
Haptigami: a fingertip haptic interface with vibrotactile and 3-DoF
cutaneous force feedback

Frederic H. Giraud, Sagar Joshi and Jamie Paik

Abstract—Wearable fingertip haptic devices aim to deliver so-
matosensory feedback for applications such as virtual reality, re-
habilitation, and enhancing hardware/physical control interfaces.
However, providing various kinds of feedback requires several
Degrees of Freedom (DoF) and high mechanical complexity which
are mechanically difficult to achieve at the mesoscale. Using com-
pliant low-profile transmissions embedded in an origami struc-
ture and PCBmotors as actuators, we designed and fabricated a
novel 3-DoF fingertip haptic device, called Haptigami. This under-
actuated system, measuring 36 x 25 x 26 mm and weighing 13 g,
can render vibrotactile and cutaneous force feedback. We tested
our device by creating a novel experimental protocol and robotic
platform allowing quantitative characterization of mechanical
performance. The current prototype of Haptigami produces 678
mN in compression, and 400 mN and 150 mN in shear for the
Y and X directions respectively. By virtue of its unique origami-
inspired design, Haptigami brings a new direction for future
designs of lightweight and compact wearable robots.

I. INTRODUCTION

Somatosensory feedback includes properties such as com-
pliance, texture, pressure, movement and temperature, funda-
mental for perceiving our surroundings. The field of Haptics
aims at better understanding this type of feedback, in order to
artificially recreate these sensations to the user. This has led
to numerous advances in Human Machine Interactions (HMI)
[1], rehabilitation [2], [3], robotic control [4], and exploration
of virtual world [5]. In particular, there has been a flourishing
interest in haptic devices for the fingertips, due to their high
sensitivity and importance in manipulation. Existing fingertip
haptic devices have a wide range of designs depending on the
number of degrees of freedom (DoF), type of haptic feedback,
and wearability. While bench-top grounded devices can typ-
ically offer more modalities, there are additional benefits to
wearable devices as they allow to extend their functionalities
to “out-of-the-lab” environments and therefore everyday life.

Pacchierotti et al. [6] conducted a concise review of current
wearable haptic devices. While a large number of devices only
produce vibrotactile feedback [6]–[8], many systems provide
3-DoF cutaneous feedback, including compression, roll and
pitch motions, via a parallel mechanism that manipulates a
small platform in contact with the fingertip [9]–[14]. One such
device has additional mechanisms that provide haptic feedback
to the entire finger [15]. Young et al. [16] presented a 6-DoF
device (three positions and orientations), while Gabardi et al.
[17] developed a 3-DoF device with a voice-coil that can pro-
vide vibrotactile feedback. However, as most of these devices
are made using conventional mechanisms consisting of DC
motors, linkages and joints, the additional capabilities are at
the cost of increased weight, size and design complexity. This
trade-off in the design of such devices has been summarized

Fig. 1. Haptigami presentation: a) pictured on the user’s fingertip; overall
dimensions: 36 x 25 x 26 mm and 13 g. b) Haptigami renders vibrotactile
and 3-DoF cutaneous feedback

well in a recent review paper by Culbertson et al. [18]: ”Can
we enable consumer haptic devices by decreasing cost, size
and weight, and power requirements, potentially via the use
of novel actuators and smart materials?”. One such example
is the SPA-skin by Sonar et al. [8], which embeds actuation
and sensing into soft, hyper-elastic materials providing force
tunable vibrotactile feedback up to 100 Hz with a device of
only 1 mm thick. However, the use of stretchable materials
hinders the number of DoF, preventing applications with more
diverse types of haptic feedback. While designing compact
devices capable of producing multiple actuation modes is one
challenge, understanding their mechanical behaviour is also
necessary. However, most papers assess the performance of
their devices using user studies only, that shows the effec-
tiveness in delivering the desired feedback [18]. Only a few
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Fig. 2. Located at the fingertip, Haptigami is mechanically capable of rendering five types of cutaneous stimuli: A. display contact and pressure, B. curvature,
C. shear force, D. stiffness, and E. vibrotactile feedback.

research studies characterize the mechanical force output of
their device, albeit in a very limited range of motion [15],
[19]. Therefore, although actuation levels are controllable, it
is difficult to estimate how much force the user actually feels.
Thus, in addition to design innovations for reducing bulk, there
is a need to create a link between the multidimensional force
output and perceived sensation by the user, in order to establish
models and improve design and development of future haptic
devices.

Recently, researchers in robotics have started exploring
a new origami-inspired design approach, which combines
flexure mechanisms with unconventional actuators using 2D
layer-by-layer manufacturing techniques to create compact,
scalable and highly customizable robots, a.k.a Robogami [20]–
[26]. These properties make Robogamis a viable option for
developing fingertip haptic devices. However, in its current
form, Robogami cannot be directly implemented for wearable
Haptics. For instance, actuation methods in Robogami mostly
include shape memory alloys [24] or pneumatic pouch motors,
which suffer from limitations in terms of precise control,
reversible motion and bandwidth. Mintchev et al. [27], have
addressed these using DC motors to create a haptic joystick,
but at the cost of increased bulk and reduced wearability.
In addition to the motors themselves, this increased bulk is
also due to the mechanisms required for transmitting force
and displacements. We have addressed this challenge in our
previous work [28] by designing low-profile slider-crank and
cam-follower transmissions, powered using flat piezo-motors
[29], [30]. These mechanisms, measuring only 4.75 mm thick
with the motor and transmissions, are compliant such that they
can transfer forces out of plane.

In this paper, for the first time, we integrate this concept into
a novel, compact fingertip haptic device called Haptigami (Fig.
1a), capable of delivering vibrotactile and 3-DoF cutaneous
feedback. Our system benefits from two low-profile, high-
force density piezomotors connected to low-profile slider-
crank mechanisms, all integrated in an Origami-inspired base
structure. Haptigami consists of four such mechanisms, ar-
ranged, stacked, motorized, and finally assembled into the
final 3D structure. The resulting device is the smallest (36
x 25 x 26 mm) and most lightweight (13 g) fingertip haptic
device, as compared to devices providing similar types of

feedback. To quantitatively assess the mechanical performance
of Haptigami, we developed a novel experimental protocol and
a 5-DoF robotic platform to characterize the force output in
its full range of motion. Contrary to the commonly used user-
surveys, this method allows to objectively measure mechanical
performance of meso-scale systems and can be readily imple-
mented with most other fingertip haptic devices. This paper is
a step towards a new paradigm in the design and fabrication of
compact haptic devices capable of providing multiple modes
of somatosensory feedback to the user.

The main contributions of this work are:
• Haptigami, the first instance of using origami robotics in

wearable haptics, which makes it the smallest and lightest
fingertip haptic device capable of roll, pitch, compression
and vibration.

• Comprehensive modeling and closed-loop control of the
kinematics of Haptigami that relates motor rotations (in-
puts) to roll, pitch and compression (controllable outputs)
of the device.

• A new experimental protocol for characterizing the force
vs. displacement behaviour of the meso-scale haptic de-
vices in their entire range of motion and all actuation
modes (roll, pitch, compression, shear, vibration).

II. HAPTIC FEEDBACK OF WEARABLE FINGERTIP DEVICES

A device capable of rendering several types of interaction
enhances the immersive experience in a virtual world, offering
multiple modalities such as size, shape, rigidity and texture,
to perceive its surroundings. Our objective was to develop a
compact and lightweight device that can achieve five different
types of haptic feedback: A. contact and pressure display,
B. curvature display, C. shear forces, D. stiffness, and E.
vibration and texture (Fig. 2). From a kinematic point of view,
each type of feedback can be achieved with a single or a com-
bination of six mechanical capabilities of the device, which
include linear motion in the X and Y direction, compression,
pitch, roll and vibration; explained as follows:
A. Contact display This kind of feedback allows making and
breaking of contact with the user, with control on the contact
location. The former requires compression, whereas the latter
additionally needs lateral displacement for simulating contact
location, hence requiring between one and three mechanical
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Fig. 3. Comparison of Haptigami with state-of-the-art haptic devices in terms of number of mechanical capabilities and wearability. The latter is defined here
as normalized Weight x Volume.

capabilities. To achieve this, some existing devices have used
moving platforms in contact with the fingertip [10]–[12], [15]–
[17], [31]–[34], pin arrays [35], [36], soft inflatable systems
[37], [38] or a belt underneath the finger [39], [40]. Among
these, [10]–[12], [15]–[17], [32], [33], [35], [36] can control
the location of the contact-point by means of additional DoFs,
but at the cost of increased bulkiness.

B. Curvature display This display aims for users to feel the
curvature change of a surface, allowing exploration and shape
perception of objects. To attain this effect, existing devices
orient the pitch and roll of the platform in contact with the
fingertip [10], [15]–[17], [33], [34], [41]. Similarly, [35], [36]
used the compression from a pin array individually controlled
in height to create a curved surface. Therefore, this feedback
requires at least two mechanical capabilities.

C. Shear forces This type of feedback conveys information
about the shear forces acting on the fingertip while it interacts
with its surroundings [18]. Shear forces can also simulate the
weight of an object grasped by the user [39]. This cutaneous
stimulus requires a structure able to render lateral displacement
and hence between one and two mechanical capabilities. Some
parallel mechanisms use a tactor, which moves in a plane [33],
[42], [43], or pulls a flexible material [39], [40] underneath the
finger to produce this effect.

D. Stiffness Stiffness sensation comes from the material me-
chanical reaction to a deformation induced by the user by
application of force. Traditionally, such haptic feedback uses
externally grounded devices that apply a net external force
on the finger [44]. However, authors of [12] showed using a
user survey that a normal skin deformation device worn on
the fingertips can also render this sensation. By extending this
principle, several devices with normal displacement or force
modulation of the element in contact with the fingertip [10]–
[12], [15]–[17], [32], [34] and soft inflatable actuators [37] are
capable of this type of feedback using one to three mechanical
capabilities.

E. Vibration and Texture Vibrotactile feedback is among

the most widely studied haptic feedback. By controlling the
vibration based on the movement, it is possible to produce
sensations of texture [45]. Vibrotactile feedback often provides
notification with small and lightweight actuators [46]–[48].
Some studies [17], [36], couple vibrotactile to contact and
curvature displays to form perceptual cues, simulating differ-
ent materials and textures. Hence this requires one to three
mechanical capabilities depending if the vibration is coupled
with a lateral displacement.

The effectiveness of wearable haptic interfaces is affected
by several factors [6] that include speed, force, workspace,
size, weight and impairment. A high number of mechanical
capabilities and degrees of freedom is often directly propor-
tional to the overall size and weight of a device due to the
added motors and transmissions. A larger device reduces user’s
dexterity and limits multi-finger tasks. A heavier device leads
to fatigue, and interferes with the haptic force feedback. To
visualize this, we made a comparison table of the current state
of the art haptic devices in Fig. 3. The X-axis represents the
device’s bulkiness, using a metric defined as the normalized
product of weight and volume. The Y-axis is the number of
mechanical capabilities a device can achieve (pins arrays rely
on a different principle to generate haptic feedback, we did not
include them in this graph). We see from the figure that there
is a clear trend towards increasing bulk with the number of
mechanical capabilities. This suggests that in existing devices,
more mechanical capabilities often result in a bulkier and
therefore less wearable device.

Here, we present Haptigami, a scalable and lightweight hap-
tic platform that benefits from multi-material 2D fabrication
methods for compliant, low-profile actuation. It consists of
an origami-inspired parallel mechanism structure powered by
piezo-motors and embedded slider-crank transmissions, which
can produce vibrations and move in 5 DoF by virtue of
its under-actuated design. However, as the current design is
unable to uncouple shear from pitch and roll displacement, it
can effectively provide four mechanical capabilities: pitch, roll,
compression and vibration. By providing contact and stiffness
display via compression, shear and curvature display via roll
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Fig. 4. Fully integrated actuator with PCBmotors implemented on a custom
PCB. Hall-effect sensors read the top rotor’s magnets alternated polarity to
control rotation angle and direction. A spacer glued onto the bottom rotor
allows maintaining the two rotors in the center and synchronizing their
rotation. As this is a friction-based actuator, a flat spring enables keeping
a constant contact force between the rotors and stators.

and pitch, and texture via vibration, the Haptigami is mechani-
cally capable to produce all cutaneous stimuli described in Fig.
2. At the same time, its novel and low-profile design makes
it relatively compact as compared to existing devices. Fig.
3 shows Haptigami appearing as an outlier, combining high
number of mechanical capabilities with among the smallest
normalized weight x volume.

III. DESIGN AND FABRICATION OF AN ORIGAMI-INSPIRED
HAPTIC PLATFORM WITH INTEGRATED TRANSMISSIONS

The unique design of Haptigami allows to achieve a higher
number of functionalities without compromising size and
weight. This section describes Haptigami working principle
and design of its three major components: piezomotors, em-
bedded slider-crank transmission and an origami-inspired base
structure.

A. Actuation and closed-loop control of the piezomotors

For actuation, we use piezomotors stator manufactured by
PCBmotor [29] with a custom frame, a rotor and a sensing
system. The piezomotor consists of a stator in the form of a
PCB and is composed of piezo-crystals arranged in a circle on
its two faces. We attached two rotors with flat circular faces,
above and below the stator, held together by a spring-loaded
shaft. The piezomotor generates a traveling wave along the
crystals, which drives the rotor via friction. It is low-profile
with a high-force density, making it suitable for actuating
Robogamis. We use a piezomotor of 20 mm diameter for
Haptigami. As per the PCBmotors datasheet, it provides a free
speed of 96 rev/s, 8 Nmm stall torque and a maximum output
power of 40 mW.
We cut out the stator’s circular ring from the 20 mm PCBmo-
tor, containing the piezo crystals, represented in white in Fig.
4, and placed it on a custom-made base frame via bridges.
The base frame also has a central hole to support the shaft
connecting the top and bottom rotors. We fixed the bottom
rotor rigidly to the shaft, and a customized low-profile spring
fabricated from a 0.1 mm steel sheet by laser machining,

Fig. 5. Haptigami’s mechanism and fabrication: a) Internal structure com-
posed of four low-profile slider-crank mechanisms connected to the three
waterbomb patterned sides (two slider-cranks control the same side, allowing
compression). Each motor can actuate two independent transmissions and
select the one to drive with its sense of rotation. b) Manufacturing process:
after laser cutting the Kapton, FR4 fibre-glass and Polymelt layers, we aligned
them and fixed them together by heat pressing. Then we mounted the actuators
on top of the rotors already created as the layer stack. Finally, the folding
joints allow folding this 2D structure into the 3D device.

connected the top rotor. The spring tension maintains an
optimal contact force between the stator and rotors, critical for
this friction-driven system. We use two of these customized
piezomotors as the actuators for Haptigami.

We personalized a quadrature encoder to enable closed-
loop control of the piezomotor described above. It consists
of two bipolar Hall-effect sensors positioned on the stator,
and thirty 1x1x1 mm3 square magnets placed with alternating
polarity on the side of the rotor. During rotation, the Hall-
effect sensors generate two quadrature PWM outputs that
go to the microcontroller (Arduino Mega) through a custom
designed electronic low-pass filter. The Arduino’s interrupts
extract rotation angle and direction, with a resolution of 6◦,
and uses them as the bang bang controller input to drive the
motors. According to the model presented in section IV, this
resolution translated to values ranging from 3.4◦ to 4.4◦ in
roll, 0.12◦ to 2.1◦ in pitch and 0.83 mm in compression. The
motor driver, supplied by PCBmotor, generates the signal that
drives the piezo crystals of the stator. Fig. 4 illustrates this flat
actuator system.
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B. Low-profile compliant slider-crank mechanism

In order to generate useful movement from a piezomotor,
we developed a novel low-profile and compliant slider-crank
transmission described in [28]. The connecting rod, composed
of two Kapton layers of the same thickness and glued using
Polymelt adhesive, drives the slider that consists of a single 50
µm Kapton layer. We attached the other end of the connecting
rod to the bottom rotor of the piezomotor, which acts as the
crank. During the pulling phase, our transmission functions
similarly to that of a traditional slider-crank. However, during
the pushing phase, the flexible elements cannot transmit the
motion due to buckling, which may damage the mechanism.
To avoid this problem, we introduced a slot in the rod, which
allows decoupling the two phases. We use four such slider-
crank mechanisms to generate pitch, roll and compression, as
shown in Fig. 5a.

C. Origami-inspired base structure with embedded transmis-
sions

The base-structure forms the main body of Haptigami and
embeds the transmissions described above. The origami design
developed in [27] inspired the base structure. It consists of
27 distinct layers: (i) three 0.2 mm FR4 fiber-glass layers,
(ii) one 0.3 mm FR4 layer, (iii) ten 0.05 mm Kapton and
(iv) thirteen Polymelt 701 layers. The first thirteen layers
include the blue and dark green slider-crank mechanisms,
while the remaining thirteen contain the light green and orange
slider-crank presented in Fig. 5a. We adopted a four-step
manufacturing process (Fig. 5b) as described in [28]. After
laser cutting the different layers, we stacked them using pins
and then glued them together using a heat press to create the
2-D assembly of the device. Finally, we added the actuators of
Section III-A and folded the 2-D assembly using the flexure
joints into the 3-D Haptigami, measuring 36 x 25 x 26 mm
and weighing only 13 g.

The final structure consists of a top and bottom face
connected on three of its edges using a type of origami
structure called waterbomb [49], which acts as a spring and
helps the device to retain its shape when the piezo motor
is not active. The fourth side of the mechanism is open,
allowing insertion of the finger. The top and bottom faces
of the structure hold the piezomotor, while the sliders of the
four slider-crank mechanisms act as tendons to generate the
motion. The compliance of the adopted materials enables the
slider-crank mechanisms to transmit motions and forces out-
of-plane.

D. Working principle

The presented low-profile Haptigami design is capable
of generating roll, pitch, and compression motions and vi-
brotactile feedback. We use the two piezomotors and four
slider-crank mechanisms described above to drive them. Each
motor controls two slider-crank mechanisms, thanks to the
decoupling between pushing and pulling phases. We select
which of the two transmissions to drive by choosing the
motor’s direction of rotation. As roll and pitch are connected

to different motors, they can be achieved simultaneously. The
roll, pitch and compression motions achieved by Haptigami,
along with the corresponding motor commands, are described
in Table I:

TABLE I
HAPTIGAMI MOTION ACHIEVED THROUGH MOTORS DIRECTION OF

ROTATION, CLOCKWISE (CW) OR COUNTERCLOCKWISE (CCW)

Top motor direction Bottom motor direction Haptigami motion
ccw - roll(+)
cw - roll (-)
- cw pitch (+)

ccw ccw compression

As the table describes, it is not possible to achieve com-
pression and pitch simultaneously, since compression required
the use of two motors. In order to generate vibrotactile
feedback, we alternate the direction of the piezomotors at high
frequency. The direct contact with the user and low inertia aid
in transmitting the vibrations to the user’s finger with little
loss. Thus, the proposed novel robotic platform is capable of
producing vibrotactile and 3-DoF force haptic feedback.

IV. KINEMATIC MODEL OF HAPTIGAMI

To achieve the various types of haptic feedback described
in Section II, it is necessary to understand the motion and
force capabilities of Haptigami. However, as it consists of non-
conventional joints, links and actuators, conventional models
cannot be directly implemented for position control. Similarly,
the inherently compact and compliant structure also makes
it difficult to assess the force applied by the device on the
user. Therefore, in this section, we derive a kinematic model
adapted to our structure and apply it to achieve closed-
loop control. In addition, we develop a novel experimental
protocol and setup to quantitatively characterize Haptigami
for its blocked force in all kinematic configurations of the
workspace, and its vibrotactile feedback. We used the high-
level dynamic programming language, Julia [50] to analyze
all the experimental data.

Haptigami consists of an origami structure, actuated by
piezomotors driving the embedded slider-crank mechanisms.
As the piezomotors rotate, the slider, acting as the tendon, pulls
on the base structure to create movement. In this section, we
develop and validate a kinematic model for this mechanism,
and apply it for closed-loop control of Haptigami.

A. Kinematic model

Kinematics of most fingertip haptic devices do not change
when worn on the finger as they consist of rigid segments
and joints [34], [51]. Wearing Haptigami or not changes
its kinematics due to its compliant nature. For a realistic
kinematic analysis, we could use true geometry of the finger
as the constraint for deriving the kinematics. In this paper,
we model the contact surface to a sphere approximating the
fingertip to derive the kinematics equations. This assumption
is valid for our analysis because the phalanx does not affect
the kinematics since Haptigami pitches only in the forward
direction.

5



Fig. 6. Haptigami’s kinematic model and closed-loop control experiment
and results: a) Experimental setup used to verify kinematic model; We fixed
Haptigami on a support platform with a 3D-printed sphere inside and used a
front and side cameras to record the marker positions, deducing the tendon
lengths and platform orientation. b) We model our system as two plates with
a sphere inside, representing the user’s finger contact point and determine the
motion of the two plates by the sphere and tendon lengths. c) Comparison
between model and the measured values of roll and pitch angles.

We model Haptigami as two squares with equal dimensions
and of side length s, as presented in Fig. 6b. The bottom face is
grounded, while the top face is free, with O and C representing
the coordinates of their square centers. The sphere, placed
between the two faces, is fixed to the bottom face, with vector−→
Sb = (−Fpos, 0, 0) representing the point of contact. Fpos is
the distance between the square’s center and sphere contact
point on the bottom square. We assume the top face to freely
slide and roll over the sphere, with the point of contact given
by vector

−→
St =

−→
Sb + r · −→z + r · −→n = (x0, y0, z0):

x0 = r · nx − Fpos; y0 = r · ny; z0 = r · nz + r (1)

where nx, ny and nz are x, y and z components, respec-
tively, of the unit vector −→n , normal to the upper platform.
Using spherical coordinates, −→n is defined as −→n = (sin(ψ) ·
cos(δ), sin(ψ) · sin(δ), cos(ψ)).
Using the above equations, the plane corresponding to the top
face is given by

nx · (x− x0) + ny · (y − y0) + nz · (z − z0) = 0 (2)

We define Haptigami’s motion as the relative motion between
the top and bottom faces denoted by the Cardan angles roll
and pitch, calculated as follows:

roll =
arccos(ψ)√

sin2(ψ) · cos2(δ) + cos2(ψ)
(3)

pitch =
arccos(ψ)√

sin2(δ) · sin2(ψ) + cos2(ψ)
(4)

Controlling the tendon lengths, powered by the piezomotors
allows achieving this motion. The vectors

−−−−−→
Tfront and

−−−→
Tside,

which are connected at the mid-points, Mfront and Mside, of
the top face edges represent these tendons.

−−−−−→
Tfront =


0

(s/2) · (1− cos (roll))

Tsidez + (s/2) · sin (roll)

 (5)

−−−→
Tside =


(s/2) · (1− cos (pitch))

0

Tfrontz + (s/2) · sin (pitch)

 (6)

As points Mfront and Mside lie on the top face, they satisfy
(2).

nx ·Msidex + ny ·Msidey + nz ·Msidez = d

nx ·Mfrontx + ny ·Mfronty + nz ·Mfrontz = d
(7)

where d = nxx0 + nyy0 + nzz0. The set of equations (1) to

(7) gives the kinematics of Haptigami that relate the inputs,
‖
−−−→
Tside‖, ‖

−−−−−→
Tfront‖, to the outputs, pitch, roll or ψ and δ. The

forward kinematics are difficult to derive due to the complexity
of the equations required to isolate ψ and δ. To address this, we
use the numeric solver NLsolve.jl [52] which gives the correct
angle in an average time of 1ms after the first compilation.
Solving (7) gives the reverse kinematics:

‖
−−−−−→
Tfront‖ =(((cos(pitch)s− s− 2Fpos) cos(δ)

− s sin(δ)) sin(ϕ)
+ (− sin(pitch)s+

2r) cos(ϕ) + 2r)/(2 cos(ϕ))

(8)

‖
−−−→
Tside‖ =(((−s− 2Fpos) cos(δ) + s sin(δ)

(cos(roll)− 1)) sin(ϕ)

+ (− sin(roll)s+ 2 r) cos(ϕ)

+ 2r)/(2 cos(ϕ))

(9)

Additionally, we determine the top plate’s centre coordinates
as follows:

−−→
OC =

−−−−−→
OMside+

−−−−−−−→
OMfront

2

+

−−−−−→
OMside−

−−−−−−−→
OMfront

2
×−→n

(10)

Finally, to control the interface, we converted the tendon
lengths into rotation angles of the driving piezomotors using
the conventional offset slider-crank kinematic equations that
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relate the motor rotation angle θ, to the tendon length t,
as explained in [28]. The slider position x of a slider-crank
mechanism, which is a measure of the tendon length, is given
by:

x = a · cos(θ) + b · cos(µ(θ)) (11)

with
µ(θ) = arcsin(

a · sin(θ)− c
b

) (12)

where a, b and c, are the crank, rod and offset size, respectively
and µ is the angle between the connecting rod and the slider.
We solve the above by using a solver in [53] to get the equation
for θ(x), and we use this equation directly in the control.

B. Kinematics validation

Here, we control the piezomotors of Haptigami and compare
the achieved pitch and roll motions to those predicted by our
kinematics model. We placed a sphere (diameter = 14 mm)
inside our prototype at

−→
Sb = (−Fpos, 0, 0) = (−2, 0, 0), to

represent a finger as seen in Fig. 6b. Using optical markers
and two cameras as shown in Fig. 6a, we measured the
spatial position of Haptigami’s top face with respect to the
bottom face. To reduce the visual distortion effect on the
results, the cameras were put at a distance where the motion
of the markers is centered and focused. At this distance, the
resolution was 0.05 mm by pixel.

The top motor is responsible for generating the pitch mo-
tion, while the bottom motor is responsible for the roll. We
simultaneously sent two sines waves as control signals, travers-
ing the entire rotation range of Haptigami and corresponding to
oscillating in both roll and pitch directions. We tracked these
reference signals by closed-loop control of the piezomotors
using feedback from our custom encoders presented in Section
III-A. We used the auto-tracker CSRT algorithm of OpenCV
[54] for analyzing the video to get the optical marker positions.
The performance of this tracking method is assessed in [55]
and is more than sufficient for our application due to our
low speeds and displacements. The data was acquired at a
framerate of 25 fps, then low-pass filtered at 3 Hz.

Fig. 6c compares the measured pitch and roll angles of
Haptigami to those predicted by our kinematics model. We
see that the measured values match our model during the pitch
activation time interval from 18 to 60 s, with a root mean
squared error of 0.055 rad. We observed a slight reduction in
the measured maximum amplitude, which can be attributed
to the compliance of the waterbomb structures, affecting the
transmission efficiency. In addition, we also observe a higher
cross-influence of pitch and roll angles as compared to the
model. Overall however, for the approximation of the fingertip
as a sphere, our model accurately achieves closed-loop control
of the pitch and roll, using the embedded hall sensors.

Additional geometrical and mechanical parameters such as
more complex finger shape, skin deformation under pressure,
and contact point compliance need to be considered for an
updated version of the model. Using a plastic sphere as an
approximation of the fingertip allows working with straight-
forwards kinematic equations. Abdouni et al. [56], found the
Young’s modulus of the fingertip’s skin to vary between 20 and

100 kPa in shear, leading to negligible displacements (around
0.02 mm) with the Haptigami shear forces values given by
Table II. The same Table gives us the maximal normal force
of 693 mN that corresponds to a normal finger deformation of
around 1.2 mm according to Dzidek et al. [57]. We estimate
the error induced by this deformation by reducing the sphere
radius of our current model. This leads to an RMS value
of 0.077 rad, which is significant and should be included in
a future model. Finally, frictions that differ between plastic
sphere and skin could also create disturbances.

C. Maximal roll and pitch frequencies

To measure the Haptigami’s maximum roll and pitch fre-
quencies, we programmed the roll and pitch motors to rotate
between their upper and lower limits as fast as possible.
We recorded a video of the resulting Haptigami motion and
extracted the times when the Haptigami reaches its extremes
positions. The roll motion between ± 0.24 rad and the pitch
motion between 0 and 0.20 rad have a frequency of 1.6 and
1 Hz respectively. The pitch speed is slower than the roll due
to its slider-crank design as shown by Fig. 5 that requires a
larger rotor rotation for the same slider displacement.

V. FORCE CHARACTERIZATION

Mechanical characterization of any fingertip haptic device
is challenging due to the arbitrary physical grounding of
the device and preloaded conditions. Here, we present a
novel experimental protocol and platform for a quantitative
evaluation of meso-scale devices, which can be customized in
range and resolution for the target application.

A. Experimental setup

Similar to the protocol escribed in [58], we attach the
Haptigami onto a bench-top setup, enforce displacement in
its range of motion, and measure the blocked forces while
powering the two piezo-motors. We accomplish this using
a 5-DoF robotic platform as shown in Fig. 7a. It consists
of three linear motors or stages, capable of enforcing linear
displacement in X, Y and Z axis and a pan-tilt mechanism
consisting of two servomotors for roll and pitch motions.
We affixed the bottom face of Haptigami to the X-Y stages,
and the top plate to the pan-tilt mechanism which in turn is
fixed on the Z stage as seen in Fig. 7a. By controlling these
linear motors and pan-tilt mechanism of the characterization
platform, we enforce the desired displacement in XYZ and
roll-pitch respectively, to the top plate of the Haptigami.
This displacement is based on the model described earlier
in Section IV-A, assuming a spherical shape for the finger.
To calculate the control inputs for the various stages of the
characterization platform, we must calculate the individual
displacements required in five directions. For the roll and pitch,
these values are exactly the same as the roll and pitch angles
of the Haptigami. To calculate control values for the X, Y and
Z stages, we consider the X-Y displacements of the Haptigami
top plate, as well as those of the pan-tilt mechanism, occurring
due to its non-zero arm lengths.
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Fig. 7. Force characterization setup and results: a) Force characterization setup simulating the platform on a finger; we fixed the Haptigami to the 5-DoF
platform in direct contact with the 6-DoF load cell. b) For every orientation of its workspace, we measured the force along XYZ axis depending on the
actuated motors. The configuration is defined from the normalized tendon length reduction that corresponds to how much the tendon has been pulled by the
slider-crank. c) Compression experiment, we attached Haptigami to the platform with a null angle. For different heights, we actuated the roll motors and
measured the compression force. d) Vibration experiment, we attached Haptigami to the platform with a null angle and control the top motor to move back
and forth at different frequencies and measure the amplitude of the resulting signal.

While enforcing the displacement, we measure the blocked
force of Haptigami using a Nano17 6-axis force sensor from
ATI Industrial Automation (force resolution = 12.5 mN),
attached between the top face of the Haptigami and the pan-
tilt mechanism as seen in Fig. 7a. We used a custom Labview
program to measure the load-cell data, and to send instructions
to the Arduino Mega, which then controls the 5-DoF platform.
Lastly, during characterization, we activate the two motors of
the Haptigami, also using the Arduino Mega. With this setup,
we moved Haptigami to different configurations in its range of
motion and characterized it in three scenarios: (i) compression
motion (ii) roll and pitch motions (iii) vibrotactile feedback.

B. Pitch and roll

As seen in Section IV-A, the Haptigami motion is a result
of shortening of the tendon lengths. We therefore represent
its displacement using its input space defined via its tendon
length reduction:

normalized tendon reduction =
L0 − L
L0

where L is the current tendon length and L0 is maximal tendon
length, in mm. We displaced the Haptigami in a set of points
defined by a grid of 5 x 5, where each grid point corresponds

to the front and side tendon lengths, with a maximum value of
2 mm on each side. This motion corresponds to a total pitch of
+10◦ and roll of +12◦, assuming a sphere of 14 mm diameter
placed inside. We calculated the spatial orientation (x, y, z,
δ, ψ) of Haptigami at the grid points using the kinematic
model described in Section IV-A and converted into a set of
instructions for the 5-DoF robotic platform. For every grid
point, we used the following protocol: 1. Move Haptigami
to a new position, 2. Activate pitch motor, 3. Activate roll
motor, 4. Activate both motors. We programmed each motor
activation to last two seconds and then come back to the initial
position.

Fig. 7b shows the measured forces vs. normalized tendon
length reduction of Haptigami. The Y axis represents the mea-
sured forces, while the X axis and different markers represent
displacements in the pitch and roll directions respectively,
expressed in normalized tendon lengths. These forces are
generated by the front and side tendons pulled by the pitch
and roll piezo-motors respectively. Therefore they depend on
the relative orientation of the tendon force with respect to
the top face, as well as its magnitude, which depends on the
torque of the piezo-motor and orientation and design of the
slider-crank mechanism.

With increasing displacement in the pitch direction, the
component of the tendon force

−−−−−→
Tfront in the X axis increases.
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This leads to an increasing pattern of force vs. displacement
for X direction and a decreasing one for the Y and Z directions,
as seen in the first column of Fig. 7b. A similar pattern is
expected for the roll direction, but the measured data does
not completely follow this, as seen in the second column
of Fig. 7b. This deviation could be attributed to mechanical
interference in the compliant transmissions due to the fact that
both motors contribute to the roll motion. The third column
of Fig. 7b corresponds to both motors active, pulling in roll
and pitch directions. Therefore, the plots are somewhat equal
to the sum of the first two columns, which we found was
especially true for Fz. Another observation is that the forces
are generally higher for pitch motor active, as compared roll
motor active. This is because the crank radius for the slider-
crank mechanism is smaller for the former as compared to
the latter, as described in Section III. Lastly, due to the
underactuated and coupled design of the Haptigami, we see
from the third row of Fig. 7b that shear forces are always
accompanied by compression forces. The maximum forces are
690 mN in normal force, 407 mN in shear roll and 159 mN
in shear pitch.

C. Compression

We controlled the characterization platform to only move
its Z stage, and displaced Haptigami from an initial height
of 20 mm to a final height of 16 mm in steps of 0.5 mm.
We activated both motors according to Table I and measured
the maximum compression force at each step, held for 2 s.
Fig. 7c shows the measured force, with the X-axis denoting
the displacement expressed as normalized tendon length. We
see that the compression force slightly reduces with increasing
displacement, with a maximum value of 678 mN.

D. Vibrotactile feedback

As explained in Section III-D, Haptigami can generate a
vibrotactile feedback by alternating its motors rotations at high
speed. We powered the top motor at a range of frequencies
between 10 and 300 Hz, which correspond to the maximum
human perception frequency [59], and measured the force
amplitude using the 6-axis load-cell.

Fig. 7d shows the measured peak-to-peak force difference
for the various tested frequencies. Other than the small peak at
around 220 Hz, the force characteristics seem constant across
the frequency range, with a mean value of 451 mN and a
standard deviation of 73 mN. While we tested only the top
motor here, we believe that using both motors will increase
the force amplitude.

TABLE II
TABLE SUMMARIZING THE MAXIMUM NORMAL, SHEAR AND

VIBROTACTILE FORCE CAPACITY OF OUR DEVICE.

Force (mN)
Pitch shear Roll shear Normal

Pitch motor 121 387 572
Roll motor 38 85 235
Two motors 159 407 693
Compression: 679 mN
One motor vibration amplitude peak: 664 mN

VI. CONCLUSION AND FUTURE WORK

Producing multiple degrees of mechanical stimulation from
a wearable fingertip haptic platform is challenging. Generating
a realistic user experience for any haptic interface demands
embedding several mechanical functionalities at the centime-
ter scale which inevitably pushes the limit of physical and
material structural mechanics. Here, we present Haptigami, a
novel concept and design of a compact and wearable haptic
device that renders cutaneous and vibrotactile feedback. Using
only two low-profile piezomotors, it is able to generate com-
pression, roll, pitch and vibrotactile feedback, which create
a diverse range of haptic sensations including contact and
pressure display, curvature display, shear forces, stiffness and
vibration and texture. The use of piezomotors, along with
the low-profile mechanisms, introduces a new approach in
the manufacturing of low-profile, lightweight and compliant
wearable devices. We derived and validated a model for the
kinematics of Haptigami prototype. Based on the size of
the finger, the kinematics model can be adapted to achieve
closed-loop position control. In order to quantitatively assess
mechanical performance, we developed a novel experimental
protocol and platform to characterize the forces applied by
Haptigami in its range of motion. The Haptigami provides
forces ranging from 150 to 690 mN in different actuation
modes, which are greater than the human skin perception
threshold of around 41 mN as described by [60]. Using these
values, we can model the force output of the Haptigami as
a function of its kinematic orientation and inputs, in order
to implement force or stiffness control. In addition to the
novel design approach, we addressed another challenge in the
existing literature, related to quantifying haptic feedback. Our
presented method of force characterization is complete and
comprehensive, providing a repeatable and consistent method
of measuring the various modes of actuation in the entire range
of motion of the Haptigami. This could be applied to other
existing or upcoming mesoscale devices for characterizing
their mechanical behaviour. By comparing different devices
and by additionally conducting user studies, we would be able
to link and quantify the relation between mechanical output of
a meso-scale haptic device to the result of a psychophysical
experiment.

Due to its size and compliance to the finger, Haptigami has
multiple uses. In addition to virtual reality applications, it can
provide haptic feedback for object manipulation or in general
interaction with a physical environment. It could help to
orientate hands in space for reaching an invisible target (e.g.
in surgery [61] or assisting blind people). Finally, having both
force and position feedback directly at the fingertip augments
our ability to manipulate objects [62] in terms of precision
and environmental perception by enhancing the perceived
sensations.

Our future work will define an optimized design process
for what design is optimal for a specific finger size in
order to customize Haptigami to its user. Additionally, we
will study different Haptigami elements such as piezomotors,
mechanisms and materials; and design parameters such as
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origami-structural stiffness, friction, electric signal frequency
and power for improving haptic performance. Furthermore,
using Inertial Measurement Units (IMUs), we will imple-
ment further closed-loop position control for the pitch and
roll motions. Using the data from our characterization, we
will develop models for Haptigami force output in order to
implement force control. Lastly, we will test the device on
several users to better understand the relation between applied
the forces and haptic feedback.
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