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ABSTRACT

Phonation results from the passively-induced oscillation of the vocal folds in the larynx, creating sound waves
that are then articulated by the mouth and nose. Patients undergoing laryngectomy have their vocal folds removed
and thus must rely on alternative sources of achieving desired vibration of artificial vocal folds. Existing solutions,
such as voice prostheses and the Electrolarynx, are limited by producing sufficient voice quality, for instance. In
this paper, we present a mathematical analysis of a physical model of an active vocal fold prosthesis. The inverse
dynamical equation of the system will help to understand whether specific types of soft actuators can produce
the required force to generate natural phonations. Hence, this is referred to as the active actuation model. We
present the analysis to replicate the vowels /a/, /e/, /i/, and /u/ and voice qualities of vocal fry, modal, falsetto,
breathy, pressed, and whispery. These characteristics would be required as a first step to design an artificial vocal
folds system. Inverse dynamics is used to identify the required forces to change the glottis area and frequencies to
achieve sufficient oscillation of artificial vocal folds. Two types of lonic polymer-metal composite (IPMC) actuators
are used to assess their ability to produce these forces and the corresponding activation voltages required. The
results of our proposed analysis will enable research into the effects of natural phonation and, further, provide the
foundational work for the creation of advanced larynx prostheses.

1 Introduction

Phonation in humans is achieved through airflow generated by the lungs travelling through the larynx where vocal folds,
ligaments covered by layers of mucous tissue, then begin to passively oscillate. This creates the oscillating airflow patterns
of sound which are further shaped by articulation as they exit the mouth [1]. A number of health conditions can negatively
impact this phonation ability as vocal folds might be damaged or required to be removed. For instance, severe cases of
laryngeal cancer, the second most common head and neck cancer, might result in laryngectomy, a surgical intervention
to remove both the tumor and the surrounding larynx [2]. This medical treatment will leave patients without vocal folds to
oscillate, and with airflow being redirected away from the mouth through an introduced opening, a stoma, in the patients’ neck
for breathing. The two most common methods used to replace the subsequent loss of phonation include voice prostheses and
Electrolarynxes [5]. A voice prosthesis is a one-way silicone valve placed in an opening that is created between the stoma
windpipe and the oesophagus [6, 7]. Patients are able to speak by closing the stoma to redirect airflow through the voice
prosthesis and into the back of the mouth for articulation. These devices generally have a short life-expectancy, needing
replacements every six months, although earlier failure is common [7]. On the other hand, an Electrolarynx is a device
that patients must press to the outside of their throat, above the stoma, that vibrates the remaining tissue to generate an
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Figure 1. The layout of the natural larynx system: (a) A 3D CAD model and (b) top view of the larynx composed of laryngeal cartilage, vocal
ligaments and trachea, used for our modelling approach [3]. (c) Image of intact human vocal folds [4].

oscillating airflow behind the mouth, independent of the airflow through the stoma for breathing. Most designs are only
capable of producing vibrations at a singular fundamental frequency, resulting in monotonic speech [8]. Both approaches
result in limited ranges of voice quality due to vibrating tissue with differing mechanical properties to the natural vocal folds
and lack of fine motor control of the tracts used for airflow. These difficulties in varying voice quality and fundamental
frequencies not only impair the use of stylistic effects in languages such as English, but even more significantly impair the
ability to differentiate words in tonal languages, such as Mandarin Chinese, but also others such as Gujarati that rely on voice
quality [9, 10].

Physical replicas of natural vocal folds have been created that imitate the mechanical properties involved in these ef-
fects [11, 12]. They have been primarily designed to account for the complexity involved in models of the airflow and the
passive mechanical properties of the tissue layers. In fact, robotic models have been explored to imitate both healthy be-
haviour and study conditions such as vocal fold paralysis [13]. These physical models rely on airflow for passive actuation,
airflow that has been redirected out of the stoma for breathing in laryngectomy patients. As these passive devices have lim-
ited potential use for implants, due to limited durability, for instance, active devices might be a feasible alternative. However,
new models would be required to mathematically understand the behaviour and response of vocal folds to suggest design
requirements for active implants.

In this paper, we propose a physical model of an active vocal fold prosthesis (a primarily physical model). The inverse
dynamical equation of the system, which is referred to as the active actuation model, is determined to understand whether
specific types of soft actuators can produce the required force to generate natural phonations. Natural displacements of
intact human vocal folds which can generate specific vowels and sound qualities have been borrowed from the literature
[1,2]. These displacements are used as input to the inverse dynamics, which then determine the required actuation forces. In
some cases, the actuation system needs to be able to move the paralyzed vocal folds. Therefore, we have used viscoelastic
coefficients of the human vocal fold in our dynamical model. We then examine whether a specific type of actuator can
produce the required force and frequency within the particular operational domain. The results of our proposed analysis will
enable research into providing the foundational work for the creation of advanced active larynx prostheses. In particular, the
contribution of this paper are summarised below:

- A soft robotic mechanism is introduced to imitate the key physiological features of the larynx involved in producing
phonation.

- Ionic polymer-metal composite (IPMC) actuators are explored as the active actuation mechanism due to low voltage
requirements, small sizes and ability to generate sufficient forces and frequencies to produce phonation in the human
larynx.

- A dynamic model of the mechanism including the response to a range of vocal qualities are analysed. In particular, the
relationship between the required voltages and actuation forces is obtained.



1
Vocal tract !

Midsagittal plane X

Base

15

'rit) Glottis area ‘
Glottis area . i
: K1 i
Soft actuator —— i i — !
; 1 Fsoftl :
I“l = : ““ Fk1 a
1] - | m2] — .
—— _, Artificial M2 : _MZ-Ml Fsoft1 Fcl Glottis;area }\'\-
‘ vocal = : L] 0 —wl N
| ligaments R i Dl ‘ ” I : By
i H=E :
L 1] Fsoft2 Air flow
: Trachea and lung :
X Y
() (b) ©

Figure 2. (a) Configuration of the proposed larynx mechanism with active soft actuators. (b) Schematic of a two-mass model of vocal folds
with soft actuators (front view of the vocal fold model). (c) Forces applied to the two-mass vocal folds (top view of the vocal fold model).

Section 2 provides an overview of both the natural and proposed artificial vocal fold system, which is then modelled in
Section 3. Our model is based on a lumped mass dynamical model to define the required parameters for active actuation.
When considering the choice of actuators, different soft robotic techniques have been investigated. IPMC actuators are
selected, due to their ability to produce required forces, displacements and frequencies, and further investigated. Section 4
then explores and analyses two types of IPMC actuators for imitating vowels and voice qualities. The results are presented
in Section 5 and discussed, along with further design considerations. Finally, the conclusions are presented in Section 6.

2 System Overview

Figure 1 (a) shows the overview of an intact human larynx, located at the top of the neck. It encases the vocal folds and
the soft tissue, which stretches across the larynx to produce phonation. The folds contain opposing ligaments, which form
a constriction at the top of the trachea, where it joins to the lower vocal tract. When air is ejected at a sufficient velocity
through the glottis, the folds vibrate and act as an oscillating valve, which interrupts the airflow into a series of pulses. These
pulses of volume flow serve as the excitation source for the vocal tract in all voiced sounds, and the passive resonances of
the vocal tract are excited by the glottal pulses. When the vocal folds vibrate, they move back and forth vertical along the
x-axis shown in Figure 1 (c), opening and closing the glottis area, in the manner of a shear wave, travelling up the vocal fold
tissue along the y-axis, also known as the mucosa wave.

To investigate voice synthesis, a wide range of models have been proposed such as the single-mass model [14]. Flanagan
et al. introduced a single-mass model of the vocal folds, which moves perpendicular to the airflow imitating z-axis oscillation
only [14]. Afterwards, Ishizaka and Flanagan suggested one of the most well-known vocal folds model consisting of two
masses connected to the larynx base via two springs and two dampers, which are joined by a third spring. The two masses are
positioned above and below each other to represent the additional motion of the mucosa wave [15]. Adachi et al. modelled
the vocal folds with a single mass vibrating both perpendicular and parallel to the airflow [16]. Birkholz et al. used a two-
mass model of the vocal folds, which are inclined instead of being parallel to the airflow. Their model is able to synthesise
specific words in six voice qualities [17]. On the other hand, Story et al. proposed three-mass model [18] and Titze et al. a
16-masses model [19], whereas Alipour et al. introduced a numerical model through a finite element analysis [20].

The aforementioned one-mass, two-mass [15], and 16-mass [19] models aim to model human vocal folds behaviour.
The aim of this paper, however, is to find a suitable actuator using inverse dynamics rather than modelling the human vocal
folds to create future active implants. Hence, we incorporate an existing vocal fold model into our dynamical equations
considering the possibility of incorporating the vocal fold tissue into the prosthetic mechanism. A two-mass model, similar
to the one proposed by Ishizaka, has been proposed as their model includes the number of Degrees of Freedom required to
generate the main features of human cord behaviour [15], i.e., their model is capable of articulating key voice qualities [17].
In addition, we employed the 2-DoF glottis area data found by Birkholz and Ishizaka as an input to our inverse dynamics.

Figure 2 (a) shows a resulting schematic of the artificial vocal folds presented and analysed in this paper. The artificial
vocal folds contain a base, the red ring as illustrated in Figure 2 (a), representing the laryngeal cartilage (see Figures 1 (c)).
Four bars, the orange vertical strips in Figure 2 (a), act as the artificial vocal fold tissue. The artificial vocal folds are driven
by soft actuators, the blue horizontal strips in Figure 2 (a), allowing the glottis to open and close.

The actuators in this design must move artificial vocal folds or real paralysed vocal folds. Using a two-mass model, we
have considered the vocal fold as a combination of m; and m, masses, located one behind the other in the vocal tract (Figure



2(c), see DoF 1 and DoF 2). The model includes two assumptions for the purpose of developing the design requirements
and dynamic model. According to the first assumption, the same actuation forces are applied with respect to the midsagittal
plane. Secondly, the design of the larynx mechanism is symmetrical with respect to the midsagittal plane (see the plane
through the X-X and Y-Y lines in Figures 1 and 2). Therefore, the half-system can be modelled with two masses, m1 and my,
resulting in a model with two Degrees of Freedom (DoFs).

3 Dynamic Model of the Vocal Folds

In this section, we explore the forces resulting in vibration of the artificial vocal fold masses described in Section 2 so
that the required human vowels/voice qualities, e.g., the vowels /a/, /e/, /i/, and /u/ and voice qualities of vocal fry, modal,
falsetto, breathy, pressed, and whispery, can be reproduced. These qualities are based on the literature [17], and will cover
speaking and singing as well as controlled ways to signal paralinguistic information and phonological contrasts. To achieve
this, we first derived the dynamic equations of our artificial vocal folds mechanism. Secondly, some glottis area and their
respective vocal folds displacements were specified which have been previously identified in the literature as requirements
to produce particular vowels and voice qualities. Finally, by using the inverse dynamics and desired displacement, the
required actuation forces to produce vowels/ voice qualities are obtained. The obtained actuation force will be incorporated
in Section 4 to find the corresponding soft actuator voltage, and will be examined to determine weather the voltage is within
the operational domain (see Figure 3).

3.1 Dynamic Representation

Figures 2 (b) and (c) show a schematic mechanical two-mass model of the artificial vocal folds with actuators. The
model includes two symmetrical halves, each containing two dampers, with damper constants of ¢ and ¢, and two springs,
with spring constants of k; and k,, connecting the base to two masses of m; and m,. Masses m; and m; represent the masses
of vocal folds in a two-DoF model. The free-body-force diagram of the mechanism is shown in Figure 2 (c). The external
forces Fy,f;; are applied to the masses by the actuators. Fp; are forces acting on the vocal folds due to the air pressure.
Finally, F; and F; are forces resulting in the inherent spring and damper characteristics of the membrane in the mechanism.
We define the configuration variables of the mechanism as [ry(¢),72(t)]7, where ri(¢) and ra(t) are displacements of the

masses (artificial vocal folds) from the symmetry line. Using Fy; = k;r;(t), F.; = ¢; d:;ft) and the Newton-Euler approach, i.e.,
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the dynamic equations of the artificial vocal fold mechanism are obtained in Equation 1.
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where F),; are multiple forces resulting from the glottis pressure P, acting on the area A,, = [; X d;.

Fp=Ap X Py i=1,2 2

The parameters m;, ¢; = 2\/@, ki, g, l;, and d; in Equation 1 and 2 were chosen by taking the mean values of 53 intact
male human vocal folds as found in [21], where m; = 0.018 gr, k; = 160 N/m, ¢ = 9.0, [; = 0.0138 m, and d; = 0.003 m for
i = 1,2. Parameter g is the quality factor [16], /; is the length of each vocal folds, and d; is the thickness of vocal folds. The
pressure P, = 800 Pa is chosen as reported in [16]. We have relied on parameter values from a male-only study as research
findings conclude that males are five times more likely to be affected by laryngeal cancer [22] and, thus, are more probable
users of artificial replacements.

3.2 Vocal Fold Displacements and Required Actuation Forces

Figure 3 presents a diagram of the process how to determine the soft actuator’s working requirements based on our
dynamic equations for reproducing specific vowels and voice qualities. We used the glottis areas estimated by experiments
introduce by Ishizaka et al. from intact human larynx to synthesise four vowels including /a/, /e/, /i/, and /u/ [15]. In addition,
we adapted the glottis areas as calculated in [17], where Birkholz et al. adjusted the traditional two-mass model to identify
data for not only three vocal registers of vocal fry, modal and falsetto but also three additional vocal qualities of pressed
(also known as harsh) voices, breathy voices and whispery voices. In order to find the vocal folds displacement, i.e., r;(¢),
the glottis area is divided into the length /; of the vocal folds as follows,

ri(t) = =12 3)
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Figure 3. Flow chart of the process to obtain the soft actuator’s working requirements (here: applied voltages), which are needed to drive,
e.g., IPMC actuators, using our dynamic equations to produce specific vowels and voice qualities (e.g., a/, /e/, /i/, lu/, modal voice, breathy
voice, pressed voice, vocal fry, whispery voice, and falsetto).

The vocal folds displacement as suggested by Ishizaka et al. are presented in Figures 4 (a)-(d) with differences in
displacement amplitude and frequencies across the vowels and voice qualities. Figures 4 (e)-(j) show the vocal folds dis-
placements calculated from the data in Birkholz et al. [17].

The actuation forces Fy,f;, and Fy,f, which are required to move the vocal fold masses to sufficient displacements,
resulting in the four vowels and the six voice qualities, are calculated. The glottis area and corresponding displacements
of the center of mass of the vocal folds, i.e., the results for r|(¢) and r(¢) are used in Equation 1. Using first and second
derivatives of r;(¢) in Equation 1, Fj, fry and Fy,rr, can be calculated as shown in Figure 4 (k)-(t). Following the flow chart
in Figure 3, the desired voltages required to be applied to the soft actuators and the artificial vocal fold system in order to
produce the vowels and voice qualities are obtained.
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Figure 4. The displacement of the center of mass of the vocal fold r(t) and the actuation forces Fs(,ﬂ which are required to producing
vowels and voice qualities. The displacements are shown in: (a) Vowel /a/. (b) Vowel /e/. (c) Vowel /i/. (d) Vowel /u/. (e) Modal voice. (f)
Breathy voice. (g) Pressed voice. (h) Vocal fry voice. (i) Whispery voice. (j) Falsetto voice. The actuation forces are shown in: (k) /a/, (1)
lel, (m) /i/, and (n) /u/, (0) modal voice, (p) breathy voice, (q) pressed voice, (r) vocal fry, (s) whispery voice, and (t) falsetto.

4 Actuator Selection and Model
4.1 Types of Soft Actuation

A number of soft robotic actuators could be considered for this medical application due to their inherent compliance
suitable to be integrated with soft mucous tissue models of the folds, and biocompatibility requirements of materials for
prosthetic vocal fold implants. In the field of soft robotics, a large range of actuation methods is covered [23]. Fluidic
Elastomer Actuators (FEA) can be pneumatically or hydraulically driven achieving changes in pressure (for pneumatically
driven) and volume (for hydraulically driven) that create actuation motion [24,25]. Similarly, phase change actuation meth-
ods and chemical reaction techniques, such as combustion, also use volume change for actuation. However, their volume
changes are due to the internal processes as opposed to material shifting. On the other side, shape memory materials create
motion through changes in either size or shape in response to thermal changes or applied stresses due to the rearrangement of
molecules within the same material at the same phase [26]. These actuators are often used in bimorph arrangements to form
bending motions due relative change in lengths of the actuators. Electro-/Magneto-Active Polymers (E/MAP) also maintain
material and phase but move in response to the application of an electric or magnetic field. Electroactive Polymers (EAP)
are generally more common, although magnetic metal composite and magnetic rheological designs are developing [27]. The
two main types of EAP are Dielectric Elastomer Actuators (DEA) and Ionic Polymer Metal Composites (IPMC).

The dimensions of any actuator chosen should ideally correspond to those discussed earlier in Section 2. For the actuator
lengths, an extension and contraction of about 3.1 mm is required. Furthermore, the actuation should achieve sufficient forces
to displace the masses outlined in Section 3 for the different glottal areas, i.e., maximum forces of 0.75 N at a displacement
of 3.1 mm would be needed to achieve the lowest register of vocal fry. Another challenge of the applicability of soft robotic
actuation is the large frequency range. Human phonation covers a large bandwidth of sound frequencies averaging around
120 Hz to 210 Hz for males and females, respectively, with frequency variation of about 7 semitones [28].

FEAs, shape memory, and phase change actuators are generally slow in their response requiring volumetric and thermal
changes that could be problematic within the limited available space [26,29,30]. E/MAPs, on the other hand, are capable of
achieving much greater frequencies on the relevant scale. Hence, DEAs are often chosen. However, high activation voltages
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Figure 5. Configuration of IPMC actuators in the mechanism. (a) IPMC actuators excited with an activation voltage. (b) Configuration of
IPMC actuators within the larynx mechanism while IPMC strips are at rest (no voltage is applied to the actuators). Figures includes two types
of IPMC arrangement: a single IPMC strip and a series of IPMC strips.

(i.e., in the range of a few hundred volts) are required to achieve the required frequencies for the proposed application [31].
IPMCs though show large deformation in the presence of lower activation voltages (typically less than 5V) [32] whilst
maintaining a fast response to the activation voltage [32]. In addition, they have been found to operate in wet environments,
with high chemical stability and durability (it is possible to bend over 10° times), and are biocompatible with the human
body [33]. Hence, IPMC actuators were chosen for further investigation.

4.2 Modelling IPMC Forces and Voltages

IPMC:s consist of an ionomer core (typically Nafion), sandwiched by two conductive mediums such as a metal. Mo-
bile ions can migrate due to an electric field from the anode to the cathode and cause charge imbalance which results in
electrostatic forces and bending of the IPMC strip [32]. Their relationships between different activation voltages, forces
and displacements of IPMC are nonlinear and IPMC designs are each distinct in material and mechanical specifications.
Therefore, each design needs to be modelled individually to identify not only if they are capable of achieving the necessary
blocking forces at the displacements required, but also if the magnitude of activation voltages required to create them are
within reasonable limits or will cause damage to the IPMC. Two designs, labelled here as Type I and Type II, are chosen from
the literature in line with the requirements for this medical application. Both configuration are then modelled to obtain the
activation voltages required to produce the force and displacement relationships that were identified in Section 3 for the four
vowels and six voice qualities. Figure 5 (a) shows the schematic of the mechanism while IPMC actuators are excited with
an activation voltage, and Figure 5 (a) demonstrates the mechanism while IPMC actuators are at rest (no voltage is applied).
It is shown that while the IPMC strips are activated they can move the artificial vocal ligaments, and change the glottis area.
Figure 5 depicts two types of IPMC arrangement: a single IPMC strip and a series of IPMC strips. Using multiple IPMCs,
as shown in the bottom row of Figure 5, can be applied to produce a greater force. However, space may impose limitations
for using IPMC:s in series.

4.3 TIPMC Type I Design

Case study I investigates the IPMC strips developed by Biswal et al. in [34] using silver electrodes and a base polymer
of Nafion-117 membrane (Ion Power, Inc.). The size of the IPMC strip is 20mm X Smm X 0.2mm (I X b x t) with an elastic
modulus of £ = 0.081877 GPa. In [34], the IPMC strip could be reduced to a cantilever beam with the tip angle of the beam,
0, and the tip displacement in x-direction. P, was found by applying six different voltage as listed in Table 1, column 1-3.
As a cantilever beam, the relationship between blocking force in x-direction Fy, s, the moment 7Ty, and tip displacement Py

equals 1%' To determine the moment 7, the equation of calculating the bending moment of an Euler-Bernoulli beam 7, = %’

is used. Here, I is the moment of inertia [ = %, and R is radius of curvature, using R = é, the relative force is obtained in
Equation 4.
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Using Equation 4, F,, is obtained for 0.2V, 0.4V, 0.6V, 0.8V, 1V, and 1.2V summarised in Table 1, column 4.
By fitting a first-order polynomial function to the applied voltages and IPMC forces i.e. Fy,p, a relationship between the
applied voltage and IPMC force is obtained in Equation 5.

Viemc = 552.7met +0.3223 5)
where Vipyc isin V and Fy,p in N.

4.4 1PMC Type II Design

Case study II explores the IPMC strips used by Vokoun et al. in [35] made of platinum electrodes and a Nafion polymer.
The size of the IPMC strip is 25mm X Smm x 0.32mm, the Young’s modulus of the Nafion is 0.63 GPa, and the Young’s
modulus of platinum electrodes is 5GPa. In [35], experimental work found that the blocked force increased as the Nafion
thickness and Nafion Young’s modulus increased, reaching up to 60 mN. In addition, the relationship between the blocked
force Fy,f; and activation voltage Vipyc was determined by a first-order polynomial function [35] given in Equation 6.

Vipme = 112.3F ¢ +0.1264 ©)

where Vipyc is in V and F, s in N. This was then used in combination with Equation 2 to obtain the activation voltages
needed to actuate the different vowels and voice qualities discussed earlier.

5 Results and Discussion

The activation voltages needed to produce the vowels and the voice qualities for IPMC types I and II are calculated and
shown in Figure 6. The blue lines show required voltages to move m;. The red dashed lines show the required voltages to
move my. From Figures 6 (a)-(j), a voltage range of [—2V 12V] is required for IPMC type I for producing vowels /a/, /e/, /il,
and /u/ with an approximate frequency of 150 Hz. In particular, voltages in the range of [17V 30V] with a frequency of 115
Hz, [17V 26V] with 100 Hz, [20V 30V] with 85 Hz, [15V 30V] with 100 Hz, [17V 37V] with 40 Hz and [18V 24V] 200 Hz
are needed to produce modal, pressed, breathy, whispery, vocal fry and falsetto voices, respectively. From Figures 6 (k)-(t),
it can be concluded that a voltage in the range of [-0.5V 2.6V] for the vowels and [3.6V 6V], [3.4V 5.3V], [4V 6.2V], [3.5V
5V], [3.6V 7.6V], and [3.8V 4.9V] (with the same frequency of type I) for the voice qualities of modal, pressed, breathy,
whispery, vocal fry and falsetto, respectively, are needed to be applied for IPMC type II actuator. Comparing these voltage
amplitudes with the literature [35—40], it can be observed that some of the magnitudes slightly exceed the maximum voltage
threshold. This challenge could be solved by connecting IPMC actuators in a series configuration as shown in Figure 5 (a)
and (b). The series configuration has been introduced in [41]. Hence, the required force is divided between 4 strips and,
as a result, a quarter of the voltages presented in Figures 6 (a)-(j)) are needed to be applied to a single actuator. These
new voltages would be 0.65V for vowels, 1.5V, 1.32V, 1.55V, 1.25V, 1.9V, and 1.25V for the six voice qualities, which are

Table 1. Tip angle, displacement and blocked force of the IPMC actuator in [34] for different activation voltages.

Applied voltage Tip displacement in x-direction = Tip angle Blocked force

Viemc [in V] P, [in mm] ¢ [inrad]  Fy s [in mN]
0.2 19.8 0.11098 0.1
04 19.6 0.23362 0.2
0.6 19.0 0.52446 04
0.8 18.0 0.82714 0.6
1 16.0 1.20238 1.0

1.2 12.8 1.69516 1.8
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Figure 6. The determined voltages required to produce vowels and voice qualities using the type | and type Il IPMC strips. Type I: (a) Vowel
lal. (b) Vowel /e/. (c) Vowel /i/. (d) Vowel /u/. (€) Modal voice. (f) Breathy voice. (g) Pressed voice. (h) Vocal fry voice. (i) Whispery
voice. (j) Falsetto voice. Type II: (k) Vowel /a/. (I) Vowel /e/. (m) Vowel /i/. (n) Vowel /u/. (0) Modal voice. (p) Breathy voice. (q) Pressed
voice. (r) Vocal fry voice. (s) Whispery voice. (t) Falsetto voice.

below the threshed and suitable for a single IPMC strip. With regards to the frequency analysis, Griffiths et al. has shown
that IPMCs have the capacity to track high frequency bending excitation up to kHz [42]. Bonomo et al. described IPMC
current sensing by adapting a piezoelectric coupling model and combining it with Euler-Bernoulli beam theory [43]. The
model was demonstrated to be potentially usable for frequencies of up to 150 Hz. In practice, Ma et al. constructed a bionic
high-frequency wing flapping at 19 Hz, based on IPMC actuators under an AC voltage of 5V [44].

6 Conclusions

In this paper, a design analysis was proposed to imitate natural phonation mechanisms using actively oscillated artificial
vocal folds. The dynamic equations of the artificial vocal folds were used to calculate the actuation forces required to oscillate
the vocal folds in the glottal areas to produce the four vowels /a/, /e/, /i/, and /u/ and six voice qualities of whispery, breathy,



pressed, vocal fry, modal and falsetto. Two types of IPMC were chosen to actively oscillate the vocal fold mechanism.
The relationship between required voltages and resulting forces was obtained of these two IPMC designs investigating their
ability to provide relevant blocked forces and displacements, in addition to activation voltages. Our results will enable
further research into the effects of natural phonation and provide the foundational work for the development of advanced
larynx prostheses available to post-laryngectomy patients.

The methodology presented in this paper can be used for future control system design to produce different phonations.
In future work, we will combine simulations involving the IPMC as well as the mechanics of the artificial vocal fold. The
desired voltage can be obtained using the inverse dynamics of the mechanism and the equations of the actuator, as presented
in this paper. Then this desired voltage can be used as an input to the IPMC which can control the dynamical system of the
artificial vocal folds to generate the desired phonation. We will also create prototypes of larynx prostheses with artificial
vocal folds based on our proposed design with the two integrated IPMC actuators. The goal will be to reproduce the results
that we determined based on our analysis with regards to displacements and frequencies.
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