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ABSTRACT

The objective of this paper is to show a designing process for actuators that utilizes shape-memory materials. Ana-
Iytical studies are carried out to design a dot actuator to be used in an electronic Braille display. Shape-memory
materials are a relatively new group of smart materials that exhibit the transformation of their internal structures in
solid state phases resulting from external mechanical or thermal excitation. This unique property shows up as three
phenomena: one- and two-way memory effects as well as superelasticity, which all significantly influence the change
of both the material properties and geometry. Hence, shape-memory materials are used as actuators effectively con-
trolled by the above-mentioned types of excitation.

The work presents the design guidelines for a proposed technical solution as well as the phenomenon utilized in
the elaborated model of the actuator. The authors derived the mathematical descriptions for the proposed design
configuration and an example of the calculations is shown. Moreover, the characteristics of the elaborated configu-
ration are also discussed, taking into account the range of application areas.
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MATERIALY Z PAMIECIA KSZTALTU JAKO CZEONY WYKONAWCZE
W SIEOWNIKU BRAILLE’A

W artykule przedstawiono proces projektowania sitownikéw zbudowanych z materialow z pamieciq ksztaltu z zastoso-
waniem metod analitycznych na przykladzie cztonu wykonawczego punktu Braille’a stosowanego w elektronicznych
wyswietlaczach alfabetu Braille’a. Materialy z pamieciq ksztaltu sq stosunkowo nowq grupq materialow inteligentnych,
ktore charakteryzujq sie przebudowq struktury wewnetrznej w fazach stalych na skutek zewnetrznego wymuszenia
mechanicznego Iub termicznego. Ta szczegolna wlasnosé widoczna jest w trzech zjawiskach: jednokierunkowego oraz
dwukierunkowego efektu pamieci ksztaltu oraz supersprezystosci, ktore istotnie wplywajq na zmiane wartosci parame-
trow materialowych oraz geometrie. W efekcie materialy z pamieciq ksztattu znajdujq zastosowanie jako napedy
w czlonach wykonawczych, w ktorych skok sitownika jest funkcjq jednego z wyzej wymienionych wymuszen.

W artykule przedstawiono zafozenia projektowe zaproponowanego rozwiqzania technicznego oraz omowiono zja-
wisko wykorzystywane w opracowanym modelu. Autorzy wyprowadzili odpowiednie zaleznosci ilosciowe dla przyjetej
konfiguracji sifownika, ktorych uzycie zaprezentowano na przykiadzie obliczeniowym. Poddano dyskusji charaktery-
styki zaproponowanej konfiguracji projektowej, z uwzglednieniem obszaru jej zastosowania.

Stowa kluczowe: materialy z pamieciq ksztattu, materialy inteligentne, czton napedowy, wyswietlacz alfabetu Braille’a,
konfiguracje projektowe, metody analityczne

1. INTRODUCTION been confirmed by numerous projects, with an outstand-

ing example being the Prodromus 2014 (an automatized

Many projects that are not accomplished in industry due
to their high failure risk are fulfilled in research, which by
definition aims to foster knowledge and innovation.
Among these projects, a special place is taken by the is-
sues connected with overcoming the barriers experienced
by disabled people, where implementation of the newly
acquired knowledge can bring specified benefits. The ad-
vantages of this approach are clearly visible and appreci-
ated, which is also reflected in the popularization activi-
ties of universities or public institutions and foundations.
They organize competitions and conferences that aim
to encourage academics to deal with research topics and
activities that could help disabled people overcome their
barriers. The efficiency of the undertaken activities has

gait trainer). Also, international cooperation should be
mentioned as in the case of Fundacja Instytut Rozwoju
Regionalnego (the Polish Foundation Institute for Re-
gional Development) supporting companies and universi-
ties from four EU countries by carrying out tablet proto-
type tests for blind people, BlindPAD 2014.

This paper is devoted to the design of an electronic
Braille display with the application of intelligent materials
(Yusaku et al. 2007, Anshul et al. 2013, Dhambarage et al.
2014). The authors make an attempt at designing the de-
vice by using shape-memory alloys (SMA). Because of the
specific project requirements, which demand minimizing
the dimensions of a device while maintaining a constant
stroke of the actuator (Runyan 2014), the work is focused
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on the configurations of two oppositely operating coil
springs. Four mathematical models of Braille actuators
have already been defined, having considered different
numbers of applied SMA springs and taking advantage
of the characteristic phenomena observed for this group
of alloys. The work focuses on a detailed description
of the chosen aspects of the above-mentioned project,
which leads to the specific mathematical model of
a Braille actuator. The elaborated model was subjected to
prototype experiments.

Section 2 of the paper describes the phenomena ob-
served for SMA that were applied in the proposed solu-
tions. Section 3 describes the formulas that defined
the operation of the structure. An application example of
the formulated approach is provided in Section 4. A dis-
cussion and concluding remarks are presented at the end,
in Sections 5 and 6.

2. SHAPE-MEMORY ALLOYS

The characteristic ability of SMAs is related to the removal
of residual deformations in solid phases by re-organizing
the atoms in their crystal lattice. In the case of metal
alloys (which are included in this group of intelligent
materials), the process is usually thermally activated. This
is known as martensitic transformation, and it causes
the three characteristic phenomena taking place in the
material structure, which are as follows (Teh 2008, Kucz-
ma 2010):

— one-way memory effect,
— two-way memory effect,
— superelasticity.

2.1. Martensitic transformation

Martensitic transformation (MT) is characterized by
changes in a material’s structure from martensite to aus-
tenite in the case of heating, or from austenite to marten-
site when cooling. The beginning and end of the process
are determined by the transformation temperatures,
which can be modified by changing the composition of the
alloy. Figure 1 presents an example of the percentage
characteristic of the austenite contribution in an alloy,
depending on temperature. The curve is approximated by
the following function (Jianzuo et al. 2013):

L+sin(¢(T-T,,)) L00% W
2

Apercent =

The final form of Equation (1) depends on the sign of
the temperature gradient. Thus, the components of Equa-
tion (1) take one of the two forms as follows:

for heating
A — A
0=y @)
_— for cooling
M, — f
A+ A
el for heating
In=1m erM ©)
sTf for cooling

where:
T — the defined temperature,

Ay, Ay — the temperatures for which transformation
from martensite to austenite is initiated
and completed, respectively,

M, My — the temperatures for which transformation
from austenite to martensite is started and
finished, respectively.
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Fig. 1. Example of percentage characteristic of austenite
contribution in SMA material depending on temperature

A modification of the material structure directly influ-
ences the change in the alloy material properties. When
designing actuators based on SMA, the difference be-
tween the values of Young’s modulus for austenite and
martensite is taken into account. Based on the fact that
Poisson’s ratio is constant for both phases, a relationship
between Kirchhoff’s modulus G and temperature 7 is
consequently searched.

The value of material parameter G is determined
based on an analysis of the percentage phase contribution
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in the material, which is described by (1). Finally, the
Kirchhoff’s modulus is defined by the following formula:

G

G(T)=Gy +A+GM [1+sin(¢(T-Tm))] 4)

where G4 and Gj,; denote the values for austenite and
martensite, respectively, and function ¢ is given by (2).

2.2. One-way memory effect

Compared to the martensitic transformation, the one-way
memory effect includes an extra phase transformation
taking place at low temperatures. While the force is
applied to the element containing only the martensite
phase (the so-called twinned martensite), this phase is
first elastically deformed, and after reaching some de-
fined stress value in the material, it subsequently turns
into detwinned martensite. This happens because of the
plastic deformation of the structure. After unloading
the element, a recovery of the shape does not occur
(which is reflected in the form of residual deformations).
The original shape is obtained after performing the full
cycle of the martensitic transformation. Figure 2 presents
this cycle in a schematic way.

)
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o Saied
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Fig. 2. Schematic representation of one-way memory effect
cycle (Lagoudas 2008)

3. DESIGN OF ACTUATOR

As already mentioned, the basic configuration of the actu-
ator consists of two oppositely operating coil springs.
The mechanical system is presented schematically in
Figure 3.

The fundamental equation that was used to formulate
the mathematical description of the operation of the actu-
ator was derived from the balance of forces. The de-
formed spring generates force P. Its value is found by

the Wahl equation (Zukowski 1954); and in general, this
equals:

K ®)

G - Kirchhoff’s modulus,

d — wire diameter,

6 — deflection,

D — spring diameter,

n — number of turns in the spring.

Upper
housing part

Steel coil spring

Actuating member

Flexinol coil spring

Lower
housing part

Vi

Fig. 3. Scheme of mechanical system of dot Braille actuator

The configuration of the designed actuator consists of
two coil springs made of steel and SMA (Flexinol — a type
of SMA material), respectively. It was assumed that the
device stroke is achieved through different values of
the Kirchhoff’s modulus of the SMA at different tempera-
tures, which is described by Equation (4). As a result,
the position for the equilibrium point of the two cooperat-
ing springs changes. The relationship computed based
on the equation of force equilibrium includes deflections
of the spring components made of steel §; and SMA &g,
respectively; hence:

G,-d* ChlEah
s s3'8s(T)= SMA( ) 3SM4'8SMA(T) (6)
8- ng - Dy 8-nspa - Diya
g4
where § 3 is the constant for the actuator connect-
8-ng - Dy

ed with the steel spring characterized by the stiffness coef-
ficient k,, whereas the right hand side of Equation (6) de-
scribes the reaction force of the SMA spring at given
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temperature 7. Parameters dgy;, g4, and Dgy,4 are the
geometrical parameters of the unloaded SMA spring,
where: ngy,;, — number of turns in the SMA spring; D4 —
diameter of the SMA spring; dg;,4 — diameter of the SMA
wire from which the spring is made. The changes of
the diameters under load are insignificant; therefore,
they are not included in equilibrium Equation (6).

The solution in the form of the actuation stroke de-
pending on temperature S(7) is defined by the following

formulas:
S(T) =884 —Ssu4 (T) (7
S(T)=38,(T)-38 ®)

where 8%,[14 and 8?’1 are the deflections of the SMA and
steel springs, respectively, at low temperatures (when only
the martensite phase exists).

The above equations are based on the geometrical re-
lationships related to the structure presented in Figure 3.
The relationships presented above are kept valid only
when the inner height of the device housing is smaller
than the sum of the lengths of both unloaded springs.
In this case, the springs are pre-stressed, which is neces-
sary for the proper operation of the designed actuator.
Hence, the deflection of both springs is known according
to equilibrium Equation (6). The linear dependence
of the steel spring force vs. deflection is used to link
the equation of force equilibrium (6) with Equation (8).
Accordingly, Equation (8) is multiplied by the stiffness
factor of steel:

4
G—d3 S(T)=
8- ng - D
©))
_ Gs'd? 8 (T)— Gs'd? -SM
8-ns-Ds3 g 8-ns-Ds3 .

According to the force equilibrium principle, the force
components on the right side of Equation (9) can be
replaced by equivalent forces generated by the SMA

spring (6):

4
G T)-d¢
G d e S(T) S]WA( ) SMA 6 (T)+
8- ng - D 8- nsymA DSMA
(10)
8 npa - Dy

Next, the right side of Equation (7) is introduced into
the left side of Equation (10):

G, -d?
—5 5 _.(§ 0 T
Sn D2 7 (884 ~B5p1a (7)) =

_Gsma (T)- dSMA 85

ma (T)+
8- nspa- D3na

(1D

4

__Gmdsma sm

3 S.
8-nspa - Dsya

The final relationship is obtained by transforming
the above equation to yield an explicit relationship be-
tween deflections 834 and Sgppq (T):

Ssma (T) = 88414 %

(12)

4 3 4 3
G -dy -ngpa - Dsya + Gy - dspq -1 - Dy

7] 3 4 3

Gy - dg - ngpg - Dsyga + Gspga (T)- dspga - g - Dy

Substituting (12) into (7) gives the actuation stroke de-
pendent on temperature S(7):

S(T)=8%14%
(13)

4 3 4 3
Gy -dg -nsya - Dy + Gy - dsypa - n - Dy

x| 1= ) 3 4 3
Gy -dg -ngpq - Dspga + Gsppa (T)- dsppg - g - Dy

The value of 8%,[14 is computed from Equation (5),
based on the known material parameters of the springs at
low temperatures, equation of force equilibrium (6), and
device dimensions. Note that:

dspa (T)+8g (T)=const (14)

where the constant value depends on both the inner
height of the system housing and height of the springs.

Verification of the model was performed by analyzing
the following limiting cases:

Gspa (T) =Gy

This situation takes place when the model exhibits
a low temperature; ie., 7 < Mf. Then, the fraction in
Equation (11) is equal to 1 and 8g4 (T) = 8,14, which is
true for the defined constraint. Furthermore, the actuator
stroke is equal to 0 as found by Equation (13).
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Gapa (T) >

The limit of function (12) for the defined Gg,;4 bound-
ary condition is 0. This means that, if the stiffness of
the SMA spring goes to infinity, then the spring deflection
approaches zero. Finally, the actuator stroke would be
equal to 6%,[14, according to Equation (13).

The above considerations verify the correctness of
the mathematical model. Substituting Gg4(7) = G4 in
Equation (13) gives the maximum actuator stroke that is
accessible for the actuator. Relationship (13) can be sig-
nificantly simplified by the assumption that both the SMA
and steel springs have the same geometrical parameters.
In this case, Equation (13) takes the following form:

(15)

G, +G
S(Ty=M |1 —TsTM
@) SMA( Gs"'GSMA(T)]

4. EXAMPLE OF SMA BASED ACTUATOR

The above-presented designing process for SMA actua-
tors allows one to construct a Braille dot actuator. Here-
after in the present section, an example of the calculations
for the assumed springs geometry as well as the material
properties is presented and discussed. From the function-
ality point of view, the critical properties of the device
being designed are the stroke and required volume; mainly,
the overall device’s height. The general requirements that
have to be satisfied for a Braille dot actuator are present-
ed in Figure 4.

NI

| ¢ 4

o
>

a=23-2.6 mm

h 4 b =6-7 mm
c=12.3-15.6 mm
d=1.3-1.6 mm
r=0.7-0.8 mm

Fig. 4. Geometric restriction for Braille characters
(Anshul et al. 2013)

One of the construction assumptions is that the spring
that operates oppositely to the SMA component is made

of steel. The value of Kirchhoff’s modulus for steel
equals 110 GPa, and was assumed based on the standard
DIN EN 10270-1. On the other hand, Kirchhoff’s modu-
lus of SMA respectively equals 18 GPa for the austenite
phase (Churchill, Show 2008) and 7 GPa for martensite
(Holschuh et al. 2014). Due to the existing significant
difference between the material parameters for steel
and SMA, one cannot use springs with the same geomet-
ric properties. Therefore, during the design of the actua-
tor, the more complex form of the stroke equation was
used; i.e., Equation (13) instead of (15). The proposed
form of the equilibrium equation has many unknown vari-
ables, which makes the problem solution not a trivial task
to perform. Hence, a genetic algorithm was used to find
the final configuration. The details of the optimization
algorithm used are considered to be outside the scope
of the present work. Below, the results for the final config-
uration are shown. The parameters of the steel spring are:
D, = 1.8 mm, d; = 0.2 mm, n, = 20.5, and L; = 13.3 mm,
while the SMA spring is characterized by: Dgy,4 = 2.2 mm,
dgyy = 0.31 mm, ngyy = 58, and Lg4 = 43.4 mm. Pa-
rameters L, and Lg;,4 are, respectively, the heights of the
unloaded springs. The inner height of device housing H is
equal to 31 mm.

To determine the stroke of the actuator under a given
temperature change, one must calculate the deflection
of the SMA spring at low temperatures; i.e., below M.
This parameter is calculated based on the following geo-

metrical and force relationships:

(Ls _Séw)"'(LSMA _S%\M):H (16)
Gydi v _ Gy dya  sm
8-ns-Ds 8'”S1VL4'DS1\/[A

Based on Equations (16) and (17), the SMA spring de-
flection at low temperatures is 23.7 mm for the proposed
design configuration. The calculated value can now be
substituted into Equation (13), with all the necessary geo-
metric parameters. Parameter Ggy(7) is calculated
using Equation (4). The obtained characteristics for
the device stroke under temperature change for the SMA
spring are presented in Figure 5.

The obtained maximum stroke of the device, as well as
the geometric parameters of the springs, satisfy the re-

quirements shown in Figure 4.
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Fig. 5. Stroke for designed SMA based actuator for assumed temperature range

5. DISCUSSION

In the model discussed, Equation (13) provides accurate
solutions when 7' < My or T >> A; (Figure 1 as a refer-
ence). This applies because of the non-uniform distri-
bution of the stress in the spring and, consequently,
the effect of superelasticity. Eventually, the derived rela-
tionship allows one to determine the stroke of the actuator
for only the two limiting states of the mechanical system.
The solution can be extended to include a general case
by adding the relationship between the change of the in-
ternal structure of the spring and its internal stress to
Equation (13).

The difficulties related to the determination of the
stress field of the more complex geometry of the device
elements speak in favor of abandoning the formulation
of a mathematical model using the analytical approach.
Thus, further work should involve defining the constitu-
tive laws for the SMA, which will be used for searching
for optimal or suboptimal solutions by applying the Finite
Element Method, which refers to the authors’ ongoing
complementary work.

6. CONCLUDING REMARKS

This paper has described a model of actuators based
on the phenomenon present in SMA. The characteristic
feature of this type of devices is controlling actuator
deflection & by the temperature of the component made
of SMA.

An explicit relationship has been derived between
the input and output design parameters; that is, the tem-
perature of the SMA component and the actuator stroke
(i-e., Equation (13)). This configuration refers to the cas-
es where the temperature change is the result of the
processes that occur in the system. A disadvantage of
this approach is the necessity of applying air conditioning
when a significant number of actuators are installed
in a small area.

In the case of an electronic Braille display, heating the
spring made of SMA is performed by Joule’s heat on
a given resistance. Consequently, applying the above-
-mentioned configuration of the actuator in the device
would result in high energy losses, especially when main-
taining the maximum actuator stroke. For this reason,
the recommended solution for the Braille display is an-
other construction of the actuator that is based on a one-
-way memory effect. In this case, the process of spring
heating is active only when changing the actuator state,
which significantly decreases the energy consumption
and eliminates the necessity of applying air conditioning.
Unfortunately, the mathematical description of the pro-
posed model cannot be handled by analytical calculations.
The complex geometric nature of the coil springs causes
the generation of a non-trivial stress field (even under
uniaxial load), which negates the possibility of using
the discussed approach.

Summarizing the significance of the work, the paper
presents an actuator that can be applied in various cases
defined by design requirements. The quantitative rela-
tionships derived and described in this work allow to
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determine the maximum stroke of the designed dot
Braille actuator and approximated trajectory between
the extreme positions.
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