the programmable compliance

haptic. The fixed static thumb rest of the controller is oc-
cluded in this photo.

Throughout development, all of our controller prototypes
had 6DOF Vive Trackers attached during use which located
our controllers in 6DOF space and could thus infer the loca-
tion of the user’s finger and thumb in the VR scene to artic-
ulate a virtual hand with inverse kinematics [42].

Figure 4 shows the mechanical components and connections
of CapstanCrunch. Note the brake and/or spring devices can
programmatically exhibit resistive forces on the finger.

Unidirectional variable

resistance Fixed
(capstan+cord) spring

»

Figure 4: CapstanCrunch mechanical diagram.

Linear brake engagement and release

Unlike most capstan systems where the cord moves with ref-
erence to the drum, the capstan drum in our controller is ro-
tated by the user’s finger and the cord is fixed. shows a sche-
matic of the brake system and lists the equations of force. A
small internal actuator applies a low-tension force (Thowa) on
a cord where the higher tension (Troaq) side of the cord is
fixed (grounded) to the handheld device. Thus, when the user
tries to rotate the capstan in a counterclockwise direction
(finger closing) with small or no Theg actuator tension, the
capstan drum rotates more or less freely with no oposing
force. As the Tholg tension is increased by the actuator, Troad
increases exponentially, making the drum harder to turn in
the counterclockwise direction.

Computer

Flingcrﬁciosv = (Fcapstan / Tinger) Tload
Hp
- (rcapslan/rlinger) Th()ld e
Flmger_npen = (r(apstan/ rllngsr) Thold

—

Figure 5: Schematic of our brake-only system showing finger
force vs cord tension relationship.

When the user rotates the drum in clockwise direction, Thold
is automatically lessened by moving the cord exit point of
the drum closer to the internal actuator. With Theiq automati-
cally releasing by reversing direction of the capstan (finger



opening), we implement a highly asymmetric force device in
CapstanCrunch, similar in operation to commercially availa-
ble one-way brakes.

Using this method, the user experiences a programmed force
as the finger closes and a very low force as the finger opens
where no resistive force is desired.

In practice, however, there exists a sticking force of the cord
to the drum after a strong closing force event, so that all ten-
sion is indeed not released when the user opens their finger.
We believe this may be due to the weave of the Vectran cord,
adding a small initial stretch and partially seating into the soft
acetal. We overcome the sticking force by monitoring the
finger position encoder. When it is evident that the user is
moving their finger away from their thumb, the controller
applies a small reverse pulse to the TSA actuator which fur-
ther releases the low-side tension on the cord and thus re-
leases the drum to rotate freely.

Firmware control loop

The code controlling the behavior of CapstanCrunch inputs
the finger-position encoder as the sole input by converting
the rotary potentiometer encoder output geared to the capstan
drum to a voltage. Having this encoder as the only feedback
element in our controller allows for a simple and low-cost
implementation that requires no expensive force sensors.
Based on the finger-position sensor sampled at 20 kHz by
our control loop, CapstanCrunch adjusts its force feedback
behavior and spring engagement by driving the respective
actuator via a PWM signal that produces predictable and re-
peatable forces in resistance following the capstan equation.

A Teensy 3.6 microcontroller runs the firmware in our con-
troller, converting and processing the rotary encoder signal
directly to produce a PWM signals for the actuators. The
PWM terminals of the microcontroller connect to a current
limiting DRV6671 motor driver H-bridge, which drives an
E-flite EFL9052 coreless motor.

The Teensy microcontroller is connected to a PC through a
serial connection to specify compliance, spring, and brake
settings from within our VR environment in the form of an
event schedule. The schedule is a list of positions and
forces at which the capstan should actuate given a finger
position. Tracking the controller in 6D and depending on its
position and orientation, we specify the finger opening an-
gles at which CapstanCrunch should apply certain compli-
ance or brake forces, which are then executed and output at
20 kHz within our control loop. CapstanCrunch responds to
changes in opening angle and adjusts forces activations
with negligible latency.

Rendering haptic effects

Having constructed this mechanism, we discovered many
haptic events can be synthesized based on the programming
resistive and compliant forces. When the finger encoder re-
ports the appropriate contact position with the object, the

brake is actuated to the desired low-tension force, which is
immediately mechanically communicated to the user’s finger
as a resistive force. For the simulation of squeezing some-
thing less hard than a rigid object, like clay for example, the
actuator is commanded to actuate at a less force than in the
previous example. The user feels the contact with the clay
but, with enough applied force, is able to squeeze and deform
it with the appropriate visuals appearing in the VR display.

Eliminating Cord Overlap

To correct for possible cord-overlap problems previously ex-
perienced, we machined a helix or thread-like groove in the
acetal drum. Figure 6 shows the modified capstan drum that
now traps the new cord in the deep grooves, such that it stays
keeping it in place and will not overlap, but still interacts
with the acetal surface correctly.

Figure 6: A helix groove machined into the acetal drum to pre-
vent cord overlap.

Adding compliance to the haptic brake

To add the haptic perception of compliance, we connect a
second capstan to the brake capstan through a rotary or tor-
sional spring. This second capstan acts as a clutch to engage
the spring at the appropriate time. Figure 7 shows an ex-
ploded view of our assembly.

Spring
actuator

Spring
capstan

Rotary
spring

Brake
actuator
Brake
Capstan

Figure 7: Exploded view of the rotational spring coupling the
spring capstan to the brake capstan

This spring capstan also has its high-tension LOAD cord side
grounded to the controller body and the low-tension HOLD
side connected to a second low force actuator. With no actu-
ation of the spring and brake capstans, they rotate freely with
finger closing. If just the spring capstan is actuated at maxi-
mum force, the finger movement and brake capstan are con-
nected through the rotary spring and capstan to ground. In
this case, the user experiences squeezing a spring with a con-
stant spring coefficient, k. Thus

Finger_closing force = k * Finger closing_distance
(from actuation position)



Note that & is a constant in this case. If we were to let the
spring capstan slip due to a smaller actuation force and/or
apply a small linear braking force, we can modulate the per-
ceived spring constant k' that the user feels. The perceived
compliance now is a function of the fixed spring constant,
how much the spring capstan slips, and how much brake is
applied. We can synthesize many different perceived spring
behaviors by using these variables. See the user test section
for how this is perceived.

Twisted String Actuator

Finally, to overcome the lower speed of motor+gears actua-
tors, we exploit the technology of a Twisted String Actuator
(TSA). This technology has been around for centuries and
functions well in this application [23].

The TSA we built into CapstanCrunch shown in Figure 8
consists of a small pager motor with a hub attached that
winds up a pair of strings (Spectra fishing line, 100 pound
test) against a rotationally fixed but sliding arm. As the string
is wound by the motor, it pulls on the sliding arm coupled to
the small connection spring and applies cord tension to the
HOLD side of the capstan as a function to current supplied
to the motor.

The small connection spring serves as compliance added to
the actuator to make up for the small apparent cord stretch as
tension is increased and the capstan turns, changing the both
HOLD and LOAD tensions by a small amount. This apparent
cord stretch does not appear to agree with the manufacturer’s
stretch specifications of the cord, but, after checking with the
manufacturer, is mainly due to the initial contraction of the
cord’s weave geometry plus bending of the cord around the
drum.

Pager

Spring  Spectra o Motor
String, Winding

Relaxed Twist HUP

1
4 L \'ﬂ ® -1 i
Low Tension Side RELAXED
WOUND TIGHT

Figure 8: Twisted String Actuator (TSA) for supplying the
capstan’s low-tension LOAD input.

The TSA is also known for its efficiency in converting elec-
trical to mechanical energy plus its back-drivability, which

is better than with spur gears. Also, because of its energy
conversion efficiency plus low inertia load and coreless mo-
tor design, the response and latency is much faster than the
previous actuator or most hobby servo motors. The TSA also
produces no noise as is characteristic of actuators with gears.

Early Prototypes

We created many early prototypes in the search for Cap-
stanCrunch. In this section, we briefly present some of the
challenges we found when creating CapstanCrunch. Figure 9
shows an annotated image of an early prototype we built to
explore the capstan brake. While the user holds the handle in
their palm, the index finger slips easily into the finger ring.
As the user opens and closes their finger, the finger bar, en-
coder gear, and capstan drum rotate as one. Around the cy-
lindrical capstan drum is wound the cord with the LOAD end
terminated (grounded) to the frame and the HOLD end con-
nected to the internal actuator.

Finger Length
Adjustment

Encoder

Low Tension
Actuator
(pager motor with
40:1 gear)

Ring

Figure 9: Early capstan-based friction brake design

The actuator in our early controller prototypes is a commer-
cially available assembly of a pager motor with spur gears
yielding a 40:1 gear ratio with a rotating lever as the output.
This offers enough tension for the low-tension HOLD input
to the capstan system while operating at around 140 ms from
cord loose-to-tight.

There were problems with this particular implementation,
however. Since there is no source of an active forcing device
pushing on the user’s finger or internal mechanical energy
storage, there was no acceptable method of simulating a
spring or other compliant haptics which we believe im-
portant. Also, there is the possibility of a cord “over-wrap”
where the cord gets wrapped on the drum with one or more
layers overlapping others. This destroys the predictability of
friction and can cause permanent lock-up of the brake. An-
other problem exists with the slow actuation time of the in-
ternal actuator. At ~140 ms, it is hard to actuate the device at
the correct time if the user’s finger is moving too fast. Em-
ploying extrapolation as a firmware solution of prediction to
brake at the right time did not result in a much-improved be-
havior during testing.



MECHANICAL PERFORMANCE TESTS
Multiple performance test were carried out to create the final
mechanical prototype. The performance was as follows:

- Stiffness achieved at max force: 5.88 N/mm
- Latency TSA driver signal to output force: 65ms
- Force dynamic range < 0.2N -> 20N  or>100:1

The force measurements were acquired using the setup in-
Figure 10. A computer controlled geared stepper motor
moves the finger rest towards the thumb while the modified
force transducer records the applied force at a 10KHz sam-
pling rate.

Actuation latency

We used a Fuji HS-10 with a 1000 fps function video camera
to record and analyze the winding and unwinding response
at maximum actuation speed. This measurement reported 5
ms for actuation and 5.2 ms for release. As for longevity, we
programmed the actuator to cycle every second for 24 hours
(86,400 cycles) with no appreciable deterioration in the
string or motor behavior. After 3 days of continuous cycling
however, the motor was harder to turn when winding. This
was probably due to a wearing of the bearings in the motor,
which were not designed for an axial load, only for radial
loads. We believe a thrust bearing could be designed into the
motor or system for longer wear. Figure 9 shows an auto-
mated system we designed to test our capstans and com-
pleted systems.

Figure 10: Robotic Force vs Finger-Thumb Distance Measure-
ment Setup. A computer controlled geared stepper motor
moves the finger rest towards the thumb while the modified
force transducer records the applied force at a 10KHz sam-
pling rate.

USER STUDY

A user study was designed to evaluate the performance of
grasping with CapstanCrunch. Participants were presented
with 6 virtual objects of different compliances (ranging from
rigid to “thin air” in which no resistance should be expected).
Each object was featured in 5 different sizes. Using this li-
brary of objects, we explored how well CapstanCrunch

performed as compared to a fixed spring system device
(Figure 11 right) and an actuated controller that could actu-
ally deliver a symmetric grip and release simulation (CLAW,
Figure 11 left). As per design, CapstanCrunch had an asym-
metric rendering in which the grip spring constant can be
modulated but the release will remain fixed.

We rendered objects visually according to their size and
compliance along with synchronized haptic rendering using
3 different methods (physical spring, motorized CLAW and
CCQ). Participants graded the haptic simulation compared to
their expectations from the visual behavior, if the visual and
haptic simulation fit their expectation, they would rate it high
on the realism score.

Given the capstan + TSA nature of CapstanCrunch, the com-
parison to the spring device was intended to provide a base-
line experience of a truly compliant grasp, and the CLAW
provided a baseline of a complete rigid grasp that can break
on demand without friction.

Participants

We recruited participants from our institution through inter-
nal e-mail. In total, 12 participants (2 female, age from 27 to
51) completed the user studies. All participants were right-
handed. All participants gave written informed consent ac-
cording to the declaration of Helsinki and were paid $15 for
their participation. This user study was approved by an Insti-
tutional Review Board.

™ Fined
springs

-
Handle =~

Figure 11: Left) Claw device. Right) Fixed-Spring device. The
Spring device was built as a copycat of the other two proto-
types CapstanCrunch and CLAW with the difference that the
finger arm was only connected to a fixed spring.

Apparatus and experimental setup

Participants were equipped with an HTC Vive VR Headset,
and one of three devices: CapstanCrunch, Spring, or CLAW.
The CapstanCrunch was designed as described in previous
sections, the CLAW was unmodified [15], and we con-
structed the Spring device as a close replica of the other two
prototypes with the only difference that the finger arm was
connected to a fixed spring (Figure 11). All devices were at-
tached to a tracking system and a virtual hand was rendered
in the position of the participant’s hand in the HMD (Figure
12).

Participants experienced the three devices in a blinded man-
ner, i.e. they were given the devices after they were already
wearing the HMD and did not have prior experience with the
devices. The study followed a within-subject design in which



all participants used all devices in random orders following
a Latin-square randomized permutation.

Figure 12: Example of a compliant ball grasp and release with
CapstanCrunch during the user study.

The task was always the same: participants were given a vir-
tual ball in hand and had 5 seconds to pinch it multiple times
and thus experience the simulated compliance with the par-
ticular device. The main experiment consisted on a random-
ized sequence of balls with different stiffness and sizes
(Figure 12).

In total participants completed 6 x 5 + 1 = 31 conditions (i.e.,
6 balls, 5 sizes + 1 midair). After each ball participants rated
from 1 to 7 how realistic they felt the touch-+visual experi-
ence was. At the end of each device they were asked quanti-
tatively what were the most and least liked aspects of the im-
mediate experience they had with that particular device. The
experiment lasted less than 30 minutes.

Stiffness Range

There was a total dynamic range of 7 stiffness levels, ranging
from thin air pinch, to completely rigid balls. The middle
point stiffness was presented in which the & constant of the
spring for the CapstanCrunch, Spring and CLAW was equil-
ibrated to 0.5 N/m. For the particular case of the Spring and
CapstanCrunch that was matched their ground truth £. Be-
cause the CLAW is actuated via a motor, there was no actual
ground truth k. Therefore, we defined Ground Truth, as the
virtual object with compliance equal to the spring constant
used by both the physical springs device as well as CC. For
this object, ALL devices should render a “perfect” haptic
feedback and should rank high by the users. When rendering
objects of different compliance, the CC, CLAW, and the
spring rendering will stray in fidelity from the expected
physical response.

Two balls were of greater £ than the ground truth and two
were of smaller k. In order to simulate smaller k, we devel-
oped a retargeting technique in which the movements of the
participants are amplified to make the ball look squeezier
than the actual device [6]. The idea being to create illusions
of hyper compliance, even when the springs are not able of
delivering such small £, a sort of haptic retargeting for com-
pliance [1, 6, 26]. By amplifying the movement effectively,
we created an illusion of greater distance (d) and the mental
Hook’s law equation of F'=k*d got distorted, creating the il-
lusion of a smaller £. For the case of the Spring device we

also did a retargeting for the 2 balls with greater £, for which
we did the opposite and scaled down the movements of the
users to simulate larger .

Size Range

Additionally, the different stiffness balls were presented with
five different ball sizes (4cm, Scm, 5.5cm, 6¢m, 7cm). The
size changes introduction was two folded: (i) to avoid easy
recognition of the 6 different balls, (ii) to account for the im-
portance of proprioceptive drifts during grasp on our compli-
ance retargeting technique, but also when using the Spring
device. In the case of the Spring device, the location at which
the finger-arm would start engaging the spring was fixed,
thus the virtual finger would be recalibrated to be always in
touch with the ball at that precise instant (the ball that corre-
sponded to a 1-to-1 size was the 5.5cm ball). Whereas with
the other devices, that trick was not necessary as they could
engage at the particular angle when the finger-arm entered in
contact with the ball. The ground truth ball size was cali-
brated to match 1-to-1 the spring engagement point of the
Spring device.

Results

Through our user study, we have compared the performance
of CapstanCrunch to a fixed Spring grasping device and a
CLAW prototype. Results show that CapstanCrunch signifi-
cantly beats the results of a fixed Spring device in all com-
parisons minus ground truth.

We ran a repeated measures ANOVA on a Linear Mixed-
Effects Model with 3 factors: Stiffness, Size and Condition.
Significant effects were found for Condition (F(1,
1084)=57.6, p<0.001) and for the interaction Condition x
Stiffness (F(2,1084)=134.76, p<0.001). There were no ef-
fects nor interactions for the size of the balls.

Doing a complete aggregation of the performance scores for
the different conditions (Figure 13), we found that there were
significant differences in the scores across the devices
(Friedman paired-test: y°(2)=12.8, p=0.001). Post-hoc
Conover tests were applied for further pairwise comparisons
with Bonferroni correction. This analysis showed that Cap-
stanCrunch (score M=5.35, SD=0.8) provided a significantly
higher realistic haptic experience than CLAW (M=4.79,
SD=1.15, p=0.03) and Spring device (M=4.24, SD=1.21,
p<0.001). CLAW was also significantly better than the
Spring device (p<0.001).

When looking more in detail, at ground truth compliance, the
Spring device and the CapstanCrunch are equivalent as both
render 1-to-1 the exact haptics and visuals to the user’s grasp.
For all the rest of comparisons (from midair pinch to a rigid
object), we found that the CapstanCrunch beats the Spring
device, especially for more rigid objects, where the spring
performs particularly bad.
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Figure 13: Device Preference. Tukey Boxplots showing the
scores for realism of the device (mean score across all stiffness
and sizes) and midair pinch as perceived by the participants.
Significant differences with Friedman paired comparisons are
marked with asterisk. The medians are the thick horizontal
lines and the boxes show the interquartile ranges (IQR). The
whiskers extend from lower quartile—1.5*IQR to min lower
quartile + 1.5IQR.

When compared to the CLAW, CapstanCrunch did not beat
the levels of realistic rigidity accomplished by the CLAW.
However, CapstanCrunch beat the CLAW for the Ground
Truth in which the virtual visuals of the object rendered ex-
actly the k of the TSA spring, and in general, was also a more
preferred option for midair pinch (zero resistance) and hyper-
compliant objects.

Stiffness Perception

We wanted to further understand the aggregated scores for
haptic realism (i.e. how much did the visuals match the hap-
tic simulation) of the different devices (Figure 14). To do so,
we explored the performance for the different stiffness ren-
derings (from hyper-compliant balls to rigid). We found that
for the CLAW, there was a significant positive correlation
between Stiffness and Score (Pearson’s correlation r=0.5,
t(82)=5.36, p<0.001). On the contrary, the Spring device had
a significant negative correlation between Stiffness and
Score (r=-0.38, t(82)=-3.7, p<0.001) (Figure 14, Table 1).

Realism Scores per Device
(Mean =+ Standard Deviation)

Stiffness

Capstan Claw Spring

Crunch
k/100 45+1.5 3.6+1.8 44+1.6
k/10 55+0.8 45+1.8 57+1.2
k 5705 45+1.8 56+1.1
k*20 55+1.1 5.6+0.9 38+14
k*200 53+0.8 5.8+0.9 30+£1.6
Rigid 49+09 57+0.7 2.8+1.9

Table 1. Realism Scores (Mean and Standard Deviations) for the
different stiffness levels and devices.

These results indicate that the renderings by the CLAW
tended to become more realistic as the stiffness of the object

increased, while low stiffness levels in the CLAW were per-
ceived worse. On the contrary the Spring device was partic-
ularly worse as the objects became stiffer and participants
found it more realistic for bouncy objects.

These results indicate that the renderings by the CLAW
tended to become more realistic as the stiffness of the object
increased, while low stiffness levels in the CLAW & were
perceived worse. On the contrary the Spring device was par-
ticularly worse as the objects became stiffer and participants
found it more realistic for bouncy objects.

CapstanCrunch Claw Spring

=038
p<0.001

Realism Score (110 7)

k/10
k*200
Rigid

rigid rigid
k=0.7TNicm

k=0.6N/cm k=0.6N/cm

Figure 14: Realism scores for Stiffness levels across the three
different devices in our evaluation

Using the same correlation analysis, we find that Cap-
stanCrunch did not suffer such effects and the values of stiff-
ness (p=0.95, r=-0.006), meaning that it had a higher dy-
namic range in the realism score across the different compli-
ances.

In order to further investigate which device performed best
for each of the stiffness levels we further analyze the within
subjects effects for the rendering of Rigid Objects, the
Ground Truth Objects (where the & of the device and that of
the visuals matched), and the use of the controller in midair.
Midair

We asked participants to evaluate the perception of the de-
vices when pinching in midair (Figure 13). Results show that
participants scored significantly better the CapstanCrunch
(M=5.46, SD=1.25) than the CLAW (M=3.54, SD=1.72) or
the Spring device (M=4.58, SD=1.64) (Friedman paired-test:
¥*(2)=8.2, p=0.016). Post-hoc Conover tests were applied for
further pairwise comparisons with Bonferroni correction,
this analysis showed that CapstanCrunch was significantly
better for midair pinch than the Spring device and CLAW
(p<0.001). While CLAW and Spring device were not signif-
icantly different (p=0.33). This is probably due to the fact
that when unengaged CapstanCrunch offers zero resistance,
and the same is not true for the other devices. CLAW re-
quires always a motor engagement and the fix spring device
will always give some compliance.

Rigid Object

We asked participants to evaluate the perception of the de-
vices when the objects were completely rigid (Figure 13).
Results show that the CLAW (M=5.7, SD=0.7) and



CapstanCrunch (M=4.9, SD=0.9) scored quite high for rigid
objects, despite the CLAW was able to convey more realism
(p<0.001). As expected, the Spring device (M=2.8, SD=1.9)
performed significantly worse than the other two devices
(p<0.001).

Compliant Ground Truth Object

We asked participants to evaluate the perception of the de-
vices when the virtual object, the hand and the device were
matched 1-to-1, i.e. the k constant of the spring in the device
was matched by the virtual simulation. Results (Figure 13)
show that participants scored significantly better the Cap-
stanCrunch (M=5.7, SD=0.5) and the Spring device (M=5.5,
SD=1.0) than the CLAW (M=4.5, SD=1.8) (p<0.036). While
the Spring device and the CapstanCrunch were not signifi-
cantly different (p=1.0).

The difference between the CLAW and the other devices
could be due to the fact that there is no ground truth for
CLAW, and we always relay on a simulation of a spring for
this device, which in this case simulated a £ constant similar
to the Spring device and CapstanCrunch.

INTERACTION SCENARIOS IN VIRTUAL REALITY

Using CapstanCrunch, we can provide haptics for objects of
variable complexity beyond the compliant balls explored in
the user study in which springs and rigid interactions are not
linear or get combined creating a more complex object.
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Figure 15: Forces and events applied by CapstanCrunch dur-
ing the activation and release of a simulated button.

Examples of non-linear haptic grasp in which the forces and
events applied during the interaction follow a complex se-
quence as determined by the forces and distances between
fingers applied by the user, include the non-linear activation
and release of a push button (Figure 15), the assembly of toy
construction blocks (Figure 16), or the use of a pair of scis-
sors (Figure 17).

In the case of the push button simulation (Figure 15), the user
starts by a no-force movement toward the surface of the but-
ton which is a spring+brake combination. During closing of
the finger towards the thumb, the user feels no force against
the finger. , When the user’s finger touches the button, an
added compliance is applied by the spring capstan. As the
user pushes further, the spring acts alone until the finger
reaches a a point where the spring is released and the user
feels no force for a short travel. Going further, the user en-
counters a full brake stop resistance and cannot push further.
There is also a defined release path which is indicative of a
typical button with a large hysteresis.

Another example of complex interaction that we imple-
mented with CapstanCrunch was the assembly of toy con-
struction blocks (Figure 16). When two blocks snap together,
there is a hysteretic force loop experienced. In particular,
there are three stages to the assembly. At first, the two block
parts are separated and are brought together by pushing the
finger ring in midair with no/low force. Stage 2, when the
two pieces touch, the user feels the initial touch and the
blocks completely mesh when enough force is applied. Once
the blocks are assembled, the brake stops any further finger
closing and the finger can retreat.
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Figure 16: Forces and events applied by CapstanCrunch dur-
ing the assembly of two building blocks.

In a final example of complex interaction, we implemented
with CapstanCrunch, users can cut materials with a pair of
scissors (Figure 17). The gradual growth of the force due to
the increase of the material’s lever length is approximated by
discrete steps.
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Figure 17: Forces and events applied by CapstanCrunch when
the user operates scissors to cut. The gradual increase in
length is approximated by discrete steps. In this example, we
chose 3 steps which gave a feeling of increasing difficulty to
cut.

We chose 3 steps, which gave a feeling of increase difficulty
to cut as the scissors closed. Other complex object interac-
tions that can be enabled with CapstanCrunch include the
grasp of a glass that with enough force cracks into pieces. All
forces were measured with a Nidec FG-3000 force gauge
modified to record at >1000 Hz. For the axis “Finger distance
from thumb” we simultaneously recorded the finger position
encoder.

DISCUSSION

Performance Testing

When compared to other brake or capstan-based prototypes
beyond CLAW, we found some remarkable aspects relevant
both in design and performance.

CapstanCrunch was similar in some respects to Conti &
Kahtib that used a modified SEA to simulate a safe bidirec-
tional haptic rendering [18]. Their design was focused on a
grounded device where both stiffness and elasticity were ren-
dered together with the ability for force redirection in a
multi-dimension system. While, CapstanCrunch was de-
signed to be a hand-held format, which reduced the need of
dimensionality. This way CapstanCrunch can achieve high
performances in a smaller form factor, for example being
hand-held we could focus on a 1D restrictive force only in
one direction. In essence, both systems use a similar method,
but CapstanCrunch differs from their H2O actuator, as a
brake (maximum stiffness of 5880 N/m) is used instead of
their motor. CapstanCrunch’s solution also increases our
stiffness dynamic range over a SEA solution plus increases
the energy efficiency but with a compromise in rendering fi-
delity of compliant objects.

Agarwal et al. [3] used a SEA also in their prototypes, but it
was mainly used as a method to measure the applied output
force in a motor-based closed loop system. CapstanCrunch
instead employs a more energy efficient resistive brake sys-
tem plus a fixed spring and a brake as the user’s force
sources. In that regard, an active system with force feedback,

can simulate variable stiffness and elasticity with greater fi-
delity but with less efficiency.

In their tendon driven devices, Kang et al. used a capstan
brake between a motor and the load in order to maintain ten-
sion in the cable when the motor is turned off [30]. Because
CapstanCrunch is not envisioned as a tendon, it does not re-
quire output forces in both directions. The user only encoun-
ters a low (<0.2N) force in the non-actuated (finger opening)
direction.

In another tendon approach, Vigaru et al, employed servo
motors and tendons for remotely actuating a haptics device
[46]. However, motors were the main source of force in that
design, where CapstanCrunch uses a brake.

In another motor-brake based systems, An et al. used a com-
bination of a motor operated in closed loop and a brake for
investigating a hybrid haptic actuator capable of simulating
variable stiffness and elasticity as well as maintaining stabil-
ity [5]. The main difference to CapstanCrunch is that it em-
ploys proportional brakes that are inherently stable and can
programmatically administer a combination of stiff and/or
(fixed) compliant output resistance forces. Other motor and
brake designs such as Rossa et al. [39] used both a motor plus
two bidirectional brakes to produce an output force simulat-
ing variable haptic elasticities. Though we believe this
method more closely approaches any desired elasticity, our
approach is a compromise for a compact hand-held controller
that can achieve high performances on user tests.

User Testing

We have demonstrated the ability of CapstanCrunch to pro-
vide a high dynamic range of compliances (from midair no-
force pinch to a compliant object to a rigid object). Addition-
ally, we showcase a variety of complex interaction scenarios
(using scissors, assembling toy blocks or pressing a button)
that combine multiple stiffnesses and compliances in grasp-
ing events in which the intrinsic forces and rigidities can dy-
namically change.

The user study revealed a surprising new effect: users put
more weight on grasping than releasing when it comes to per-
ception of object compliance. We expected the full motor-
ized CLAW to be chosen as the best experience, because
CapstanCrunch changes haptic rendering only on the hand
compression direction and uses a fixed spring in the other
direction. Our device was therefore asymmetric, however, it
showed high satisfaction levels of participants when com-
pared to the CLAW. That can be explain by the fact that users
draw higher attention for compressing the object vs. relaxing
the grip (usually used to release the object from hold). This
surprising behavior may impact on the design of haptic con-
trollers in the future.

Through our user study, we have compared the performance
of CapstanCrunch to a fixed Spring grasping device and a
CLAW prototype. As expected, CapstanCrunch significantly
beats the results of a fixed spring device in all comparisons
other than ground truth. At ground truth compliance, the



Spring device and the CapstanCrunch are equivalent as both
render 1-to-1 the exact haptics and visuals to the user’s grasp.
For all the rest of comparisons (from midair pinch to a rigid
object), we found that the CapstanCrunch beats the spring
device, especially for more rigid objects, where the spring
performs particularly bad.

However, CapstanCrunch did not beat the levels of realistic
rigidity accomplished by the CLAW. Despite the Cap-
stanCrunch scores, results were nonetheless quite satisfac-
tory on rigid devices. We hypothesize that future changes in
the CapstanCrunch might include faster actuation to improve
the rendering of rigid objects. With faster actuators, grasping
rigid objects could feel stiffer where the onset of force and
its release would occur over shorter times.

On the other hand, CapstanCrunch was much better than
CLAW in rendering a midair grasp. The main issue with the
CLAW was the background resistance force that is created
by the particular choice of its motor and force sensor. The
CLAW operates at a minimum resistance that is quite signif-
icant when compared to the zero resistance that Cap-
stanCrunch can achieve when the brake does not engage.
This is of course a design limitation and a better design could
actuate CLAW at lower idle resistances. In contrast, our cap-
stan design can perform better with less expensive actuators.
Our mechanism was able to magnify the internal actuator’s
force by a factor of around 40. Compared to active force con-
trol devices, our approach is low cost, stable, low electrical
power, robust, safe, fast and quiet, while providing high
force control for user interaction.

The embedded resistance problem of CLAW also persisted
for simulations of very small & (spring constant). Therefore,
the CLAW performed at higher accuracies only for compli-
ances over a certain k. These limitations to render very
squishy objects from the CLAW, together with the limita-
tions of the Spring device to render very rigid objects, made
the CapstanCrunch appear the most preferred device when
the scores were aggregated.

These results suggest that our unique design of a brake cap-
stan + clutch succeeded at creating variable & for the grasping
of objects. Interestingly, this was accomplished despite the &
values for the CapstanCrunch were only modulated in one
direction - towards the grip of the object, while the k£ values
on the release were always fixed and independent of the ren-
dered object. This limitation of the brake actuated system did
not seem to bother users. In light of these results, we hypoth-
esize that grasp is indeed a non-symmetric task and more
similar to the grapping of other asymmetric-grasping animals
such as lobster claws or crocodile mouths that are much
stronger in the gripping than the releasing directions of the
grasp.

This hypothesis is further validated by the fact that the
CLAW, which is a symmetric device, did not show signifi-
cant differences to our prototype in most of the renderings.

CONCLUSIONS AND FUTURE WORK

We presented CapstanCrunch, a haptic controller for render-
ing grasping feedback up to human-scale forces. Cap-
stanCrunch is built around a novel adjustable friction-based
capstan-plus-cord brake that magnifies the forces of the
small internal actuator in our controller to sustain user input.
The internal actuators themselves are small, making our in-
tegrated controller robust and strong, yet cheap, low-power,
and lightweight unlike many previous known or postulated
controllers. CapstanCrunch employs the same capstan prin-
ciple to drive a spring, which can selectively render haptic
compliance in response to grasping. CapstanCrunch is capa-
ble of providing a comprehensive set of compliant haptics
enabled through a mechanism that is dynamically controlled
by a small internal actuator.

In our evaluation, we compared CapstanCrunch with a pre-
vious active grasp feedback controller as well as a passive
spring controller, showing participants’ higher ratings for
CapstanCrunch’s rendered compliant haptic feedback over
the two other devices.

We also evaluated CapstanCrunch’s asymmetric spring con-
stant k that applies forces only for the grasp direction but not
for release, which was validated as a reasonable approach by
participants during the user study. The results show the
promising outlook for brake-operated controller devices that
enable asymmetric compliance in agreement with the exist-
ence of a more fundamental asymmetry of grasp but will
need to be further validated in the future.

Future work will also focus on reducing component sizes.
We hope to shrink the capstan and actuator volumes and in-
corporating them within the palm grip handle (e.g., similar
to [23]). This development would also aid in incorporating
similar haptic mechanisms for more than one finger.

Finally, in order to add normal cutaneous touch of the object
held in hand, we plan to install a voice coil actuator in the
fingertip supporting. We will also add a trackpad on the
thumb rest (e.g., similar to [29]) in order to add the ability
for finer manipulation to the object once it is in hand [2].
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