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Abstract

Over the years, there has been increased research interest in the application of
Nitinol as an actuator, due to its shape memory behaviour, simplicity, high
power-to-weight ratio, compactness, and extreme high fatigue resistance to
cyclic motion, and noiseless operation. Nitinol has found application in tac-
tile displays which reproduce tactile parameters such as texture and shape,
depending on the application. This paper presents the effects of thermal in-
terference between adjacent Nitinol spring actuators in a tactile display. The
tactile display is made of a 3 by 3 pin array whose spatial resolution was va-
ried from 4 mm to 6 mm in steps of 1 mm while a current of 1.5 A was used
to actuate 8 of the springs, and the centre spring was left unactivated to ob-
serve the thermal effects on it due to the heat gradient formed. A Finite Ele-
ment (FE) model was developed using COMSOL Multiphysics and the results
were further verified through experimentation. In both cases, there was visi-
ble thermal interference between actuators. The increase in spatial resolution
saw a decrease in thermal interference by 12.7%. Using a fan to introduce
forced convection, reduced the thermal interference in the simulation by 20%
and during experimentation by 11%. The results of this research indicate a
spatial resolution of 6 mm reduced the thermal inference to a negligible rate.
However, thermal interference could not be eliminated with these two me-
thods.
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1. Introduction

Rapid development in the field of virtual reality (VR) and associated technolo-
gies has recently sprouted considerable research interest in tactile displays [1].
Tactile sensation is one of the principal sensory functions in the human body,
specifically, the information received corresponding to varying vibrations and
pressure against the skin [2]. A tactile display is an intelligent device that can
mimic several physical modalities depending on the application, such as texture,
temperature, shape, position and motion [3]. Compact tactile display devices
have been suggested for use as an interface in minimal inverse surgery, remote
real-time surgery systems [4], virtual environment (VE) applications, aerospace
systems, braille devices for the blind, as tactile communication in mobile envi-
ronments, and as a substitution/complement of the visual presentation of infor-
mation [5].

Several innovative materials already in use in other fields and products have
been re-designed for tactile display actuation such as: electromagnetic linear ac-
tuators [6], piezo elements [7], rheological materials [8] and shape memory alloy
(SMA) materials [9]. Shape Memory Alloys (SMAs) are exceptional smart mate-
rials with properties of pseudoelasticity (PE) and shape memory effect (SME)
due to their thermomechanical characteristics and phase transformations [10].
SMAss fulfil several important characteristics; in particular, they are lightweight,
have a high energy density, reduced power to weight ratio [11], and extremely
high fatigue resistance to cyclic motion, compactness [12] and noiseless opera-
tion [1]. SMAs have found applications as sensors and actuators in several in-
dustries including aerospace, biomedicine [13], and robotics. A variety of SMAs
are available in the market though the most used is a nickel-titanium alloy best
known as Nitinol (NiTi). Nitinol elements with a desirable shape are fabricated
from elementary products such as bars, ribbons, wires and sheets into products
such as hooks, springs, and washers.

A tactile display is made up of several tactile elements or taxels. The number
of taxels is highly dependent on the application and desired size of the display.
The distance between each taxel is determined by the two-point discrimination
threshold (TPDT), in human fingertips, which is 1.5 - 3 mm, thus for most tac-
tile displays this is the minimum taxel separation [14]. NiTi is favoured as an
actuator for a tactile display due to its relatively large displacement and high ac-
tuating force in space-constrained applications; this is in comparison to other
actuators of a similar size [2]. The SME phenomena in NiTi are influenced by
the fabrication process, a combination of annealing at a specific temperature,
cold work and post-heat treatment, comprehensively determining its characte-
ristics. In this work, NiTi helical springs were utilized as taxel actuators. NiTi
helical springs are monolithic SMA actuators that can be used to mimic antago-
nistic motion using applied stress or temperature-induced phase transformation
that results in stretching/contraction motion. During phase transformation, the

NiTi material changes its phase state from twinned martensite to austentite [15],
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while developing a corresponding SME-driven motion.

A tactile sensor measures the parameter value of interest [16] and sends a sig-
nal to the system controller which converts it to a signal passed to the tactile dis-
play through the NiTi driving circuit, which sends a current equivalent to the
desired actuation to the NiTi springs. This current causes resistive heating in the
NiTi spring actuators that in turn causes the phase transformation resulting in
the driving motion. Depending on the information displayed, several taxel actu-
ators will be simultaneously actuated at varying intervals. Each taxel actuator
will increase in temperature and some of that heat will be lost to the surrounding
environment. The thermal effect of the radiated heat on adjacent taxel actuators
may cause some distortion to the displayed information. Though there has been
increased research on the use of NiTi as an actuator, the focus has been placed
on finding the best method of control due to its non-linear behaviour [3] [17]
[18]. The thermal effects on adjacent taxel actuators when NiTi is used have not
been researched much. A few researchers have glimpsed the evidence of thermal
interference between adjacent NiTi actuators but there has not been an investi-
gation into the effects as the researchers were focusing on the control element
[2] [19] [20]. Thus, the focus of this paper shall be solemnly on investigating the
effects of the thermal radiation between adjacent NiTi taxel actuators in a Tactile

Display. A 3 x 3 tactile display is utilized for this investigation.

2. Materials and Methods
2.1. Tactile Display Design

The tactile display device is designed using the concept introduced by Mansour
[21]. It is a 3 x 3 taxel matrix designed to present both shape and stiffness in-
formation. Considering the TPDT and the mean coil diameter of the springs
used being 3.45 mm; the spatial resolution was varied from 4 mm to 6 mm in
steps of 1 mm. Figure 1 is a CAD MODEL of the tactile display, while Figure 2
shows the structure of the taxel. Each taxel unit utilizes two decoupled NiTi
springs; the upper springs are responsible for displaying the object’s shape by
change in their vertical displacement, known as the elongation springs (ES). The
lower springs are responsible for displaying object stiffness by changing the rate
of compressive force applied against the taxel and they are known as the stiffness
springs (SS). The ES and SS are in series on a single taxel so that the user can
simultaneously feel the resultant change in object shape and stiffness. The beha-
viour of the springs is dependent on their change in phase when heating occurs
due to the eddy current formed when a current is applied. In this research focus
was placed on the ES. The displacement of the ES occurs due to the application
of an electrical current that induces a temperature increase that causes the
change of phase and allows for a maximum stroke of 10 mm. Though precision
control of the extent of the stroke is possible, this research only considered the
spring in full stroke position and when unactivated; thus, it only applied an

on/off control mechanism. The ES follows the principle of the two-way shape
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Figure 2. (a) Tactile pin structure; (b) Cross-
sectional view of the tactile pin.

memory effect [22] to present object shape by displacing the taxel to a certain
height depending on the amount of austenite phase transformation and retain-
ing its shape when cooled back to the martensite state. The taxel is prevented
from moving beyond the prescribed range by the spring cap when it has contact
with the upper plate. The top and bottom collar help keep the pin from wam-
bling during it’s displacement. The top collar is held into place by the medial
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plates, while the bottom collar is held in place by the lower plate. The tactile dis-
play structure is held together by 4 bolts going through each plate and the bolt
holders act as a means of keeping the desired spacing in between the plates. The
bolt holders were also used to fasten the cooling fans on to the structure. A sin-
gle cooling fan was fastened on the bolt holders in between the medial and upper
plate. The total height of the tactile display structure is 10 cm, while the plates
have a length and width of 50 mm each and a 5 mm thickness. The height be-

tween the medial and upper plate was 30 mm.

2.2. System Design

A summarized description of the system architecture is included in this paper,
since the full control design description is outside of the scope of this paper.
Figure 3 shows the layout of the system. An open loop system was used for ac-
tuating the NiTi springs. A 3 x 3 tactile array was fabricated utilizing a combina-
tion of 3D printing and laser cutting. Perspex was used as the upper plate of the
tactile structure to allow for thermal imaging of the NiTi actuators. The thermal
imaging camera used was the Seek Thermal Compact imaging camera, with a
206 x 156 thermal sensor and a 36° field of range focusable camera was used to
evaluate the thermal interference instead of attaching thermocouples to the NiTi
springs to reduce the strain exerted on them. A LabVIEW program was used to
send the control signal and receive sensor feedback through an Arduino board.
The SMA driving circuit received signals from the Arduino board to actuate the
springs and the INA219 current sensors were used to evaluate that the sent sig-
nal is equivalent to the value received by the springs. A 5 Volt electronics cooling
fan with a speed of 8000 rpm and an induced airflow of 2 cfm was used to pro-
duce the forced convection environment. A power supply with a rating of 30
VDC and 15A was used.

LabView

4 Power
. supply
L1 SMA Driving Thermal
+ Circuit Imaging
- Camera

—» Current
Sensor

Arduino
Mega 2560

Figure 3. System setup.
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3. NiTi SMA Thermal Dynamics

A NiTi SMA actuator is heated by applying an electric current across it through
a process of resistive (joule) heating [23] [24]. The movement of the NiTi actua-
tor is highly dependent on its temperature, an increase in temperature results in
an equivalent increase in the material’s young’s modulus. Thus with increased
temperature, the force exerted by a NiTi element increases dramatically [25].
Consequently, to determine the dynamic response of the actuator the transfor-
mation temperatures have to be known. In this work, NiTi SMA springs known
by the trade name Flexinol which are manufactured by Dynalloy Inc. were used.
The Flexinol parameters used for both finite element analysis (FEA) and the ex-
periments were taken from the manufacturer technical data sheets [26] and lite-
rature [27] [28] are as shown in Table 1.

The thermal equilibrium is such that the stored energy of the system is equiv-
alent to the rate of heat transfer. Thermal energy is introduced into the system
through joule heating and lost through natural convection. The system’s stored
energy comprises latent heat and internal energy. This can be represented ma-
thematically by [9] [29]:

dTr d
pv| ¢, == N el I ~hS(T-T,) (1)
dt J joule heating natural convection
internal energy latent heat

Table 1. Flexinol parameters.

Parameters Phase Value Unit
Transformation Martensite (Mg M) 68,78 °C
Temperatures Austenite (As As) 88,98
Thermal Conductivity =~ Martensite 8 W/(m °C)
(&) Austenite 18
Coefficient of thermal = Martensite 6.6 x10°° 1/°C
expansion (a) Austenite 11x10°°
Specific Heat (&) 840 J/(kg °C)
Density (p) 6450 kg/m?

Martensite 80 x 107® Qm
Electrical Resistivity

Austenite 100 x 107®
Resistivity temperature ~ Martensite 1.94 x 107 1/°C
coefficient Austenite 5.07 x 107

Martensite (Eum) 28 - 41 GPa
Young’s Modulus (E)

Austenite (E4) 75 - 83
Resistance 50 Q
Emissivity 0.4
Poison’s Ratio 0.33
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where p is the density of the NiTi, Vis the volume of the material, G, is the
specific heat capacity of NiTi spring material, AH is the latent heat of phase
transformation, R is the electrical resistance of the wire, 7 is the heating current

supplied by the source, 4 is the heat-transfer coefficient for the system, Sis the
d

exposed surface area of the NiTi, d—f is the phase transformation term and T,

is the ambient temperature.

If a resistive current is applied to the NiTi spring and it reaches a steady state
temperature at the austenitic finish phase, with a small distance between adja-
cent taxels, the taxels’ thermal state is influenced by the heat gradient. A
two-dimensional (2D) heat transfer problem occurs within the tactile array that
can be described mathematically by utilizing Fourier’s steady state heat flow rate
as [20]:

O(t) = kSVT )

where Q is the flow rate of the heat convection away from the NiTi spring actu-
ator, k is the atmospheric thermal conductivity (£ =0.025 W/m-K ), and VT
is the temperature gradient at the area of interest. An assumption that Qis con-
sistent within the SMA area Sis made [20].

4. Simulation and Experimental Results

The 3 x 3 NiTi spring array was simulated in COMSOL Multiphysics software to
analyze the heat transfer dynamics between the adjacent springs. The distance of
separation was varied from 4 - 6 mm in step intervals of 1 mm. The distance of
separation was determined by factoring in the two-point discrimination thre-
shold which is between 1.5 - 3 mm for spatial acuity in fingertips [30]. The
springs used for the simulation and experiments had a wire diameter of 0.8 mm,
a mean diameter of 3.45 mm and 10 number of turns. The rated current of 1.5 A
was passed through 8 springs fully actuating them and reaching temperatures
above austenite finish temperature, while 1 spring in the central position was left
without any current passing through it, to visualize the impact of the tempera-
ture gradient formed by the heat from the actuated springs on the unactuated
spring [19]. The simulation utilized the material parameters listed in Table 1,
and it was set such that the springs are simulated in an environment such is that
of a laboratory with a room temperature of 20°C and normal air pressure. The
simulation geometry only included the upper plate, the medial plate and the
elongation springs between them. The change in temperature was measured on
the surface of the springs. The simulation is conducted for the varying spatial
resolution within a normal convection environment and forced convection from
a simulated fan. The fan was set up to mimic the parameters of a fan used in
small electronic devices with 8000 rpm and airflow of 2 cfm. The varying from
normal to forced convection helped reduce the thermal interference between the
adjacent springs. A graph of temperature against time was plotted for all 9

springs. Similar spatial resolution and current utilized in the simulation model
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were used in the experiments to validate the results.

Figures 4-6 show graphs of the simulation at a spatial resolution of 4, 5 and 6

mm respectively. Figure 4(a) shows the spring’s temperature rise under normal

convection. The 8 actuated springs rise to a temperature of 105°C and the tem-

perature of the unactuated spring rises to 52°C. Figure 4(b) shows the spring’s

temperature rise under forced convection. The 8 actuated springs rise to a tem-

perature of 105°C and the temperature of the unactuated spring temperature

rises to 42°C. There is a 20% drop in temperature rise for the unactuated spring

within a forced convection environment.

Figure 5 shows graphs of the simulation at a spatial resolution of 5 mm. Fig-

ure 5(a) shows the temperature of the unactuated spring rises to 45°C under

normal convection, which is 10% less than at a spatial resolution of 4 mm. Fig-

ure 5(b) shows the temperature of the unactuated spring rises to 35°C under

forced convection. There is a 22% drop in the temperature rise of the unactuated

105 ([ - Actuated Spring 1 i
100 | « Actuated Spring 2 ol
0 951 . Actuated Spring 3 P
I3 gg || Actuated Spring 4 o
3 g0 ||+ Unactuated Spring o *
o 75| Actuated Spring 5 i
g 70| = Actuated Spring 6 " *+0
% 65 | » Actuated Spring 7 — ...
O 60} « Actuated Spring 8 *
9 55 & Pl
2 50¢ _‘ s
S 45¢ T .
“E’ 40 o
35¢ e -
k30 .
25+
20— I : 5 ; :
0 1 2 3 4 5
Time (s)
(a) under normal convection
105 [ » Actuated Spring 1 )
100 || « Actuated Spring 2 o £
0 gg | = Actuated Spring 3 T
=2 Actuated Spring 4 *°
o 85+ g at
© 8ot~ Unactuated Spring .
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(b) under forced convection
Figure 4. Increase in temperature for springs with a 4 mm spatial resolution.
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Figure 5. Increase in temperature for springs with a 5 mm spatial resolution.

spring within a forced convection environment.

Figure 6 shows graphs of the simulation at a spatial resolution of 6 mm. Fig-
ure 5(a) shows the temperature of the unactuated spring rises to 40°C under
normal convection, which is 20% less than at a spatial resolution of 4 mm and
11% less than at a spatial resolution of 5 mm. Figure 5(b) shows the spring’s
temperature rise under forced convection. The temperature of the unactuated
spring rises to 31°C. There is a 25% drop in the temperature rise of the unac-
tuated spring within a forced convection environment.

Figure 7 shows the rise in temperature of the unactuated spring at the differ-
ent spatial resolutions of 4, 5 and 6 mm. Figure 7(a) shows the spring under
normal convection conditions, where the temperature rise reduces by 24% from
52°C at a spatial resolution of 4 mm to 40°C at a spatial resolution of 6 mm.
Figure 7(b) shows the spring under forced convection, where the temperature

rise reduces by 26% from 42°C at a spatial resolution of 4 mm to 31°C at a spatial
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Figure 6. Increase in temperature for springs with a 6 mm spatial resolution.

resolution of 6 mm. Thus, the simulation results indicate that increasing the spa-

tial resolution reduces the thermal interference as shown in both graphs. Fur-

thermore, the rise in temperature of the spring is reduced by 20% under forced

convection conditions in comparison to the normal convection conditions.

Figures 8-10 show thermal images of the heat maps taken of the springs dur-

ing experimentation at a spatial resolution of 4, 5 and 6 mm respectively. The

images were taken from a vertical view directly through the transparent upper

plate of the tactile display structure with the thermal imaging camera, while the

spot temperature option was selected so as to attain the temperature in the re-

gion of the unactuated spring and display the temperature on the screen. The

thermal maps also covered the temperature of all the other springs from the top

view, though the spot indicator was directed at the central unactuated spring.

The heat radiated between the springs made it impossible to visualize the location

DOI: 10.4236/wjet.2023.111010

145 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2023.111010

K. Sekerere et al.

526 mm spatial resolution
50(| .5 mm spatial resolution °
48/ . 4 mm spatial resolution °

Temperature (Degrees Celcius)
w
~

0 1 2 3 4 5
Time (s)
(a) under normal convection

42116 mm spatial resolution -
40| © 5 mm spatial resolution °
3g8lL° 4 mm spatial resolution

32} =

28| . .
26} : o

24| : - .

22+ —

20L e o °

Temperature (Degrees Celcius)
w
o

Time (s)
(b) under forced convection

Figure 7. Increase in temperature of the unactuated springs.

of the other springs on the thermal map. Figure 8(a) shows the spring’s temper-
ature rise under normal convection. The 8 actuated springs rise to a temperature
of about 99°C and the temperature of the unactuated spring rises to 63°C. Fig-
ure 8(b) shows the rise in temperature of the springs under forced convection.
The temperature of the unactuated spring rises to 55°C. There is a 12.7% drop in
the temperature rise of the unactuated spring within a forced convection envi-
ronment.

Figure 9 shows the experimental results at a spatial resolution of 5 mm. Fig-
ure 9(a) shows the spring’s temperature rise under normal convection. The
temperature of the unactuated spring rises to 57°C, which is 9.5% less than at a
spatial resolution of 4 mm. Figure 9(b) shows the rise in temperature of the
springs under forced convection. The temperature of the unactuated spring rises

to 50°C. There is an 8.7% drop in the temperature rise of the unactuated spring
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(a) under normal convection (b) under forced convection

Figure 8. Increase in temperature for springs with a 4 mm spatial resolution.

1

(a) under normal convection (b) under forced convection

Figure 9. Increase in temperature for springs with a 5 mm spatial resolution.

in a forced convection environment.

Figure 10 shows the experimental results at a spatial resolution of 6 mm. Fig-
ure 10(a) shows the spring’s temperature rise under normal convection. The
temperature of the unactuated spring rises to 55°C, which is 12.7% less than at a
spatial resolution of 4 mm. Figure 10(b) shows the rise in temperature of the
springs under forced convection. The temperature of the unactuated spring rises
to 49°C. There is an 11% drop in the temperature rise of the unactuated spring

within a forced convection environment.
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(a) under normal convection (b) under forced convection

Figure 10. Increase in temperature for springs with a 6 mm spatial resolution.

The experimental results also confirm what had been noted from the simula-
tion results, that there was definite thermal interference between adjacent nitinol
springs in the tactile array. Increasing the spatial resolution under normal con-
vection reduced the thermal interference, though there is a 20% further reduc-
tion under forced convection. There was not much deviation in the temperature
of the actuated springs in the results because the heat gradient was at a maxi-
mum and the influence that the heat gradient had on the actuated springs was at
a minimum due to their already high-temperature [19]. The results indicate that
during the experiment at a spatial resolution of 6 mm under forced convection
there was an 11% drop in the temperature rise of the unactuated spring when
compared to when the spatial resolution was 4 mm. These results collaborate
with the observations by Velaquez et al. [20], that without any cooling in a finite
period the nitinol actuators would all reach a similar temperature. The simula-
tion and experimental results indicated this happened within 30 - 60 secs. Figure
11 shows the simulation and experimental temperature of the unactuated spring
after 5 secs at a spatial resolution of 4, 5 and 6 mm. Figure 11(a) shows the
spring temperature under natural convection, while Figure 11(b) shows the
spring under forced convection. There was an average difference in the values of
the simulation and experimental results of 26%. This difference can be attributed
to the fact that the simulation utilized ideal conditions and the temperature was
measured directly on the springs, whereas the experimental data was taken in a
lab where the environmental conditions varied slightly with time and a thermal
imaging camera was used which just highlights the external temperature on the
surface of the springs. However, the experimental and simulation results indicate
interference between adjacent nitinol springs within the tactile array. The use of

forced convection did help reduce the extent of the thermal interference by 20%
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Figure 11. Increase in temperature of the unactuated springs.

following the simulation results and by 12% according to the experimental re-
sults. The spatial resolution recommended in this research was 6 mm as it re-
duced the thermal interference as shown by both the experimental and simula-
tion results. However, increasing the spatial resolution did affect the overall dis-
play resolution. Thus, the displayed image might have to be displayed at a scale,
while the number of taxels should be increased in proportion to the variation in

the spatial resolution.

5. Conclusions

This paper has presented the effects of thermal interference between nitinol ac-

tuators within normal convection and forced convection conditions at varying
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spatial resolutions. A tactile display with 9 taxels actuated by NiTi springs was
designed and utilized for experimentation and a model was created to simulate
the thermal behaviour of the NiTi springs. The simulation and experiments were
conducted by actuating 8 of the NiTi spring actuators with a current of 1.5 A,
while the central spring was left unactuated and the effects of the thermal gra-
dient on the unactuated spring were observed.

The simulation and experiments were repeated while the spatial resolution for
the tactile array was varied from 4 - 6 mm in steps of 1 mm. A thermal imaging
camera was used to take thermal maps of the behaviour of the springs and the
results compared to the simulation results.

It was observed that both an increase in the spatial resolution and utilizing the
actuators under forced convection reduced the thermal interference between ad-
jacent NiTi actuators. It has been recommended that the actuators be utilized
under forced convection conditions as this reduces the thermal interference by
20%. A spatial resolution of 6 mm has been recommended when utilizing a
spring with a coil diameter of 3.45 mm as it further reduces thermal interference
between the actuators by an average of 11%. Utilizing forced convection and a
spatial resolution calculated in proposition to the size of the spring limits the ef-
fects of thermal interference between the NiTi springs such that the disturbance
will be negligible for the desired shape and stiffness display outcome.

Future work will evaluate other cooling methods and develop a control me-
thod that accounts for the thermal interference between the nitinol actuators.
Furthermore, future work will investigate the effects of the nitinol actuator size

and the tactile display array size on the thermal interference.
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