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Ultrasound imaging of the tongue is biased by the probe movements relative to the speaker’s head. Two common
remedies are restricting or algorithmically compensating for such movements, each with its own challenges. We
describe these challenges in details and evaluate an open-source, adjustable probe stabilizer for ultrasound
(ALPHUS), specifically designed to address these challenges by restricting uncorrectable probe movements while
allowing for correctable ones (e.g., jaw opening) to facilitate naturalness. The stabilizer is highly modular and
adaptable to different users (e.g., adults and children) and different research/clinical needs (e.g., imaging in both
midsagittal and coronal orientations). The results of three experiments show that probe movement over uncor-
rectable degrees of freedom was negligible, while movement over correctable degrees of freedom that could be
compensated through post-processing alignment was relatively large, indicating unconstrained articulation over
parameters relevant for natural speech. Results also showed that probe movements as small as 5 mm or 2
degrees can neutralize phonemic contrasts in ultrasound tongue positions. This demonstrates that while stabilized
but uncorrected ultrasound imaging can provide reliable tongue shape information (e.g., curvature or complexity),
accurate tongue position (e.g., height or backness) with respect to vocal tract hard structure needs correction for
probe displacement relative to the head.
© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
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1. Introduction and colleagues (e.g., Stone et al., 1983; Shawker et al., 1985;

Stone, 2005). Ultrasound is useful for studying speech

In recent years, the techniques for ultrasound imaging of the
tongue have experienced rapid growth in speech-related
research (e.g. Tabain and Beare, 2018; Recasens and
Rodriguez, 2016; Tiede et al., 2019; Stone, 1990; Chiu et al.,
2019), clinical applications (e.g., visual biofeedback as inter-
vention for speech disorders) (e.g. Preston et al., 2019;
Preston et al., 2017; Roxburgh et al., 2015), and L2 learning
(e.g. Gick et al., 2008; Chang, 2023). The use of ultrasound
to study speech production was pioneered by Maureen Stone
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https://doi.org/10.1016/j.wocn.2024.101339

because it can visualize large extents of the tongue, providing
high spatial resolution relative to sparsely sampled flesh-point
tracking systems like electromagnetic articulography (EMA),
and high temporal resolution relative to real-time magnetic res-
onance imaging (rtMRI). It is also relatively inexpensive and
easy to use compared to EMA and rtMRI methods. Ultrasound
research on speech generally involves holding a transducer
(probe) under the chin in order to acquire real-time images of
the tongue surface during speaking.

Stone et al. (1983) first noted the main analytical challenge
in ultrasound research on speech, which is that ultrasound
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acquires images of the tongue relative to the probe surface,
rather than to vocal tract hard structures. For research primar-
ily interested in tongue shape alone the raw images are suffi-
cient for analysis. However, most studies of speech
articulation relate tongue position to the hard palate and other
fixed structures of the upper vocal tract. If the probe moves rel-
ative to the hard palate (e.g., when the jaw opens to produce a
low vowel like/a/) then the shape of the vocal tract (i.e., the dis-
tance function between the tongue and the palate) cannot be
inferred from the ultrasound image alone. Moreover, if the
probe slides off the initial placement, the desired target plane
is lost and the acquired images are not comparable across
sequences, thus resulting in inconspicuous errors in both ton-
gue position and tongue shape. There have been many paral-
lel threads of methodological development attempting to
mitigate this issue, which can be grouped into two categories:
(1) restriction and (2) correction methods.

1.1. Ultrasound imaging of the tongue: the restriction method

The restriction method aims to keep the relative position of
the head and probe constant (e.g. Gick et al., 2005; Stone and
Davis, 1995). The head and transducer support system
(HATS) (Stone and Davis, 1995) is perhaps the first successful
ultrasound stabilization system based on this method. It com-
pletely immobilizes both the head and the probe using a large
metal structure built into the recording room. It achieved sub-
millimeter accuracy, but it is challenging to replicate the sys-
tem, and the fact that the head is strictly immobilized limits
its applications (e.g., participant discomfort during recording,
limitations on co-recording with other devices, etc.).

More recently, many headset-style head-probe stabilization
systems have been developed, with the aim to allow for head
movement while keeping the probe to head position constant.
For example, Articulate Instruments Ltd has marketed two sta-
bilization headsets, the Ultrasound Stabilization Headset sys-
tem (USH: Scobbie et al., 2008) and the UltraFit system
(Spreafico et al., 2018; Matosova, 2016). The metallic (alu-
minum) USH was developed earlier and was effective in pro-
viding rigid stabilization. It was then replaced by UltraFit, a
more flexible and lightweight headset made of nylon.

The UltraFit provides less rigid probe-to—head fixation than
USH due to its material but is more comfortable in prolonged
usage. Those headsets are adjustable to fit a wide range of
speakers, even with different head sizes, but the error (i.e., rel-
ative probe movement during usage) is mostly affected by the
rigidness of the headset and the tightness of the headset fit to
the head. Pucher et al. (2020) reported the error magnitudes
(i.e., relative probe movements after head-movements were
removed) for both UltraFit and USH, estimated by 95% quan-
tile interval (97.5th percentile minus 2.5th percentile). When
using the metallic USH, the largest magnitudes of error (ex-
cluding the highest and lowest 2.5% of data) among the three
participants were measured at 12.9, 9.1, and 7.2 mm in
posterior-anterior, inferior-superior, and left—right axes, respec-
tively (Pucher et al., 2020, p. 89); unfortunately, the measure-
ments for UltraFit were likely compromised by errors in head
movement removal, as the authors explained, leaving only
an implication that the largest error for UltraFit lies in the
anterior-posterior direction (p. 90).

All restriction methods that immobilize the probe relative to
the head also greatly restrict movement of the jaw, reducing
naturalness during speaking. This results in a trade-off
between naturalness of speaking and accuracy of tongue mea-
surement; the tighter (more rigid) the head-probe stabilization,
the more accurate the tongue image but less comfortable and
less natural the speech, and vice versa. Further, small jaw
movements can still be made in a very rigid stabilization sys-
tem by depressing the soft tissue on the chin against the
probe, but this depression can cause artificial deformations
of tongue surface shape (e.g., Stone and Davis, 1995;
Stone, 2005).

1.2. Ultrasound imaging of the tongue: the correction method

The correction method compensates for head movement in
data post-processing, rather than restricting it during data col-
lection. The most comprehensive head movement correction
method is the Haskins Optically Corrected Ultrasound System
(HOCUS: Whalen et al., 2005). This method uses spatial track-
ing of points (e.g, using either an optical motion capture sys-
tem or EMA) to align the rigid bodies of the probe and the
head to re-orient tongue surface contours relative to the palate.
Video-based correction algorithms have also been presented,
such as Palatron (Mielke et al., 2005) and SOLLAR (Noiray
et al., 2020), as less-accurate but cost-effective alternatives
that only use a video camera to track fixed points on the rigid
bodies of the head and the probe. Using the correction
method, speakers can move their jaw relatively naturally while
speaking, and accurate vocal tract areas can still be inferred by
the researcher. Theoretically, if the tongue surface is acquired
as a three-dimensional volume (i.e., 3D/4D ultrasound),
motions in any direction can be compensated for. Currently,
however, the most commonly used ultrasound systems
acquire two-dimensional planar images only. For such 2D sys-
tems, the correction method has an assumption that the plane
in which images are acquired is consistent within the speaker
and, therefore, only the relative probe movements on the
assumed acquiring plane can be corrected; those off the plane
cannot. The same principle also applies to bi-planar (simulta-
neous mid-sagittal and coronal) recording in 3D/4D ultrasound.

For example, given that both the probe and the head have
six degrees of freedom (see Fig. 1), if the probe is oriented to
acquire midsagittal tongue shape (the most common usage),
probe motions along the superior-inferior (z) and anterior-
posterior (x) axes, as well as rotation around the left-right axis
(pitch) are correctable because the relevant data are part of the
targeted imaging plane. However, probe movement along the
left—right (y) axis, or rotation around the x-axis (roll) or z-axis
(yaw) is not correctable because the imaged data are no
longer aligned with the target plane. Samples in which move-
ment over the uncorrectable degrees of freedom (DOF)
exceeds tolerable limits must be discarded.

1.3. The current study

To bridge the gap between the restriction and correction
methods, this study presents and assesses an optimal
approach to probe stabilization. This approach utilizes a 3D-
printable probe stabilizer, named ALPHUS: Adjustable Labora-
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Fig. 1. lllustration of the degrees of freedom with respect to the speaker. x: posterior-
anterior. y: left-right. z: inferior-superior.

tory Probe Holder for UltraSound. In contrast to conventional
stabilization systems that sacrifice natural jaw opening in
exchange for accuracy, we deliberately designed the stabilizer
to be flexible in the pitch and z DOF (i.e., jaw opening) to allow
for naturalistic speech production. By allowing speakers to
open their jaw and then correcting for this movement in data
post-processing, the current design enhances both the natural-
ness of speech as well as the recoverability of vocal tract
shapes relevant for linguistic contrasts. In the upcoming sec-
tions of this paper, we will describe the stabilization approach
in details, discuss probe movement in correctable and uncor-
rectable DOF and report accuracy measurements of the stabi-
lization system. We will also present examples of English and
Mandarin phonemic contrasts in ultrasound tongue contours to
demonstrate the effects of stabilization and correction for
probe-to—head movements.

2. Method
2.1. The design

The design of ALPHUS comprises two parts: the upper part,
which is a cap placed roughly at the crown of the head, and the
lower part that holds and stabilizes the probe under the chin in
a perpendicular orientation to the y axis with respect to the
speaker. Fig. 2 demonstrates the headset’s application in
sagittal tongue imaging with both closed (a) and open jaw
(b). Following that, the probe was rotated 90 degrees for imag-
ing the tongue surface in the coronal plane, as shown in
Fig. 2c. The rightmost sub-figure (Fig. 2d) presents how the
headset is configured to fit a five-year-old boy. Similar to the
previous design (Derrick et al., 2018), these two parts are inter-
connected by elastic bands and buckles, allowing for the whole
lower part to move downward while restricting any movements
away from the midsagittal plane. While the upper part is a sin-
gle object (Fig. 6), the lower part is more configurable, consist-
ing of 17 sub-parts as illustrated in Fig. 3. Table 1 lists the

names of these parts (right column), required quantities (mid-
dle column), and item numbers (left column) referring to those
in Fig. 3 and 5. An animation of assembling and disassembling
the lower part of the headset can be found in the supplemen-
tary material (SUPPO01) as well as on the Github repository.

2.2. Configuration and usage

The ultrasound probe is initially secured within a pair of
clips, which are then fastened to the clip holder. Subsequently,
for sagittal imaging, the probe is affixed to the leg using a hex
rod (length = 33 mm), as depicted in Fig. 4a. Alternatively, for
coronal imaging, it is attached with an L-shaped coronal plane
adapter, as shown in Fig. 4b. The probe clips were individually
designed for each specific probe, based on accurate probe
dimensions acquired by 3D-scanning. The “leg” connects the
clip holder with the main frame (i.e., the base and the arms)
of the headset in seven possible different angles, from —15
to 15 degrees with an increment of five degrees (each angle
is realized in a separate STL file). For sagittal imaging, using
more negative angles results in imaging in more posterior
regions in the vocal tract. The four small holes in the front of
the clip holder are the reference points for the external point-
tracking systems (the four points labelled as “Refs” in
Fig. 4b). Object tracking markers (e.g., infrared emitters in opti-
cal tracking or coil sensors in EMA tracking) are to be placed in
three of these holes for tracking the movements of the rigid
body formed by the probe, clips and clip holder. At least three
more tracking markers also need to be placed on the hard
structure of the speaker’s skull (e.g., mastoid processes,
nasion, upper incisors, etc.) to simultaneously track head
movements.

The speaker will then be instructed to sit straight while the
experimenter adjusts the headset. The roll angle of the base
(#4) of the headset is adjusted until the bubbles in the bubble
levels (#17 in Fig. 3) are in the middle; then the speaker can
relax and freely move the head and open the jaw during the
experiment.

When the headset is to be used for young children, the
width of the main frame can be narrowed by moving the two
arms (#5 in Fig. 3) to the inner bracket, and the height and
front-back location of the cheek adjusters (#10) can be
adjusted according to the speaker’s head size, as exemplified
in Fig. 2d.

2.3. 3D-scanning of probe

The current system relies on 3D-scanning of the ultrasound
probe to produce probe-specific clips. We no longer provide
general purpose clips (for probes in unknown dimensions with
the aid of modeling clay) as in the previous design (Derrick
et al., 2018) because we found that the calibration process
for head/probe-correction is almost impossible if the dimen-
sions of the probe cannot be accurately acquired. As of the
time of writing, we have supplied clips for 10 different ultra-
sound probes on the Github repository, covering the most com-
monly used ultrasound systems for speech research, and we
will release additional clips to supplement this collection as
needed.
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Fig. 2. Photo of the headset in place. (a) Configured for measuring in midsagittal plane. (b) Same as (a) with the jaw opened wide. (c) Configured for measuring in coronal plane. (d)

Configured and mounted on a five-year-old boy.

Top view:

144mm

Side view:

Fig. 3. The bottom part of the probe stabilizer in four view angles. The numbers label each unique part as listed in Table 1.

2.4. Fabrication

The fabrication of the entire headset can be mostly accom-
plished by 3D-printing the STL files obtained from the Github
website. There are a few non-3D-printable components,
including five pairs of knitted elastic straps with side-release
buckles, two bubble levels (10x10x29 mm) and a few rubber
bands (or knit elastic hair bands). These non-3D-printable
parts can be procured from local or online fabric and crafts
stores. To encourage broader usage, the current design has
been optimized to allow the parts to be 3D-printed with

biodegradable Polylactic Acid (PLA) using the most basic type
of 3D printer, the single extruder Fused Deposition Modeling
(FDM) 3D printer. The whole headset weighs around 320
grams (excluding the probe).

3. Evaluation

We analyzed data from three experiments, involving co-
collections of ultrasound and motion tracking with EMA for
sagittal and coronal tongue imaging. These experiments were
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Table 1

List of parts in the assembly. The second column (Qty) lists the quantities to be printed for
each part. Asterisk (*) indicates the part (the bubble level) that is not 3D-printable and must
be acquired from the marketplace.

Iltem Part Name

2
<

Clip_holder
Leg
Hex_rod
Base
Arm
Nut
Ear
Leg_pin
Chin_adjuster
Cheek_adjuster
Bolt
Stopper
Jaw_flap_rod
Jaw_flap
Jaw_flap_base R
Jaw_flap_base_L
Bubble level *

N
o
N =2=2NDNWOWOAON=2 22BN 2

originally designed and carried out in a larger project for
speech-related investigations. The three experiments were
selected because they all have a wide coverage of speech
sound inventories and were recorded in long sessions (i.e.,
30-60 + minutes), providing a solid foundation for evaluating
the stabilization system. In every experiment, speakers were
recorded while reading aloud stimuli presented on a computer
screen positioned approximately 1 m in front of the speaker’s
eyes. Ultrasound images were collected using a Telemed
MicrUs EXT-1H system with a synchronization port and a
micro convex probe (MC4-2R20S-3) at 100 frames per second
(FPS). Kinematic data were simultaneously collected using a
Carstens AG501 EMA system, sampled at 250 Hz. EMA sen-
sors were attached to the three reference points on the probe
clip holder for tracking probe movements (“Refs” in Fig. 4).
Audio samples were recorded using a Sennheiser MKE-600
shotgun microphone with pre-amplified output split between
Carstens recording (for synchronization with EMA) and a TAS-
CAM US-600 USB audio interface with the sampling rate set at
44 .1 kHz (for synchronization with ultrasound). The TASCAM
stream recorded both audio and the Telemed frame synchro-
nization signal as stereo audio files. During post-processing
cross-correlation of the EMA and ultrasound-aligned audio
was used to produce common alignment between audio,
EMA, and ultrasound.

Head motion was tracked by EMA sensors placed at the left
and right mastoid processes and the midline of the upper inci-
sors. Sensors for tracking active articulators were attached to
the tongue tip (TT; approximately 0.5 cm behind the apex of
the tongue), tongue body (TB; the bite mark of the upper inci-
sor on the tongue when the tongue is maximally protruded out
of the mouth), jaw (midline of the lower incisors), and the ver-
million borders of the upper (UL) and lower lips (LL). The head
stabilizer headset was mounted on the speaker after all EMA
sensors were attached.

The speaker’s occlusal plane was established using a bite-
plate, with three sensors for tracking, clasped between the
teeth. All EMA data were subsequently aligned with this plane
with an origin at the speaker’s upper incisors (i.e., corrected for
head motion). We also obtained a reference “clench” trial dur-
ing which the speaker maintained a closed jaw, clenched teeth
posture to serve as the baseline.

Ultrasound tongue contours were automatically traced and
tracked by using the DeepEdge Al Tool for Ultrasound (Chen
et al., 2020) (available at https:/github.com/WeirongChen/
DeepEdge). At each time point associated with an ultrasound
video frame, the rotation matrix from the baseline probe posi-
tion (at clench) to the current probe position was calculated,
and then the inverse of that transformation was applied to
the tongue contour to correct for the probe motions relative
to the head, as described in Whalen et al. (2005).

EMA and ultrasound have two different coordinate systems:
EMA uses a 3D mm coordinate system relative to the device
(until remapped to the speaker), and tongue contours mea-
sured from ultrasound are in 2D pixel units. In order to co-
register the two different coordinate systems a calibration pro-
cedure must be performed (at least once) for each probe used
by the ultrasound system. The objective of the calibration pro-
cedure is to identify at least three positions of a sensor co-
recorded in both EMA and ultrasound modalities, which sup-
ports rigid body transformation between the coordinate sys-
tems. We used the “water” method similar to the one
described in Chen et al. (2017) to calibrate the coordinate sys-
tem for the ultrasound probe. The method involves placing the
ultrasound probe beneath a thin plastic container filled with
water, followed by submerging an EMA sensor into the water
to tracing the probe’s mid-sagittal line. The EMA sensor’s
underwater location is visible in the ultrasound image, allowing

Coronal plane

adapter

Fig. 4. Configurations of the orientations of probe and clip holder. (a) Oriented to midsagittal plane. (b) Oriented to coronal plane.
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Fig. 6. The upper part of the probe stabilizer.

the EMA sensor’s locations in both the ultrasound image and
the EMA coordinate system to be co-registered.

To evaluate the accuracy of the stabilization system, we cal-
culated the relative probe movement, defined as the displace-
ment of the probe from the baseline (position during the
“clench” trial) after head motion was removed. For each exper-
iment, the distribution of these relative movements throughout
the entire experiment indicates the stabilization errors.

To validate the process of head movement removal (i.e.,
head-correction) and to ensure that such a process does not
introduce extra errors in the measurement of relative probe
movement, we measured the distance between a reference
sensor on the head (left mastoid) and another sensor on the
probe (i.e., probe-to—head distance). Then, for each sample,
we compared this measurement taken before and after head
movement removal. The maximum values of the absolute dif-
ferences between the probe-to—head distance measured
before and after head-correction were 0.5, 0.75 and 0.26 mm
for our three experiments, respectively, indicating negligible
influence of the head-correction process on the accuracy of
the measurement of relative probe movement.

3.1. Experiment | - Midsagittal plane

In the first experiment (Expt. 1), a male native speaker of
Taiwan Mandarin (age 46) produced a list of onset-rime
sequences in a carrier phrase [tso4 _ pa5] (“This is X.” The
numbers indicate lexical tones. 4: falling tone; 5: neutral tone).
The target syllable (i.e., the “X” in the carrier phrase) had a
consonant—vowel (CV) or consonant—-vowel-nasal (CVN)
structure, where the onset consonant was one of /p, m, f, t,
n, I, k, x~h, tg, ¢, ts, s, 7, ts, s/, the vowel was one of /i, a, u,
ei, ie, ou, uo/, and the nasal coda /n/ or/ij/. This experiment
was intended to record the (nearly) full phonetic inventories
of Mandarin monosyllables, covering most of CV and CVN
combinations in Mandarin. Tones were ignored, despite some
reported differences in tongue height across Mandarin tones
(e.g., Shaw et al., 2016). The list of stimuli consisted of 135 tar-
get syllables and the speaker repeated the list three times.
Additionally, readings of the passage “The North Wind and
the Sun” in both Mandarin and English versions were also
recorded. The whole recording took one hour and six minutes,
resulting in 456,816 total samples (acquired by EMA).

3.2. Experiment Il - Midsagittal plane

In the second experiment (Expt. 2), a male native speaker
of American English (age 28) was recorded. The experiment
consisted of four blocks. The first block consisted of 32 sen-
tences presented twice in random order. The sentences were
designed to elicit a variety of vowel transitions (e.g., /a/ to /i/
transition in “Please a cop, Peter.”) varying in the position of
stress, as well as the number and syllabic identity of interven-
ing consonants. Altogether, the sentences elicit good coverage
of the range of vocal tract shapes produced during American
English speech. During each presentation, the speaker pro-
duced the sentence five times at a normal speaking rate.
The second block consists a subset of the sentences in the
first block. The speaker was instructed to produce the sen-
tence five times at a fast (twice normal) speaking rate in this
block. In the third block, the speaker produced 26 isolated
monosyllabic English words three times in random order. This
set of words covers the vowel inventory of American English.
Finally, in the fourth block, the speaker produced the “Comma
Gets a Cure” passage (Honorof et al., 2000) four times at a
normal speaking rate. This passage was designed to elicit
good coverage of the English phoneme inventory across a
variety of contexts and is commonly used for the examination
of English pronunciation. The recording of Expt. 2 took 48 min
and the total number of EMA samples analyzed for the current
evaluation was 398688.

3.3. Experiment Il - Coronal plane

The third experiment (Expt. 3) was designed to investigate
nasal coda coarticulation and tongue grooving of sibilants in
Taiwan Mandarin. The same speaker as in Expt. 1 was
recorded and the same procedures of EMA and ultrasound
co-collection applied. The experiment was started with a block
for recording nasal coda coarticulation in the midsagittal plane,
then the probe clip holder was rotated 90 degrees using the
coronal plane adapter (Fig. 4b) for recording sibilant tongue
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grooving in the coronal plane. For the purpose of the current
paper, we only report the results of the latter block. The sibilant
stimuli in Expt. 3 were CV combinations where the onset con-
sonant was one of /tg, ¢, ts, ts", s, 2, ts, ts", s/, and the vowel
was one of /a, i, u, y, ¥, &, ye, ow, wo, €j, aj, z, z/, excluding
accidental gaps in Mandarin. The whole experiment took an
hour and the sibilant block took around 30 min, resulting in
54144 samples.

4. Error measurements
4.1. Relative probe movements as error measurements

As mentioned above, if ultrasound tongue imaging is
acquired with the restriction method (without correction), any
probe movement introduces errors in measured tongue sur-
face position relative to the head. Such error can be measured
by comparing the probe position of the current frame to a base-
line position (e.g., jaw tightly closed or teeth clenched). For
example, assuming the probe position in a clench trial (after
head movement is removed) is Py (as in Fig. 7) and the probe
position of the current frame is P,, the direct error e is calcu-

lated as e = |I51 — P} , and can also be decomposed into six
degrees of freedom, namely position along x (posterior-
anterior), y (left-right), and z (inferior-superior), and rotation
around x (rx, roll), y (ry, pitch) and z (rz, yaw). This error con-
stitutes the most direct measure of the accuracy of the probe
stabilizer (e.g., Derrick et al., 2018; Pucher et al., 2020). The
six DOF for the relative probe movements are defined with
respect to the speaker, as illustrated in Fig. 1. With head/
probe-correction, we are more concerned with errors in uncor-
rectable DOF, which are roll, yaw and y in midsagittal imaging
and pitch, yaw and x in coronal imaging, while allowing for
errors in the rest DOF.

4.2. Range of probe-to—head distance

An alternative measurement has been reported, calculating
the consistency or changes in the distance between a fixed
point on the head and another on the probe (e.g., the range
or distribution of Euclidean distance between nose and probe
in Pucher et al. (2020, Fig. 5 & 6) and Spreafico et al. (2018,
Fig. 5)). This measurement is based on an assumption that
the distance between the probe and the head is held constant
if there are no relative probe movements, and any such move-
ments will result in changes in this distance. However, this
assumption is met only in some restricted conditions but not
otherwise. Let the fixed point on the head be Ry, and the dis-
tance from Ry to that on the probe d;, where i=0...n (i=0
when the probe is at the baseline position, P,) for the ith frame
(as denoted in Fig. 7). A change of d; can be conceptually
expressed as the Ad = |d; — dy|. As shown in Fig. 7a, when
the probe moves along the circumference of the circle where
the origin is Ry, and the radius d, (dash-dotted circle in
Fig. 7a), this measurement (Ad) will be a constant zero, while
the true error (e4) can be large and increases as the angle 0
between d; and d; is increasing. Ad only approaches e; when
0 is close to zero (as in Fig. 7b). Given the most common ori-
entation of the probe and head marker placement in ultrasound
tongue imaging, this alternative measurement mostly captures

(a)

3@._
P1

Fig. 7. Concepts of relative probe movements and error measurements. (a) Probe
slides along a circle defined by the origin Ry and radius dy. (b) Probe moves downward
as the jaw opens. Ry: A fixed point on the hard structure of the head. P,: baseline
position of the probe (when the teeth are clenched). P;: current position of the probe. e;:
absolute displacement from P, to P, (i.e., relative probe movement). dy: distance
between Ry, and P,. d: distance between Ry and P;. 0: angle between dy and dj.

the error projected onto the inferior-superior axis, but underes-
timates the error on the posterior-anterior and left—right axes.

4.3. Robustness measurement

While measures of mean and standard deviation (or median
and IQR) error are useful indications of overall accuracy, it can
also be helpful to know the frequency and range of extreme
errors when evaluating a system. For this purpose we addition-
ally provide a measure computed as the mean of the Worst k%
of observed measurement errors, where k is 5% (MW5%) or
1% (MW1%).

5. Results
5.1. Midsagittal plane

Fig. 8 summarizes the results of the evaluations for the first
two experiments. The detailed values are listed in Table 2. The
measurements marked with an asterisk (e.g., rx, rz, y) indi-
cate those degrees of freedom (DOF) in which movement is
uncorrectable in 2D ultrasound images; the objective is thus
to minimize the movements over these DOF but allow for
movement in the remaining (correctable) DOF. In both Expt.
1 and Expt. 2, the magnitudes of relative probe movement
were negligible in the three uncorrectable DOF: 95% of the
samples along these DOF were smaller than 2 mm in the y axis
and less than 2° in roll and yaw. Even in the worst 1% of cases
(MW 1%), movements were only slightly greater than 2 mmin y
and still less than 2° in roll and yaw.

On the other hand, a large extent of movement was
observed in the correctable pitch and z DOF. The movements
in another correctable DOF, x, were slightly larger than those in
the uncorrectable y DOF but still minimal (3—4 mm) in the two
experiments. This is because the chin adjuster (#9) and the
interconnected bolt and stopper (e.g., the piece that runs
against the chin in Fig. 2) prevents the probe from posterior-
anterior sliding. The movements along correctable DOF can
then be applied to the obtained tongue contours to register
them consistently with vocal tract hard structure. Overall, the
stabilizer succeeded in limiting movement in the uncorrectable
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Fig. 8. Relative probe movements in the midsagittal plane. Columns labelled with an asterisk indicate uncorrectable degrees of freedom. In each panel, the curved line indicates the
probability distribution of the samples, the two horizontal lines the third (upper) and the first (lower) quartile, and the cross on the curved line the mean. Actual samples were plotted with
randomized x-values to the left of the curved line, creating shaded bands that visualize the density of the data.

Table 2

Relative probe movements in the mid-sagittal plane for the first two experiments EX1 and EX2. The unit for roll, pitch and yaw is degree (angle) and that for x, y and z is mm. SD: standard
deviation of the samples; Max: absolute maximum value; 95%, 99% and 99.9%: .95, .99 and .999 quantile values, respectively; MW5% and MW1%: the mean of the worst (highest) 5% and

1% of samples, respectively. Asterisks indicate uncorrectable degrees of freedom.

Expt Measure Mean SD Max 95% 99% 99.9% MW5% MW1%
Expt1 *Roll (rx) 0.8 0.3 2.1 1.4 1.6 1.8 1.5 1.7
Pitch (ry) 1.6 0.7 7.3 2.8 3.3 4.1 3.2 3.6
*Yaw (rz) 0.4 0.3 1.6 0.9 1 1.3 1 1.1
X 0.8 0.6 5 1.9 2.5 3.3 2.3 2.9
*Y 0.7 0.5 2.9 1.6 2 24 1.8 2.2
z 2.2 1.8 14.2 5.8 7.6 10.8 7 8.9
Expt2 *Roll (rx) 0.4 0.3 1.4 0.9 1.1 1.2 1 1.2
Pitch (ry) 3.6 1.1 9.1 54 6.6 8 6.1 7.2
*Yaw (rz) 0.3 0.2 1.5 0.6 0.8 1 0.7 0.9
X 1.3 0.9 5 2.9 35 4.1 3.3 3.8
*Y 1.3 0.4 4.2 1.9 2.3 2.9 2.2 25
z 8.3 2.2 20.7 12.4 14.9 18.2 13.9 16.3

DOF (roll, yaw, and y), while allowing natural movements in the
correctable DOF (pitch, x, and z) in order to encourage natural-
istic speaking.

Furthermore, an inquiry arises regarding whether the probe
movement remains consistent across utterances or may be
reduced on shorter timescales, as raised by Lulich and
Pearson (2019). To address this, we re-plotted Fig. 8 by utter-
ance, resulting in Fig. 9. Each data point (blue circle) in Fig. 9
indicates the mean of the worst (largest) 1% (MW1%) of sam-
ples in each utterance, and the indications of distributions (blue
curve, horizontal lines and blue cross) for the six DOF were
drawn from the distributions of utterances. In these two experi-
ments, each utterance was a short sentence or phrase, with
median duration of 14.5 and 10.5 for Expt. 1 and Expt. 2, respec-
tively. Only the utterances within +/- 10% of the median duration
were included in Fig. 9, resulting in 109 and 102 utterances for

Expt. 1 and Expt. 2, respectively. The results showed that there
were wide ranges of dispersion across utterances around 1 cm
in the z DOF and 4° in pitch. The results also showed that the
scale of the probe movements does not appear to be smaller
on shorter timescales, as the means of MW1% across utter-
ances in Fig. 9 are comparable to the values of MW1% across
the entire experiment in Fig. 8.

5.2. Coronal plane

Fig. 10 and Table 3 display the results of the third experi-
ment, where the probe was configured to acquire tongue
images in the coronal plane. The results are quantitatively sim-
ilar to those in Expt. 1 (with the same speaker of the same lan-
guage). However, note that the set of uncorrectable DOF is
different in this experiment relative to the midsagittal
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Fig. 9. Relative probe movements in the midsagittal plane; same as Fig. 8 but plotted by utterance. Each data point represents the mean of the largest 1% of relative probe movements
in each utterance. The medians of utterance duration were 14.5 and 10.5 s for Expt. 1 and Expt. 2, respectively. The number of utterances was 109 for Expt. 1 and 10.2 for Expt. 2.
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Fig. 10. Relative probe movements in the coronal plane. Denotations same as the previous figure.
Table 3
Relative probe movements in the coronal plane for the third experiment. Units and column denotations are the same as in Table 2.
Expt Measure Mean SD Max 95% 99% 99.9% MW5% MW1%
Expt3 Roll (rx) 0.4 0.2 1.2 0.8 0.9 1.1 0.9 1
*Pitch (ry) 1.8 0.7 3.2 2.6 2.8 3.1 2.7 29
*Yaw (rz) 0.3 0.2 1.2 0.7 0.8 1 0.8 0.9
*X 1.6 0.7 3.9 2.6 3 34 2.8 3.2
Y 0.5 0.5 3.8 1.7 24 3.2 21 2.7
z 3 14 8.8 5.7 6.9 7.8 6.3 74

experiments Expt. 1 and Expt. 2. Recall that the uncorrectable
DOF are those which fall outside of the intended imaging plane
and the correctable DOF the rest. These DOF differ depending
on the orientation of the probe. When the probe is oriented for
coronal imaging, the uncorrectable DOF are ry, rz, and x. Also
recall that the system is designed to be unrestricted in the z
(vertical) and ry (pitch) DOF in order to support naturalistic

jaw movement during speech. While movements in the z axis
remain correctable for coronal plane recordings, movements
over the x and ry DOF are no longer correctable in coronal
plane recordings. In this experiment, results indicate that errors
were negligible in rz (yaw) (< 1 °) and relatively small in the x
and ry DOF: 95% of samples were less than 2.6 ° in ry and
2.6 mm in x. The mean of the worst 1% of samples (MW 1%)
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was less than 3° in ry (pitch) and around 3 mm in x. In the cor-
rectable DOF, again, the movements were large in the z axis
as expected, indicating that natural jaw opening was not
restricted. The probe movements were negligible in the other
two correctable DOF (rx and y), which are not affecting the nat-
uralness in speech production.

5.3. Consistency of probe-to—head distance

An alternative measurement that primarily reflects the z
DOF is to measure the range or consistency of the distance
between probe and head fixed positions, denoted as the Ad
measurement here (Fig. 7). We replicated such a measure-
ment as reported in Pucher et al. (2020, Fig. 5, 6 & 9) by cal-
culating the distribution of the Euclidean distance between the
sensor placed at the upper incisor and the sensor at the probe.

Fig. 11 shows that results for the three experiments, derived
from the same samples as in Fig. 8 and 10. The numbers at the
top of each column indicate the 95% quantile interval (97.5th
percentile minus 2.5th percentile). The values of 95% quantile
interval of Ad for the three experiments were 5.7, 8.1 and
3.9 mm, respectively. All of them are less than any of the mea-
surements (excluding mean and SD) of relative probe move-
ments in the z axis for the corresponding experiment as in
Table 2 and 3, indicating underestimation of the true errors.
We further calculated the correlations between Ad and relative
probe movements in x,y, and z, separately for each experi-
ment. As shown in Table 4, the pattern of variations in Ad
highly correlates with those in the probe movements in the
inferior-superior (z) axis but not in the other two DOF, indicating
that the measurement of Ad is biased toward vertical probe
movements.

5.4. Corrected ultrasound tongue edge contours

In this section, we present the results of the ultrasound ton-
gue contours after the head/probe movements were compen-
sated for, using the proposed probe stabilization system.
Figs. 12 and 13 demonstrates the comparisons of the uncor-
rected (left columns) and corrected (right columns) ultrasound
tongue contours taken from the first (Expt. 1) and second
(Expt. 2) experiments, respectively. Each of the thin lines indi-
cates a repetition of a vowel. The thick curve above all thin
lines indicates the location of the hard palate traced by an
EMA sensor. The circle and triangle symbols in the left panels
indicate the means (across repetitions) of the most posterior
and most anterior points in the contours, while those symbols
in the right panels show the time-synchronized positions of
EMA sensors for each individual token. Each sample was
extracted at the acoustic midpoint of the vowel.

5.4.1. Taiwan Mandarin

Fig. 12 show the phonemic contrasts of /a/ vs. /a/ (first row),
/al vs. lou/ (second row) and /i/ vs. /ei/ (third row) in Taiwan
Mandarin. As shown in the first row of Fig. 12, the uncorrected
tongue contours (left panel) do not demonstrate a clear distinc-
tion between /a/ and /o/. After the tongue contours were cor-
rected by adjusting for the relative probe movements, the
contrast between the two vowels becomes distinct. The mean
absolute differences in probe position (in head space) between

/al and /o/ were: 0.24°, 1.72°, 0.29°, 2.17 mm, 0.06 mm, and
5.27 mm for roll, pitch, yaw, x, y, and z, respectively.

The second row presents the results of correction for the
contrast between/a/ and/ou/. In the uncorrected representation
(left panel), the two vowels exhibit distinct tongue shape
throughout. Post-correction (right panel), there is a consider-
able overlap in the anterior part of the tongue, while the con-
trast between the two vowels is primarily observed in the
posterior part of the tongue.

The third row displays corrections for /i/ and /ei/. Here, the
uncorrected and corrected tongue contours for /i/ and /ei/ lack
clear distinction. This is expected since high front vowels like /i/
and /ei/ typically involve minimal jaw movement, and thus sta-
bilizing the probe with the headset is sufficient to maintain the
contrast in tongue positions between/i/ and/ei/".

5.4.2. American English

Fig. 13 demonstrates the phonemic contrasts of /a/ vs. /€/
vs. /il (first row), /a/ vs. /5/ (second row), and /i/ vs. /v/ (third
row) in American English.

In the first row, the contrasts among the three vowels were
seemingly distinguishable in the uncorrected tongue contours
(left panel) by a small margin. However, after correction (right
panel), the differences in tongue positions are more salient
and represent the full extent of the contrasts between the vow-
els — the plausible vowel contrasts in uncorrected contours
appear to be an underestimation.

In the second row, the distinction between /a/ and /3/ is mod-
erately observable in the uncorrected representations (left
panel) primarily in the anterior part of the tongue, with a certain
degree of overlapping. Post-correction (right panel), the tongue
shapes between the two vowels are unambiguously separated
in the anterior region.

Lastly, similar to the results of /i/ and /ei/ in Taiwan Mandarin
shown above, the third row of Fig. 13 does not show clear dis-
tinction in tongue shape between uncorrected (left panel) and
corrected (right panel) representations for /i/ and /1/ in Ameri-
can English, probably due to slight differences in jaw position
between the two high front vowels.

6. Discussion
6.1. Open source, modulation and adaptation

The 3D-printed ultrasound probe stabilizer presented here
was derived from the one published in Derrick et al. (2018)
and revised since then based on the feedback from our exper-
iments. One of the aims of these updates has been to improve
the probe stabilizer’'s adaptability. The current design makes
most components modular and adjustable to better adapt to
speaker physiology, machine-intrinsic characteristics, and
application-specific requirements. For example, we learned
from our experiments that the pitch angle of the probe with
respect to the main frame of the headset needs to be adjusted
in order to obtain ultrasound images with the most optimal view
(e.g., more anterior or more posterior view, depending on the
purposes of the experiment). In the current design, adjusting

" Note that the vowels /ou/ and /ei/ are diphthongs in Mandarin. These two examples are
intended to show the effect of head/probe-correction but not to demonstrate linguistically
meaningful distinctions.
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Table 4
Pearson correlation coefficients for the linear correlations between Ad and one of the
relative probe movements in x, y, and z (columns) in each experiment (rows).

Expt X y Z
Expt. 1 —0.04 0.37 0.93
Expt. 2 0.2 —-0.1 0.94
Expt. 3 0.17 0.06 0.8
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Fig. 12. Extracted tongue contours from Expt. 1 in uncorrected (left column) and
corrected (right column) representations, for the contrasts of /a/ vs. /a/ (first row), /a/ vs.
Jou/ (second row) and /i/ vs. /eil (third row) in Taiwan Mandarin. The mean probe
positions in head spaces between /a/ and /a/ (first row) differed by 1.7° in pitch and
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probe pitch angle can be done by switching between the “legs”
(#2 in Fig. 3) in one of seven available angles.

Two other important updates include the ability to adapt to
young children by re-positioning the arms (#5), cheek
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Fig. 13. Extracted tongue contours from Expt. 2 in uncorrected (left column) and
corrected (right column) representations, for the contrasts of /a/ (circles) vs. /€/ vs. /i/ (first
row), /a/ vs. /a/ (second row), and /i/ vs. /i/ (third row) in American English.

adjusters (#10), and jaw flaps (#14), and the ability to change
from midsagittal view to coronal view by replacing the hex rod
(#3) with the coronal plane adapter within an experiment with-
out repositioning the participant (Fig. 4).

For mid-sagittal imaging, it is crucial to align the probe to the
speaker’s mid-sagittal plane. This is equivalent to making the
base (#4) perpendicular to this plane, since the base and
probe are at a 90° angle. A common practice is that, at the
beginning of the experiment setting, the experimenter adjusts
the probe alignment based on visual inspection. The two bub-
ble levels (#17) on the base were designed to aid such align-
ment. Assuming that when the speaker maintains an upright
posture, the angle between the speaker’s mid-sagittal plane
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and the gravity vector is close to zero degrees, adjusting the
roll angle of base until the bubbles are roughly at the center
of the levels will facilitate the correct positioning of the probe
during the setup of the stabilizer.

To ensure its sustainability, we made the 3D-printing codes
open source and freely accessible on Github (https://github.-
com/WeirongChen/ALPHUS), and we hope that future updates
can include more inputs from the community. Users can down-
load and modify individual piece to fit their specific needs.

6.2. Validation and accuracy

The evaluation of the stabilization system replies primarily
on assessing probe movements relative to the head. Such
movements, if not compensated for, directly translate into
errors of ultrasound tongue contours in the same magnitude.
Our results indicate that, with the setting for midsagittal imag-
ing, the relative probe movements were mostly (95% of sam-
ples) below 2 mm or 2° over uncorrectable degrees of
freedom (DOF). They were up to 12 mm or 3° over correctable
DOF (Table 2). For coronal imaging, 95% of the relative probe
movements were lower than 3 mm or 3° in uncorrectable DOF
and up to 6 mm in the correctable DOF (3). However, as shown
in Table 2, the commonly used 95% criterion often underesti-
mate the errors of interest; the actual error ranges (Max) were
roughly twice the 95% quantile values. Therefore, we calcu-
lated the mean of the worst 1% of samples, MW 1%, which
includes the extreme values; these values increased only
slightly (< 1 mm) from the 95% quantile values in the uncor-
rectable DOF, demonstrating the robustness of the system.

For comparison, Pucher et al. (2020, p. 89) reported that
95% of such movements (measured with a similar method)
for the metallic UHS system were up to 13 mm in the
anterior-to-posterior (correctable) DOF and 7 mm in the left-
to-right (uncorrectable) DOF. An earlier restriction method by
fixing the probe in a rigid mechanical arm and stabilizing the
speaker’s head with a metallic headrest demonstrated that
the range of movement (maximum — minimum) was up to
4 mm (y) or 3° (roll) in uncorrectable DOF and 9 mm (z) or
6.5° (pitch) in correctable DOF (Gick et al., 2005, p. 512). More
discussions regarding the accuracy of immobilizing ultrasound
probe can be found in Stone (2005).

Itis plausible to assume that the errors induced by head and
probe movements may be smaller if measured within shorter
time scales. However, the results demonstrated that the range
of probe movements, as estimated by the mean of worst (lar-
gest) 1% of samples (MW1%) are comparable between those
measured across experiments (Fig. 8) and those within a trial
(Fig. 9), thus not supporting such an assumption.

We also assessed the consistency (range) of probe-to—
head distance (Ad), an alternative evaluation proposed by
Pucher et al. (2020) that reflects jaw opening but largely over-
looks probe sliding underneath the chin (see Section 4.2 and
Fig. 7). The data indicate that the range of probe-to—head dis-
tance underestimates the actual movements in all three exper-
iments. Correlation analyses (Table 4) showed that Ad is
heavily biased toward vertical probe movements and largely
unrelated to lateral and posterior-anterior movements, as
expected. Such underestimation is more prominent in Pucher
et al. (2020), which reported that the 95% quantile interval of

probe-to—head distance was 2.7 mm and that of posterior-
anterior movements was 33.6 mm for their speaker 2 with
UltraFit. This is probably due to the differences in the design:
the elastic bands connecting the top and bottom parts in our
system allow the jaw (and probe) to move downward freely,
which Ad is mostly related to, while the rigid arm structure in
UltraFit restricts the vertical probe movement but the probe
sliding is not as restricted, thus causing the largest movements
in the posterior-anterior dimension, which is not captured by
the consistency of probe-to—head distance. It is then inadvis-
able to use this measurement as an appropriate error metric
for evaluating the accuracy or reliability of an ultrasound probe
stabilizer.

6.3. Correction for probe-to—head movements

For 2D midsagittal ultrasound imaging of the tongue, the un-
correctable degrees of freedom (DOF) of the probe are those
that move out of the imaging plane (i.e., lateral translation
along y, rotation around anterior/posterior x (roll) and rotation
around inferior/superior z (yaw)), and the correctable DOF
are those that move within the plane (i.e., translation along x
and z, and rotation around y (pitch)). To identify (as error
screening signals) uncorrectable DOF probe movement and
to compensate for correctable DOF movement, the positions
of both the probe and the speaker’s head must be tracked
and synchronized with ultrasound recordings in 3D using point
source tracking methods (e.g., EMA or Optotrak) as outlined in
Whalen et al. (2005). However, the most prominent of these
DOF for purposes of compensation is vertical (inferior/supe-
rior) translation along z induced by jaw displacement, which
has the largest range of observed motion in our stabilization
system. This can also be obtained using less accurate but
more affordable video-based feature tracking algorithms
requiring only a video camera as described in Mielke et al.
(2005) and Noiray et al. (2020). When two cameras or a mirror
angled at 45° is used, potentially all correctable DOF can be
recovered.

Our results showed that correction for probe-to—head move-
ment is necessary when the positional contrasts under investi-
gation involve non-high or height-contrastive vowels, as
demonstrated in Section 5.4; such correction may be less
important when only high vowels are of interest (e.g., /i/ vs./
ei/ or /il vs. I/, as in the bottom panels of Fig. 12 and 13),
due to bracing and the minimal jaw opening required for these
vowels. Correction is also unnecessary when the focus of
investigation relies on the analyses of tongue shape that are
translation and rotation invariant, such as the degree of tongue
curvature (e.g., Ménard et al., 2011; Dawson et al., 2016), the
number of inflectional points (e.g., Preston et al., 2019) or the
degree of tongue grooving in a coronal view (e.g., Whalen
et al., 2011).

However, recent approaches to analysis of ultrasound ton-
gue shapes using generalized additive models (GAM) rely on
a conversion to polar coordinates in which the radius is the
dependent variable and the angle an independent smoothing
factor (e.g., Al-Tamimi and Palo, 2023; Coretta, 2019; Heyne
et al., 2019); because this approach assumes that both radius
and angle are based on a constant coordinate system related
to speaker palatal hard structure, it requires both stabilization
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of the probe and correction of the tongue contours for the
probe-to—head movement, especially if non—high vowels are
involved.

7. Conclusion

In the system described in this paper, movement is rela-
tively unconstrained along the inferior-superior (z) axis in order
to permit naturalistic jaw movement. Since this movement is
correctable in post-processing, we are still able to accurately
recover vocal tract shapes despite the large magnitude of this
movement. While movement along the posterior-anterior (x)
axis is also correctable (for sagittal imaging), we deliberately
limit probe sliding in this DOF using the chin adjuster because
it might result in missing the area of interest due to probe-
intrinsic view angle limits.

Systems like our headset and AAA’s UltraFit have the ben-
efit of producing more natural speech by allowing flexibility.
Such flexibility can easily result in more than 1 cm of error in
the tongue contours, as shown in Pucher et al. (2020) as well
as in the current study. Simply using those probe stabilizers
does not correct for such error. Evidence demonstrates that,
even when a probe stabilizer is used, relative probe movement
as small as 2° in pitch or 5 mm in the vertical dimension, as in
Expt. 1, can obscure the phonemic contrast between low and
mid vowels (Fig. 12).

Ultrasound applications relying on accurate tongue position
or vocal tract information, such as tongue posture comparisons
or silent speech interfaces, suffer from insufficient and poten-
tially biased inputs if probe movement information is ignored,
and can thus result in inaccurate outputs. For such applica-
tions, correction for the probe movement relative to the head
should be applied to the tongue contours in conjunction with
a probe stabilizer. On the other hand, for applications where
the shape of the tongue is of primary concern (e.g., tongue cur-
vature or grooving) or investigations that only involves speech
sounds requiring minimal jaw opening (e.g., high vowels, frica-
tives, etc.), acquiring tongue images with ultrasound and a
probe stabilizer alone may be sufficient. Researchers should
be aware of this limitation and choose appropriate stabilization
and/or correction methods for their research questions.
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