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A B S T R A C T

Vertical left–right level difference due to angular asymmetry characterises unilateral vocal
fold paralysis. High-speed image sequences of three distinct auto-oscillating silicone vocal
folds replicas are analysed simultaneously in both space and time with a dynamic vibration
mode decomposition while imposing different degrees of angular asymmetry. From the modes
eigenvalue spectra, it is found for all three replicas that the degree of angular asymmetry affects
the decay of vibration modes. More in particular, for the assessed VF replicas, increased mode
decay is observed when the replica contains a stiff epithelium-like surface layer whereas it
decreases otherwise. Spatial mode patterns near the glottal aperture reflect the mode order
along the posterior–anterior direction and the imposed angular asymmetry reduces the spatial
mode extent near the tilted VF edge. Consequently, the quantified dynamic vibration mode
properties, including the ones observed for higher order modes, are of potential interest for
clinical studies involving high-speed vocal folds auto-oscillation imaging.

1. Introduction

Unilateral vocal fold paralysis (UVFP) is a common vocal fold (VF) pathology characterised by an air escape due to left–right
VF asymmetries of the VF’s shape, tension or/and positioning [1–5]. The glottic insufficiency associated with UVFP is reported to
lead to dysphonia as air leakage is often associated with breathy voice or vocal fatigue [1,6].

Each aspect of the fluid–structure (FS) interaction underlying normal or abnormal vocal fold vibration can be studied systemat-
ically in controlled and known conditions from experiments using deformable mechanical VF replicas [7–11]. In the current work,
three moulded deformable multi-layer silicone VF replicas (labelled M5, MRI and EPI) are considered. The replicas are depicted
in Fig. 1(a) [12]. They differ with respect to their shape and layer composition so that they mimic the multi-layer structure and
geometry of the human VF’s with different degrees of complexity. Each VF replica consists of a left and right VF placed face-to-face
in the transverse plane. The moulded VF replicas are briefly detailed in Section 2. In previous studies [12,13], these three replicas
were used to study the effect of vertical tilting of a single VF on their auto-oscillation. Concretely, the right VF was kept in place
whereas the posterior edge of the left VF was tilted in the medio-sagittal plane towards the superior direction as shown in Fig. 1(b)
and in Fig. 1(c). The resulting vertical tilting is parameterised by angular asymmetry angle ↵. Imposing angular asymmetry in the
range from 0˝ up to 25˝ results in a vertical level difference up to a few mm [12], which is of the same order of magnitude as
observed in patients suffering from UVFP [2,3]. Furthermore, vertical tilting of a VF causes left–right VF positioning asymmetry
whereas left–right VF tension and shape symmetry is maintained.
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Fig. 1. Illustration of deformable VF replicas and fluid–structure interaction setup: (a) multi-layered deformable silicone VF replicas with increasing complexity
for ↵ = 0

˝ [12]: two-layer M5, three-layer MRI and four-layer EPI. (b) general view of imposed asymmetry angle ↵, glottal gap associated with air leakage (red
triangle) and fixed rotation axis for tilting of the left VF for the MRI replica with ↵ = 20

˝. (c) overview of the fluid–structure interaction setup [12] indicating
the pressure tap to measure upstream pressure Pu and maximal vertical difference associated with each imposed ↵. (d) example (EPI replica, ↵ = 0

˝) of measured
Pu(t) illustrating the pressure at oscillation onset POn, steady state oscillation and oscillation offset POff .

In [12], the upstream pressure driving VF auto-oscillation was analysed for different imposed angular asymmetry angles ↵ using
the setup schematically illustrated in Fig. 1(c). It was found that both the oscillation onset characteristics as well as common voice
quality measures are affected. For instance, a decrease of the oscillation frequency and an increase of the oscillation onset threshold
pressure (POn) with increasing ↵ was observed. The gradual loss of VF’s contact with ↵, inducing increased glottal air leakage, was
pointed out to catalyse these tendencies.

In [13], high-speed (HS) imaging of the VF’s for different ↵ was performed in order to directly observe the vibrating VF’s. Local
image features, exploiting HS videokymographic (VK) line-scans [14], were quantified during steady state oscillation (Fig. 1(d)).
Left–right vibration asymmetry parameters showed that the normal VF (right VF in Fig. 1(b)) entrains the movement of the tilted
VF (left VF in Fig. 1(b)). This left–right vibration asymmetry caused the mucosal wave velocity in the tilted VF to be lower than
the one in the normal VF.

Local VK line-scan analysis [13] showed the influence of angular asymmetry on VF vibration. In this work, it is sought to further
investigate sustained steady state VF vibration without (↵ = 0

˝) and with (↵ > 0
˝) angular asymmetry by analysing high-speed

(HS) image sequences of the vibrating VF’s. Instead of focusing on local spatial features or line scans [13,15–18] it is sought
to assess simultaneously temporal as well as spatial information of the global VF’s auto-oscillation. A dynamic vibration mode
decomposition (DMD) of the observed vibration snapshots is applied as other VF vibration mode decomposition methods such as
the empirical eigenfunction analysis [19] do not inform on the temporal mode dynamics. It is aimed to evaluate how the effect of
angular asymmetry on the VF’s auto-oscillation affects the spatial and temporal vibration mode features.

2. Deformable silicone VF replicas

The M5, MRI and EPI replicas illustrated in Fig. 1(a) are moulded so that their elasticity is constant as detailed in [12]. They
consist of respectively two (M5), three (MRI) or four (EPI) silicone-based moulding layers and a backing layer attaching it to a rigid
support, i.e. region outside of the top view frames shown in Fig. 1(a). The M5 replica is a two-layer (muscle and superficial layer)
reference model following the so called M5 geometrical VF model [20]. The MRI replica has a more realistic geometry derived from
magnetic resonance imaging data of a human VF [21,22]. It has a three-layer structure by adding a third thin and stiff surface layer
representing the epithelium to the two-layer structure of the M5 replica. The EPI replica is obtained by inserting an extremely soft
layer between the muscle and the superficial layer of the three-layer structure used for the MRI replica [11]. The EPI replica cast
is inspired on the geometrical M5 model [11] so that the geometry of the EPI replica approximates the geometry of the M5 replica
as illustrated in Fig. 1. Young moduli for each layer of these VF replicas are given in [12] (Table I). The preset abduction along the
left–right direction for angular asymmetry angle ↵ = 0

˝ is shown in Fig. 1(a). The left and right VF are in full contact along the
posterior–anterior direction. As ↵ is increased, the degree of contact decreases as illustrated in Figs. 1(b) and 1(c). The preset (no



Journal of Sound and Vibration 516 (2022) 116504

3

A. Van Hirtum et al.

Table 1
Assessed experimental conditions: mean upstream pressure P u (Pa), mean volume flow rate Q (L/min), fundamental
frequency fo (Hz) and degree of left–right VF contact G (%).

↵ = 0
˝ ↵ = 4

˝ ↵ = 10
˝ ↵ = 16

˝ ↵ = 20
˝

M5 P u 1106 1174 1015 1076 1488
Q 13.8 14.1 19.4 48.6 63.4
fo 138 138 138 134 126
G 100 100 73 38 23

MRI P u 1251 1279 1180

–

1373
Q 25.5 37.7 39.1 66.7
fo 144 141 128 118
G 100 100 69 21

EPI P u 438 407 435

–

556
Q 22.4 23.9 26.0 51.5
fo 129 127 114 93
G 100 65 10 0

airflow) degree of vocal fold contact G (in percentage) associated with each replica as a function of angular asymmetry angle ↵ is
indicated in Table 1 [12].

3. High-speed imaging of VF auto-oscillation

The experimental setup and flow supply used to generate the FS interaction underlying the VF auto-oscillation is schematically
depicted in Fig. 1(c). The setup is similar to the one described in [12,13]. Airflow, characterised by volume flow rate Q (sampling
frequency 0.5 kHz), is applied along the inferior–superior direction as depicted in Fig. 1(c) and in Fig. 2. The pressure difference
driving the VF’s auto-oscillation corresponds to the measured upstream pressure Pu (sampling frequency 10 kHz). All experiments
are performed with a mean upstream pressure P u set just above (< 50 Pa) the oscillation onset threshold POn so that P u ¿ POn. An
example of the measured upstream pressure as a function of time is plotted in Fig. 1(d) indicating the pressure at oscillation onset
POn, oscillation offset POff and during sustained steady state oscillation. In this work, steady state oscillation is analysed. Assessed
flow conditions and associated fundamental frequency fo obtained from a Fourier analysis of the upstream pressure Pu during steady
oscillation as outlined in [12] are given in Table 1.

This implies that the imposed P u differs between assessed conditions as POn depends on the used VF replica (M5, MRI or EPI) as
well as on the imposed angular asymmetry angle ↵ (Fig. 7 in [12]). Assessed ↵ (from 0˝ up to 20˝) and corresponding vertical level
differences h (from 0 mm up to 3 mm as reported for UVFP patients [2,3]) are shown in the frame of Fig. 2 for each VF replica.
The overall vertical level difference h in absence of airflow is obtained from the experimentally imposed ↵ following a geometrical
reasoning as outlined in [13] (section 2.3 therein) and yields half of the maximum vertical level difference along the triangular air
leakage area indicated in Fig. 1(c).

A single high speed (HS) camera (Keyence VW-9000, shutter time 4 �s and resolution 240 px ù 320 px) is placed in the medio-
frontal plane in order to acquire instantaneous images of the VF’s steady state auto-oscillation as outlined in [13]. The imaging
frame rate fs is set to 4 kHz so that images are gathered every �t seconds at time instants tk = k ��t with �t = 1_fs yielding 0.25 ms
and k denoting the frame number in the image sequence. This temporal accuracy corresponds to f 3.8% of the period for oscillation
frequencies f 150 Hz, which is pertinent for the primary oscillation frequency of each assessed experimental condition regardless
of the used VF replica and imposed asymmetry angle ↵ as shown in [12,13] and in Table 1. For oscillation frequencies f 750 Hz,
the temporal accuracy decreases to f 15% of the oscillation period.

The VF vibration during auto-oscillation is observed non-simultaneously from three distinct single view angles ✓HS , defined as
the angle between the observation direction and the medio-sagittal plane: top view ✓HS = 0

˝, diagonal view ✓HS = 45
˝ and level

view ✓HS = 90
˝. Camera positions and corresponding view angles ✓HS are depicted in Fig. 2.

Acquired images at each instant tk are two dimensional greyscale intensity matrices Imk = I(x, y; tk) with x and y indicating the
pixel position in the image and where subscript k denotes time instant tk. It follows that 1 < x f Nx and 1 < y f Ny, with Nx = 240

and Ny = 320 determined by the camera resolution, so that each image contains n = 76800 pixel positions.
For each assessed condition, defined by both the VF replica (M5, MRI or EPI) and imposed angular asymmetry angle ↵, 1 s of

steady-state auto-oscillation is analysed. For each replica and view angle, the system dynamics f of the fluid–structure interaction
during auto-oscillation is represented as a function of asymmetry angle ↵ as

ds
dt

= f (s, t; ↵), (1)

where s À Rn represents the state of the system with dimension n ∏ 1 at time t. In discrete-time representation Eq. (1) becomes

sk+1 = F(sk; ↵) (2)

as system states are denoted sk = s(tk), where subscript k denotes again time instant tk.
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Fig. 2. Overview of experimental setup with HS camera view angles [13]: ✓HS = 0
˝ (top view), ✓HS = 45

˝ (diagonal view) and ✓HS = 90
˝ (level view). Initial

(no airflow) vertical level difference h resulting from varying angular asymmetry ↵ between 0
˝ and 20

˝ for each VF replica (M5, MRI and EPI) is framed. The
shaded area 0 f h f 3 mm covers values reported for patients [2,3]. Snapshots during VF vibration to illustrate captured images Imk = I(x, y; tk) at instant tk.

Gathered image vectors Ik = vec(Imk), where vec(�) is the vectorised operator, provide snapshots of the system at times tk, so
that

Ik = g(sk) (3)

with k = 1,… ,m where m denotes the total number of snapshots in each image sequence. Analysing 1 s of steady-state auto-oscillation
corresponds to an image sequence of m = 4000 subsequent snapshots. It is further assumed that at each time instant tk the state
corresponds to the measured image so that

sk = Ik (4)

holds. The system dimension n corresponds then to the number of pixel positions. Initial conditions are prescribed as I
1
= I(t

1
) at

time t
1
= 0 s.

4. Dynamic mode decomposition

The temporal and spatial decomposition of the global VF auto-oscillation is assessed by a dynamic mode decomposition (DMD)
of the gathered image sequences [23,24].

The DMD framework is model free so that the system dynamics is estimated from each measured image sequence only. Assuming
a locally linear system dynamics

ds
dt

= Xs, (5)

the solution is given as

s(t) =
n…

j=1
�j exp(!jt)bj , (6)

where �j and !j denote the eigenvectors and eigenvalues of the system matrix X and where the coefficients bj are the coordinates
of I(t

1
) in the eigenvector basis [25]. In matrix notation this becomes

s(t) = � exp(⌦t)b, (7)

where ⌦ = diag(!) is a diagonal matrix whose entries are the eigenvalues !j , � is a matrix whose columns are the eigenvectors �j
and b is a column vector of the coefficients bj .

Using the assumption sk = Ik expressed in Eq. (4), the discrete-time analogous of Eq. (5) is

Ik+1 = AIk (8)

with

A = exp(X�t). (9)
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The solution is then given as

Ik =

r…
j=1

�j�k*1j bj (10)

with �j and �j the eigenvectors and eigenvalues of the discrete time map A and with bj the coefficients of I1 in the reduced
eigenvector basis of rank r f n. In matrix notation this becomes

Ik = �⇤k*1b (11)

with � and b defined in Eq. (7) and ⇤k*1
= diag({�k*1j }j ) is a diagonal matrix whose entries are the eigenvalues �j raised to the

power k * 1. The exponent k indicates the time instant tk of the image snapshot. The initial condition is given as I1 = �b.
The sought spatial analysis of the global auto-oscillation is thus provided by the DMD modes �j given by the eigenvectors of

A. The sought temporal analysis of each DMD mode is provided by the corresponding eigenvalue �j of A so that from Eqs. (6) and
(10)

!j =
ln(�j )
�t

(12)

holds and the mode frequency is given by fj = I(!j )_2⇡ and its growth rate by R(!j ) so that R(!j ) f 0 holds for stable modes.
The DMD eigenvalue spectrum is then obtained by plotting for each mode j its frequency I(!)_2⇡ as a function of its growth rate
R(!) where ! = !j . The amplitude of each mode corresponds to the associated coefficient bj in b.

It follows that the superposition of the DMD modes, weighted by their amplitude and temporal behaviour results in a spatio-
temporal representation of the full VF auto-oscillation dynamics. The dimension of the representation depends on the eigenvector
basis of rank r taken into account. In the current work, DMD analysis is aimed and not reconstruction or data reduction so that
mode selection (or rank r) is not crucial. Instead, DMD eigenvalue spectra for modes with oscillation frequencies up to 1600 Hz
are presented in Section 5 and spatial DMD mode patterns for modes with oscillation frequencies up to 750 Hz are presented in
Section 6.

5. Temporal vibration analysis: DMD eigenvalue spectra

The temporal behaviour of the vocal folds vibration for different VF replicas and imposed angular asymmetry angles ↵ is analysed
considering the DMD eigenvalue spectra. Spectra of stable vibration modes for all three replicas and top view angle ✓HS = 0

˝ are
plotted in Fig. 3.

All spectral branches originate with a non-oscillation mode (0 Hz, j = 1) associated with the zero eigenvalue at the origin
(R(!) = 0 and I(!)_2⇡ = 0). This non-oscillation mode expresses the influence of the mean flow along the inferior–superior direction
on the VF’s vibration pattern. Stable branches with least decay are identified as main spectral branches. Dominating oscillation modes
(j = 2…6) on the main spectral branches with frequencies up to ˘ 750 Hz (I(!)_2⇡ f 750) are indicated with filled symbols in Fig. 3.
Both the non-oscillation mode and most dominating oscillation modes decay slowly as their real parts approximate zero (R(!) h 0).
The real part of the eigenvalue R(!) decreases as the mode frequency increases, typically above ˘ 750 Hz or I(!)_2⇡ > 750 for the
main spectral branches, so that these modes decay mode rapidly and hence contribute less to observed temporal vibration patterns.
It is noted that side branches might occur such as e.g. observed for ↵ = 0

˝ and ↵ = 10
˝ in Fig. 3(a). It is noted that primary oscillation

(PO mode, mode j = 2) frequencies obtained from the DMD eigenvalue spectra matches with fo values reported in Table 1 and with
previously reported values [12,13].

Despite these similar tendencies for all VF replicas, Fig. 3 shows that the type/structure of VF replica affects the influence of
angular asymmetry angle ↵ on the eigenvalue spectra. This is most obvious when comparing eigenvalue spectra obtained for the
M5 replica with spectra obtained for the MRI or EPI replica.

Increasing the angular asymmetry from ↵ = 0
˝ to ↵ = 4

˝ either decreases (MRI/EPI) or increases (M5) the decay of high frequency
modes. Indeed, tilting a VF from ↵ = 0

˝ to ↵ = 4
˝ results in either steeper (R(!) increases for MRI/EPI) or more sloped (R(!)

decreases for M5) spectral branches. Therefore, in terms of the number of non-decaying stable oscillation modes, introducing a
slight angular asymmetry (h ~ 1 mm Fig. 2) either enriches (MRI/EPI) or strips (M5) the vibration pattern.

Further increasing the angular asymmetry angle from ↵ = 4
˝ reveals the opposite tendency as mode decay either decreases (R(!)

increases, M5) or increases (R(!) decreases, MRI/EPI). So that in terms of the number of non-decaying stable oscillation modes,
the vibration pattern either enriches (M5) or recedes (MRI/EPI) with ↵ g 4

˝.
Given the geometry and multi-layer composition of the used VF replicas (Fig. 1(a) and Section 2), observed eigenvalue spectral

differences are attributed to the presence (MRI/EPI) or absence (M5) of a thin and stiff surface layer representing the epithelium.
As perfect angular symmetry (↵ = 0

˝) is unlikely to occur in real life, the found robustness of the MRI/EPI VF replica to small
angular asymmetries (↵ = 4

˝ in Fig. 2) supports the hypothesis that adding an epithelium-like layer alters silicone VF replicas from
a vibratory point of view. In addition, it provides evidence of the importance of this layer for normal VF vibration. Larger angular
asymmetries (↵ > 4

˝ in Fig. 3) mimic pathological VF vibration as all replicas become prone to glottal air leakage due to vertical level
difference (h > 0 mm in Fig. 2) [12]. Increased mode decay, only observed for the MRI/EPI replica and not for the M5 replica, is
consistent with impaired oscillation and reduced vibration quality associated with glottal insufficiency reported for human speakers.
Thus for the assessed silicone VF replicas, it is hypothesised that from a vibration point of view the presence of an epithelium-like
layer results in more reasonable vibration patterns.
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Fig. 3. DMD eigenvalue spectra (left) and zoom (right) for top view ✓HS = 0
˝ and different asymmetry angles ↵ (symbols) for all three VF replicas: (a) M5,

(b) MRI and (c) EPI. Filled symbols indicate dominating modes with frequency I(!)_2⇡ f 750 Hz.

From Fig. 3 is seen that the effect of ↵ on mode decay is most obvious for higher frequency modes (typically > 750 Hz). Therefore,
it might be of interest to investigate higher frequency vibration modes as potential clinical markers for voice pathology studies such
as UVFP.

The described changes in decay rate with ↵ can be partly explained by changes in structural damping. Structural damping is
likely to increase (or decrease) as the duration of vocal fold contact along the inferior–superior direction inside each glottal cycle
increases (or decreases). This duration was quantified for the assessed VF replicas in [13]. It follows that structural damping either
increases (MRI/EPI) or decreases (M5) with ↵ for ↵ g 4

˝ as vocal fold contact was found to increase (MRI/EPI) or decrease (M5)
with ↵.

So far, spectral similarities, with respect to the influence of angular asymmetry angle ↵, between the MRI and the EPI replica
were pointed out. Nevertheless, comparing Figs. 3(b) and 3(c) shows for all ↵ that the onset of vibration mode decay occurs at lower
mode frequencies for the EPI than for the MRI replica. This observation is again partly explained considering structural damping.
As the oscillation frequency of the dominant oscillation mode for the EPI replica (˘ 120 Hz [13]) is lower than the one observed
for the MRI replica (˘ 140 Hz [13]) the contribution of structural damping to mode decay during a similar relative portion of the
glottal cycle will be greater for the EPI than for the MRI replica. Hence, mode decay for the EPI replica is enhanced compared to
the MRI replica. The different relative closure duration during each glottal cycle between both VF replicas is due to differences in
their shape and their composition underneath the epithelium layer as outlined in Fig. 1(a) and Section 2.
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Fig. 4. DMD eigenvalue spectra for the EPI replica and different asymmetry angles ↵ (symbols) for: (a) diagonal view ✓HS = 45
˝ and (b) level view ✓HS = 90

˝.
Filled symbols indicate dominating modes with oscillation frequency I(!)_2⇡ f 750 Hz.

Fig. 4 illustrates, for the EPI replica, that varying the camera view angle ✓HS from top view ✓HS = 0
˝ to either diagonal view

✓HS = 45
˝ or level view ✓HS = 90

˝, shown in Fig. 2, preserves the general eigenvalue spectral tendencies observed for top view
✓HS = 0

˝ (Fig. 3(c)). Nevertheless, whereas no significant changes to the decay of dominant oscillation modes (filled symbols)
are observed, the decay of higher frequency oscillation modes (non-filled symbols) slows down as the camera view angle is tilted
towards higher ✓HS . As higher frequency modes have more complex vibration patterns, tilted views (✓HS = 45

˝, ✓HS = 90
˝) allow

a better observation of these modes than the top view ✓HS = 0
˝ as, in addition to the transverse plane, they allow observation of

the modes along the medio-sagittal plane.

6. Spatial vibration analysis: DMD modes

In this section, stable vibration modes �j along the main spectral branches, indicated by filled symbols in Figs. 3 and 4, are
arranged (j = 1…6) according to increasing frequency.

6.1. Mean flow modes

Examples of non-oscillation spatial modes, corresponding to the zero eigenvalue at the origin of the eigenvalue spectra (mode
j = 1), are illustrated in Fig. 5. These modes are due to the mean flow during the fluid–structure interaction along the inferior–
superior direction and depend on the imposed asymmetry angle ↵ as the resulting glottal air leakage affects the mean glottal
flow.

Non-oscillation mode amplitudes b
1
are plotted in Fig. 6. All amplitudes are normalised by the amplitude of the PO mode (j = 2)

associated with the lowest stable oscillation frequency for ↵ = 0
˝ denoted as b

2,0˝ . As normalised values exceed unity for each
assessed configuration, regardless of the used VF replica and view angle ✓HS , the non-oscillation mode is the overall dominant
mode in the eigenvalue spectra.

For all view angles ✓HS and angular asymmetry angles ↵, the imprint of the mean flow is least pronounced for the EPI replica as
normalised amplitudes are lower than for the M5 or MRI replica in Fig. 6. As noted previously, view angles ✓HS > 0

˝ (diagonal or
level) allow to observe phenomena along the medio-sagittal plane, and hence along the main flow direction in the inferior–superior
direction, more directly than when the top view angle ✓HS = 0

˝ is used. Consequently, mean flow mode amplitudes obtained for the
diagonal or level view (✓HS > 0

˝) are greater than the ones for the top view with ✓HS = 0
˝ as illustrated in Fig. 6 for ✓HS = 0

˝ and
✓HS = 45

˝. This is most notable for the M5 replica, which quantifies the empirical observation that auto-oscillation of the M5 replica
is associated with a large displacement in the flow direction compared to the MRI or EPI replica. This illustrates again the impact
of the epithelium-like surface layer, which is absent in the case of the M5 replica (Fig. 1(a) and Section 2), on the fluid–structure
interaction and more in particular on the non-oscillation mean flow mode.
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Fig. 5. Illustration of spatial mean flow or non-oscillation mode patterns �j for j = 1 scaled between 0 (white, invariant mode region) and 1 (black, most
variant mode region) for top view ✓HS = 0

˝.

Fig. 6. Normalised non-oscillation mode amplitude magnitude as a function of asymmetry angle ↵ for all VF replicas (M5, MRI and EPI): (a) top view ✓HS = 0
˝,

(b) diagonal view ✓HS = 45
˝. The unity amplitude of the primary oscillation mode for ↵ = 0

˝ is indicated (horizontal dashed line).

6.2. Oscillation modes

The normalised amplitudes of five oscillation modes (j = 2…6) for the MRI and EPI replicas, indicated by the filled symbols away
from the origin in the eigenvalue spectra of Figs. 3 and 4, are plotted in Fig. 7 as a function of their normalised mode frequency.
Plotted quantities are normalised with respect to the amplitude b

2,0˝ and the frequency f
2,0˝ of the primary oscillation mode (PO

mode, j = 2) at ↵ = 0
˝. Amplitudes obtained with top view ✓HS = 0

˝ (Figs. 7(a) and 7(c)) and with diagonal view ✓HS = 45
˝

(Figs. 7(b) and 7(d)) are plotted.
The PO mode, whose frequency corresponds to the fundamental frequency characterising voiced speech utterances, has the largest

amplitude for each angular asymmetry angle ↵. It is noted that the PO mode frequencies match with auto-oscillation frequencies
previously reported either from VK image analysis [13] or from upstream pressure flow analysis [12]. Therefore, current results
confirm the reported decrease of the PO mode frequency with increasing angular asymmetry ↵ so that f

2
_f

2,0˝ f 1 holds as seen in
Fig. 7.

Higher order post-PO modes obtained for j = 3…6, exhibit oscillation frequencies near the harmonics of the PO mode frequency
f
2
for all angular asymmetry angles ↵ as fj_f2 ˘ j * 1 holds. Discrepancies between post-PO mode frequencies and PO mode

harmonics are insignificant considering the temporal accuracy associated with the used image frame rate (Section 3).
As observed for the non-oscillatory mean flow mode (j = 1), normalised oscillation mode amplitudes obtained with ✓HS > 0

˝

are mostly larger than those obtained with top view angle ✓HS = 0
˝ as mode patterns develop along both the horizontal transverse

as well as along the medio-sagittal plane. From Fig. 7 is seen that, in general, normalised mode amplitudes reduce with j for each
view angle ✓HS and angular asymmetry angle ↵.

Spatial oscillation modes �j for j = 2…6 (columns) of the MRI replica are illustrated for top view ✓HS = 0
˝ in Fig. 8(a) and

for diagonal view ✓HS = 45
˝ in Fig. 8(b). Spatial mode activity is colour-coded between white (invariant mode regions) and black

(most variant mode regions). The imposed asymmetry angle (↵ = 4
˝ or ↵ = 20

˝) is indicated in front of each row and the oscillation
mode order (j = 2…6) is indicated on top of each column.

Increasing mode order j changes the spatial mode with respect to its extent and with respect to the node pattern. In the vicinity of
the glottal aperture (within the frames in Fig. 8) typical higher order mode patterns are observed as the number of nodes increases
with j. For small angular asymmetry angles, e.g. ↵ = 4

˝ in Fig. 8, mode patterns develop similarly along the posterior–anterior
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Fig. 7. Oscillation mode (j = 2… 6) amplitudes as a function of their oscillation frequency and different asymmetry angles ↵ (symbols) with top view ✓HS = 0
˝

and diagonal view ✓HS = 45
˝ for the MRI (a,b) and for the EPI replica (c,d). Amplitudes and frequencies are normalised with respect to values of the primary

oscillation (PO) mode (j = 2) with ↵ = 0
˝ indicated with a dashed horizontal and dotted vertical line respectively.

direction and occupy both VF surfaces as tilting does not alters the elasticity of each VF. For large angular asymmetry angles, e.g.
↵ = 20

˝ in Fig. 8, spatial modes reflects the loss of full VF contact along the posterior–anterior direction. It is observed that a surface
region extending from the posterior edge of the tilted VF (illustrated for j = 6 with a cross (ù) in Fig. 8) is no longer part of the
spatial mode pattern. Moreover, it is noted that the area of the excluded surface region increases with j. Near the glottal aperture
the spatial mode pattern for large ↵ depends on the used view angle ✓HS . In the case of top view ✓HS = 0

˝ in Fig. 8(a), reduced
VF contact limits the complex node pattern. In the case of the diagonal view ✓HS = 45

˝ in Fig. 8(b), the complex node pattern is
observed more clearly as the tilted VF (upper VF in Fig. 8(b)) is directly observed. It is noted that the complex node pattern within
the glottal aperture still extends along the full posterior–anterior direction and is still quasi-symmetrical between the normal and
tilted VF given that it does not alters their elasticity.

7. Conclusion

Dynamic vibration mode decomposition in space and time of high-speed images of auto-oscillating silicone vocal folds replicas
without and with vertical tilting is assessed. Temporal properties obtained from the eigenvalue spectra show that imposing vertical
tilting affects mode decay in a way that for the assessed replicas is hypothesised to be associated with the presence or absence of
a stiffer epithelium-like surface layer. The effect is observed most clearly for decaying higher order vibration modes with typical
frequencies above 750 Hz. The presence of a stiffer epithelium-like surface layer is also associated with a limited amplitude of
the mean flow mode with respect to the amplitude of the primary oscillation mode. Vertical tilting reduces the spatial extent of
the vibration mode near the tilted edge. On the other hand, the node pattern near the glottal aperture along the posterior–anterior
direction is unaffected by vertical tilting as it does not affect the structural properties of the assessed VF replicas. The observed impact
of the stiff epithelium-like layer and dynamic vibration mode properties as a function of vertical tilting needs further confirmation
and investigation. Furthermore, it is of interest to vary besides the angular asymmetry angle also the elasticity of between the left
and right vocal fold, as might occur in the case of UVFP, in order to consider the influence on the vibration modes. Moreover,
current results encourage to investigate the potential interest of DMD analysis and resulting dynamic vibration mode properties,
and in particular higher order vibration modes, as potential clinical markers derived from high-speed images of human vocal folds
auto-oscillation, e.g. in the case of pathologies such as UVFP.
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Fig. 8. Spatial oscillating mode patterns �j for j = 2…6 (columns) scaled between 0 (white, invariant mode region) and 1 (black, most variant mode region)
for the MRI replica at ↵ = 4

˝ and ↵ = 20
˝ (rows): (a) top view ✓HS = 0

˝, (b) diagonal view ✓HS = 45
˝. The glottal aperture region is framed. Posterior side of

the left VF is tilted as illustrated for j = 6 (ù).
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