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HIGHLIGHTS

e Ten EFL children achieved significant learning gains after PhonoBlocks instruction.
e Dynamic colours in 3D tangible letters draw attention to how letters change sounds.
o 3D tangible letters enable correct letter orientation and epistemic strategies.

ABSTRACT

Many researchers have suggested that tangible user interfaces (TUIs) have the potential to support
learning for children. While several tangible reading systems have been developed for children, few
systems have been designed that explicitly target the first stage of reading where many children struggle,
which is the alphabetic principle (letter-sound correspondences). We present a tangible reading system
called PhonoBlocks that supports children learning English letter-sound correspondences. PhonoBlocks
uses 3D tangible letters that change colour to draw attention to the moment that adding other letters
changes the sounds. We then present a mixed-methods case study with ten Mandarin-speaking children
in China using our system. Results showed that the Chinese children achieved significant learning gains
relative to their baseline performance after PhonoBlocks instruction. The results also point to design
features of our system that enabled behaviours that are correlated with learning. We compare the results
of this study to a different study with eight at-risk monolingual English-speaking children in Canada
using PhonoBlocks in learning to read and spell. By comparing results, we generalize and make three
recommendations for designing tangible reading systems for all children who must learn the alphabetic
principle. We also discuss three recommendations that are specifically for children learning English as a
foreign language.

1. Introduction

English has become an international language widely used by people all over the world. There is a growing
number of young English language learners (ELLs). Every year, English-speaking countries, such as Canada and
the U.S., receive a large number of immigrants; immigrant children from non-English speaking countries have to
learn English, the language of the main culture, at school. Language training programs can also be seen in non-
English-speaking countries like China, Japan, and Korea, wherein

the children learn English as a foreign language (EFL). Many ELL and EFL children struggle with learning English
because it is not their first language and the children may lack adequate resources to support their learning [1-3].
Learning to read and spell English is also challenging for many monolingual English-speaking children. Approximately 10%
of children in English-speaking countries are reported to have difficulties in learning to read (which is also referred
to as “dyslexia”) [4]

Successful early reading acquisition of English requires children to (1) learn phonological awareness (PA), the ability to
manipulate speech sounds, and (2) understand the alphabetic principle, a set of rules that explain how letters
(graphemes) are associated with sounds (phonemes) [5,6]. Research shows that PA and the alphabetic principle are
reciprocal so that poor PA could lead to further difficulty in learning the alphabetic principle, and vice
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versa [7]. For example, monolingual English-speaking children at-
risk for dyslexia are suggested to have phonological deficits, which
impedes the children to acquire the alphabetic principle and word
reading ability [6]. Besides, the “opaque” orthography of English
poses particular challenges for some children [5]. An orthography
is a system that represents how letters are linked to sounds in
a language [8]. In English, letter-sound correspondences are not
entirely consistent (e.g. the sound of /a/ in bad, game, star; [k/
may be spelled with ¢ or k), which may increase some children’s
difficulty in learning the alphabetic principle [9,10].

Researchers have agreed that EFL children learn to read and
spell English in generally similar ways as monolingual English-
speaking children [11-13]. Specifically, for both groups of chil-
dren, performance on PA is a strong predictor of their future
success or failure in the acquisition of the alphabetic principle and
subsequent reading abilities [12,13], and learning the alphabetic
principle can contribute to children’s PA [6,13]. However, most
researchers have agreed that learning to read English as a foreign
language is more complicated than learning to read English as a
language of cultural origin [2,14]. Such a learning process could be
even more complex for EFL children whose first language is non-
alphabetic, such as Chinese [1,14,15]. For example, many Chinese
students are reported to have poor PA and limited knowledge of
the alphabetic principle [15].

Three main reasons may account for Chinese students’ poor
PA. First, Chinese language acquisition (the first language) has a
transfer effect on English language acquisition (a foreign language),
and vice versa and the transfer impact can be large when the
orthographies of two languages differ too much [1,15]. Learning
to read and spell the English alphabet requires children to learn
letter-sound correspondences while learning to read and spell
the morphosyllabic Chinese language requires children to learn
both the morphemes associated with the semantic radical as well
as the spoken syllables associated with the phonetic radical (if
there is one) [5,16]. That is, the learning of English calls for more
“fine-grained” phonological analysis than that in learning Chinese.
Second, a learner’s PA ability can be influenced by literacy in-
struction [13,17]. Most studies on primary school English language
teaching in China have indicated that the quality of primary school
teachers is poor [18-20]. This problem is even worse in cities and
towns that have less economic diversity [18,20]. Third, compared
to native English speakers, EFL children are less proficient in using
the English spoken language system or lack language background
knowledge and, therefore, may not be familiar with the sounds that
map to letters [21].

Because both EFL children and at-risk children have similar
problems with PA, their reading problem might be addressed
using the same method. Traditional multisensory phonics-based
instructions are often used to help EFL children [22-24] and at-risk
children [25-27]. This approach uses linked visual, auditory, tac-
tile, and kinaesthetic senses to attract children’s attention and ex-
plicitly teach them the alphabetic principle [25]. One well-known
multisensory program used for preschool children is the Montes-
sori program method [28,29]. The Montessori method emphasizes
the importance of children’s hands-on learning with multisensory
materials in supporting their general cognitive development. For
example, children are first taught to trace wooden plane geometric
forms, and then trace sandpaper letters with their fingers when
learning to read letters [29]. The Orton-Gillingham (O-G) program,
which specifically focuses on language interventions for at-risk
children, was then developed based on the Montessori method and
other multisensory methods [27]. In addition to the multisensory
aspect, O-G programs highlight the importance of structured, se-
quential, and phonics-based contents as well as over-learning [25].
Physical letter tiles or coloured beads are often used in the O-
G program to facilitate the letter tracing and letter manipulating

activities. However, these programs do not involve computational
materials and rely on highly trained teachers who provide many
one-to-one sessions with structured guidance and feedback.

Recent research has suggested the potential of tangible user
interfaces (TUIs) in supporting learning to read for children [30-
32]. TUIs share several advantages commonly associated with
computers, such as: cost-effectiveness [31,33]; digital feedback;
playful learning through multimedia (e.g. text, images, sounds, and
objects); and motivational game-mechanisms [34]. Compared to
graphic user interfaces (GUIs) (e.g. Dybuster [35], Fast ForWord®
[36]), tangible letters make it easy for children to position, orga-
nize, or trace the letters while hearing associated sound changes;
because computation can be embedded in these tangible letters,
they can also change their colour to draw children’s attention [37].
There are several tangible reading prototypes (see [38-42]) and
commercial products (Tiggly,! Osmo,”> Marbotics®), but most fo-
cus on the whole word approach (e.g. Shadow Box [42], Roy-
oBlocks [39]), which is ineffective for children struggling with PA
and the alphabetic principle.

We identified two systems specifically designed for children
with dyslexia [40,41], one designed for non- or hardly speaking
toddlers [32] and one designed for preschoolers. SpellBound is a
tangible system that supports dyslexic children learning letter-
sound correspondences [40]. SpellBound allows children to con-
struct 2D letters by using a set of wooden shapes to form letters.
Then, each 2D letter can be placed on a platform to trigger the
letter sound and picture of the word. However, this prototype was
only sketched out; it has not been developed yet. Also, SpellBound
focuses on letter forms and individual sounds rather than the
alphabetic rules.

Tiblo uses Lego-like blocks to represent words, numbers, or
potential phonemes [41]. Children draw the concept on a piece of
paper, attach it to a block, and record a sound for the concept. The
blocks have notches that can be connected to represent a word
or concept. However, each block in Tiblo contains four notches
and may be connected in a non-linear fashion. This is not ideal for
learning linear word-building.

LinguaBytes is a tangible system aimed at stimulating Dutch
language development for non- or hardly speaking toddlers [38].
This prototype can support a variety of activities related to PA and
story reading. In the phonological activity, toddlers learn letter
sounds by placing one 3D tangible letter on a customized platform.
Audiovisual feedback is provided on a digital display, including
2D words and sounds starting with the same letter. The 3D let-
ters enable letter tracing and the organization of letters in space.
However, the design only allows toddlers to learn basic one-to-one
letter and sound associations, excluding inconsistent letter-sound
mappings in words.

TOK is a tangible language system that helps preschoolers to
create their own narratives by manipulating physical blocks. The
system is composed of an electronic platform that connects to
a tablet, and up to 250 physical blocks with picture cues [43].
Children can place the physical blocks on the platform to view
visual elements on the digital screen. Although the system was
designed for storytelling, a few PA activities can be supported by
using the physical blocks. A study with 20 5-year-old children
using TOK with the support of the teacher showed that digital ma-
nipulation supported word construction and motivated children’s
verbal interactions, which contributed to children’s PA and lexical
knowledge [37]. However, TOK mainly allows for the practice of PA
and verbal language rather than the written alphabetic rules.

1 https://www.tiggly.com.
2 https://www.playosmo.com.
3 http://www.marbotic.fr/.
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Three commercial tangible reading systems have been devel-
oped. Tiggly is a tangible application that supports 4-8-year-old
children in learning vowel sounds and phonics through word-
building activity. A child can use the five coloured silicone vowel
letters (red a, yellow e, green i, blue o, and pink u) to interact with
the games on an iPad. For example, a child can build the word
cat by placing the middle vowel letter a onto the iPad surface.
However, Tiggly only focuses on the practice of vowels, excluding
consonants. Furthermore, the colour choices appear to be based on
aesthetic considerations rather than theories of the role of multi-
modal representations in reading acquisition or empirically vali-
dated guidelines. Another popular commercial tangible product,
Marbotic, has a very similar game mechanism to Tiggly. However, it
uses uppercase letters, which are not commonly used for teaching
children at-risk for reading difficulties.

Compared to the design of Tiggly (placing letters on an iPad), the
design of Osmo (placing letters on a table) allows for building more
complex words containing seven to eight letters and supports the
practice of both vowel and consonant letters. Osmo contains an
iPad and a set of 2D wooden cards which represent the 26 alpha-
betic letters. The designers of Osmo intentionally used red and blue
colour cues to divide the letter pieces into two groups in order to
allow two children to build words together on a table. However,
2D letter cards do not well support letter tracing or manipulating
activities. In addition, its colour design was developed based on the
consideration of collaboration rather than the learning purpose.

We address this opportunity and knowledge gap by presenting
atangible reading system called PhonoBlocks. We target the alpha-
betic principle phase (and PA, due to the reciprocal relationship) in
early language acquisition. Our goal was to create a system to help
7-to-8-year-old children with poor PA to learn the seven letter-
sound rules required to read and spell many words in English. The
system'’s design, particularly its two core design features, dynamic
embedded colour cues and 3D tangible letters, were developed
based on reading theories and analysis of multisensory reading
instructions [31]. PhonoBlocks has the potential to reduce teachers’
workload by incorporating (1) a set of word-building games that
children can play on their own with system feedback; and (2) a
specific training procedure in conjunction with 3D objects so that
the system will only give a response in certain conditions (e.g. in
consonant blends rule, the first consonant letter t will only light
up when paired with the letter h), which may help inexperienced
teachers to teach children.

We first conducted a case study with ten monolingual English-
speaking children at-risk for dyslexia using the initial version of
PhonoBlocks at a private specialized school in Canada. However,
the results showed no consistent learning gains and identified
some issues with both system and case study design [44]. The
results led us to consult with an early childhood education ex-
pert (Hoskyn) who has knowledge of the literature on bi-literacy
acquisition and reading interventions for children with learning
disabilities. We conducted two expert review sessions with this
education expert and then revised the design of PhonoBlocks.

We then conducted a second case study to evaluate the revised
system with eight at-risk monolingual English-speaking children
7-8 years old at an urban public elementary school in Canada [45].
The results were encouraging: the at-risk English-speaking chil-
dren achieved significant learning gains after PhonoBlocks instruc-
tion compared to their baseline performances and also maintained
their progress one month later after post-test. The results also
suggested that design features of our system enabled behaviours
that were correlated with learning.

In this paper, we explore if our system can also work for
Mandarin-speaking EFL children, and if the results observed in at-
risk monolingual English-speaking children can be generalized to
another population. We also wanted to explore if (and how) any
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unique learning behaviours of Mandarin-speaking EFL children can
inform our design. We present a case study with ten Mandarin-
speaking EFL children around 8 years old using PhonoBlocks, con-
ducted over three weeks at an elementary school in a second-tier
city in China. We are interested in RQ1: Do Mandarin-speaking EFL
children improve word reading and spelling accuracy after instruction
with PhonoBlocks on the words taught in the instruction and similar
new words; RQ2: What are the critical design factors that benefit
Mandarin-speaking EFL children in learning to read and spell, and how
do they help the children to learn; and RQ3: What are the similarities
and differences of the key finding in RQ2 between the case study
with Mandarin-speaking EFL children and the case study with at-risk
monolingual English-speaking children. The results may allow us to
make a stronger claim about the feasibility of PhonoBlocks and
that its design features may benefit all children with poor PA. The
results may also contribute to the design implications for designing
TUI reading products specifically for EFL children.

2. System description
2.1. PhonoBlocks

PhonoBlocks is a tangible system that supports 7-8-year-old
children to learn the seven alphabetic rules of English (Fig. 1). The
seven rules were validated by an education expert and six reading
teachers at a school specializing in teaching children with reading
difficulties. They all thought these seven rules were fundamental
and important for children to learn. PhonoBlocks is comprised of
a touch-based laptop display, a word-making platform with seven
slots, and 46 lowercase “hand-sized” 3D tangible letters (including
duplicates for common letters). Children learn letter-sound cor-
respondences by placing one or more 3D tangible letters on the
platform. Visual feedback is embedded in the 3D letters using LED
strips that change colour to indicate sound changes as letters are
added or removed. Audio and visual feedback is provided on the
digital display. The design rationale of PhonoBlocks can be found
at[31].

PhonoBlocks contains two modes of use. In the Learning Mode,
a child learns with the system under the instruction of a teacher.
The child or teacher can use the 3D letters to make graphemes,
syllables, words, or pseudo-words. The dynamic colour cues are
provided within the 3D tangible letters while the associated digital
contents are simultaneously shown on the screen, including the
coloured 2D letters, letter sound, and picture of the word (if any).
The teachers can build any words, even the pseudo-words, as
long as they follow the rules (e.g. sab in the consonant-vowel-
consonant lesson, CVC), and the system will provide the dynamic
colour cues. We designed this way because in our previous focus
groups, the teachers reported that they sometimes intentionally
used pseudo-words to help at-risk children to practice the rules to
ensure the children did not just memorize how to read the words.
The Practicing Mode allows the child to practice the learned rules
on their own. The system plays the word sound and the child spells
the word using the letters. If the answer is correct, the child is
rewarded with celebrating audio sound and visual stars; otherwise
they will get three levels of hints from the system.

The system also has the following basic features: it (1) contains
associated word pictures for the word meaning; (2) incorporates a
blending/decoding function that allows children to practice blend-
ing and decoding skills by swiping right on the display to decode
the letters in different colours and hear individual letter sounds or
swiping left to blend all the letters together and hear the sound for
the whole word; and (3) offers a word history bar that displays the
learned words.



Fig. 1. The PhonoBlocks system: a touch-based display, a platform, and 46 3D tangible letters embedded with LED strips.

Table 1

Seven rule-based activities and colour-coding schemas (black text = white LED light; grey text = LED off)

Rules Explanation of rules Sequence of interaction (word example)
Dynamic colour cues Blending/decoding
function
cvC st. Learning that there are three letter sounds in the CVC words bet bhet<—>bet
Consonant blends Learning that two consonant letters make a blended sound J->fl->flag flag<—>flag
Consonant digraph Learning that two consonant letters only make one sound 5->s5h->shop shop<—>shop

Magic-e rule Learning that the vowel sound will change from short to long gum->game game<—>game
when a letter e is added at the end of a CVC word, and the letter e
is silent

Vowel team Learning that two vowel letters make one sound—the sound of o->ea->eat eat<—>eat
the letter name for the first vowel letter

R-controlled vowel (not used in this study) Learning and automating the stable units of ar, er, ir, or, ur sounds c->ca->car car<—scar

Syllable division

Learning to divide multiple syllables within a word

water—> water water <—>water

2.2. Embedded dynamic colour cues

In addition to the general features, the system has two novel
design features: the dynamic cue and 3D tangible letters. We
used dynamic colour cues embedded in the 3D letters to explicitly
show children the letter-sound correspondences in different word
contexts. Each of the seven rules has a unique dynamic colour cue
design (Table 1).

Specifically, in the CVC lesson, we used three colours (blue,
yellow, and green) to represent the three letter sounds within
a CVC word. In the consonant blends lesson (e.g. fl, st, tr), we
made both consonant letters quickly change to green when paired,
to indicate the two sounds blending together. In the consonant
digraph lesson (e.g. th, ch, sh), only the first consonant lights up
(green) when two consonants are paired. In this way, we attempted
to highlight that two consonant letters put together make one
sound. Since the vowel team (e.g. eq, ai, oa) and r-controlled vowel
(e.g. ar, ur, or) lessons share a similar principle but with vowel
letters, we used the same design strategy while having the light
turn red instead of green. In the magic-e lesson (e.g. gam-game,
tap-tape), we made the vowel letter change from yellow to red
to indicate the vowel sound changes from short to long when a
trailing e was added (Fig. 2). In the syllable division lesson (e.g.
water-wa/ter, creepy-cree/py), we first made all letters pink, and

then used unique colours to represent each syllable within a word.
In each rule, we used colour flashes to draw children’s attention
to the moment of colour change. We also made the default colour
white for letters irrelevant to the rule to better attract children’s
attention to important letters in each rule.

In order to support colour cues, each letter contains a pro-
grammable LED strip. We have adjusted the illumination of the LED
lights to ensure users can see and distinguish the colours in either
a dark environment or in daylight.

2.3. 3D tangible letter forms

We use sturdy, hand-sized 3D tangible letter forms to facilitate
letter tracing and manipulation activities (Fig. 3). We use physical
constraints—a notch in each letter helps children to learn the
orientation of mirrored letters (e.g. p, d or b can only be placed
correctly due to the notch).
3. Methodology

3.1. Research design

We used a case study design with a pre- and post-test com-
ponent to address these research questions. We did this for two



Fig. 2. The letter a flashes three times to change from yellow to red when a letter e is added in the magic-e lesson. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 3. 3D tangible letters with physical constraints which can be placed into a slot of the word-building platform.

main reasons: (1) our studies are more exploratory because we
are interested to see how Mandarin-speaking EFL children use
PhonoBlocks and whether their learning performances and in-
teractional behaviours are similar (or not) to those of the at-
risk monolingual English-speaking children [44]; and (2) under-
standing the relationship between children’s learning performance
and interactional behaviours with the system requires mixed data
sources and detailed examination of evidence, an approach sup-
ported in group and individual case-by-case analysis.

In our larger project that explores children’s use of PhonoBlocks,
we designed embedded multiple case studies with at-risk monolin-
gual English-speaking children and Mandarin-speaking EFL chil-
dren [46]. We selected the two cases because in both, the children
may have poor PA and may have difficulties in learning to read and
spell English using the traditional class-based approach. For each
case, we analysed data at two levels of unit analysis: group and
individual. At each unit level, we looked for evidence of learning
gains and related interactional behavioural patterns with our sys-
tem that may be correlated to learning. In this paper, we focus on
the Mandarin-speaking EFL children case study, report results for
the two unit levels of analysis (group and individual) and compare
results to the previous case study of Monolingual English-speaking
at-risk children.

3.2. Participants

The school teacher recruited ten Mandarin-speaking EFL chil-
dren, with an average age of 8.1 £ 0.3 years old and studying at
an elementary school located in Taiyuan, China, to participate in
our study. The participants were selected based on the following

criteria: (1) they were children with limited learning resources
outside of the classroom and who looked for new learning oppor-
tunities; and (2) they had basic letter name/sound knowledge but
had limited reading and spelling knowledge of the words taught
in the PhonoBlocks instruction. The teachers informed children
and parents about the learning opportunity and interested parents
contacted us directly by phone. There were four boys and six girls.
All the participants were Chinese and their first language was
Mandarin. We screened each child’s current knowledge of English
to ensure they could read and spell at least parts of the 26 letters of
the alphabet but had minimal knowledge of how to read and spell
words using the six rules to be taught (excluding the r-controlled
vowel lesson, for reasons given below).

3.3. Learning tasks

The learning tasks were six rule-based lessons, including: CVC,
consonant blends, consonant digraph, magic-e rule, vowel team,
and syllable division. We did not incorporate the r-controlled
vowel lesson because the education expert and the school teacher
both suggested that it might be difficult for Chinese children to
learn to pronounce the r sound in such a short training period. The
CVC and magic-e lessons comprised two training sessions, while
the rest of the lessons comprised only one. This was because the
CVC and magic-e lessons focused on vowel sounds, where two
sessions were required to introduce different vowels and their re-
spective sounds. All the children received a total of eight individual
training sessions. They learned three words in each session (e.g. bet,
dad, tin, called the “trained words”), for a total of 24 trained words
over eight sessions. We developed the lesson plans and word lists



based on previous research [47] and suggestions from the educa-
tion expert and the school teacher. The education expert helped
us to organize the six lessons and select the appropriate words for
each lesson. We then worked with the school teacher to examine
if all the words are appropriate for the children to learn.

In order to examine whether the children remembered trained
words, we tested their reading and spelling accuracies on 24
trained words (3*8) for reading and seven trained words for
spelling. We only selected a subset of words in the spelling test
because the teacher told us that the children might lose patience
if they were asked to spell all 24 trained words. Therefore, we
only selected some of the representative words from each lesson
(two from CVC and one from each of the remaining lessons). In
order to examine if they could transfer the rules to other similar
words, we tested 24 (new) untrained words for reading and seven
untrained words for spelling that followed the same rules in a post-
test (Appendix A).

3.4. Procedure

Prior to using our system, the children received a pre-test for
baseline assessment (see details under Data collection and analysis,
below). All pre-tests were individually administered by a research
facilitator in a quiet room at the school, taking 20 min for each
child. Then each child received eight one-to-one training sessions
facilitated by a trained research facilitator in a quiet room after
school, three to four times a week over a three-week period. The
facilitator can speak fluent English and Mandarin. She was trained
by the education expert beforehand, and they co-developed the
teaching protocol. Each training session was approximately 20 min
long, including 15 min of instruction with the facilitator and five
minutes of the child practicing with the system. During instruction,
the facilitator used an explicit phonics-based approach to direct
children’s attention to letter-sound correspondences and teach the
alphabetic rules [47]. During practice time, the children had to
complete the spelling tasks using the system by themselves. The
facilitator only provided technical support if needed (e.g. making
sure a letter was fully inserted into its slot). The post-test was con-
ducted immediately after all eight sessions were done. Each child’s
word reading and spelling accuracies were assessed individually
by the facilitator.

3.5. Data collection and analysis

Our mixed-methods approach involved collecting and analysing
multiple sources of data. During the pre-test, the participants were
asked to read the list of 24 words they were going to learn to read
(trained reading words). The words were presented on a computer
screen. They were also asked to spell on paper the seven words
they were going to learn to spell (trained spelling words). A score
of 1 was given for each correct word and a score of 0 for each
incorrect word, and the raw accuracy scores for trained reading and
spelling were recorded as a baseline (e.g. 8/24, 3/7). During each
training session, before instruction began, the participants were
again asked to read the list of 24 trained words presented on a com-
puter screen and the raw accuracy reading scores or any changes in
reading performance were recorded. The participants received the
post-test immediately after completing all eight raining sessions.
During the post-test, the participants were asked to read the same
24 (now trained) words and 24 (new) untrained words presented
on a computer screen and to spell seven trained and seven (new)
untrained words on paper. The accuracy scores were recorded. We
also collected data about the children’s interactional behaviours
using video recording and structured observational note sheets
written by the facilitator.
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We primarily used quantitative methods to address the RQ1,
including using correlated t-tests to determine the differences
between the pre- and post-tests in the means of the raw scores
of reading and spelling accuracies on trained and untrained words.
We also supplemented quantitative findings with thematic analy-
sis of the observational data about the individual children’s read-
ing performance and spelling error patterns, as well as follow-up
feedback from the school teacher and the children’s parents after
the study. We also used thematic analysis to address the RQ2,
including identifying from video data and observational notes the
common and interesting patterns of interaction that learning the-
ories predicted were beneficial for learning. In addition, we used
thematic analysis to address the RQ3, including comparing the
main results of RQ2 to those in the study with at-risk monolingual
English-speaking children [45].

4. Results
4.1. Children’s reading and spelling gains

For reading, the participants made large improvements in read-
ing accuracy on trained words from the pre-test to the post-test.
Paired sample t-test results showed that there was a statistically
significant increase at the p < 0.001 level in participants’ raw
accuracy scores on trained word reading accuracy between the
pre- and post-tests, increasing from 1.3 & 1.7 words to 22.5 £+ 1.3
words out of 24 trained words in total (t (9) = 38.283, p <0.0005,
d = 12.1%). The participants transferred their new reading knowl-
edge to the untrained words. Results showed that there was no sta-
tistically significant difference in participants’ raw accuracy scores
on the post-test reading improvement between the trained and
untrained words (t (9) = 1.000, p = 0.343). The mean of children’s
raw scores for the trained and untrained words were 22.5 £+ 1.3
and 22 =+ 2.1 out of 24 trained/untrained words respectively in
the post-test. This means that the participants transferred their
learning gains from trained words to similar but non-taught or
untrained words.

For spelling, the participants also improved on the spelling
accuracy of trained words. Results showed a statistically significant
increase at the p < 0.001 level in participants’ scores on trained
word spelling between the pre- and post-tests, increasing from 0
word to 3.5 + 1.8 words out of seven trained words in total (t(9) =
6.220, p < 0.005,d = 2.0). The participants transferred some
of their new spelling knowledge to the untrained words. Results
showed a statistically significant increase at the p < 0.001 level
in participants’ scores between the pre-test trained words and the
post-test (new) untrained words (t(9) = 4.636,p < 0.005,d =
1.5). The mean of raw scores increased from 0 words to 1.7 &= 1.2
words out of seven trained/untrained words. Results also showed
a statistically significant difference at the p < 0.001 level on the
post-test spelling improvement between the trained and untrained
words (£(9) = 4.630, p < 0.005, d = 1.5), indicating that the
participants did not fully transfer their spelling skills from trained
words to untrained words. The reason may partially because our
instruction focused more on reading and spelling with tangible
letters rather than spelling and writing letters on paper.

Our observational data showed that four EFL children (P1, P2,
P7, and P10), who had initial difficulties in reading similar vowel
sounds (/e/, /a/ and [i/), gradually increased their reading accuracy
and speed in reading the vowel sounds in trained words, although
we observed that they still could not master these vowel sounds
after the instruction (i.e. they were slow in reading untrained
words and sometimes made errors). The reason may be partially
because these vowel sounds do not exist in Chinese phonemes. We

4 Effect sizes: d > 0.8 large, d > 0.5 medium, d > 0.2 small.



also observed that almost all children (except P8) started to use a
phonetic approach to reading words that they were uncertain of.
Even though a few children sometimes had difficulty in blending
sounds for untrained words, at least the children used the correct
strategy to decode words rather than using memorization of words
by visual shapes as shown in the pretest.

The analysis of children’s spelling error patterns also demon-
strated their spelling improvement. For example, none of the EFL
children could spell any letters of the words in the pre-test. In the
post-test, despite some mistakes, the children could spell parts of
the letters in words. For example, almost all the children could
correctly spell the CVC pattern, despite the vowel errors. In the con-
sonant digraph lesson, nine children (except P2) correctly spelled
the pattern sh in the trained word shop and untrained word ship.
In the magic-e lesson, five children (P1, P4, P5, P6 and P10) could
correctly spell the CVC+-e pattern.

Although we did not conduct formal interviews with the school
teacher and parents, we did receive their follow-up feedback in
person about children’s learning gains. The school teacher men-
tioned that two children’s reading accuracies were improved from
below the average level to the average level after PhonoBlocks
instruction. Six parents and their children also asked if we would
conduct any future studies with PhonoBlocks and explicitly ex-
pressed their strong willingness to continue participating in these
studies. Four parents told us that their children’s self-esteem
and learning motivation increased after PhonoBlocks instruc-
tion. Without controlling other factors, we could not make a
strong claim that the changes related to learning were due to
PhonoBlocks instruction. However, because the participants had
failed to progress with previous instructions and progressed after
the PhonoBlocks intervention, it is likely that PhonoBlocks was
associated with their new found progress. This warrants further
study.

The claims we can make based on quantitative findings of group
level reading and spelling accuracy gains are limited by the small
sample size (10 children). To supplement these findings we also
present in-depth qualitative observation data focusing on changes
in children’s performance and unique interactional behaviours at
both group and individual levels, which may be correlated with
learning.

4.2. Beneficial design features of PhonoBlocks

4.2.1. Dynamic colour cues

Most participants were attracted to the embedded dynamic
colour cues. For example, in the CVC lesson, P2 asked, “What the
colour will be in the fourth slot?” When he first saw the colour
change in the tangible letters in the magic-e activity, he said
with a puzzled face, “Wow!” Similarly, P1, P3, and P10 also had
excited expressions on their faces when they saw colour changes.
We interpreted our observations as indicating that the children’s
attention was on the embedded dynamic colour cues.

The flashing colour is important because it helps to draw chil-
dren’s attention to the moment when placing a letter changes
the sound of the whole word. For example, we observed that the
yellow and red vowel flashes encouraged the children to notice the
vowel sound changes when an e was added in the magic-e rule. The
facilitator asked P1, “What did you see?” P1 said, “light flashes”.
The facilitator continued, asking, “What does that mean?” P1 said,
"The red colour means letter name, and the yellow colour means
letter sound”. After the post-test, many participants (P1, P3, P5, P7,
and P8) self-reported that they really liked the colour flashing in
the magic-e lesson, and they could clearly tell what the dynamic
colour cues represented after a two-week gap (e.g. “The red colour
means letter name, and the yellow colour means letter sound”.).

The participants were able to quickly learn what the dynamic
colour cues represented. For example, in the consonant blends
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lesson, after being told the green colour meant the two consonant
sounds were blended together, many participants (P3, P6, P7, P9,
and P10) were observed intentionally sounding out the pairs to-
gether (e.g. /fl/, /cr/) when they saw the letters change to green.

4.2.2. 3D tangible letters

We observed that the participants simultaneously used multi-
ple senses in learning to read and spell. For example, P6 placed
each letter on the platform and spoke its individual letter sound for
the word flag (fl-a-g). We also noticed that most participants (P1,
P3, P4, P7, P9, and P10) actively used multiple senses to help them
solve the tasks during practice. For example, when P1 was asked
to make the word hit, she often kept sounding out the /i/ sounds
when looking for the tangible letter i. Several participants also
traced mirrored letters when they seemed confused and hesitated
in selecting them (Fig. 4).

The participants quickly learned to use the physical constraints
(notch) to determine correct letter orientation. For example, many
participants (P1, P2, P3, P5, P9, and P10) looked at the notch of the
tangible letters to determine the correct letter orientation. Some
participants (P4 and P7) tried out the tangible letters with the
system to see whether they could be fitted or not. The participants
also realized that the orientation matters more for several letters
than for others. For example, when P2 found that the letter w
could not fit into the slot, he said, “I put the w backwards”. Then
he switched its direction and placed it into the slot. However, the
orientation of the mirrored letters was different. In the consonant
blends lesson, when asked to make the word crab, P5 picked up the
letter d but found it did not match to the slot. Eventually she took
off the letter d, selected the letter b, and slotted it into the platform.

We observed that several children (P2, P3, P7, and P10) devel-
oped two ways to organize tangible letters in space to make their
tasks easier to solve. First, two participants (P2 and P10) placed the
tangible letters in a line, which appeared to help them to visually
and physically find certain letters. Second, two participants (P3 and
P7) liked to pick up the tangible letters that they were going to use
later and set them aside (Fig. 5). For example, when making the
word shop, P7 first selected the four letters he needed to use, placed
them in front of him, and then put them onto the platform.

We noticed that most participants placed letters one by one
when they were learning a rule, but once they understood the rule,
they placed pairs of letters with two hands. For example, when P3
was asked to make the word flag, he simultaneously picked up the
letters f and [ using two hands. However, when asked to make the
word stop, he first placed the letter s in the second slot, thought for
a while, and then placed the letter t in the first slot (Fig. 6). This
pattern (two hands for known pairs and single hand for unknown
pairs) was observed frequently with P1, P2, P3, P6, P7, P9, and P10
when they were making words that contained consonant blends,
consonant digraphs, and vowel teams (Fig. 7).

4.2.3. Other design features

We observed that the participants often checked the corre-
sponding picture for each word. P1, P2, P5, and P10 always guessed
what the learned words meant based on the pictures. For example,
when P2 saw the picture of the word game, he smiled and said,
“Computer game”. When he saw the picture associated with the
word late (a clock shows a man running late), he asked, “Does it
mean clock?” After the facilitator explained, he understood it.

The participants also said that they enjoyed playing on their
own in the Practicing Mode. For example, during the instruction,
P2, P5, and P10 said that they would like to play more with the
games. The participants were very excited to hear the rewarding
sounds and pictures when they successfully completed the tasks.
P1, P3, P7, and P10 always smiled when they heard the rewarding
sounds from the system.



Fig. 4. P5, P6, and P8 traced the tangible letters during the instruction.

Fig. 5. P7 placed the letters c, h, i, and p in front of him when making the word chip (left); P7 placed the letters s, h, o, and p in front of him when making the word shop

(right).

Fig. 6. When P3 understood the fI pair in the word flag, he picked up the letters f and I simultaneously using two hands (left); when he was unsure about the st pair, he

placed the t and s separately (middle and right).

Many participants (P1, P3, P5, P7, P9, and P10) often looked at
the words they already learned when making new words. The word
history bar served as an additional hint when they did the spelling
tasks.

4.3. Cross-case analysis

4.3.1. Summary of main results with at-risk monolingual English-
speaking children

In the previous study, we conducted a case study with eight at-
risk monolingual English-speaking children 7-8 years old to look at

how they used the PhonoBlocks system in an urban public elemen-
tary school in Canada [45]. The learning tasks were six rule-based
lessons: CVC, consonant blends, consonant digraph, magic-e rule,
vowel team, and r-controlled vowel. Each rule-based lesson in-
volved two 20-minute individual sessions, for a total of 12 sessions
altogether for each child. Children worked with a trained facilitator
to learn three words in each session, for a total of 36 trained words
over 12 sessions. We conducted pre-, post- and follow-up tests
to examine the participants’ reading and spelling accuracies on
both trained and untrained words. We also collected observational
data and video data on children’s learning behaviours during the
PhonoBlocks instruction.



Fig. 7. P2 (left), P5 (middle), and P7 (right) used two hands to place the vowel team (ea) and consonant digraph (th).

The pre-, post- and follow-up testing results showed that at-risk
English-speaking children achieved significant learning gains after
PhonoBlocks instruction compared to their baseline performances
and also maintained their progress one month later after post-test.
The qualitative results suggested that dynamic colour cues with
flashing colours had several benefits: (1) It attracted children’s
attention to the sound change moment; (2) it was easy for children
to understand the represented meanings of the dynamic colour
cues; and (3) it allowed children to detect spelling errors through
unexpected colour changes. The 3D tangible letters enabled ac-
tivities such as letter organization in space, comparison of letter
shape, and one-handed or two-handed manipulation of letters.
These actions may make the spelling tasks easier compared to
printing words on paper [45].

4.3.2. Comparative results regarding beneficial design features

In both case studies, we identified three main similarities in
the results concerning the beneficial design features. First, we
observed that the participants in both studies were attracted to
and engaged with the flashing dynamic colour cues and they were
able to understand or quickly learn what these cues represented.
Second, the results in both studies showed that 3D tangible letter
forms with a physical notch enabled various actions that may
simplify the spelling tasks. Third, both results indicated that par-
ticipants’ hand actions with the 3D tangible letters mirrored their
understanding of how letters make sounds.

We also identified three main ways in which the design features
impacted the two groups differently. First, we noticed that the at-
risk monolingual English-speaking children frequently used the
dynamic colour cues to detect spelling errors, while the Mandarin-
speaking EFL children rarely did. Second, the at-risk children could
quickly understand the word meaning based on the word sound.
However, the EFL children had very minimal oral vocabularies and
could not understand word meanings. Instead, they attempted to
guess the meaning based on the associated picture cue, which
sometimes led to misinterpretation. Third, compared to the at-risk
children who developed various strategies to manage letters in
space for demanding learning activities (e.g. separating vowels and
consonants in the vowel team session, and placing all the vowel
letters together followed by a r letter in the r-controlled vowel
session), the EFL children developed fewer strategies to organize
letters in space.

5. Discussion
The results in general suggest that PhonoBlocks can be used

to support Mandarin-speaking EFL children at the level of PA to
learn to read and spell English words. We discuss three design

implications of tangible reading systems that are applicable for
all children who start to read and spell (5.1, 5.2, 5.3). We also
discuss three design implications that are uniquely applicable for
EFL children (5.4, 5.5, 5.6).

5.1. Use embedded dynamic colour cues with flashing to attract at-
tention

The embedded dynamic colour cues with flashing successfully
drew children’s attention to the moment where one letter changes
the sound of the rest of the word. Compared to the traditional O-
G approach that uses static colours, we used dynamic colour cues
to represent various letter-sound correspondences within word
contexts. Compared to other reading systems that use different
colours for each letter for vowels and consonants (e.g. Tiggly and
Osmo), our approach used only a small number of colours to
highlight parts of words (groups of letters), which helps to draw
attention to the letters that are important in each rule.

It is challenging to determine how to design dynamic colour
cues for new rules. We propose the following design recommen-
dations: (1) using a limited number of colours and only colouring
the important letters in a rule, which can better attract children’s
attention to the relevant parts of the rule; (2) colour selection
should follow the conventional colour scheme used in educational
practice, such as using cold colours (e.g. blue and green) for conso-
nants and warm colours (e.g. red and orange) for vowels [45,48];
and (3) the design of colour change and flashes should follow the
instructional method used by school teachers. For example, our
focus groups indicated that the teachers taught at-risk children
the consonant blends rule by first sounding out the first consonant
letter (e.g.f), and then quickly sounding out the two letters (e.g. fI).
We therefore used blue to highlight the first letter sound, and then
made both letters change to green to represent the blended state.

5.2. Create 3D tangible letter forms and workplace to enable epistemic
actions that simplify reading and spelling tasks

Epistemic actions are actions used to change external elements
in the world in order to simplify a task [49]. Previous research
suggested that TUIs encourage more epistemic actions compared
to GUIs [50], and enable epistemic actions in the context of sto-
rytelling [43]. Our results showed that 3D tangible letter forms
enabled various types of epistemic actions in reading and spelling
tasks (e.g. pairing and ordering). These epistemic actions helped
the children to shift a mental task to a visual-physical task (cog-
nitive offloading) so that they could focus on understanding the
alphabetic rules rather than on how to write letter shapes [50].

In order to support children’s epistemic actions in learning to
read and spell, the following design elements of 3D tangible letters



need to be considered: (1) they should be hand-sized and crafted
with light and safe material so that children can easily pick up and
hold them in their hands; (2) letters must be able to stand up on
their own so that the children can easily organize them in space; (3)
there should be enough space on the table to place all the letters;
and (4) they should have both physical constraints (usually on the
bottom) and visual marks (on the top) which allow the children to
quickly recognize and orient them in space.

5.3. Use 3D forms and tasks that enable hands-on interaction, which
improves attention and makes learning visible

The stand-alone 3D letters should also be light, pleasant to
touch, and easy to move, organize and handle. Providing a small
subset of letters for each learning task and encouraging both
teacher and child to handle them (e.g. place in slots) helps focus
attention on the letters. This is consistent with previous theories
that showed the use of kinaesthetic/tactile modalities could im-
prove learners’ attention and memory [31,49]. If letters are light
and sturdy, letters not in use can easily be moved away with an
arm swipe. If letters are easy to handle, children can use both one-
handed and two-handed interactions, which reflects their under-
standing of letter-sound structures and enables a facilitator to see
learning in real time and provide appropriate feedback.

5.4. EFL: Focus on vowel sounds and adjust between “coarse” and
“fine” colour-coding strategies based on different needs

We noticed that Mandarin-speaking EFL children rarely used
dynamic colour cues to detect spelling errors. This may be because
most of their errors were on vowel sounds, which could not be
detected through the current design. In PhonoBlocks, we used the
“coarse” colour-coding strategy to highlight the rules rather than
the similar sounds [44]. For example, in both CVC (b¢1, dod) and
magic-e lessons (gom =>game, top Atape), which contained vowel
sounds, all the short vowels were coloured while all the
long vowels were coloured red. The strategy works well to help
children understand the rules, but it may be insufficient to distin-
guish similar vowel sounds.

We suggest that designers could consider using both “coarse”
and “fine” colour-coding strategies to adapt to EFL children’s needs
at various learning stages. For example, when teaching the CVC
rule, the “coarse” colour strategy can be applied to highlight the
rule in general (be1, dod). Once children understand the rule, the
system could then switch to the “fine” colour strategy in which
each vowel is associated to a unique colour (b-¢, dud). Learning to
read is a cognitive developmental process in which children need
to pass through each stage (gradually moving roughly from the
pre-alphabetic stage, to the partial-alphabetic stage, to the full-
alphabetic stage) to develop accurate and fluent word reading abil-
ities [51]. Our dynamic embedded colour cue design can be easily
adjusted to satisfy children’s various needs at different stages or a
particular need (e.g. vowel difficulties) at one stage.

5.5. EFL: Start with words that have concrete meaning and carefully
design culturally appropriate pictures for the words

EFL children have usually have limited oral vocabulary and
may rely more on visual cues such as word pictures. Therefore,
the learning content should start with words containing concrete
meaning. The design of word pictures should be easy to understand
and closely related to the core meaning of the words to avoid
misinterpretation. Supplementary animation or bilingual audio
instruction can be used. Designers should also consider cultural
context when designing picture cues for EFL children who have less
background knowledge of English.
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5.6. EFL: Support tangible tools that encourage organizational strate-
gies

The results showed that EFL Mandarin-speaking children devel-
oped fewer organizational strategies compared to at-risk children.
EFL children had less English proficiency, which may limit their
improvising activities with the tangible letters. Designers could
consider providing additional tools to encourage EFL children’s
organizational actions. For example, unique letter storages can be
designed for different lessons. In the CVC lesson, the storage could
contain three separate spaces; one each for the first consonant, the
vowel, and the last consonant letters. In the vowel team lesson,
storage with two spaces can be provided, with one for vowel and
the other for consonants. Teachers can use the tools to prompt EFL
children to think about how to effectively organize letters in space.

We believe the design guidance for the colour cues and 3D
letters are not only useful for at-risk monolingual English-speaking
and Mandarin-speaking EFL children, but may also be beneficial to
all other children who need to learn to read and spell. Although we
only investigated Mandarin-speaking EFL children, the design con-
siderations for EFL children may also work for other EFL children
whose first language is not Mandarin or for ELL children who learn
English as a foreign language in English-speaking countries.

6. Limitations

The main limitation is the case study design with a small sample
size and no control group. The small size makes it difficult to
generalize results. The lack of a comparative control group (one-to-
one traditional O-G program) makes it difficult to gauge the effec-
tiveness of our system. We do not know if the learning gains were
due to the one-to-one PhonoBlocks instruction or other factors.
However, we provided detailed qualitative results on children’s
learning behaviours and interactional behaviours which may be
correlated with learning. It was encouraging to see that significant
learning gains and several of the learning behaviours were also
observed in at-risk monolingual English-speaking children who
were reported to fail to progress with both the teacher’s class
instruction and the extra one-to-one intervention provided by the
resource teacher at the school. The results of both case studies
suggest that PhonoBlocks is promising in supporting learning to
read and spell for children with poor PA and limited knowledge of
the alphabetic principle. In the future, more wide-scale controlled
experiments with at-risk and EFL children would enable us to make
stronger claims about the effectiveness of our entire system.

7. Conclusion

We present a design case study with ten Mandarin-speaking
EFL children using a tangible reading system called PhonoBlocks in
learning to read and spell. The results showed that the EFL children
achieved significant learning gains relative to their baseline perfor-
mance. These results, combined with our qualitative analysis of the
ways the children interacted with the system, suggest that the core
design features of TUIs positively impacted learning. We compared
the results with the results from a different case study with at-
risk monolingual English-speaking children using PhonoBlocks.
We discuss the design implications for designing for children with
poor PA and limited knowledge of the alphabetic principle, and
particularly for children who learn English as a foreign language.

The main contribution of this work is that it suggests that tan-
gibility matters in learning to spell for children. Reading is, in part,
spatial. Tangible letters make it easy for children to position the
letters and hear associated sound changes. Because computation
can be embedded in these tangible letters, they can also change
their colour in response to their position in the word, drawing



a child’s attention to the moment where one letter changes the
sound of the rest of the word. Tangibility also matters because
the physicality of tangible letters means that children can use
epistemic strategies, such as pairing and ordering, to make the task
of spelling words easier than if they were printing words on paper.
The act of spelling is separated from the act of printing. Taken
together, embeddedness and physicality mean that children’s let-
ter manipulation, attentional focus, and use of epidemic strategies
make the task of learning basic spelling rules easier. Over time,
children will learn and memorize these foundational spelling rules
and the tangible system will no longer be necessary. Our work
contributes to design recommendations which are applicable to
the design of reading TUIs for typical, at-risk, and EFL/ELL children.
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Appendix A

Untrained words
(Pre-test and post-test)

Trained words
(Pre-test, instruction, & post-test)

Session 1 (CVC_1)

bet (s) pet (s)
dad had
tin win
Session 2 (CVC_2)

pup cup
hit * sit *
web deb
Session 3 (Consonant blends)

flag flat
crab crag
stop * step *
Session 4 (Consonant digraph)

thin thug
shop * ship *
chip chop
Session 5 (Magic e rule_1)

game * name *
tape cape
cake lake
Session 6 (Magic e rule_2)

side hide
wide tide
late date
Session 7 (Vowel team)

eat” tea ™
boat toad
paid raid
Session 8 (Syllable division)

over * under *
water river
creepy sleepy

The word with * was for the spelling task
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