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ABSTRACT In the real world, people heavily rely on haptic or touch to manipulate objects. In emerging
systems such as assistive devices, remote surgery, self-driving cars and the guidance of human movements,
visual or auditory feedback can be slow, unintuitive and increase the cognitive load. Skin stretch devices
(SSDs) that apply tangential force to the skin via a tactor can encode a far richer haptic space, not being
limited to force, motion, direction, stiffness, indentation and surface geometry. This paper introduces novel
hand-worn hydraulic SSDs that can induce 3-axis tangential forces to the skin via a tactor. The developed
SSDs are controlled by new soft microtubule muscles (SMMs) which are driven by hydraulic pressure
via custom miniature syringes and DC micromotors. An analytical model is developed to characterize
the responses of SMM output in terms of force and elongation. A kinematic model for the motion of the
3-axis SSD is also developed. We evaluate the capability of the tactor head to track circular reference
trajectories within different working spaces using an optical tracking system. Experimental results show
that the developed SSDs have good durability, high-speed, and can generate omnidirectional shear forces
and desired displacement up to 1.8 N and 4.5 mm, respectively. The developed SMMs and SSDs created in
this paper will enable new forms of haptic communication to augment human performance during daily
activities such as tactile textual language, motion guidance and navigational assistance, remote surgical
systems, rehabilitation, education, training, entertainment, or virtual and augmented reality.

INDEX TERMS Skin stretch device, haptics, soft muscle, motion guidance, touch display, tactile feedback.

I. INTRODUCTION
The richest form of communication between human beings
is achieved via language that is commonly conveyed using
visual or auditory modalities. However, visual and auditory
cues may be disruptive, and therefore theymay be inappropri-
ate in many circumstances [1]. Haptics, or the sense of touch,
offers humans the ability to explore the surrounding environ-
ment and manipulate objects in daily activities [2]. Haptic
stimulation provides an alternative way to convey informa-
tion, control the balance of amputees, provide motion guid-
ance and navigational assistance, or support surgical training
and tactile alphabets [3]. One method for achieving haptic
motion guidance is to apply force feedback to the skin via
devices that are mechanically grounded through rigid link-
ages [4]. However, this method requires a large workspace
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and bulky and expensive tools. Wearable devices, in contrast,
offer compact, flexible, lightweight and low-cost solutions.
However, the mechanics of existing wearable devices to
interact with human skin still pose many challenges, which
severely impacts their usability due to the occlusion of rigid
components [5]. In tele-surgical procedures, surgeons benefit
from real-time force feedback to prevent excessive force
applied to tissues [6]. In medical training, effective haptic
devices can be used to enhance the interaction between
medical students and clinicians or provide a useful tool to
conduct complex training for surgical procedures within vir-
tual organs without accessing real human tissues [7]. Among
the many types of haptic devices, vibrotactile displays, which
apply vibrations to the skin using vibration motors or linear
resonant actuators, are the most widespread and investigated,
because of the ease of design and actuation. Several methods
to provide directional cues via vibrotactile feedback have
been described in the literature [8]. To use vibratory feedback,

157878 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0003-1637-1079
https://orcid.org/0000-0002-4980-5251
https://orcid.org/0000-0001-5684-9159


M. T. Thai et al.: Soft Microtubule Muscle-Driven 3-Axis Skin-Stretch Haptic Devices

users must learn an association between localized vibration
cue and a spatial direction which is inherently difficult
to localize because cutaneous vibrations spread efficiently
across the skin surface, leading to desensitization and sen-
sory adaptation, which can impair device functionality over
time. In addition, continuously wearing or touching vibrating
devices causes the users’ desensitization and discomfort
after prolonged use [9]. The effective sensation of vibration
feedback can be even decreased when users are in motion.
Recently, skin stretch (SS) feedback has been used to guide
human motion, render friction or stiffness of the objects or
their surface geometry [10]. Several groups have investigated
haptic feedback based on tangential force to the skin via a tac-
tor in the form of wearable devices [11], [12]. SS is a known
part of the normal physiological apparatus for proprioception,
contributing to our sense of motion and location of limbs. The
motions and velocities required to impart skin stretch can be
slow, allowing the design of compact, low power and portable
devices. Skin stretch cues that are perceived by the sensory
system via slowly adapting type II (SA-II) stretch sensitive
afferent nerve fibers- - -fibers that are widespread in tissues
associatedwith hairy skin deformation- - -have been shown as
a promising haptic feedbackmodality in many applications in
the last decade due to several superior features [13]. First, skin
stretch devices (SSD) manipulates human skin in a way that
is similar to natural haptic interactions. Second, SS feedback
can provide 3-D directional cues by combining omnidirec-
tional shear force and one normal force as proven in several
studies [14]–[16]. Third, SSDs would be useful in guiding
users without distracting visual or auditory sensation [17].

Although several wearable haptic devices have been devel-
oped [18], most approaches have focused on wearable tactile
feedback devices for the fingertips because the glabrous skin
has great density and different types of mechanoreceptors
[19]. These haptic devices are able to deliver normal and
tangential skin deformation to the finger pad by moving an
end effector against the surface of the finger pad while the
device itself is grounded to the finger [20], [21]. Despite
advances, these devices could not provide effective shear
forces to communicate with the skin due to the use of rigid
components or low energy efficiency from the actuation sys-
tems such as onboard rigid DC motors, piezoelectric actua-
tors, dielectric actuators, or tendon-driven mechanisms. For
example, Leonardis et al. [22] developed a three-degree of
freedom (DoF) skin deformation device that is driven by
three rigid servo DC motors through rigid parallel linkages.
Although this design shows positive results for grasping
objects in virtual environments, it is rigid, bulky and unable
to well adapt to the fingertips, which causes discomfort to
the users after prolonged use. Solazzi et al. [23] designed
a portable haptic device to render the interaction force in
virtual environments. This device is mounted directly onto
the last phalanx of the finger and actuated by bilateral cables
via joint pulleys and DC motors located at the forearm.
Although this device could perform a simple task of shape
exploration, its wearability is still limited by rigid structures,

a heavy weight and large size. Schorr and Okamura [24]
fabricated a skin deformation device that can deliver 3-DoF
translational skin deformation with a delta parallel mecha-
nism and two rigid DC motors. This design can provide both
stiffness and friction discrimination. However, most mechan-
ical and electrical components are bulky and mounted onto
a finger, which prevents or restricts the users’ movement
during operation. Gleeson et al. [25] proposed a fingertip-
mounted tactile display that could displace and stretch the
finger skin in two degrees of freedom via a hemispherical
tactor. Any planar motion is simultaneously controlled by
two radio control (RC) servo motors and a compliant flex-
ure stage. Nevertheless, it is not a compact wearable device
and is heavy. Another interesting device was developed by
Minamizawa et al. [26]. In this approach, a wearable and
ungrounded haptic device could simulate the weight sensa-
tions of virtual objects by deforming the fingertip through a
DC motor and a belt. However, this design could not render
the forces in different directions and needed a single motor
for each finger. Recently, soft robotics for SS feedback has
been implemented to provide a better interaction with the skin
surface. Chossat et al. [27] introduced a soft SSD driven by
three coiled polymer actuators. Although the design shows
promising results in virtual reality, it can only induce a single
lateral force and the contraction speed and force amplitude
are still low compared to other existing designs. Kanjanapas
et al. [18] designed a pneumatic 2-DoF soft haptic device that
is mounted on the forearm to provide shear force. It consists
of four soft fiber-constrained pneumatic actuators attached to
a dome-shaped tactor head to generate eight directional forces
to the skin surface. Nevertheless, it is bulky due to a large
rigid housing and the use of pneumatic source which shows
high noise and is bulky because of large fluid transmission
tubes. As a result, this device could not adapt to the fingertip
and is only employed in large surface areas of skin. In a
newer version proposed by Yoshida et al. [28], the authors
extended the design with a rigid rotational housing that is
affixed to a DC motor and three soft fiber-constrained linear
pneumatic actuators to enable linear horizontal and vertical
movements. This device can simultaneously induce normal
and shear forces for haptic vibration and torsional skin defor-
mation cues. However, it was built with a rigid housing and
pneumatic actuators, which makes users uncomfortable and
desensitized.

Although many studies have concentrated on the
mechanoreceptors at the fingertip, there has been less atten-
tion to the receptors in non-glabrous skin. Bark et al. [6]
presented a wearable rotational SSD. They also investigated
the pattern of skin motion and strain imparted by the device.
This SSD still has rigid components and is not able to provide
both normal and omnidirectional shear forces to the skin.
In addition, these aforementioned haptic devices are not able
to control the threshold of normal and shear forces to the skin
areas in ways that are similar to what is felt during human
skin-object interaction. During the interaction, the control of
force threshold and motion is extremely important because

VOLUME 8, 2020 157879



M. T. Thai et al.: Soft Microtubule Muscle-Driven 3-Axis Skin-Stretch Haptic Devices

the way humans sense shear force is highly dependent on
their mechanoreceptor density and the distribution of SSDs
over the skin surface. Although current SSDs based on soft
robotics technology offer high compliance, safety and are
lightweight, none of them can effectively induce 3-DoFs skin
deformation in the form of finger-worn soft haptic devices.
Advances in soft actuation are needed to develop new forms
of haptic communication with distributed tactile stimulation
in order to promote the progress of science and beneficially
impact on human health and life.

FIGURE 1. Potential application areas of soft skin stretch devices (SSD).
a) haptic feedback for teleoperation system, b) navigational assistance
for the visually impaired or older people, c) haptic motion guidance for
human limbs and body, d) 3D force feedback display for a prosthesis.

To overcome these above drawbacks, this paper will
design, fabricate and evaluate a novel SMM and hand worn
hydraulic SSDs (Fig. 1). The developed SSDs are integrated
into flexible fabrics to enhance the interaction between the
device and human skin, similar to human clothing. In addi-
tion, SSDs can simultaneously induce omnidirectional shear
forces in x-y plane driven by four SMMs and a normal z-axis
force to the contact skin via an adjustable soft tactor. The
developed SMM and SSDs will be experimentally charac-
terized and evaluated in different testing modes. To control
the force threshold to the SMMs, an initial pre-set elongation
(iPSE) mechanism will also be introduced and validated. The
magnitude of the generated shear force from the SSD and
SMMs as well as the working area of the tactor head will be
tested in different directions.

The rest of this paper is organized as follows: Section II
presents the design and fabrication for a new hydraulic
source-driven SMM, followed by an analytical model for the
output force and motion with respect to the applied input
pressure. This section will also include the characteriza-
tion of the SMM in elongation, force and durability tests.
Section III gives the design and fabrication of 3-axis SSDs

with a kinematic model within its working space. This section
also introduces the characterization, real-time validations and
data analyses for the soft 3-axis SSDs. Finally, discussion,
conclusion and future works are drawn in Section IV.

II. DESIGN CONCEPT, FABRICATION, MODELLING AND
EVALUATION
This section will introduce the design, fabrication, modelling
and evaluation of the SMM towards the development and soft
3-axis SSDs for various wearable haptic applications.

A. DESIGN, FABRICATION OF SOFT MICROTUBULE
MUSCLE
Existing actuators such as electromagnetic actuators,
hydraulic pistons, tendon-sheath mechanisms, piezoelectric
actuators, dielectric actuators are inappropriate as hand-worn
SSDs due to the occlusion by rigid components that are not
able to match with the geometric complexity of the skin’s
surface or low forces needed to effectively induce the SS sen-
sation. In this section, we will develop a new type of muscle
that can transmit force and motion from a distance without
sacrificing its input energy. The developed SMMpresented in
this work is driven by a fluid pressure source that consists of a
flexible silicone microtube and a hollow micro-coil which is
made from inextensible fibers. The obtained muscle compos-
ite is lengthened or shortened under the applied fluid pressure.
A fluid transmission tube or guide tube which connects the
inner channel of the soft microtubule to a miniature syringe
and a micro DC motor (Faulhaber, Germany) via a linear
ball screw system (MISUMI, Japan) is used to supply the
pressure. By constraining the radial expansion of the flexible
microtubule with themicro-coil, it is possible tomechanically
program the muscle to perform desired motions and forces.
The fabrication process for the SMM is shown in Fig. 2.
In this paper, we use flexible silicone microtubules which
were successfully fabricated in our previous work [29]–[31].
The obtained microtubule is inserted into a hollow micro-
coil made from inextensible fibers. The micro-coil that we
use here are a type of stainless-steel micro-coil that can
store elastic energy under the applied strain. Once the soft
microtubule is completely inserted into the coil, one end is
tied into a knot and permanently adhered onto the coil end by
an adhesive glue (LOCTITE R©, USA) while the other end is
connected to a commercial fluid tube (Cole-Parmer, USA).
The fluid transmission tube is then connected to a miniature
syringe via a blunt needle. To remove the air bubbles that
are trapped inside the soft silicone microtubule and fluid
transmission tube, the entire structure is degassed in a vacuum
chamber for 30 minutes (Binder - VD115, Binder, USA)
until the air bubbles have completely disappeared. When
fluid pressure is applied to the actuation channel, the SMM
will be lengthened from position A at length L0 to position
B at length L with a displacement x which is due to the
circumferential constraint by inextensible fibers around the
microtubule channel. At point B, the muscle stores elastic
energy. If a load is connected to the end of the SMM at
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position B and the fluid is removed, the stored elastic energy
is released, allowing the muscle to apply a force against the
load and bring it back to the position Awith a displacement x.
The higher pressure that is applied, the higher elastic energy
that is stored and thus a higher contraction force is achieved.

FIGURE 2. Soft microtubule muscle (SMM). a) working principle where L0
is the initial length of the muscle, L is intermediate length of the muscle
with respect to intermediate applied pressure P; b) fabrication process
for the SMM; c) obtained prototype for the soft muscle at low applied
pressure and high applied fluid pressure.

In our prototype, the flexible silicone microtubule has an
outer diameter of 1.1 mm, an inner diameter of 0.7 mm and a
working length of 50 mm. It is noted that the developed SMM
is scalable and therefore its diameters and length can be varied
to adapt to specific applications. The constrained coil has an
outer diameter of 1.5 mm, an inner diameter of 1.1 mm and
the micro-coil wire (stainless steel) has a diameter of 0.1 mm
that covers the entire length of the silicone microtube. The
coil material can be fabricated from any inextensible fibers
with high flexibility and lowweight. The use of stainless-steel
coils offers many advantages including high durability and
high energy storage compared to other alternatives such as
fishing line, sewing thread or nylon coils.

B. ANALYTICAL MODEL FOR THE SMM
Tomodel the developed soft microtubule actuator, we assume
that the water pressure is uniformly applied to the inner chan-
nel and there are no radial expansions during the operation.
We also use 0.5 as the Poisson’s ratio for the soft silicone
microtubule with an assumption that the material volume of
the silicone tube is constant during its working period. With
these assumptions, the cross-sectional area of the silicone
microtubule before and after the applied fluid pressure can

be expressed by:

π (d2o − d
2
i )(1+ εl) = π (d

2
o − d

2
i0), (1)

where d , di, are the outer diameter, inner diameter during the
working period and di0, do are the inner diameter and outer
diameter at the initial state of the silicone tube, respectively.
εl is the strain in the axial direction.

In the axial direction, the total elastic force in the coil Fc
and the tubing Fr is balanced by an external force (load), Fext ,
dissipative forces, Fdis, include viscosity and friction and the
force due to the pressure inside the muscle, Fp:

Fext = Fc + Fr − Fp + Fdis (2)

The elastic force in the coil is given in (3) where x denotes
the elongation of the muscle and kc is the stiffness of the
constraining coil.

Fc = kcx (3)

The elastic force in the silicone microtubule can be
expressed by [32]:

Fr = EAd0

(
1−

1
1+ x/L0

)
(4)

where, Ad = 0.25π (d2 − d2i ),Ad0 = 0.25π (d2o − d2i0),E
is Young’s modulus and L0 is the unstretched length of the
muscle.

The driving force Fp can be expressed by:

Fp = AdiP = 0.25πd2i P (5)

where P is the fluidic pressure inside the microtubule channel
and fluid transmission tube.

The dissipative forces, Fdis, include hydrodynamic flow
resistance, Fdis,hyd , and dry friction at the tube fabric inter-
face, Fdis,dry as shown in [33]:

Fdis = Fdis,hyd + Fdis,dry (6)

However, Fdis,hyd and Fdis,dry can be neglected under the
assumption that the relative motion of the tube and the coil
is small and the muscle is operating in quasi-hydrostatic
operation. Therefore, the net external force exerted by the
SMM is:

Fext=Fc+Fr−Fp=kcx+EAd0

(
1−

1
1+x/L0

)
− AdiP (7)

The force applied to a load or external force Fext in reverse
motion achieves its maximum value at maximum elongation
xmax with applied pressure P = 0. This maximum value is
extremely important in our skin-stretch design, which deter-
mines how much force is applied to the tactor head. At a
certain fluid pressure, P, the muscle elongates to a distance,
x, and Fext = 0, at this pressure, the relationship between
elongation distance and fluid pressure can be found:

P =
kcx2 + kcL0x + EAd0x

Ad0L0
(8)
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Assume that all mechanical energy from the syringe
plunger, Wp is transferred to the elastic energy of the coil,
Wc and the silicone tube, Wr and the energy lost, Wl , due to
sliding friction through the working fluid. Mechanical energy
from the syringe plunger is equal to work generated in the
fluid system. The energy relation can be given by:

Wp = Wc +Wr +Wl (9)

PV =
1
2
kcx2 +

1
2
krx2 +Wl (10)

where V is the volume of fluid that is pushed into the actuator,
and kr is the instantaneous spring constant of the rubber
tubing with the equation as shown in [32]:

kr =
EAd0L0
(L0 + x)2

(11)

Finally, we get the relationship between the liquid volume
and the elongation of the actuator.

V =
1
2kcx

2
+

1
2krx

2
+Wl

P
(12)

The experimental characterization of the total amount of
energy lost due to the non-linear characteristics is beyond
the scope of this paper. In the later sections, we compared
the actual results and the predictions of the above analytical
model with the geometric dimensions of each component
and mechanical parameters from our measurements such as
kc = 9.902 N/m, E = 1.3 MPa, Ad0 = 2.26 × 10−6 m2,
L0 = 45 mm.

C. CHARACTERIZATION AND DATA ANALYSIS FOR THE
SOFT MICROTUBULE MUSCLE
In this section, the characterization and analysis for the SMM
in terms of elongation and generated forces with respect to
the applied fluid pressure will be carried out. We will also
evaluate the performance of two SMMs connected in an axial
configuration via a tactor head. The maximum displacement
and velocity of the tactor will be also introduced.

1) ELONGATION TEST
An elongation test is performed using an apparatus as shown
in Fig. 3a. One end of the microtubule is fixed on a 3D
printed base while the other end is connected to a constant
load of a force 0.1 N via an optical encoder (S6S-1000-IB, US
Digital, USA) to record the position of the SMM distal end.
The working fluid was supplied via BD Luer-LokTM1-mL
syringe (inner diameter of 4.5 mm) driven by a DCmicromo-
tor (model 3272G024CR with encoder IE3-1024, Faulhaber,
Germany) and a ball screw mechanism (MISUMI, Japan).
To mitigate the nonlinear hysteresis from the DC gearhead
and ball screw system, we use another optical encoder (S6S-
1000-IB, US Digital, USA) to record the displacement of the
syringe plunger. Fluid pressure is monitored using a pressure
sensor (40PC Series Sensor, Honeywell, USA). To eliminate
the pressure loss during the operation, the pressure sensor

FIGURE 3. Elongation test. a) apparatus for elongation testing. b-c)
results of elongation versus volume and pressure showed consistent
performance over repeated actuation and comparison between the
measured data and the developed analytical model.

is located as close as possible to the muscle port via a Y-
connector. The soft muscle is driven by a sinusoidal fluid
displacement at a frequency of 0.1 Hz (slow motion for skin
stretch applications) while the fluid pressure is varied from
1 bar to 15 bar. The signals are decoded synchronously using
a data acquisition device (QPIDe Data Acquisition Device,
QUANSER, Canada) and MATLAB Simulink (Mathworks,
Inc., USA). The signal from the pressure sensor is passed
through a digital lowpass filter to eliminate high-frequency
noise [34], [35]. The instantaneous displacement of the fluid
volume is calculated from the displacement of the syringe
plunger and its geometry.

The experimental results (Fig. 3) show that the muscle
elongation increases with additional fluid volume or applied
fluid pressure by moving the syringe plunger forward and
vice versa for the reverse motion. This response is consis-
tent with the elongation and fluid pressure under repeated
actuation. It is noted that the relation between volume and
displacement is almost linear with a small hysteresis loop
while the volume-pressure and pressure-elongation relation-
ships exhibit greater hysteresis. A notable divergence from
the developed model and experimental data is a nonlinear
hysteresis due to the deformation of nonlinearly elastic mate-
rials and friction loss that are not taken into consideration
in (1) to (12). A more accurate model is needed to give a
better understanding of the muscle response. However, in this
paper, we only investigate the design and fabrication of the
new muscle and therefore a complicated model is reserved
for future work. However, the developed analytical model
correctly predicted the observed ranges of muscle elongation
and the data which means that the muscle performance is
within the expected range that is demonstrated by a closer
trend of the model to follow the real experimental data (see
Fig. 3c2) and even in the higher frequency of fluid movement.
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There is a small hysteresis loop from the relation between
applied input volume or displacement motion of the syringe
plunger. This advantage opens a great opportunity for feed-
forward or feedback control [36], [37] when the displace-
ment or volume is used as control input compared to that of
pressure with a wider hysteresis loop. Therefore, our future
work on precise motion control of the developed muscle will
consider this observation.

FIGURE 4. Axial force testing. a) Apparatus for axial force testing. b-c)
Results of force, volume and pressure showed consistent performance
over repeated actuation and comparison between the measured data and
the developed analytical model.

2) AXIAL FORCE TEST
We also evaluate the force performance of the SMM in the
axial direction using an experimental setup given by Fig. 4a.
To record the force response, a miniature FUTEK load cell
(1 lb, FUTEK, USA) is used. One end of the SMM is fixed
on a 3D printed base while the other end is connected to the
load cell head which is mounted onto a 3D printed platform.
The applied input from the miniature syringe to the muscle
is similar to that of elongation tests. Results indicate that
the SMM performs consistently over repeated testing cycles.
Particularly, the force-pressure curve exhibits a linear relation
with a small nonlinear hysteresis loop while the force-volume
and pressure-volume introduce a higher hysteresis nonlinear-
ity. The analytical models given by (1) to (12) reveal a qualita-
tively good agreement with the experimental data (Fig. 4c2).
This means that in the force mode control, the pressure can
be used as control input instead of fluid volume or plunger
displacement. In addition, the pressure information can be
used to provide a good prediction of the output force under
the absence of an onboard force sensor. This plays a vital
role in the development of SMM-based compact wearable
haptic devices and other applications where the use of bulky
components to provide the output feedback is avoided. The
hysteresis loops for the force-volume and pressure-volume
curves show a strong nonlinearity in both forward and back-
ward directions. A precise nonlinear dynamic model that can

capture these hysteresis effects is desired to provide a better
understanding of the developed SMM for both motion and
force mode operation.

3) PERFORMANCE CAPABILITY OF SMM
We also carry out experiments to examine the maximum
elongation of the SMMs so that they have appropriate spec-
ifications for our developed SSDs and other wearable haptic
and assistive systems. The experimental setup and size of
SMMare similar to that used in the elongation and force tests.
To determine the maximum elongation level, we first increase
the fluid volume from a miniature syringe to the SMM until
it fails. While the soft microtubule alone has high elongation
at its breaking point, the maximum elongation of the SMM
highly depends on the outer micro-coil (size of fibers and the
coil pitch). Our experimental results show that the flexible
silicone microtube has a high elongation at break of 750%
(Ecoflex-0030) while the constrained micro-coil only elon-
gate up to 200% (we performed 10 trials and the presented
result is mean value). However, we observe that most failures
originate from the sealer and connector at both ends of the
SMM. This can be explained by a weak interface between the
rigid components (fluid transmission tube) and soft materials
(silicone microtubule). To ensure that the failure does not
originate from these mechanical factors, a stronger adhesive
sealer at the connectors is highly desirable. We anticipate
that our SMM strain can reach the elongation limit of the
micro-coil until ballooning occurs in between the two ends
of the SMM due to the silicone microtube reaching its elastic
material limit under high applied stress and strain contingent
on the fact that the connectors and sealers are sufficiently
strong to maintain the contact. However, our developed SSDs
only require approximately 1 mm to move the tactor and
induce a desired SS sensation and therefore an elongation
of approximately 100% is sufficient. To determine the soft
muscle length used in our SSDs, experiments with trials and
errors were carried out before the fabrication of the SSDs.

We also investigated and validated the relationship
between the elongation and the corresponding maximum
force in real experiments and compare the obtained measured
data and our developed model given by (8). The comparison
result is given in Fig. 5. Here, we select an initial length of
around 45 mm plus 20 mm for each soft muscle to be used
in the SSDs as it can generate a sufficient tangential force
(around 1N as shown in the literature [38]) in order to induce
a shear force sensation to the human skin at the finger. The
result reveals that the actual data is close to the developed
model, but the maximum force obtained from the developed
model is slightly higher than that of the measured data. This
can be attributed to the loss caused by sliding friction and the
dissipative energy in the experiment that our models do not
take into consideration.

4) DURABILITY TEST
We also carried out experiments to evaluate the SMM dura-
bility over time in order to ensure that the performance of
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FIGURE 5. The relationship between the elongation and the maximum
force in the model and the actual experiment.

FIGURE 6. Durability test for both motion (upper panel) and force (lower
panel) of the SMM.

the SMM-based SSD is stable during its operation (Fig. 6).
A sinusoidal signal is applied for each test (elongation
and force) until the SMM reached a maximum elongation
of 40 mm and a maximum force of 1.2 N, respectively. The
performance of the soft actuator was consistent over the test-
ing period although there is an approximate 0.4% reduction
in the elongation and a 5% reduction in the axial force. This
reduction can be attributed to the stress relaxation of the inner
elastic tube, so we could conclude that this device can provide
a roughly similar skin-stretch effect on fingertip skin after
many cycles.

III. DESIGN, FABRICATION AND MODELLING OF THE
3-AXIS SKIN STRETCH DEVICES
A. WORKING PRINCIPLE OF THE SOFT 3-AXIS SKIN
STRETCH DEVICE
Most existing SSDs are rigid and therefore they are not able
to conform to the human skin to induce effective shear forces,

which prevent their use in many haptic applications. To over-
come these limitations, we have developed a new soft 3-axis
SSD where the shear forces (Fx , Fy) to the skin are controlled
by four SMMs. To deliver accurate SS sensation to the skin,
a normal force Fz in the z-axis driven by a soft adjustable
tactor is used. The new SMMs-driven 3-axis SSD consists of
four SMMs, a soft tactor, a wearable fabric housing, initial
pre-set elongation (iPSE) mechanisms and outer sheaths as
shown in Fig. 7. The technical specifications of our developed
device are given in TABLE 1.

FIGURE 7. SMMs-Driven 3-Axis Skin Stretch Device Integrated into
Flexible Fabrics with indication of applied force directions, adjustable
soft tactor with indicator, outer sheath and flexible fabric as interface.

To enhance the interaction between the device and the
wearers, SSDs will be integrated into a flexible fabric layer
that allows the devices to be worn like human clothing. The
sliding tactor is made from soft silicone elastomer (compos-
ite between Sylgard 184, Down Corning and Ecoflex 0030,
Smooth-On Inc.) to enhance the interaction force between
the SSDs and the user’s skin. The tactor, which is connected
to the four SMMs, can slide over the skin surface to induce
the skin stretch sensation. The relative position of the tactor
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with respect to the fabric housing is controlled by miniature
syringes remotely located far away from the working areas
via the four SMMs which are arranged in a cross shape
where the tactor head is used as a 4-way connector. At the
beginning of the assembly, each SMM is elongated to reach
a level of 50% of its maximum strain so that a balancing
force is maintained. To control the motion in the desired
direction, individual SMMs are controlled in pressurized,
depressurized or initial states, depending on the movement of
its associated syringe plunger. By controlling the pressures
applied to the muscles, we are able to control the tactor
position within the working space rw as well as normal force
to the skin by adjustable tactor head. For example, at the
center (position G, Fig. 8b), pressures P1 = P2 = P3 =
P4 = P0 and contraction forces generated by the SMM are
balanced

−→
FP1 =

−→
FP2 =

−→
FP3 =

−→
FP4, while at the position

H, the applied pressures to the SMMs P1 < P2, P3, P4 with
their contraction forces

−→
FP1 =

−→
FP2 +

−→
FP3 +

−→
FP4 (Fig. 8d).

At position I, Fig. 8c, P1, P4 < P2, P3, and therefore the
SMM forces are

−→
FP1 +

−→
FP4 =

−→
FP2 +

−→
FP3. Note that P0 is

the balanced pressure applied to the SMMs when the tactor
is located in the center of the working space with radius rw
and P1, P2, P3, P4 are the pressures insides the SMM 1, 2, 3,
4, respectively. FP1,FP2,FP3,FP4 are the contraction forces
produced by SMMs 1, 2, 3, 4, respectively.

FIGURE 8. Working principle of the 3-axis skin stretch device (SSD). a)
SSD on user’s fingertip with fabric layer; b) tactor head at the balanced
state; c, d) motion of the tactor controlled by the four SMMs; e)
calculation for the SMM length with respect to tactor location.

B. IPSE: INITIAL PRE-SET ELONGATION
One of the main advantages of our SSDs is the ability to
control the generated force or displacement threshold while
maintaining the muscle length at a fixed value via the use of
the initial pre-set elongation (iPSE). To create an efficient
and comfortable wearable SSD, the movement area of the
tactor head should be maximized while its size is minimized.
Several factors such as the contraction force from the SMMs

and the elongation of their associated opposite SMMs can
affect the tactor motion. To characterize the effect of iPSE
on the tactor displacement, we fabricate 1-axis SSDs which
consist of a tactor and two SMMs (Fig. 9).We perform twenty
experiments and each experiment is carried out with different
1-axis SSD at different iPSE values for each SMM but a fixed
nominal length for the device or (L01+L03) is maintained. The
working range of each SDD is defined by the total length of
the two SMMs (L01 + L03) which are connected via a tactor
(see Fig. 9). As an illustration, the displacement of the tactor
given in Fig. 9b (high iPSE) is greater than that of Fig. 9a (low
iPSE).

FIGURE 9. Evaluation for Initial Pre-Set Elongation. a, b) Different tactor
displacement of the 1-axis SSD with different initial elongation of the
SMMs; c) experimental result (tactor displacement versus iPSE) for the
maximum displacement of the tactor head attached into two soft muscles
for various iPSE values; d) experimental setup with two DC-motors-driven
1-axis SSD.

TABLE 1. Main features of soft microtubule muscles-driven 3-axis SSD.

For each experiment, we use a 5% increment of the elonga-
tion for the SMM. Tomeasure the tactor head position, we use
a laser displacement sensor (Model IL-100, Keyence, USA)
which is connected to a controller (QPIDe, Quanser, Canada).
Fig. 9c gives the experimental result for the maximum dis-
placements of the tactor headwhich corresponds to each iPSE
value. The result reveals that the optimal iPSE value for our
current design is 150% that will be used as an input value
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for our developed 3-axis SSDs. Beyond this value, the tactor
displacement is decreased which can be explained by the
limitation on the elastic strength of the siliconemicrotube and
the outer micro-coil elongation.

To implement the optimal iPSE into SSDs in practice,
we first elongate each SMM up to 50% of its optimal iPSE
value. This point is defined as an initial starting position for
the tactor or its balanced position. The control strategy to
move the tactor to the desired position and orientation is given
in Fig. 8. The skin stretch velocity is one of the main factors
for mechanoreceptor discharge rates [39]. Therefore, we also
examine the maximum speed of tactor head movement at
maximum iPSE value for SMMs (∼150% elongation). The
speeds are recorded using a Keyence displacement sensor.
We performed 10 trials with the highest velocity applied to
the DC motors-driven miniature syringes by withdrawing
the fluid in one SMM while adding the fluid into the other
SMM. Results show that the average speed is approximately
12.30 mm/s while the maximum speed is 20.14 mm/s.

It is noted that the SMMs used in real-time experiments
are buckled if the lengthened ones exceed a threshold beyond
their balanced position. To better describe this phenomenon,
we analyze the balanced force and applied pressure to the
tactor (see Fig. 9a) or FP1 + FP3 and adjust pressures P1 =
P3 = P0. Experimental data show that if the applied pressure
to SMM1 or SMM3 is increased to a value that is higher than
a threshold (P1 or P3 > P0), unexpected buckling occurs in
the depressurized muscle (SMM1 or SMM3). As the SMMs
are controlled by independent syringes while our SSD is
working in open-loop mode, it is challenging to control the
opposite SMMs to the desired position. In order to avoid
this unexpected buckling, we use a pressure threshold for
each actuated SMMs so that the DC motors can be controlled
within this threshold. The future work will implement closed-
loop control so that buckling is completely eliminated.

C. FABRICATION OF OUTER SHEATH AND IPSE
MECHANISM
To guide the SMMs within the fabric layers, outer sheath
mechanisms are needed. The sheath mechanism is a type of
hollow plastic coil springs that are made from the 0.5 mm
fishing line (Jarvis Walker, Australia). To fabricate the outer
sheath, we wrap the fishing line around a carbon fiber rod
(1.43 mm in outer diameter, CST, Composite Store Inc.,
CA, USA) using a hand drill machine as shown in Fig. 10.
To maintain the helical shape, we place the composite into an
oven at 130◦C for 2 hours. Next, we use a hollow carbon fiber
rod (inner diameter of 1.5 mm, CST, Composite Store Inc.,
CA, USA) to release the coil. Only uniform coils are chosen
for use in our wearable haptic device. To adjust the iPSE
value for the SMMs, we also develop an iPSEmechanism that
consists of an actuator holder and spacers. As the fishing coil
and SMMs are highly flexible, they can be easily integrated
into the fabric layers so that users do not have any discomfort
with rigid components.

FIGURE 10. Fabrication process for the outer sheath.

D. KINEMATIC MODEL OF THE SSD TACTOR
To characterize the SSD tactor, we introduce a kinematic
model that represents the relationship between the position
of tactor A (x, y) and the working length of each SMM
l1, l2, l3, l4 within the housing frame R as shown in Fig. 8e.
The tactor head only reaches the radius of rw < R due to

the constraint of this frame, the size of SMMs and the tactor
radius. The working length of each SMMwithin a radius R is
expressed by:

l1 =
√
y2 + (x + R)2

l2 =
√
x2 + (R− y)2

l3 =
√
y2 + (R− x)2

l4 =
√
x2 + (y+ R)2

⇒


l1 =
√
1+ 2Rx

l2 =
√
1− 2Ry

l3 =
√
1− 2Rx

l4 =
√
1+ 2Ry

(13)

where 1 = R2 + x2 + y2

The actual length of each SMM (Lmi), i = 1, 2, 3, 4 which
depends on the tactor position at A (x, y) is given by:

Lm1 = L0 − (R− l1)
Lm2 = L0 − (R− l2)
Lm3 = L0 − (R− l3)
Lm4 = L0 − (R− l4)

(14)

where L0 is the initial length of each SMM.
One unique design in our SSD is that each SMM slides

inside a hollow coil as a sheath embedded into flexible
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fabrics. This enables the SMM to be controlled by a remote
external hydraulic source through long, narrow and tortuous
paths, eliminating bulky on-board actuators and allowing the
compact design of a simpler and smaller haptic device for
the fingertip [40]. Although this configuration is inspired by
the tendon-sheath mechanism [41], our proposed approach
offers better performance in terms of energy efficiency due
to the smaller loss of nonlinear friction and hysteresis (See
Fig. 3 and Fig. 4). Our design does not limit the motion of
the wearer because the housing is made from flexible fabric
that is highly conformal and adaptable to the skin surface.
In addition, the developed device is compact and lightweight
and therefore it does not prevent relative movement of the
fingers during the operation. These features are challenging
to obtain by current haptic devices available in the literature.

FIGURE 11. Four SMMs-driven 2-axis SSD integrated into flexible fabric
layers.

E. SMMS-DRIVEN 2-AXIS SKIN STRETCH DEVICE
It has been shown that the skin stretch feedback is capable of
conveying position and spatial direction via a small tactor, just
a fewmillimeters in diameter [42].Whenwe lift an object, the
perception of the weight of the vessel is primarily mediated
by cutaneous afferents that sense the strain of the skin. The
motions and velocities required to impart skin stretch can be
slow, allowing the design of compact, low power and portable
devices. To meet the displacement requirement for cutaneous
haptic feedback, we further investigate the capability of the
SSD tactor for directional and positional cues. We fabricate
four SMMs-driven 2-axis SSDs with an optimal iPSE value
of 100% for the muscles (Fig. 11) where four DC micromo-
tors (model 3272G024CRwith encoder IE3-1024, Faulhaber,
Germany) connected to ball screw mechanisms (MISUMI,
Japan) are used to control the SMMs via BD Luer-LokTM 1-
mL syringes. Fluid pressure is monitored using pressure sen-
sors (40PC Series Sensor, Honeywell, USA). We perform
experiments with a maximum displacement of tactor within
its working area via the evaluation of its reachability for eight
different directions. Results given in Fig. 12 show that the tac-
tor head is able to reach a target position in desired directions.
It is noted that the tactor can reach a circle of 9 mmwithin the
working area of 10 mm in diameter. This demonstrates that
our SSD tactor can achieve 90% of the theoretical working
area.

We also evaluate the tracking capability of the developed
2-axis SSDs to follow desired circular trajectories with a
diameter of 1.6 and 3 mm in the x-y plane which is tangential
to the skin surface. In this experiment, four SMMs are simul-
taneously controlled by the four DC micromotors via syringe
systems in an open-loop mode which is based on the kine-
matic model given by (14). We used a camera (Logitech HD
ProWebcam C270) with 1280×720p resolution to record the
experiment. We developed a video processing code in Matlab
Simulink (MathWorks, Inc., USA) to track the tactor position.
Although the results given by Fig. 13 show that the SSD
tactor can follow the desired trajectory under the constraint
of the kinematic model, there still exists a tracking error that
prevents the tactor to precisely follow the desired trajectories.
Therefore, we recommend using a closed-loop controller with
advanced nonlinear hysteresis model and online adaptive
feedback [43] to track the desired trajectory perfectly. This
will be considered in our future work.

FIGURE 12. Various positions of the tactor head achieved by controlling
the extension of four SMMs. In the bottom right-hand corner of each
image, the pressurized muscles are shown in red and the depressurized
muscles are shown in blue. Scale bar: 5 mm.

F. SHEAR FORCE MEASUREMENT
We also measured the magnitude of the shear force induced
by the soft tactor in eight different directions. We use 100%
for the iPSE value in this experiment. A FUTEK loadcell
1 lb (FUTEK, USA) is used to monitor the force signal.
To generate the force to the tactor, we use similar control
architecture as that of Fig. 11. The maximum shear forces
in eight directions are shown in Fig. 14. The results show
that the shear forces along diagonals are higher than that of
the principal directions. This can be explained by the fact
that two adjacent muscles generate a higher force compared
to a single one. The shear forces in the opposing directions
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FIGURE 13. Tracking capability of the tactor in the 2-axis skin stretch
device with a tracking circle of 1.6 mm (left panel) and 3 mm (right panel)
in diameter.

FIGURE 14. The maximum shear force for SSD in eight directions.

are likely different because of intrinsic inconsistencies in
the fabrication process by hand. This unexpected factor can
be alleviated by using the iPSE mechanism with adjustable
spacers in order to make ensure the shear forces in the major
axes are roughly similar at the beginning.

G. 3-AXIS SSD WITH SOFT TACTOR
In our developed SSDs, the tactor plays a vital part to con-
nect the four SMMs and to induce stretch sensation to the
skin. Prior studies have shown that the human perception of
shear force is proportional to the magnitude of the normal
force applied [38]. To deliver accurate haptic stimuli to the
skin, it is essential to control the mechanical contact state
which is especially challenging for current SSDs. Adhesion
of the tactor with the skin will thus be achieved via a soft
silicone surface. In order to control the normal force Fz in
the z-axis, an adjustable mechanism is used. The soft tactor
consists of a soft silicone layer at the bottom connected to
the tactor head via a micro bolt. The adjustable tactor can
control the strength of contact friction forces, enabling a wide

range of haptic stimuli. With this new design, our SSD is
able to impart a directional shear force that can displace,
deform and stretch the skin, depending on the application
such as textual communication, directional cues for motion
guidance and 3D force feedback display. To connect one end
of the four SMMs to the tactor base, we use an adhesive
glue (LOCTITE R©, USA) while the other end is connected to
a commercial fluid microtube (Cole-Parmer, USA). The 3D
printed base is designed in a way that aligns the four force
vectors from the SMM in the x-y plane. The soft tactor head
which is made of ReoFlex 30 urethane rubber (Smooth-On,
Inc., USA) provides high friction to improve the effect of skin
stretch. The adjustable mechanism is a 3D printed bolt that
can travel along the z-axis via a threaded hole in the tactor
base. To achieve the desired contact force, users just simply
adjust the bolt via its head. This mechanism also possesses an
indicator that has a linear relation with the contact force via
an adjustable angle of the bolt.

FIGURE 15. Soft 3-axis skin stretch device with soft tactor. (Upper panel)
adjustable soft tactor integrated into 3-axis SSD and flexible fabric,
(Lower panel) finger worn soft 3-axis SSD with fabric housing.

The developed soft 3-axis SSD and soft tactor are also
integrated into the user’s finger via a hand-worn device with
fabric layers. First, we used sewing threads to adhere to the
SSD into fabric layers (Fig. 11, Fig. 15). To obtain a wearable
finger device, we patterned another fabric layer in the form
of a finger-like shape using a laser cutting machine and then
inserted the obtained SSD composite into this fabric finger
shape before reversing inside out to have the final device
(Fig. 15). The skin-stretch effect of the tactor in each direction
was also tested on the fingertip. Experimental results show
that the tactor can move more than 1 mm when it is in
contact with the users’ skin. In addition, users reported that
they did not feel any discomfort when wearing the device for
30minutes. The initial results demonstrate that our soft 3-axis
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SSD can be used to effectively induce SS sensation to the
fingers.

IV. DISCUSSION, CONCLUSION AND FUTURE WORK
In this work, we introduced new SMMs, conformal and
hand worn hydraulic SSDs that can produce three directional
forces to the skin. We designed, fabricated and validated a
new generation of hydraulic SMMs that are soft, small and
compliant. The developed SMMs can adapt to any geometric
complexity of the skin surface while maintaining a high
force and motion at any length and scale. The novel SMMs
can convey desired force and motion from a far distance
through flexible fluid transmission tubes, which offer users
hands-free from onboard and rigid mechanical components.
We also characterized the muscle performances and analyzed
the measured data via experiments, including the elongation,
force and durability tests under various working conditions.
Analytical models for the SMMs were also developed, evalu-
ated and compared with the real-time measured data. Thanks
to the combination of a flexible silicone microtube and a
hollow micro-coil, the SMM can induce a contraction force
up to 1.8 N at an elongation of 100% its original length. The
experimental results also showed a good agreement between
our proposed model and measured data in both force and
elongation mode under various applied fluid pressures. With
a small hysteresis loop, we anticipate that our developed
SMMs offer precise motion in the future with the feedfor-
ward or feedback control. In addition, the experimental data
from durability tests confirmed that the SMM performance
is stable during the operation. It is noted that our developed
SMM provides a stronger force compared to other soft pneu-
matic and hydraulic actuator with the same size. The main
difference is that the generated force from SMMcomprises of
both storage elastic energy (STE) from the inner soft silicone
microtubule and the restoring force from the micro-coil while
existing soft actuators solely rely on STE. We used four inde-
pendent SMMs to control the motion and force of the SSD
tactor in x-y axes while the normal force in the z-axis is driven
by an adjustable soft tactor. Because the developed SSDs
were fully integrated into textile layers, they allow sufficient
flexibility to highly conform to the complex geometry of the
skin surface, similar human clothing (see Fig. 11 and Fig. 15).
We also optimized the design of SSDs to maximize the tactor
displacement, movement speed and force magnitude.

An iPSE mechanism for the SMMs was also introduced
to adjust the threshold of generated shear force and tactor
displacement for a wide range of haptic applications. We fab-
ricated an adjustable soft tactor that can deliver accurate
haptic stimuli to the skin via a silicone surface. The soft
tactor enables an effective interaction between the SSDs and
the user’s skin. The magnitude of the normal force in the z-
direction is fully controlled by an adjustable mechanism with
an indicator that allows a convenient use for the wearers.
A kinematic model that shows the relationship between the
tactor position and the working length of each SMMwas also
introduced and validated. The tactor motion was monitored

by an optical camera using image processing techniques.
Results showed that the SSDs can effectively induce desired
shear forces to lateral surfaces, similar to that of fingertip
skin. In addition, the SSD tactor could follow different cir-
cular trajectories tangential to the skin surface with different
working space diameter (1.6 and 3 mm in the x-y plane) using
an open-loop controller.

Although the developed SMMs and SSDs offer many
advantages over the current approaches [44], [45], several
drawbacks still exist. First, our SMMs currently only oper-
ate in open-loop control with no motion or force feedback.
Second, the use of a manually adjustable tactor to control the
normal force for the SSD introduces discomfort to the user,
especially in real wearable applications. Third, the developed
linear analytical models are not able to capture the nonlinear
hysteresis in the SMM system and therefore precise model-
based control is limited. To this end, our future work will
replace the adjustable soft tactor by developing a fluid-driven
soft inflatable actuator. The new soft actuator will provide
high flexibility to control the normal force to adapt to a wide
range of haptic applications. To provide the position feed-
back, we will integrate a miniature and soft conductive sensor
into the SMM surface that can change its resistance under
the applied strain. We will also develop a nonlinear hysteresis
model and a closed-loop controller for the SMMs in order to
enhance the tracking performance for the devices. The control
approach will include feedforward and/or nonlinear adaptive
scheme-based control algorithms as our previous works on
tendon-sheath mechanisms [46]–[49]. As the main scope of
this paper is on the design, fabrication, characterization of a
new soft muscle and 3-axis SSD, users’ evaluations have not
been carried out yet. Therefore, wewill also involve user stud-
ies in future work to validate the proposed approach. In addi-
tion, we also plan to implement the developed SSDs in
various haptic applications such as haptic motion guidance,
navigational assistance for the visually impaired or older
people, tactile textual language, 3D force feedback dis-
play for use in prosthesis and virtual and augmented
reality.
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