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Abstract

Speech articulation involves tongue movements that are largely hidden from direct per-
ception, which makes them difficult to explain, observe, and guide during pronunciation 
instruction. This paper asks whether articulatory information can be externalized through 
touch and decoded by a listener. We introduce a tactile encoding scheme that maps regions 
of the tongue onto spatial locations on the forearm, combined with four tactile patterns 
(Tap, Hold, Trill, and Push) representing articulatory manner. To evaluate whether this 
encoding is interpretable, we conducted a Wizard-of-Oz study with six native Arabic speak-
ers, in which cues were delivered manually by an experimenter rather than by a haptic 
device, so that the mapping could be examined before committing to a particular hardware 
implementation. Seven Arabic letters were used as targets, drawn from the full inventory of 
twenty-eight; participants were not informed that the target set was restricted, so responses 
were made against an open set. Following instruction on the general tactile–articulatory 
encoding principle, but before target-specific corrective feedback, participants identified the 
intended letter on 29.76% of trials, exceeding the nominal uniform-response reference levels 
defined for the open response set. After a brief exposure phase, accuracy reached 75.00% 
and response time fell from 14.48 s to 4.40 s. Critically, errors were not randomly distributed: 
they clustered on letters that are articulatorily adjacent to the target, and in several cases 
on letters that were never presented as targets (e.g., dāl, lām and nūn), a pattern that is 
difficult to explain by rote association alone. Some confusions involved targets encoded 
at neighboring forearm sites, suggesting possible spatial-discrimination limitations. We 
report these findings as preliminary evidence that tongue articulation may be represented 
in a decodable form through spatial touch. We make no claims regarding pronunciation 
learning, retention, or pedagogical efficacy, which this design cannot address.

Keywords: haptic feedback; tactile encoding; Arabic articulation; Wizard-of-Oz; multimodal 
interaction; cross-modal mapping

1. Introduction
Achieving intelligible pronunciation requires precise control of articulatory movements 

that are often difficult to perceive, monitor, and guide during speech production [1,2]. 
Despite its critical role in communication, pronunciation has traditionally received less 
emphasis in language learning [1,3]. This imbalance is problematic, as adult learners fre-
quently show high variability in pronunciation attainment [4]. These inaccuracies may 
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reflect perceptual and instructional challenges that are not fully addressed through au-
ditory input alone [1,5]. A central obstacle to accurate production lies in the complexity 
of articulatory control, particularly the coordination of the tongue [2,6]. Because these 
articulatory movements occur behind the teeth, they are largely invisible to learners and dif-
ficult for instructors to demonstrate or evaluate, making articulatory state difficult to access 
directly through perception. Adult learners often lack conscious awareness of their own 
tongue gestures and may struggle to perform movements not acquired during first-language 
development [2,7].

To address this limitation, visual articulatory feedback has been used in pronunci-
ation training to make otherwise hidden tongue movements available to learners [2,8]. 
Ouni [2] used real-time ultrasound imaging to provide visual feedback of tongue move-
ment, while Katz and Mehta [8] used a real-time 3D tongue visualization system based on 
electromagnetic articulography (EMA) for novel speech-sound learning. These approaches 
demonstrate the potential value of making tongue articulation perceptible through external 
feedback. Alternative sensory modalities, including tactile feedback, provide another means 
of conveying articulatory or speech information [6,9–11].

Prior work has demonstrated that tactile systems can support both speech communi-
cation and pronunciation feedback: systems such as the Phoneme-Based Tactile Display 
and TAPS convey speech information through vibrotactile patterns, while HAPOVER and 
Touch to Speak apply tactile feedback to pronunciation support [9–13]. TAPS, in particular, 
incorporates articulatory features into its tactile phonemic code, including the use of fore-
arm location to represent place of articulation [13]. The present work differs in its purpose 
and evaluation: rather than using tactile patterns primarily for speech reception, it external-
izes tongue configuration onto the forearm as a production-oriented representation and 
examines whether this mapping can be interpreted before specific cue-to-letter associations 
are taught.

Answering it requires a design that separates two things that are easily conflated: 
whether a tactile encoding is interpretable at all, and whether it improves pronunciation. 
The second question can only be meaningfully investigated if the first is established: before 
testing whether tactile guidance improves pronunciation, the encoding must first be shown 
to convey interpretable articulatory information. If a mapping cannot be decoded by 
speakers who already command the target articulations, there is no basis for expecting it to 
guide speakers who do not. We therefore use native Arabic speakers as a methodological 
baseline. This choice is not a proxy for a learner population and does not license inferences 
about learners; rather, it provides a baseline in which the target articulations are already 
part of the participants’ established speech repertoire, reducing the influence of incomplete 
L2 phonological knowledge.

Two features of the design are central to interpreting the results. First, cues were 
delivered manually by an experimenter rather than by a haptic device, following the Wizard-
of-Oz paradigm [14,15], in which a human operator simulates system behavior so that a 
concept can be evaluated before hardware commits the design to a fixed set of actuation 
constraints. Second, although only seven Arabic letters served as targets, participants were 
not told this. Responses were therefore made against the full inventory of twenty-eight 
letters, which permits performance to be compared against nominal uniform-response 
reference baselines and constrains the extent to which accuracy can be attributed to a 
memorized correspondence between cues and a small, closed set.

The following research questions guide the investigation:
1. To what extent can tactile cues representing articulatory configurations be decoded 

into the intended targets after instruction on the general encoding principle but before 
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target-specific corrective feedback, relative to the nominal uniform-response reference 
levels defined for the open response set?

2. How do decoding accuracy and response time change after brief exposure to the 
mapping?

3. Does the structure of decoding errors follow articulatory and spatial adjacency, as 
would be expected if participants were interpreting the mapping, or is it unsystematic, 
as would be expected under rote association?
This paper makes three contributions. First, it introduces a tactile encoding scheme 

that maps the articulatory space of the tongue onto spatial locations on the forearm, together 
with a vocabulary of four patterns representing articulatory manner. Second, it provides 
evidence, from an open-set identification task, that this encoding can be decoded above 
the nominal uniform-response reference levels after instruction on the general encoding 
principle but before target-specific corrective feedback. Third, through an analysis of error 
structure, it suggests possible spatial-discrimination limitations, particularly for targets 
using the same tactile pattern at neighboring forearm locations, which points to a concrete 
design target for subsequent hardware implementations.

2. Related Work
To address the invisibility of articulators, Computer-Assisted Pronunciation Training 

(CAPT) has evolved beyond purely auditory models to incorporate visual and instrumental 
feedback systems [2,8,16]. Modern systems also use visual articulatory displays to illustrate 
hidden tongue gestures [2,8]. Additionally, instrumental techniques such as electropalatog-
raphy (EPG), electromagnetic articulography (EMA), and ultrasound imaging have been 
utilized to provide real-time objective data of a learner’s own articulation [2,8]. While 
these tools provide valuable articulatory information, they possess significant limitations 
for supporting speech production. Although 3D articulatory models can provide detailed 
visual feedback, mapping visual representations onto one’s own articulatory motor system 
can be cognitively demanding [8]. Furthermore, they are either invasive, such as EMA, or 
produce noisy data, such as ultrasound images, that require expert interpretation.

While Automatic Speech Recognition (ASR) provides immediate diagnostic feedback, 
it typically indicates that an error occurred without specifying its underlying articulatory 
cause [17]. The pedagogical efficacy of these interventions may also depend on how learners 
process and integrate feedback, as explicit and implicit learning abilities can contribute 
differently to L2 pronunciation development [4]. Even high-quality visual data may create 
a cognitive bottleneck, as learners must monitor their own invisible articulatory move-
ments [6]. This challenge is supported by prior research showing that an emphasis on 
visual accuracy may overlook functional intelligibility, defined as the ability to be understood 
by listeners rather than achieving a native-like accent [1,3].

Recent work in HCI and language learning has explored tactile and embodied feed-
back as a means of making otherwise intangible pronunciation phenomena more accessible. 
Grounded in embodied cognition, these approaches suggest that speech production is in-
trinsically linked to bodily movement. Existing research has demonstrated the feasibility of 
tactile speech and pronunciation systems, using wearable devices like the TActile Phonemic 
Sleeve (TAPS), HAPOVER, and Phoneme-Based Tactile Display, to provide speech-related 
information through vibrotactile patterns on the skin [9,10,13]. More broadly, haptic tech-
nology has been identified as a potentially valuable learning modality when integrated with 
appropriate pedagogical design [18]. In L2 pronunciation, individual corrective feedback 
has been shown to improve short-term comprehensibility compared with listening-only 
practice [19]. Real-time visual feedback of tongue movement has also been shown to support 
rapid gains in novel speech-sound production [8]. Beyond encoding design, reliable tactile 
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presentation also depends on consistent control of stimulus timing, intensity, and contact 
conditions. Device-based tactile systems can reduce such variability through calibrated and 
repeatable stimulus delivery.

The encoding examined here differs primarily in its purpose and organization. It uses 
a direct tongue-to-forearm spatial correspondence to externalize articulatory configuration 
as a production-oriented representation rather than primarily as a tactile speech-reception 
code. Clinical intraoral systems have provided error feedback for specific tongue placements, 
such as contact with the alveolar ridge, but operate within constrained clinical contexts 
and do not generalize to a full articulatory inventory [6]. Research on haptic relocation 
away from the fingertip has established the forearm as a viable site for spatially structured 
tactile information [20], while work on vibrotactile localization on the arm documents the 
resolution limits that any such scheme must respect [21]. Whether a production-oriented 
tongue-to-forearm mapping can be interpreted before specific cue-to-letter associations are 
taught has not, to our knowledge, been tested directly.

3. Materials and Methods
To answer the research questions, this study employed an exploratory proof-of-concept 

design to examine whether a tactile encoding of articulatory configurations could be de-
coded, how decoding performance changed after brief exposure, and how participants 
experienced the task. The study was conducted at the University of Sussex in Brighton, 
Southeast England, United Kingdom. Participants were recruited from the university com-
munity. This study was approved by the University of Sussex Ethics Committee (Approval 
No. 1380). All participants provided informed consent prior to participation. The method-
ology consisted of a controlled tactile-to-letter identification task in which tactile cues were 
mapped to articulatory tongue positions, followed by an exposure phase with corrective 
feedback and a post-test evaluation.

3.1. Wizard-of-Oz Cue Delivery
Tactile cues were delivered manually by an experimenter using finger contact, with no 

haptic device involved. This follows the Wizard-of-Oz paradigm, in which a human operator 
simulates the behavior of a system so that the interaction concept can be evaluated before 
implementation constrains it [14,15]. The paradigm is adopted here for a specific reason. 
Any haptic device imposes a fixed actuator layout, amplitude range, and temporal resolution, 
and a negative result obtained with such a device is ambiguous: it may indicate that the 
encoding is uninterpretable, or merely that the chosen hardware renders it poorly. Manual 
delivery reduces this ambiguity, permitting the articulatory mapping to be examined before 
hardware constraints are fixed and allowing the resulting requirements, particularly spatial 
resolution, to inform subsequent hardware design rather than being dictated by it.

The cost of this choice is that cue delivery was not mechanically uniform. Timing and 
contact force varied within the tolerances of manual execution, and this variability is a 
genuine limitation of the present data. To constrain manual variability, the six stimulation 
locations were marked on the forearm, all cues were delivered by the same experimenter 
using finger contact, and participants rested the selected forearm on the table in a consis-
tent position. The six stimulation locations followed the same relative layout along each 
participant’s forearm and were marked before testing. Tap was delivered as a single brief 
contact. Hold, Trill, and Push cues were delivered over approximately two seconds. Trill 
consisted of five quick successive contacts at the cued location. Hold consisted of sustained 
contact combined with a manually produced low-frequency oscillation of the fingertip; 
its frequency was not measured. Push, used for ḍād, was delivered by placing the thumb 
on location 1 and both index fingers on the two location-2 sites, then moving both index 
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fingers with slight pressure toward the thumb. The displacement of this movement was not 
measured. Absolute inter-site distances and contact-force values were not recorded. All 
participants received the same set of targets under the same procedure. A device-based 
replication is a necessary next step and is not substituted for by these results.

3.2. Design and Materials
A within-subjects design was used, in which all participants completed the identifica-

tion task under tactile guidance. Targets were selected prior to the experiment on the basis 
of their articulatory relevance and reliance on tongue positioning, each corresponding to 
a specific configuration of the tongue. To support the encoding, the tongue was concep-
tualized as a set of discrete articulatory regions. Figure 1 presents a simplified top-view 
schematic showing the numbered articulatory locations used throughout the study. These 
locations were used consistently to describe articulatory targets during the task. The de-
sign employed a cross-modal mapping in which articulatory locations of the tongue were 
represented through spatial tactile cues delivered on the forearm, as shown in Figure 2. 
The forearm was selected for its accessibility and its relatively large surface area for spatial 
mapping [20].

Figure 1. Conceptual top-view schematic of the tongue showing the numbered articulatory regions 
used for tactile articulatory guidance. The figure is intended as a schematic representation rather 
than an anatomically detailed model.

 

Figure 2. Forearm locations used for tactile articulatory guidance, with marked points corresponding 
to conceptual tongue regions in the spatial mapping.

The selected pronunciation targets and their corresponding representations are summa-
rized in Table 1. Arabic script is presented alongside International Phonetic Alphabet (IPA) 
representations to facilitate international readability and to clarify the intended articulatory 
targets. In this study, “letter” refers to the categorical Arabic target used for participant 
responses, whereas the IPA notation represents the associated consonantal speech sound 
and articulatory target.
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The seven targets were purposefully selected for this proof-of-concept study to rep-
resent articulatory configurations distributed across the tongue regions included in the 
proposed spatial mapping, from anterior to posterior locations, while also incorporating 
the tactile patterns used in the encoding scheme. The aim was therefore not to obtain a 
representative sample of all twenty-eight Arabic letters, but to test whether tongue-based ar-
ticulatory information spanning the proposed mapping could be conveyed through forearm 
touch. Arabic sounds whose primary articulation depends mainly on structures outside 
the tongue-focused mapping were outside the scope of the present study.

Table 1. Selected Arabic pronunciation targets.

Tongue Location Letter IPA Tactile Pattern

1 tāʼ /t/ Tap (•)
5 khāʼ /x/ Hold (vibration)
1 rāʼ /r/ Trill (~~)

1 + 2 ḍād /dˤ/ Push (→)
6 ghayn /ɣ/ Hold (vibration)
4 qāf /q/ Tap (•)
3 kāf /k/ Tap (•)

In addition to spatial location, tactile articulatory guidance was further differentiated 
through a small set of distinct tactile patterns. Each pattern was designed to convey simpli-
fied articulatory feature information. These patterns were introduced to participants prior 
to the experimental task and were applied consistently throughout the study.

The tactile patterns were defined as follows:
• Tap (•): a brief, discrete tactile contact representing momentary articulatory closure, 

characteristic of plosive consonants.
• Hold (vibration): a sustained tactile contact representing prolonged constriction and 

airflow, corresponding to fricative or continuous sounds.
• Trill (~~): a rapid sequence of repeated tactile contacts representing oscillatory articu-

latory movement.
• Push (→): a directional tactile cue representing guided articulatory movement 

or emphasis.
Together, these four patterns were designed to represent the principal articulatory 

actions needed to distinguish the seven targets included in this proof-of-concept study, 
including closure, sustained constriction, oscillatory movement, and directional movement. 
They are not intended to constitute a complete representation of articulatory patterns across 
the Arabic sound system. During the experiment, tactile patterns were administered man-
ually via finger contact at predefined forearm locations. A Tap was delivered as a brief 
touch-and-release at a single location. A Hold consisted of sustained contact with a manu-
ally produced low-frequency oscillation at one location. A Trill consisted of multiple rapid, 
perceptually distinct touches at the same location. A Push was delivered by maintaining con-
tact while moving the fingers toward another mapped location, creating a directional tactile 
cue. All patterns were delivered according to the same predefined protocol across trials.

These general encoding principles were introduced to participants before the experi-
mental task. No electronic haptic device was used in this study. Manual tactile delivery 
allowed the conceptual cue patterns to be evaluated without the constraints of a fixed actu-
ator layout or hardware-specific actuation characteristics. This approach was intentionally 
adopted to examine the tactile–articulatory mapping before committing to device-specific 
constraints, although manual delivery introduces its own variability (Section 3.1).
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3.3. Response Set and Chance Baseline
Seven letters served as targets, drawn from the twenty-eight letters of the Arabic 

alphabet. Participants were not informed that the target set was restricted, and no candidate 
set was displayed or described at any point. Participants were instructed to produce the 
Arabic letter that best corresponded to the articulatory configuration they perceived, with 
no constraint on which letter they could produce. Responses were therefore made against 
an open set.

These response spaces provide nominal uniform-response reference baselines rather 
than empirical estimates of participants’ true guessing probabilities. If responses were uni-
formly distributed across all twenty-eight Arabic letters, expected accuracy would be 3.57%. 
An alternative nominal reference of 5.00% results from assuming uniform responses across 
approximately twenty letters involving lingual articulation. However, because participants 
knew that the task concerned tongue articulation, actual response probabilities may have 
been non-uniform. Accordingly, these values are used as descriptive reference points and 
should not be interpreted as definitive behavioral chance levels.

3.4. Participants
A total of six male native Arabic speakers (age range 26–38 years) participated in the 

study. All participants reported Arabic as their first language and indicated no history 
of speech, hearing, or neurological disorders that might affect speech production. Partic-
ipants were recruited voluntarily from the local university community. Data collection 
was conducted from 22 April to 22 May 2026. Native Arabic speakers were selected on 
the basis of an established methodological principle in pronunciation technology research: 
before a novel feedback modality can be meaningfully evaluated for its pedagogical efficacy 
with L2 learners, it must first be shown to carry interpretable articulatory information 
under conditions where phonological knowledge is not a confounding variable. Using 
native speakers as participants provides a methodological baseline in which the target 
articulations are already part of the participants’ established speech repertoire, thereby 
reducing but not eliminating the possibility that decoding difficulties arise from incomplete 
knowledge of the target sounds themselves. This allows the study to focus more directly 
on the interpretability of the tactile–articulatory mapping, while recognizing that native 
speakers may still differ in their explicit awareness of articulatory gestures.

3.5. Procedure
Each participant completed a tactile-to-letter identification task consisting of three 

phases: pre-test, training, and post-test. The task included a fixed set of seven Arabic 
pronunciation targets, each presented twice per phase, resulting in 14 trials in both the 
pre-test and post-test. Trial order within each phase was randomized. During the corrective-
feedback exposure phase, the seven targets were presented in randomized order for up to 
three full rounds. After each tactile cue, participants received binary feedback indicating 
whether their response was correct or incorrect. Following an incorrect response, the same 
cue could be attempted up to three times before proceeding. At the end of each full round, 
participants who felt confident could proceed to the post-test; otherwise, they completed 
another randomized round, up to a maximum of three rounds. Participant 2 completed 
three corrective-feedback rounds; all other participants completed two.

At the beginning of the session, participants were introduced to the concept of tactile 
articulatory guidance. The experimenter explained the mapping between forearm locations 
and tongue positions, and participants were shown a schematic representation of tongue 
regions. Participants were introduced only to the general encoding principle; no specific 
tactile cue-to-letter associations were disclosed before the pre-test. Participants were then 
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asked to interpret each tactile cue and produce the closest corresponding Arabic letter 
based on their perceived articulatory configuration. Before testing, participants were asked 
which hand they preferred or mainly used, and tactile stimulation was delivered to the 
corresponding forearm; this choice was recorded for each participant. Figure 2 shows a 
right forearm for illustration only.

Tactile cues were delivered manually by the same experimenter using finger contact 
at one of six predefined forearm locations corresponding to conceptual tongue regions. 
Each cue combined a spatial location with a tactile pattern (e.g., Tap, Hold, Trill, or Push), 
applied consistently according to the predefined mapping. All participants received the 
same set of targets and underwent the same procedure.

For each trial, response time was measured from the onset of the tactile cue to the onset 
of the participant’s spoken response. This procedure was designed to assess immediate 
interpretability and short-term adaptation to the tactile–articulatory mapping rather than 
long-term learning or retention.

3.6. Scoring
Responses were scored as correct or incorrect according to whether the participant 

identified the intended target, either by producing the corresponding consonantal sound or 
by naming the Arabic letter. Both response forms were treated as the same categorical target 
identity; pronunciation quality was not graded. Scoring was performed by the experimenter, 
a native speaker of Arabic with expertise in Arabic phonology.

This is a limitation of the present study, and it is the most serious one. The same 
individual delivered the cues and scored the responses, which admits expectancy effects 
and precludes blinded assessment. The categorical nature of the judgment constrains 
the scope for bias relative to a graded assessment of pronunciation quality but does not 
eliminate the possibility of expectancy bias. Independent blinded scoring should therefore 
be incorporated in future replications of the study.

Following the task, participants completed a short questionnaire on perceived demand 
and experience, rated on five-point Likert scales. The questionnaire comprised nine di-
mensions: mental demand, physical demand, temporal demand, perceived performance, 
effort, frustration, enjoyment, engagement, and perceived applicability. These responses 
are reported as descriptive observations only.

4. Results
4.1. Identification Accuracy Relative to Chance

Before any exposure to corrective feedback, participants identified the intended target 
on 29.76% of pre-test trials. The observed pre-test accuracy exceeded both nominal uniform-
response reference levels: 3.57% for the full twenty-eight-letter inventory and 5.00% for the 
approximate twenty-letter lingual subset. These comparisons are descriptive because the 
participants’ actual response probabilities cannot be assumed to have been uniform. This 
pre-test figure is the cleanest evidence the design provides, because at this point participants 
had received no feedback and had no opportunity to infer that the target set was restricted.

Following the exposure phase, mean accuracy rose to 75.00% and mean response time 
fell from 14.48 s to 4.40 s. One post-test kāf response was not recorded and was scored 
as incorrect, so post-test accuracy is calculated over all 84 trials (63 correct). Variability 
decreased on both measures (accuracy SD 15.92 to 9.85; response time SD 6.58 to 1.38). 
Table 2 summarizes both phases. All six participants showed higher post-test accuracy and 
lower response times than in the pre-test. An exploratory Wilcoxon signed-rank test yielded 
the same directional result for both measures (W = 0, p = 0.031); given the sample size this 
is reported as supportive rather than as a basis for inferential claims.
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Table 2. Mean & SD of identification accuracy (%) and response time (s) in the pre-test and post-
test phases.

Phase Mean Acc. (%) SD Acc. Mean RT SD RT

Pre-test 29.76 15.92 14.48 6.58
Post-test 75.00 9.85 4.40 1.38

The interpretation of the pre-post change requires care. Before the post-test began, 
participants had already encountered each of the seven targets twice during the pre-test and 
during two or three corrective-feedback exposure rounds (three for Participant 2, two for 
all others). They encountered each target twice more during the post-test. Participants may 
therefore have inferred that the target set was restricted, narrowing the effective response 
space and potentially inflating post-test accuracy independently of improved decoding. 
The post-test accuracy figure should therefore be interpreted cautiously because it may 
overestimate improvement attributable to decoding of the mapping itself. The pre-test 
provides the cleaner estimate of initial interpretability.

4.2. Error Structure
Error analysis further revealed systematic structure in participants’ incorrect responses. 

Errors were classified as in-set when the response was another of the seven target letters and 
as out-of-set when it was any other Arabic letter; because participants were not informed that 
the target set was restricted, out-of-set responses remained available throughout both test 
phases. As shown in Table 3, out-of-set errors fell from 41 in the pre-test to 9 in the post-test, 
whereas in-set errors decreased less, from 18 to 11. The errors that remained after training 
therefore lay mostly within the mapped set and were concentrated among the posterior 
targets qāf, ghayn and kāf. Across both phases, the most frequent specific confusions were 
ḍād→lām (9 occurrences; 7 pre-test, 2 post-test), tāʼ→dāl (8; 7, 1), ghayn→qāf (6; 2, 4), 
qāf→kāf (5; 1, 4), tāʼ→nūn (4; 1, 3) and ghayn→khāʼ (4; 4, 0). Table 4 gives the complete 
response pattern for each target as counts out of 12 trials per phase; for example, qāf was 
identified as kāf in 1 of 12 pre-test and 4 of 12 post-test trials, whereas kāf was identified as 
qāf in 1 of 12 trials in each phase.

Table 3. Correct responses, in-set errors and out-of-set errors per target in the pre-test and post-test 
(12 trials per target per phase).

Target Correct 
Pre

Correct 
Post

In-Set 
Errors Pre

In-Set 
Errors Post

Out-of-Set 
Errors Pre

Out-of-Set 
Errors Post

tāʼ ت 2 7 1 0 9 5

kāf ك 5 8 a 1 2 6 1

qāf ق 2 7 4 5 6 0

khāʼ خ 3 12 5 0 4 0

ghayn غ 2 8 7 4 3 0

ḍād ض 1 10 0 0 11 2

rāʼ ر 10 11 0 0 2 1

Total 25 63 18 11 41 9
a  One post-test kāf response was not recorded (data-entry error) and was scored as incorrect; the kāf 
post-test row therefore sums to 11 and the post-test totals to 83 of 84 trials.
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Table 4. Confusion matrix of target letters (rows) and responses (columns). Each cell shows pre-
test/post-test counts out of 12 trials per target per phase; correct responses are on the diagonal in bold. 
Dāl, lām and nūn are out-of-set letters; Other pools all remaining out-of-set responses, including one 
unrecorded post-test kāf response. – = 0 in both phases.

Target tā̓
ت

kaf̄
ك

qaf̄
ق

khā̓
خ

ghayn
غ

ḍad̄
ض

rā̓
ر

dal̄
د

lam̄
ل

nūn
ن

Other

tāʼ (ت) 2/7 – – – – – 1/0 7/1 – 1/3 1/1

kāf (ك) – 5/8 1/1 0/1 – – – 1/0 1/0 1/0 3/2

qāf (ق) – 1/4 2/7 1/0 2/1 – – – – 1/0 5/0

khāʼ (خ) – 2/0 3/0 3/12 – – – – – – 4/0

ghayn (غ) – 1/0 2/4 4/0 2/8 – – – – – 3/0

ḍād (ض) – – – – – 1/10 – – 7/2 2/0 2/0

rāʼ (ر) – – – – – – 10/11 – – 1/1 1/0

First, three of the six most frequent confusions involved letters that were never pre-
sented as targets: dāl, lām and nūn. These out-of-set responses are difficult to explain by a 
simple closed-set cue-to-label retrieval account alone, since a participant guessing among 
memorized target labels would have no reason to produce them, and they are compatible 
with participants using articulatory information contained in the cues. For example, dāl 
shares place of articulation with tāʼ and differs primarily in voicing, and lām, like ḍād, 
may involve lateral tongue contact. Not every articulatorily close letter attracted responses, 
however: ṭāʼ, the emphatic stop closest to ḍād, was given as a response to ḍād only once. 
These patterns therefore provide supportive, rather than conclusive, evidence that partici-
pants were interpreting articulatory information rather than relying only on memorized 
target labels.

Second, the qāf–kāf confusion suggests a possible spatial-discrimination limitation. 
Both targets used the Tap pattern but were mapped to neighboring forearm locations (4 and 
3, respectively), and qāf→kāf was one of the few confusions that became more frequent 
after training, accounting for four of qāf’s five post-test errors. Because pattern type was 
held constant for this pair, their confusion is consistent with difficulty distinguishing nearby 
stimulation sites. The ghayn–qāf confusion, which also increased at post-test, involved 
relatively nearby locations (6 and 4), but these targets differed in both location and tactile 
pattern, so this confusion cannot be attributed to spatial resolution alone. Overall, the 
observed confusion patterns suggest possible spatial-discrimination limitations of the map-
ping, particularly among the posterior targets, although the present design does not isolate 
spatial discriminability as the sole cause of error.

4.3. Participant Responses
Table 5 summarizes mean ratings across all nine questionnaire dimensions. Partici-

pants reported low physical demand (M = 1.17, SD = 0.41), temporal demand (M = 1.50,
SD = 0.55), and frustration (M = 1.00, SD = 0.00), alongside high perceived performance
(M = 4.33, SD = 0.82), enjoyment (M = 4.50, SD = 0.55), engagement (M = 5.00, SD = 0.00), 
and perceived applicability (M = 4.83, SD = 0.41). Mental demand was moderate
(M = 3.33, SD = 1.21).
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Table 5. Subjective ratings across dimensions.

Dimension Mean Rating SD

Mental demand 3.33 1.21
Physical demand 1.17 0.41

Temporal demand 1.50 0.55
Perceived performance 4.33 0.82

Effort 2.33 1.37
Frustration 1.00 0.00
Enjoyment 4.50 0.55

Engagement 5.00 0.00
Perceived applicability 4.83 0.41

These figures are reported for completeness and should be treated with caution. Several 
items show no variance across participants, and the questionnaire was administered by the 
experimenter who conducted the session, conditions under which agreement ratings are 
susceptible to demand characteristics. We draw no conclusions about cognitive load from 
these data and note only that no participant reported the task as burdensome or frustrating 
enough to impede completion.

5. Discussion
The present study explored tactile articulatory encoding as a means of representing 

otherwise hidden tongue configurations, focusing on immediate decoding performance and 
user experience rather than pronunciation learning outcomes. This section discusses the 
findings in relation to prior work on pronunciation instruction and technology-mediated 
feedback and considers their implications for future pronunciation support tools.

5.1. Interpretation of Decoding Performance
The central result is that a tactile representation of tongue articulation was decoded 

above the nominal uniform-response reference levels before letter-specific corrective feed-
back. Participants had been introduced to the general encoding principle but had not 
been taught specific cue-to-letter associations or received target-specific corrective feed-
back; nevertheless, they identified the intended target at a rate exceeding the nominal 
uniform-response reference levels. Because actual response probabilities may have been 
non-uniform, this comparison is interpreted as descriptive rather than as a definitive es-
timate of above-chance performance. These findings are consistent with the mapping 
conveying interpretable articulatory information following instructions in the general en-
coding principle.

The error structure supports the same conclusion from a different direction. Responses 
that fell outside the presented target inventory, and that stood in close articulatory relation 
to the intended letter are difficult to explain by learned cue-to-label associations alone. 
Out-of-set responses such as dāl, lām and nūn, none of which was presented as a target, 
are consistent with participants drawing on articulatory information rather than relying 
only on memorized cue-to-label associations. Several observed confusions also follow 
articulatory relations among letters. The most frequent, ḍād (ض) confused with lām (ل) in 
nine responses, links two letters whose articulation involves the sides of the tongue, while 
the confusions of tāʼ (ت) with dāl (د) and with nūn (ن) involve letters that share the same 
tongue-tip place and differ mainly in voicing and nasality, features the encoding does not 
represent. This is consistent with participants decoding the tongue region conveyed by the 
cue but lacking information about features the encoding leaves out, although this account 
remains interpretive. However, without scrambled-mapping control, the present design 
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cannot determine the mechanism responsible for this performance or exclude contributions 
from explicit instruction, phonological reasoning, repetition, or other cues.

It should also be noted that four of the seven targets (khāʼ, ghayn, qāf, and kāf) were 
assigned distinct spatial locations and could therefore, in principle, be identified from loca-
tion information without relying on the tactile pattern. The present design does not isolate 
the independent contributions of spatial location and tactile pattern to decoding perfor-
mance; this would require a design in which these encoding dimensions are systematically 
controlled or varied.

This is a claim about signal interpretability and nothing more. The study does not 
show that tactile cues improve pronunciation, that any effect persists, or that the approach 
benefits learners. Participants already possessed the articulations in question; the task asked 
them to recover a specification, not to acquire a capability. Establishing interpretability is a 
precondition for investigating pedagogical value, not evidence of it.

5.2. Spatial Discriminability as a Design Constraint
The distribution of errors suggests that spatial discriminability contributed to some 

of the observed confusions. The qāf–kāf confusion is particularly informative because 
both targets used the same Tap pattern at neighboring forearm locations 4 and 3, mak-
ing difficulty in spatial discrimination a plausible contributor. The ghayn–qāf confusion, 
however, involved differences in both location and tactile pattern and therefore cannot be 
attributed to spatial resolution alone. Vibrotactile localization on the arm is influenced by 
stimulation-site location and inter-site separation [21], and the present pattern is consistent 
with that literature.

This has a concrete design implication. The six mapped locations were distributed 
along the forearm at spacings that manual delivery could produce but that may be close 
to the limits of spatial discrimination at that site. Improving performance may therefore 
depend partly on increasing the effective spatial separation of encoded regions, while other 
sources of confusion should also be considered; possible approaches include recruiting an 
additional dimension such as pattern or intensity to disambiguate neighboring places or 
relocating portions of the mapping to sites of higher acuity [20]. Each is testable, and each 
is a hardware question that this study was designed to inform.

5.3. Relation to Prior Tactile Speech Systems
Prior tactile speech systems have used tactile codes for both speech reception and 

pronunciation feedback, and some, particularly TAPS, incorporate articulatory features 
such as place of articulation into their encoding [10,11,13]. The scheme examined here 
differs primarily in its purpose and organization: it externalizes tongue configuration onto 
the forearm as a production-oriented representation and examines whether that mapping 
can be interpreted before specific cue-to-letter associations are taught. The trade-off is that a 
structured code inherits the confusability of the structure it represents, as the articulatorily 
related confusions reported in Section 4.2 illustrate. Whether structured encoding retains 
an advantage over arbitrary encoding once both are learned is an open question this study 
does not address.

5.4. Limitations
The most serious limitation concerns scoring. The experimenter who delivered the 

cues also judged the responses, so assessment was not blinded and expectancy effects 
cannot be excluded. Retrospective blinded rescoring was not possible for the present data. 
This potential source of bias should be considered when interpreting the reported accuracy 
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figures, and future replications should incorporate independent scoring by raters blinded 
to the presented cue.

Cue delivery was manual and therefore not mechanically uniform in timing or contact 
force. This is inherent to the Wizard-of-Oz paradigm and was accepted deliberately in 
exchange for the ability to examine the mapping before hardware constraints are fixed, but 
it means the results characterize the encoding rather than any deployable system.

The sample of six participants supports a feasibility assessment and does not support 
population-level inference. The seven targets constitute a partial sample of the Arabic inven-
tory, chosen for articulatory coverage, and performance on unmapped letters is unknown. 
There was no control condition; a comparison against a spatially scrambled mapping would 
isolate the contribution of the articulatory structure specifically and would strengthen the 
interpretability claim considerably at modest cost.

There was no delayed test, and none of these findings speak to retention. The post-test 
accuracy figure is subject to the inference concern described in Section 4.1 and should be 
read as an upper bound. The questionnaire data are descriptive, collected under conditions 
favorable to demand characteristics, and support no conclusions about cognitive load.

Finally, all participants were native speakers of the target language. The results suggest 
that the encoding is decodable by speakers who already possess the articulations; whether 
it can guide speakers who do not is a separate empirical question requiring a separate study.

5.5. Future Work
Three lines follow directly. First, a blinded replication with independent scoring and a 

scrambled-mapping control would address the two design weaknesses that most constrain 
the present claims. Second, the possible spatial-discrimination limitations suggested in 
Section 5.2 should be characterized systematically, establishing the minimum separation 
at which encoded regions remain reliably distinguishable on the forearm, which would 
determine the actuator layout for device implementation. A device-based implementa-
tion should also provide repeatable control of stimulus timing and intensity/contact force, 
reducing the variability inherent in manual tactile delivery. Third, once the encoding is 
validated instrumentally, the question of pedagogical value becomes tractable: a study 
with second-language learners, a control condition, a delayed post-test, and transfer items 
not presented during training would test whether interpretability translates into articu-
latory benefit. This is particularly relevant for future testing with adult L2 learners, as 
previous work has shown that non-native learners may experience difficulty discriminating 
unfamiliar Arabic sound contrasts [22]. That study is the appropriate setting for claims 
about pronunciation instruction, and the present work is a precondition for it rather than a 
preliminary version of it.

6. Conclusions
This paper examined whether tongue articulation can be represented in a form recover-

able through touch. Using a Wizard-of-Oz protocol with six native Arabic speakers and an 
open response set, pre-test decoding accuracy exceeded the nominal uniform-response ref-
erence levels before letter-specific corrective feedback, with post-test accuracy reaching 75% 
after brief exposure. Out-of-set errors that were articulatorily related to the intended targets 
provide supportive evidence that participants were using articulatory information rather 
than relying solely on cue-to-label associations. The prominent qāf–kāf confusion, involving 
the same tactile pattern at neighboring forearm locations, further suggests that spatial 
discriminability is an important consideration for subsequent hardware design. These 
findings provide preliminary evidence that articulatory geometry can be represented in a 
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decodable tactile form. Whether such encoding supports pronunciation learning remains 
untested and requires a study designed specifically for that question.
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