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ABSTRACT 
Older adults increasingly adopt small-screen devices, but limited 
motor dexterity hinders their ability to type efectively. While a 
9-key (T9) keyboard allocates larger space to each key, it is shared 
by multiple consecutive letters. Consequently, users must interrupt 
their gestures when typing consecutive letters, leading to inefcien-
cies and poor user experience. Thus, we proposed a novel keyboard 
that leverages the currently unused key 1 to duplicate letters from 
the previous key, allowing the entry of consecutive letters without 
interruptions. A user study with 12 older adults showed that it 
signifcantly outperformed the T9 with wiggle gesture in typing 
speed, KSPC, insertion errors, and deletes per word while achieving 
comparable performance as the conventional T9. Repeating the 
typing tasks with 12 young adults found that the advantages of 
the novel T9 were consistent or enhanced. We also provide error 
analysis and design considerations for improving gesture typing 
on T9 for older adults. 

CCS CONCEPTS 
• Human-centered computing → Empirical studies in acces-
sibility; Empirical studies in HCI; • Social and professional 
topics → Seniors. 
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1 INTRODUCTION 
The world is currently experiencing rapid growth in two areas: the 
aging population and the adoption of technology. The World Health 
Organization predicts that the proportion of the world’s population 
over 60 years old1 is expected to double from 12% to 22% between 
2015 and 2050 [45]. Although the use of technology is lower among 
older adults as compared to young people, there is still an explo-
sion in their use of computers, smartphones, and other forms of 
technology [10]. In the US, 18% of older adults owned smartphones 
in 2013, and that number more than doubled to 42% in just four 
years [3]. Furthermore, a survey of 1824 older adults in Switzerland 
in 2020 showed that up to 6.6% owned a smartwatch [53]. The key 
services that older adults use on smartwatches were making phone 
calls, keeping track of their health information (e.g., pedometer 
and heart rate monitor), and getting notifcations [16, 39]. To fulfll 
health-tracking functionalities, smartwatch apps require text input 
from older adults. One such example is the use of smartwatches for 
real-time collection of pain scores, where participants entered their 
scores throughout their day [39]. However, due to the small screen 
and age-related declines in motor dexterity, it can be hard for older 
adults to type accurately and efectively on smartwatch interfaces 
[23, 42, 60]. Moreover, some older adults even felt panicked when 
sending text messages due to the difculty of text entry [30]. Text 
entry on small-screen devices is inherently difcult since users 
need to reach a small target using their relatively large fngertips 
[34, 54]. The T9 keyboard—a predictive text technology in a 3 × 3 
layout—is often adopted on such devices, especially smartwatches 
[28, 49]. Compared to the 26-key QWERTY layout, T9 allocates 
3-4 letters on each key, resulting in bigger space for each key and 
thus alleviates inaccurate input (e.g., due to fat-fnger problems) 
1We follow the defnition from the United Nations, which considers people over the 
age of 60 to be “older adults” [41]. 
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[54]. Currently, the T9 keyboard can be used in existing commercial 
devices with both Android WearOS (e.g., KeyOboard [11]) and iOS 
(e.g, WatchKey [33], Type Nine [48]. T9 is also the default keyboard 
on the Samsung Galaxy Watch 4 [50]. Due to its advantages in 
efciency and on small devices, there is ongoing work to optimize 
the T9 keyboard (e.g., Optimal-T9 used a computational approach 
[49], and SmartVRKey explored T9 usage in a VR environment [1]). 
Furthermore, the T9 keyboard was adopted by feature phones in 
the early 2000s and many older adults are familiar with the layout 
[18]. Thus, we were motivated to investigate ways to improve text 
entry on the T9 keyboard on small-screen devices for older adults. 

As touchscreen keyboards gradually replaced physical keypads, 
many users adopted gesture typing, which allows them to input a 
word through one continuous movement [64]. In contrast to tap 
typing, gesture typing does not require the user to have precise 
operations on the touch position and has been leveraged for text 
entry on small touchscreens due to improved error tolerance [63] 
and tactile feedback [49]. Recent research has shown that gesture 
typing is particularly promising for older adults. In an experiment 
comparing gesture typing and tap typing on smartphone QWERTY 
keyboards, older adults were 15% faster and had a 27% lower error 
rate when using gesture typing [34]. We were inspired by this work 
and sought to investigate gesture typing on the T9 keyboard on 
smartwatches for older adults. 

Despite the individual advantages of using the T9 keyboard or 
gesture typing, gesture typing directly on the T9 still faces many 
important challenges. When gesture typing on the conventional 
T9 keyboard, the gesture will inevitably be interrupted due to two 
consecutive letters sharing the same key, leading to typing inef-
ciencies and poor user experience. For example, as shown in Fig. 1, 
when typing the word “APPLE”, the swipe gesture starts from key 
2 to key 7 to type “AP”, but then the gesture must be interrupted 
(either with a pause on key 7 or a lift of the fngertip) to re-enter 
the letter “P” before swiping to key 5 and key 3 to complete the 
word. Thus, when gesture typing words that contain consecutive 
letters, the user must perform multiple gestures by lifting the fnger 
several times or pausing for an indefnite period of time without 
visual or tactile feedback. According to the list of frequently used 
words [12], 68 out of 220 (30.9%) frequently used non-nouns and 
45 out of 95 (47.4%) frequently used nouns are afected by this limi-
tation of gesture typing on the T9. These negative impacts on the 
typing experience and high frequency of occurrence call for further 
investigation on how to improve the gesture typing experience on 
the T9 keyboard for small-screen devices without interrupting the 
fow of the strokes. 

To address this need, we proposed a novel keyboard that en-
hances gesture typing on the T9 keyboard while maintaining the 
conventional layout. Since key 1 is not currently occupied by any 
letters, we leveraged this space to duplicate the letters of the pre-
viously entered key. This allows users to swipe to key 1 from any 
of the other 8 keys to repeat the same letter without the need to 
pause on a certain key or lift their fnger up. To evaluate our pro-
posed keyboard, we conducted a user study to compare the T9 with 
enhanced key 1 with the conventional T9 and the T9 with wiggle 
gesture proposed by Billah et al. [9], which requires users to make 
three direction changes within the same key to enter a consecu-
tive letter. We carried out a within-subjects study with 12 older 

Figure 1: If the user wants to type “APPLE” with gestures on 
the conventional T9 keyboard, they must frst swipe from 
key 2 to key 7, then pause on key 7 or lift their fnger up 
before continuing the direction change to key 3. 

adults aged 61 to 72 (���� = 64.8, �� = 3.72), who were asked to 
use all three methods to type 20 phrases randomly selected from 
Mackenzie’s phrase set [37]. To see if age makes any diference in 
the performance and preferences between the three keyboards, we 
also recruited 12 young adults to complete the same set of typing 
tasks. We then compared the three T9 text entry methods in terms 
of typing performance and subjective feedback. 

Our main fndings showed that for older adults, the T9 with en-
hanced key 1 signifcantly outperformed the T9 with wiggle gesture 
in typing speed, keystrokes per character (KSPC), insertion errors, 
and deletes per word while being on par with the conventional T9. 
The advantages of T9 with enhanced key 1 were more prominent 
for young adults, leading to signifcantly better typing speed and 
KPSC while reducing insertion errors over the other two methods. 
Nine (75%) older adults chose the T9 with enhanced key 1 as their 
favorite typing method, while all of the young adults did. Although 
the diferences between our novel T9 and the conventional T9 were 
not signifcant for older adults, the learning curve and feedback 
from participants suggest this could be a viable improvement over 
time. The T9 with wiggle gesture was the least preferred for both 
older and young adults and led to a signifcantly higher workload 
(based on NASA-TLX ratings) and inferior typing performance. 
Overall, the approaches proposed in this study demonstrated the 
feasibility of optimizing the performance and user experience of 
gesture typing on the T9 keyboard without rearranging its standard 
layout. In sum, we make the following contributions: 

• We propose a novel method of gesture typing on the T9 
keyboard by harnessing key 1 to duplicate the letters of the 
previously entered key. 

• We show the advantages of T9 with enhanced key 1 in terms 
of performance and subjective ratings through a user study 
with 12 older adults and 12 young adults. 
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• We provide design considerations for improving gesture 
typing on the T9 for older adults. 

2 RELATED WORK 
Our study is motivated and informed by prior work in two main 
areas: text entry for older adults and strategies for optimizing the 
T9 keyboard. 

2.1 Text Entry for Older Adults 
2.1.1 Advantages of Gesture Typing. Zhai and Kristensson [64] 
proposed three key factors that afect whether a text input method 
is accepted by the users, namely input speed, learning cost, and 
growth. In terms of speed, gesture typing ofers an advantage over 
tap typing due to its error tolerance and one-fnger operation [64]. 
Researchers have investigated gesture typing for older adults and 
found that it was faster than tap typing, and was very easy for 
them to learn [34]. This may be because the underlying action of 
sliding a fnger from one place to another was commonly seen in 
touchscreen interaction, which made text entry using gestures feel 
more natural to older adults [34]. Gesture typing, in particular, al-
lows users to enter words with rough shapes and placement, which 
contributes to its error-tolerance properties [9]. This is evident 
for older adults as lower error rates were observed with gesture 
typing [34]. Furthermore, when compared with young adults, the 
gesture accuracy of the older adults did not experience much degra-
dation, showing that it is a promising method for them [34]. These 
promising results motivated us to further explore how to improve 
the experience of gesture typing for older adults. 

2.1.2 Using the T9 Keyboard. Inspired by the prior work demon-
strating the advantages of gesture typing for older adults on the 
QWERTY keyboard, we sought to investigate gesture typing on the 
T9 keyboard. The T9 layout is especially advantageous for small-
screen devices as combining several letters onto one key enlarges 
the size of each key. Increasing the size of the target key making 
it easier to type according to Fitts’ Law [17]. The larger key size 
is especially important for older adults since they experience age-
related degradation in both motor control (with slower and more 
variable movements) and visual acuity [23, 42, 60]. In fact, key-
boards containing only fve keys have been developed to support 
text entry and maximize screen size on mobile devices [13]. How-
ever, the T9 provides benefts over such keyboards since it is one of 
the most well-known multi-letter keyboard layout for users since 
it was adopted in the early 2000s and is currently available on both 
Android WearOS and iOS [11, 18, 33, 48, 63]. Maintaining a familiar 
layout may decrease the learning cost, which in turn improves the 
adoption rate as prior work has shown that a high learning cost 
negatively impacts the subsequent adoption of input methods for 
novices [64]. Thus, we combine the advantages of gesture typing 
and the large keys on the T9 keyboard in our design to improve 
the experience and performance of text entry for older adults on 
small-screen devices. 

2.2 Optimizing the T9 Keyboard 
2.2.1 Addressing Ambiguity. While gesture typing is efcient and 
error-tolerant, it still exhibits ambiguity when typing words that 
share a similar or identical gesture [2]. Especially for multi-letter 

layouts like the T9, the word collision problem (i.e., words with 
identical sequences) is a key issue that may result in lower accu-
racy and speed [49, 55]. Dunlop et al. [14] tried to combine the 
unambiguous property of one-letter layouts like QWERTY with 
the larger key sizes for multi-letter layouts like the T9. QWERTH, a 
semi-ambiguous keyboard, was developed to increase the key size 
and maintain a near-QWERTY layout, but lacked considerations 
for learnability of the new keyboard [14]. Similarly, Smith et al. 
[55] developed a QWERTY-like keyboard that reduced error rates 
by 52% and 37% over the original QWERTY keyboard, but the new 
method increased the path length of gestures. While the aim was 
to optimize gesture typing, their approach involved adjusting the 
keyboard layout, starting with measures like gesture clarity and 
QWERTY resemblance [55]. Smith et al. [55] found that tweaking 
the layout can cause some short-term frustration when participants 
are frst introduced to the modifed keyboard, but benefts can arise 
with long-term usage. 

2.2.2 Addressing Learnability. Other researchers found similar re-
sults that optimizations based on the rearrangement of keys can 
introduce a learning curve that makes users less willing to adopt 
the new keyboard [8]. To minimize the learning cost, Bi and Zhai 
[8] followed a rule that only two adjacent keys can be swapped. 
Although it addressed the learnability problem to an extent, it also 
showed that even swapping one pair of keys can introduce learn-
ing cost [8]. They found that users still needed to intentionally 
change their gestures which were already formed into habit based 
on the original layout. Specifcally for the T9, Qin et al. [49] de-
signed the Optimal-T9 keyboard by introducing Qwerty-bounded 
constraint (i.e. placing QWERTY’s alphabetical arrangement in a 
3 × 3 layout) to ensure high learnability. They found that Optimal-
T9 outperformed the conventional T9 and other T9-like layouts, 
while drastically reducing error rate over a 26-key QWERTY key-
board [49]. Despite these advantages, the locations of the letters 
that correspond to each key in the T9 were still modifed, which 
may introduce challenges for older adults who are used to the con-
ventional letter placement. Across these studies, it is evident that 
learnability is a signifcant factor in optimizing typing performance 
but adjusting the key arrangement will inevitably introduce a steep 
learning curve for the new layout. 

2.2.3 Optimizations for Older Adults. The above optimization ap-
proaches were for the general population while other researchers 
started exploring ability-based optimizations for specifc user groups 
[52, 62]. One such example is a computational approach for improv-
ing keyboard designs on touchscreen devices for older adults with 
cognitive impairments [51]. This optimizer considered parameters 
that have potential efects for aging users, such as key size, number 
of keys per row, and number of rows [51]. After experimenting be-
tween 2-10 keys on 1-3 rows, the optimizer selected a 3 × 3 grouped 
keyboard design since the larger sized keys addressed visual and 
motor defcits [51]. This is the same layout as the T9, which poses 
similar advantages for older adults. However, the arrangement of 
the letters corresponding to each key was diferent than any exist-
ing keyboards, so learnability remains a challenge for older adults. 
Furthermore, none of the aforementioned studies addressed the 
issue of the swiping gesture being interrupted by consecutive let-
ters. Thus, we see an opportunity to improve the gesture typing 
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experience on the T9 keyboard without modifying the layout of 
the conventional keyboard nor changing the locations of the letters 
that correspond to each key. 

3 METHOD 
This section describes the design process of the proposed keyboard 
and the procedure of the evaluation with older and young adults. 

3.1 Keyboard Design 
3.1.1 T9 with Enhanced Key 1. The conventional T9 keyboard di-
vides 26 letters between key 2 to key 9. Since key 1 is unused (i.e. 
did not correspond to any letters), it held the most promise for 
enhancement. In particular, we proposed that key 1 can be used to 
duplicate the letters from the last entered key. Our approach is set 
apart from previous keyboard optimizations (e.g., [8, 49, 51, 52]) by 
keeping the same arrangement of keys which efectively harnesses 
the users’ previous familiarity. Based on challenges highlighted 
by prior work, our design objectives were: (1) to allow continuous 
gestures without interruptions, and (2) to maintain the same layout 
to improve learnability. 

Figure 2: When typing the word “APPLE,” the swipe gesture 
starts from key 2 to key 7 then to key 1, fnally to key 5 and 
key 3. The letters corresponding to key 1 change with the 
movement of the fnger. 

As shown in Fig. 2, when the user enters the word “APPLE,” the 
initial swipe gesture still starts from key 2 and then moves to key 7 
for inputting “AP.” Then the user can continue the same gesture to 
key 1 (which duplicates the letters in key 7) to complete the input 
of the remaining letters “PLE,” instead of lifting up their fnger to 
re-enter key 7. For longer sequences of repeated letters such as 
“MOON” (as shown in Fig. 3), users can swipe from 6 to 1 to 6 then 
back to 1 in one single gesture, instead of tapping the same key 
four times using the conventional T9. Additionally, key 1 displays 
the last-entered key in real-time and acts as a visual indicator of 
the current status, which follows Nielsen’s usability heuristic [43]. 
In contrast with the conventional T9 keyboard where the user’s 

fnger may occlude the letters on the key, users can see the letters 
currently covered by their fnger on key 1. 

Figure 3: When typing the word “MOON” using the T9 with 
enhanced key 1 keyboard, the swipe gesture starts from key 
6 to key 1, then to key 6, and fnally back to key 1. 

3.1.2 T9 with Wiggle Gesture. We extended another gesture typing 
method proposed by Billah et al., which improves the accessibility 
of gesture typing and may also be useful for older adults [9]. The 
wiggle gesture requires the user to draw a wiggly line using their 
fnger within the bounds of a specifc key, as shown in Fig. 4). It 
is implemented by setting the threshold of the number of swiping 
direction changes on the X or Y axis to more than three [9]. For 
example, as shown in Fig. 4, for the target word of “APPLE,” the 
user frst swipes from key 2 to key 7 to enter “AP,” then the user can 
perform the wiggle gesture on key 7 to re-enter the letter “P.” Since 
the wiggle gesture is introduced on every key, this difers from 
our proposed approach of enhanced key 1 which is a modifcation 
on a single key. We wanted to explore the potential use of the 
wiggle gesture since it adheres to our design goals of eliminating 
interruptions of the gesture when entering consecutive letters while 
maintaining the same layout to improve learnability. 

3.2 Implementation of the Keyboards 
Due to the COVID-19 pandemic, we implemented the keyboards 
with the goal of making them easy to distribute so that we could con-
duct the gesture typing evaluation remotely. As such, we developed 
a web-based evaluation platform that contained the conventional 
T9, T9 with enhanced key 1, and T9 with wiggle gesture. In this way, 
the participants did not need to install any additional software to 
access the evaluation platform and the risk of device compatibility 
issues was reduced. The size of the T9 keyboard is 34.8 mm × 28.6 
mm, which is similar to the display area of smartwatches on the 
market, such as Apple Watch Series 3 [4]. We followed the design 
criteria for text entry on smartwatches from Dunlop et al. [15] stat-
ing that it should support simple editing (e.g. backspace) and have a 
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Figure 4: When typing the word “APPLE” using the T9 with 
wiggle gesture, the gesture starts from key 2 to key 7, then a 
“W” or ”M” is drawn on key 7, and fnally to key 3. 

reasonably large target (e.g. >7mm). In particular, page scaling was 
disabled for this web application and modern browsers can guar-
antee similar displays according to the preset CSS confguration. 
While the keyboards simulate the size of a smartwatch, participants 
were asked to use their own smartphone since it was readily acces-
sible and not all participants owned a smartwatch. The application 
is built using Typescript, Next.js, and Nest.js, and is connected to 
the MongoDB Atlas database and deployed on Heroku. All text 
entry activities performed on the test platform were recorded by 
the background program with the timestamp and other metadata, 
which were synchronized to the database. 

3.3 Evaluation of Gesture Keyboards 
We conducted an IRB-approved online experiment to compare the 
performance and behavior of older adults using the three keyboards 
described above. We also conducted the same experiment with 
young adults to see if the trends in typing performance and subjec-
tive preferences for a certain keyboard are age-specifc or consis-
tent across age ranges. We did not specifcally compare the typing 
performance between older and young adults since our goal was 
to understand whether the patterns between the three keyboards 
were consistent for diferent age groups. Prior studies have already 
shown that older adults tend to type slower and make more errors 
than young adults [26, 34]. 

3.3.1 Participants and apparatus. We recruited 12 older adults (7 
females) aged 61 to 72 (���� = 64.8, �� = 3.72) from mailing 
lists and snowball sampling. We also recruited 12 young adults (5 
females) aged 20 to 32 (���� = 26.1, �� = 3.41) through posting 
on the university and research group channels. All participants had 
general professional or native profciency in English to complete 
the typing tasks. 

Table 1: The familiarity and years of experience with touch-
screen, gesture typing, and T9 keyboards for older and young 
adults (Five-point scale: 1 - Not at all familiar, 5 - Extremely 
familiar). 

Older Adults Young Adults 

Familiarity with Typ-
ing on Touchscreen 

Md=4, IQR=1 Md=5, IQR=1 

Years of Touchscreen 
Usage 

M=8.17, SD=2.48 M=9.33, SD=1.72 

Familiarity with Ges-
ture Typing 

Md=2, IQR=1 Md=2.5, IQR=1 

Years of Gesture Typ-
ing Usage 

M=1.33, SD=1.87 M=1.50, SD=2.20 

Familiarity with T9 
Keyboard 

Md=3, IQR=2 Md=2, IQR=2 

Years of T9 Keyboard 
Usage 

M=1.21, SD=2.81 M=2.25, SD=3.11 

Table 1 shows that on average, the older adults were very familiar 
with typing on the touchscreen, moderately familiar with the T9, 
but only slightly familiar with gesture typing. Young adults were 
extremely familiar with typing on the touchscreen but less familiar 
with gesture typing and the T9 keyboard. 

Participants were asked to use their own smartphones to com-
plete the typing tasks. Out of all 24 participants, 14 used iPhones 
while 10 used Android phones. They were also asked to perform 
gesture typing with the index fnger of the dominant hand (22 were 
right-handed and 2 were left-handed) while they used the other 
hand to hold the phone. 

3.3.2 Procedure. The study procedure is shown in Fig. 5. Partic-
ipants connected to the investigator via Zoom and were given a 
briefng on the study tasks and instructed to access the link to the 
test platform with their own smartphone. Since this study had a 
within-subject design with the independent variable being the key-
board type, all participants were required to complete typing tasks 
using all three keyboards on the web application as shown in Fig. 6. 
d). The order of the type of T9 keyboard was counterbalanced. For 
each keyboard type, participants were frst shown a video tutorial 
of how to input words and then asked to try the keyboard in a 
3-minute practice session. They were asked to utilize the special 
features introduced by two T9 variants to input consecutive letters. 

The task for each type of T9 keyboard consisted of 20 phrases 
randomly selected from Mackenzie’s phrase set [37] divided into 
4 blocks, with each block containing 5 phrases. Participants were 
asked to transcribe the target phrase using the keyboard by swiping 
on the keys and selecting words from the candidate list, which was 
supported by the unigram language model where the most common 
words matching a sequence were suggested. A space was automati-
cally added after a word was selected from the candidate list since 
this feature is considered a beneft of predictive keyboards [64]. For 
the conventional T9, lifting does not trigger an auto space as it is 
added only after word selection. Participants were also informed 
that once they selected a word, they could no longer modify it and 
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Pre-Study 
Background Survey 

Keyboard Tutorial & 
Practice Session

Formal Session: 
Blocks 1 - 4

NASA-TLX 
Questionnaire

Post-Study Survey 
& Interview

User Study 
Introduction

Repeated for each keyboard type

Figure 5: Flowchart of the study procedure followed by each participant. 

Figure 6: Tutorial for each input method: a) Conventional T9, 
b) T9 with an enhanced key 1, and c) T9 with wiggle gesture. 
The blue line indicates the swipe trajectory, with the arrow 
indicating the direction. d) UI of the practice session, which 
contains a countdown timer that prevents users from starting 
the formal tasks until they have become familiar with the 
keyboard. 

should continue transcribing the next word , which is in line with 
prior work [42]. This design allows us to capture participants’ ges-
ture typing performance instead of their performance with word 
selection. Once participants completed all the typing tasks on a 
certain keyboard, they were instructed to fll in the NASA-TLX 
questionnaire before the next keyboard. At the very end, partici-
pants flled in a fnal survey and answered a few questions about 
the whole experience. The sessions lasted between 1.5 to 2 hours. 
In total, our study collected: 3 keyboards × 4 blocks × 5 phrases 
× 24 participants = 1440 phrases. 

3.3.3 Data Analysis. We used the Shapiro-Wilk test to check the 
normality of all collected data. For normal data, we conducted a one-
way repeated measures ANOVA to determine whether the means 
for the three keyboards were signifcantly diferent among older 
adults or among young adults. For learnability, we conducted a two-
way repeated measures ANOVA with the factors being keyboard 
type (� = 3) and block number (� = 4). We also report the efect size 
with partial eta squared (�� 

2 ) and post-hoc pairwise comparisons 
with Bonferroni correction, in line with prior typing studies [26]. 
For non-normal data that required a non-parametric test, we used 
the Friedman test for three or more conditions assigned within 
subjects and pairwise comparisons using Conover’s F. As explained 
at the beginning of Sec 3.3, we did not run statistical tests between 
participant groups (older adults vs. young adults). 

4 RESULTS 
This section contains quantitative fndings from the typing tasks 
which includes typing speed, learnability, keystrokes per character, 
word error rate, types of errors, and deletes per word, and qualitative 
fndings based on the post-task interviews. 

4.1 Typing Speed (WPM) 
The Words per Minute (WPM) metric is the most frequently used 
empirical measure of text entry performance and represents the 
typing speed [6, 24]. It was calculated using the equation from 
MacKenzie [36], where � is the total number of transcribed charac-
ters during the task, and � represents the amount of time taken to 
transcribe the phrases in minutes. Each fve-character string was 
treated as a single word to convert “character per minute” to “word 
per minute” (WPM) [36]. 

|� | − 1 1 
� �� = × 

� 5 
Fig. 7 shows the average typing speed of each T9 keyboard for 

both older and young adults. The fastest speed for older adults 
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Figure 7: Average typing speed for each T9 keyboard and 
user group. (Error-bars show ±1 SD; * � < .05, ** � < .01, *** 
� < .001) 

occurred for T9 with enhanced key 1 which was 7.42 WPM (SD = 
2.46), followed by the conventional T9 with 6.85 WPM (SD = 2.37), 
while the T9 with wiggle gesture was the slowest on average with 
5.84 WPM (SD = 1.39). ANOVA showed a main efect of keyboards 
on the typing speed (�2,22 = 3.79, � < .05, �2 = 0.26).2 Pairwise � 
comparisons revealed a signifcant diference between T9 with 
enhanced key 1 and T9 with wiggle gesture (� < .05). This trend 
was the same for young adults: the T9 with enhanced key 1 resulted 
in the fastest typing speed of 9.60 WPM (SD = 1.94). There was 
also a signifcant diference due to keyboard type (�2,22 = 9.69, � < 
.001, �2 = 0.47), with T9 with enhanced key 1 resulting in faster � 
typing speed than the other two keyboards (both � < .01). 

4.2 Learnability 
Learnability is an important metric for illustrating the learning 
curve of keyboards. We used the same calculation as the typing 
speed (WPM) but separated the measures into blocks. The trend 
for each T9 keyboard across the 4 blocks for older adults is shown 
in Fig. 8 (top). 

For older adults, the efect of keyboard type on WPM was signif-
cant (�2,22 = 4.24, � < .05, �2 = 0.28), and the efect of block number � 

on WPM was also signifcant (�3,33 = 5.65, � < .005, �2 = 0.34).� 
The keyboard × block interaction efect was not signifcant. The 
speed for T9 with enhanced key 1 gradually increased throughout 
each block, which suggests that this could be a viable improvement 
over a period of use. For the conventional T9, the speed stayed 
consistent for the frst three blocks before increasing in the fourth 
block. This may be because participants were already familiar with 
the conventional T9 and did not experience a steep learning curve 
at the beginning. However, for both the T9 with enhanced key 1 and 
conventional T9, there were no signifcant diferences between any 
two blocks. For the T9 with wiggle gesture, there were signifcant 
diferences between the frst and fourth block (� < .05), and the 
second and fourth block (� < .05). This suggests that the T9 with 
wiggle gesture led to the largest learning curve. 

We repeated this analysis for young adults, as shown in the graph 
on the right of Fig. 8. The efect of keyboard type on WPM was 
signifcant (�2,22 = 8.28, � < .005, �2 = 0.43), and the efect of block � 

2�2 = 0.01 indicates a small efect, �� 
2 = 0.06 indicates a medium efect, and �2 = 0.14� � 

indicates a large efect [57]. 
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Figure 8: Average typing speed by T9 keyboard and block for 
older adults (top) and young adults (bottom). 

number on WPM was also signifcant (�3,33 = 12.4, � < .0001, �2 = � 
0.53). We also observed a signifcant keyboard × block interaction 
efect (�6,66 = 2.85, � < .05, �2 = 0.21). For the T9 with enhanced � 
key 1 keyboard, there were no signifcant diferences between any 
two blocks as the speed remained fairly consistent at around 10 
WPM throughout all 4 blocks. This suggests that young adults did 
not experience a large learning curve and grasped the method for 
enhanced key 1 quickly. For the conventional T9, young adults were 
signifcantly faster in the third block (� < .05) and fourth block 
(� < .05) compared to the frst, which is shown by the positive 
slope of the blue line in Fig. 8. For the T9 with wiggle gesture, the 
speeds for the second (� < .05) and fourth block (� < .05) were 
signifcantly higher than the frst. 

4.3 Keystrokes Per Character (KSPC) 
KSPC is the average number of keystrokes necessary to generate 
each character [35] and can represent the efciency of a key-
board [64]. It was calculated using the following equation: 

�������� (�) + � ������������� (�) + ������� (�)
���� = 

�ℎ������������ℎ(�) 

where � is the transcribed phrase, �������� (�) is the number of 
gestures performed to transcribe � , � ������������� (�) is the num-
ber of times a word was selected from the candidate list, ������� (�)
is the number of character deletes, and �ℎ������������ℎ(�) is the 
number of total characters in � . For example, typing “APPLE” with-
out any errors would require 1 gesture using the T9 with enhanced 
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key 1 and T9 with wiggle gesture, but 2 gestures with the conven-
tional T9. As shown in Fig. 9, the T9 with enhanced key 1 resulted 
in the lowest KSPC for older adults. The average KSPC was 0.68 
(SD = 0.23) for T9 with an enhanced key 1, 0.88 (SD = 0.20) for 
conventional T9, and 1.10 (SD = 0.42) for T9 with wiggle gesture. 
Keyboard type had a main efect on the KSPC (�2,22 = 10.1, � < 
.001, �2 = 0.48) and pairwise comparisons revealed a signifcant � 
diference between T9 with enhanced key 1 and T9 with wiggle 
gesture (� < .01). For young adults, keyboard type also had a main 
efect on the KSPC (�2,22 = 16.6, � < .0001, �2 = 0.60). The KSPC � 
for the T9 with enhanced key 1 (0.71, SD = 0.20) was signifcantly 
lower than the other two keyboards (both � < .001. 
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Figure 9: KSPC for each T9 keyboard and user group. 

4.4 Word Error Rate (WER) 
Unlike the straightforward calculation of WPM, the error rate is 
more complex as it is difcult to distinguish errors corrected during 
entry from those that remain in the transcribed text [6, 56]. In 
line with prior work (e.g., [8, 49]), we used the uncorrected error 
rate based on the minimum word distance (MWD) between the 
transcribed phrase � and the target phrase � . Specifcally, it was 
calculated using the following equation: 

�� � (�, �)
� �� = × 100% 

� ��������ℎ(�)
where � ��������ℎ(�) is the number of words contained in � . 

As shown in Fig. 10, T9 with enhanced key 1 led to the lowest error 
rate on average for both older adults and young adults. The older 
adult participants made the most input errors on the conventional 
T9 (9.82%, �� = 12.4%), followed by the T9 with wiggle gesture 
(8.18%, �� = 8.54%), and the least error occurred on the T9 with 
enhanced key 1 (6.45%, �� = 6.61%). This trend stayed consistent 
for young adults as well. However, Friedman test did not fnd any 
signifcant efects of keyboard type on the WER for either older 
adults or young adults. 

4.5 Types of Errors 
In addition to the word error rate, we conducted keystroke-level 
analysis on the types of errors that were made by older adults and 
young adults (as shown in Fig. 11). 

There are three common categories of typing errors: insertion 
occurs when an additional key is pressed, omission (also called 
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Figure 10: Word error rate for each T9 keyboard and user 
group. 
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Figure 11: Types of errors made per word for older adults 
(top) and young adults (bottom). 

deletion) occurs when a key is missed, and substitution occurs when 
an incorrect key is pressed instead of the target key [61]. Since T9 
only has 9 keys, we analyzed keystroke sequences corresponding 
to the number of the entered key. For example, the target sequence 
for “APPLE” is [2, 7, 7, 5, 3]. The special entry of consecutive letters 
using the T9 with enhanced key 1 and T9 with wiggle gesture was 
denoted by ’1,’ (e.g. “APPLE” is represented by [2, 7, 1, 5, 3]). To 
account for this, we replaced all occurrences of “1” with the previous 
key so that we could compare them with the target sequence. Since 
the T9 is a predictive keyboard, users can select the target word 
from the candidate list after only partially entering it. Therefore, 
all entered sequences that were a subset and appeared in the same 
order as the target sequence was deemed error-free. 

For older adults, we found that the most common error was in-
sertions (52.2% of all errors), followed by substitutions (35.1%), then 
omissions (12.7%). Friedman test found a signifcant diference for 
insertions (�2 = 7.167, � < .05), but not substitutions or omissions. 
Older adults made signifcantly more insertions with the T9 with 
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wiggle gesture than the T9 with enhanced key 1 (� < .05). The 
distribution of errors was similar for young adults, where the most 
common were insertions (50.9% of all errors), followed by substitu-
tions (40.6%), then omissions (8.5%). Similarly, the only signifcant 
diference in keyboard type was for insertions (�2 = 8.043, � < .05), 
which was lower for enhanced key 1 than the other two (� < .05). 

4.6 Deletes Per Word 
Deletes per word was calculated to compare the performance in 
terms of corrected input errors [34, 46, 49]. As seen in Fig. 12, the T9 
with an enhanced key 1 resulted in the least amount of backspace 
usage for both older and young adults. Older adults used on average 
0.53 deletes (SD = 0.42) on the T9 with enhanced key 1, 0.57 deletes 
(SD = 0.30) for conventional T9, and 1.27 deletes (SD = 1.06) for 
T9 with wiggle gesture. There was a main efect of keyboard type 
on the average deletes per word (�2,22 = 7.65, � < .005, �2 = 0.41),� 
where the T9 with enhanced key 1 resulted in a signifcantly lower 
number of deletes than T9 with wiggle gesture (� < .05). Similarly, 
there was a main efect of keyboard type for young adults (�2,22 = 
7.33, � < .005), where the diference was signifcant between the 
T9 with enhanced key 1 and T9 with wiggle gesture (� < .05). 
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Figure 12: Deletes per word for each T9 keyboard and user 
group. 

4.7 Subjective Ratings 
After completing all transcription tasks for a given keyboard, partici-
pants flled in the NASA-TLX scale [22]. Fig. 13 shows the subjective 
ratings for older adults on the top and those of young adults on 
the bottom. For older adults, the T9 with enhanced key 1 was rated 
as incurring signifcantly lower physical demand (�2,22 = 13.2, � < 
.0005, �2 = 0.55), efort (�2,22 = 8.30, � < .005, �2 = 0.43), and � � 

frustration level (�2,22 = 9.78, � < .001, �2 = 0.47) than the T9 with � 
wiggle gesture (all � < .05). There were no signifcant diferences 
between the conventional T9 and T9 with enhanced key 1. The trend 
was similar for young adults, with the T9 with enhanced key 1 rated 
as requiring lower mental demand (�2,22 = 6.69, � < .01, �2 = 0.38),� 

physical demand (�2,22 = 6.04, � < .01, �2 = 0.35), temporal de-� 

mand (�2,22 = 5.09, � < .05, �2 = 0.32), efort (�2,22 = 4.07, � <� 

.05, �2 = 0.27), and frustration level (�2,22 = 5.72, � < .05, �2 = 0.34)� � 
than the T9 with wiggle gesture (all � < .05). 
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Figure 13: Average ratings on the NASA-TLX of three T9 
keyboards by older adults (top) and younger adults (bottom) 
(1: the most positive rating and 20: the most negative rating). 

In addition to flling in the NASA-TLX, participants also re-
sponded to three Likert scale questions. Fig. 14. a) shows the dis-
tribution of their responses to the phrase “I felt that I could type 
efciently” using each keyboard. Older adults rated the T9 with 
enhanced key 1 as most efcient (�� = 5, ��� = 1), followed by 
conventional T9 (�� = 4, ��� = 1), then T9 with wiggle gesture 
(�� = 2, ��� = 1). There was a main efect for keyboard type 
(�2,22 = 27.3, � < .0001, �2 = 0.71), where both conventional T9 � 
(� < .01) and T9 with enhanced key 1 (� < .01) were rated as signif-
icantly more efcient than the T9 with wiggle gesture. The trend 
was the same for young adults (�2,22 = 36.5, � < .0001, �2 = 0.77),� 
but T9 with enhanced key 1 was considered signifcantly more ef-
cient than both the conventional T9 (� < .01) and T9 with wiggle 
gesture (� < .01). 

Fig. 14. b) shows the distribution of their responses to the phrase 
“I felt that it was easy to learn how to use the [conventional T9/T9 
with enhanced key 1/T9 with wiggle gesture].” Older adults gave 
the same median ratings of 5 for conventional T9 (��� = 0) and T9 
with enhanced key 1 (��� = 1), and both were rated as signifcantly 
easier to learn than the T9 with wiggle gesture (�2,22 = 22.3, � < 
.0001, �2 = 0.67). In contrast, young adults gave the highest rating � 
to the T9 with enhanced key 1 (�� = 5, ��� = 0), and considered 
it signifcantly easier to learn than both the conventional T9 and 
T9 with wiggle gesture (�2,22 = 16.2, � < .0001, �2 = 0.59).� 

Lastly, participants provided ratings on their overall preference 
for each keyboard, as shown in Fig. 14. c). Older adults preferred 
T9 with enhanced key 1 the most (�� = 5, ��� = 1), followed 
by conventional T9 (�� = 4, ��� = 0.25), then T9 with wiggle 
gesture (�� = 2, ��� = 1). ANOVA confrmed that there was a 
main efect of keyboard type (�2,22 = 22.5, � < .0001, �2 = 0.67).� 
Specifcally, both conventional T9 (� < .01) and T9 with enhanced 
key 1 (� < .01) were preferred over the T9 with wiggle gesture, but 
there were no signifcant diferences between the two. The trend 
was the same for young adults (�2,22 = 29.2, � < .0001, �2 = 0.72),� 
but pairwise comparisons revealed that the T9 with enhanced key 
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1 was signifcantly preferred over the other two keyboards (both 
� < .01). 
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Figure 14: Distribution of the Likert scale responses to 
whether participants could type efciently, felt it was easy 
to learn, and liked using each keyboard. 

4.8 Qualitative Feedback 
During the post-task interviews, we asked participants what they 
liked and what challenges they encountered with each keyboard, as 
well as the reasons behind their preference ratings. The responses 
were transcribed and coded independently by two researchers be-
fore consolidating. To diferentiate between groups of participants, 
older adult participants are denoted “O1-12” while young adult 
participants are denoted “Y1-12” in the following sections. 

4.8.1 Conventional T9. For the conventional T9, three older adult 
participants mentioned that they preferred this keyboard over the 
two variants. In contrast, none of the young adults preferred this 
keyboard and three of them mentioned that this was their least 
favorite. This diference may be due to older adults being more 
familiar with the conventional keyboard since they have used it in 
the past, while the new variants required more time and efort to 
learn. This was mentioned by O5 who said “I’m more used to the 
conventional T9 so it was the easiest for me to use.” 

When asked about the disadvantages of the keyboard, some older 
adults mentioned that once they lifted their fnger up, sometimes 
they forgot to continue gesture typing and started tap typing instead 
(O3). For typing consecutive keys, Y1 noted that it was easy to tap 
on the adjacent key after lifting his fnger up. When entering words 
that contain multiple consecutive letters such as “sprawling” (where 
the frst 3 letters are all on key 7), Y3 mentioned that it was tedious 
to tap multiple times on the same key and it “breaks the smooth 
experience of gesture typing.” Based on the above feedback, the 
experience of typing consecutive letters on the conventional T9 
has room for improvement. 

4.8.2 T9 with wiggle gesture. Nine older adult participants and nine 
young adult participants ranked the T9 with wiggle gesture as their 
least preferred keyboard in the study. The explanations for this 
ranking were similar for both user groups. Participants mentioned 
three main pain points: (1) there was insufcient feedback as to 
how much “wiggling” they had to perform, (2) the keyboard size 
was too small to change the swiping direction, and (3) the wiggle 

gesture was prone to errors. Regarding the frst pain point, while 
participants knew that a wiggle gesture required three direction 
changes, they still found it hard to keep track of how many changes 
they performed and how many were actually detected by the key-
board. Y6 suggested that adding an additional signal or pattern that 
shows the number of direction changes in real-time (such as a num-
ber indicator or progress bar) would give the user better control 
and more visual feedback. In terms of the small size, this was espe-
cially evident for older adults where many participants mentioned 
that it was hard to wiggle inside the same key because the region 
was too small to make those direction changes. Oftentimes, they 
accidentally touched the adjacent key when wiggling and uninten-
tionally entered the wrong character, which resulted in more time 
to press backspace and re-enter the desired character again. For the 
third pain point, many participants mentioned that it was easy to 
overcompensate for the wiggle gesture and mistakenly enter two 
consecutive letters instead of just one. Regarding learnability, many 
participants felt that the wiggling gesture required more practice 
than the other keyboards, which is evident in the subjective ratings 
for the ease of learning shown in Fig. 14. b). 

4.8.3 T9 with enhanced key 1. Nine older adults chose the T9 with 
enhanced key 1 as their favorite keyboard while all twelve young 
adults preferred it. When asked about why they liked the enhanced 
key 1, multiple participants commented on the “smooth and contin-
uous typing experience,” (i.e. they didn’t have to lift their fngers to 
break the gesture when typing consecutive letters). For example, 
Y1 said “I like the enhanced key 1 the most because it gives you 
the option to continue your gesture, so you don’t have to pick up 
your fnger.” O12 also mentioned that swiping to key 1 ofered the 
smoothest typing experience and she felt it was the fastest to use 
after getting used to it. Another advantage mentioned by Y7 was 
that key 1 acted as a visual indicator which alleviates the occlusion 
of the current key. Furthermore, most participants stated that it 
was easy to learn this keyboard after practicing it a few times. For 
the older adults (O4, O5, and O7) who didn’t rank this keyboard as 
their most preferred, they mentioned that they didn’t fnd it difcult 
to use but were more simply comfortable using the conventional 
T9 since they had prior experience. Other older adults agreed that 
they found this method easy to learn, which is supported by the 
increasing typing speed throughout each block (shown in Fig. 8) 
and their ratings for ease of learning (�� = 5, ��� = 1). 

5 DISCUSSION 

5.1 Typing Performance 
5.1.1 Typing Speed. For older adult participants, we found that 
T9 with enhanced key 1 led to 6.0% and 27.5% faster-typing speed 
over the conventional T9 and T9 with wiggle gesture respectively, 
but the diference was only signifcant between the enhanced key 
1 and wiggle gesture. In contrast, the speed advantage of T9 with 
enhanced key 1 was more apparent for young adults since it was sig-
nifcantly faster than both the conventional T9 by 28.5% and the T9 
with wiggle gesture by 25.8%. After conducting the study, we found 
that the resulting speeds are slower than those reported by prior 
literature. For example, participants using WatchWriter achieved 
average gesture speeds of 24 WPM on a 1.3” circular display [21], 
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while participants using VelociTap reached 34.9 WPM on a 25 mm 
× 16 mm keyboard [59]. However, other studies reported slower 
speeds: participants using ZoomBoard achieved 9.3 WPM on a 16 
× 6mm keyboard [44], while a later study comparing ZoomBoard 
with Callout and ZShift on a 28.4 × 11.4 mm keyboard reported 8.2 
WPM, 8.3 WPM, and 9.1 WPM respectively. While our keyboard 
is slightly larger (34.8 × 28.6 mm), the young adult participants 
achieved comparable speeds on our novel T9 (9.6 WPM) [31]. It is 
important to note that the aforementioned keyboards all employed 
a QWERTY layout with 26 keys while our study utilized the 9-key 
layout. T9 keyboards tend to have slower typing speeds due to the 
ambiguity of the multi-letter layout. Even the optimized-T9 key-
board proposed by previous researchers resulted in a slower typing 
speed than the conventional QWERTY keyboard [49]. Furthermore, 
prior work added novel features (e.g., statistical decoding, error 
correction, space key omission, and iterative zooming) with the 
goal of achieving the best typing performance [21, 31, 32, 44, 49, 59]. 
In contrast, our goal was not to design the fastest keyboards by re-
arranging layouts or introducing advanced features but to leverage 
older adults’ familiarity with the T9 keyboard toward a smoother 
typing experience. We learned that our novel keyboard had an ad-
vantage over the T9 with wiggle gesture, but did not signifcantly 
improve typing speed over the conventional T9. 

5.1.2 Eficiency & Error Rate. In terms of typing efciency (as in-
dicated by KSPC), T9 with enhanced key 1 resulted in signifcantly 
lower keystrokes than T9 with wiggle gesture by 38.2%. It also had 
22.7% lower keystrokes than the conventional T9 but the diference 
was not signifcant. Surprisingly, the KSPC of T9 with wiggle ges-
ture was higher than the conventional T9 even though the wiggle 
gesture was designed to reduce KSPC by minimizing the number 
of gesture interruptions. To investigate this phenomenon, we ex-
amined the error rate. The average WER for older adults on the 
T9 with enhanced key 1 was 34.3% lower than conventional T9 
and 20.9% lower than T9 with wiggle gesture , although the difer-
ences were not signifcant. This trend is similar to another study 
in which the proposed optimal-T9 resulted in lower WER than the 
conventional T9 and QWERTY keyboards, but the results were not 
signifcant [49]. The WER of the T9 with enhanced key 1 (6.45%, 
SD = 6.61%) was slightly lower than the reported WER of another 
study in which older adults used gesture typing on the QWERTY 
keyboard (6.79%, SD = 8.53%) [34]. Both WERs of the T9 with wig-
gle gesture and the conventional T9 were higher than the previous 
study. In this study, older adults were slightly more accurate when 
using the T9 with wiggle gesture than the conventional T9, so the 
extra keystrokes observed may be attributed to the use of deletes 
to correct typing errors. Indeed, the deletes per word for older 
adults were signifcantly higher for T9 with wiggle gesture than 
both conventional T9 and T9 with enhanced key 1. The frequent 
use of deletes demonstrates that older adults experienced consid-
erable difculty entering letters using the T9 with wiggle gesture. 
Overall, the T9 with wiggle gesture resulted in signifcantly poorer 
performance in typing speed, KSPC, and deletes per word, and was 
rated as requiring signifcantly more physical demand, efort, and 
frustration. The reasons were revealed in the qualitative feedback 
as participants felt it was difcult to perform multiple direction 
changes within a small space without accidentally swiping onto an 

adjacent key. Future improvements should consider enlarging the 
small key to a comfortable size like ZoomBoard [44] and removing 
the adjacent keys so that users can perform the wiggle gesture in a 
larger area. 

5.1.3 Types of Errors. When analyzing the three error types, we 
found that over half (52.2%) of all errors made by older adults were 
insertions, followed by substitutions (35.1%) and omissions (12.7%). 
Insertions were the most common due to the prevalence of acci-
dental touches since the keyboard size was very small compared 
to the participants’ fngers. Indeed, a prior study comparing tablets 
vs. mobile phones showed that older adults made signifcantly more 
insertion errors with the smaller device [42]. Surprisingly, the types 
of errors occurred in the opposite order as the results from a study 
conducted in 2012 with older adults typing on a touchscreen QW-
ERTY keyboard, where they found that the most common types of 
errors were omission, followed by substitutions and insertions [42]. 
Since omissions are usually considered cognitive errors that do not 
depend on motor abilities [7, 29], one possible explanation could 
be that the previous participants were older (� = 79, �� = 7.3) 
compared to those in our experiment (� = 65, �� = 3.7). However, 
neither study accounted for cognitive diferences in the participants 
so this can not be confrmed. Another explanation for the difer-
ence could be due to the keyboard type. Since the T9 is a predictive 
keyboard, a space was automatically appended once the partici-
pant selected a word from the candidate list. In contrast, the prior 
study required older adults to manually press “space” and found 
that older adults often forgot to enter a blank space between words, 
which accounted for 25-30% of all errors [42]. When compared to 
other user groups such as motor-impaired and non-impaired partic-
ipants typing with a physical computer keyboard [27], our results 
followed the same trend with insertions being the most common 
and omissions the least common. Based on these varying results, 
further research is warranted to compare the typing errors made 
by older adults on diferent types of keyboards. 

5.2 Design Considerations for Improving 
Gesture Typing on the T9 for Older Adults 

5.2.1 Maximize keyboard size. Our study also revealed some chal-
lenges that older adults experienced while gesture typing on the T9. 
We found that despite employing the T9 keyboard with larger keys 
and following the guidelines for keys being at least 7mm [15], the 
“fat fnger” problem still occurred. Many of the older adult partici-
pants tried to enlarge the keyboard since it only took up a portion of 
the smartphone screen. After informing them that page scaling was 
disabled to simulate the size of a smartwatch, they mentioned that 
the keys were still too small relative to their fngertips. Thus, future 
designers should maximize the keyboard space on smartwatches 
by removing any interface elements that are not vital to the typing 
task , as well as using zooming or callout techniques to make the 
keys more visible [31]. Another possible way to alleviate this issue 
is to use a stylus which has a smaller tip to enter letters, but this 
requires the use of additional equipment and may be inconvenient 
for a smartwatch. Future work is warranted to develop a set of 
guidelines for text entry on small-screen devices specifcally for 
older adults and optimize the interface design. 
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5.2.2 Balance the tradeof between maintaining conventional layouts 
and optimizing typing speed. Based on the learnability curves for 
T9 with enhanced key 1, the typing speed of both older and young 
adults increased throughout each block (Fig. 8). Although we could 
not conduct a longitudinal typing study due to the practical con-
straints in participant recruitment, the curves suggest that the T9 
with enhanced key 1 could be a viable improvement over a period 
of use, which supports our design principle of maintaining conven-
tional layouts. However, the typing speeds observed in our study 
are lower than in recent work with other layouts that employed 
the 26-key QWERTY keyboard [21, 59] or a T9-like keyboard with 
rearranged letters in each key [49]. To confrm the beneft of con-
ventional layouts, future work could be done to compare the novel 
T9 (which maintains the same letters in each key) and the standard 
QWERTY keyboard. Furthermore, future keyboard designers need 
to balance the learning cost of new layouts with the slower speed 
of conventional layouts. 

5.2.3 Provide advanced prediction techniques. We also found that it 
was considerably challenging for older adults to enter words with 
long gestures. Some words in the phrase set [37] were particularly 
difcult to type such as “sprawling” where the frst three letters 
were all on key 7. Other words like “anniversary” and “subdivi-
sions” contain 11 and 12 letters respectively, which made it difcult 
for older adults to select all the keys correctly in one continuous 
gesture. We also received some feedback that target phrases with 
uncommon or unfamiliar words such as “racketball” and ”chlorine” 
were more difcult to type. The participants needed to refer back 
to the target phrase and switch their attention between the target 
and the keyboard while typing to ensure their spelling is correct. 
This suggests that the typing performance of older adults is im-
pacted not only by the keyboard design but also their familiarity 
with words and length of words. Thus, older adults may beneft 
from more advanced techniques that can reduce the number 
of keystrokes, such as prediction algorithms that predict words 
based on partial word input (e.g. text suggestions [40]) or based 
on patterns of common words that follow the previous word (e.g. 
Smart Compose [20] and next word prediction [58]). 

5.2.4 Extend the interaction area beyond the touchscreen. This 
study focused on improving the T9 keyboard on small touchscreen 
devices for older adults. However, the issue of “fat fngers” on small 
interfaces is generalizable to all keyboard types as well as target 
selection tasks. The size restrictions of smartwatches require new 
designs and input techniques [19]. When designing for older adults 
to use smartwatches, we may consider other ways to augment and 
extend the interaction interface beyond the touchscreen. For ex-
ample, an elicitation study produced a taxonomy of gestures for 
31 smartwatch tasks that included above-device air swipes, rim 
taps, and hovers [5]. Other researchers have shown the viability 
of using a touch-sensitive wristband for selection and scrolling 
since the wristband exhibits has a larger surface area than the watc 
screen [47]. Researchers then leveraged the wristband for text en-
try, achieving 2.91 WPM and 3.45 WPM using linear and multitap 
keyboards respectively [19]. As augmented reality (AR) technol-
ogy becomes more prevalent, researchers have explored the use of 
virtual keyboards [38]. In the future, it may be possible to utilize 

virtual keyboards for text input, which would no longer confne 
users to the small touchscreen of a smartwatch. 

6 LIMITATIONS AND FUTURE WORK 
Though this work has produced a novel T9 keyboard with an en-
hancement on key 1 that was shown to surpass the conventional 
T9 and T9 with wiggle gesture in some typing metrics and sub-
jective ratings, there are areas beyond the scope of this work that 
warrant further research. First, our proposed design focused on 
addressing the issue of entering consecutive keys on ambiguous 
keyboards. There are other potential bottlenecks when using am-
biguous keyboards on small-screen devices. Namely, the need to 
select candidate words from the list generated by the word predic-
tion algorithm can be time-consuming and subject to the “fat fnger” 
problem. Many older adult participants mentioned that they tapped 
on the wrong word in the candidate list after they had entered the 
correct gesture sequence, which was another source of frustration. 
Thus, future work can explore the optimization of predictive text 
algorithms and diferent interface designs for the candidate list to 
minimize mistakes in its selection. Furthermore, this study focused 
on text entry with letters only so only 9 keys were provided. Other 
layouts such as the 3 × 4 keyboard with an empty 0 allow the entry 
of punctuation marks and the full range of numbers (0 - 9). Future 
work could explore how to leverage the empty 0 to facilitate text 
entry with punctuation marks and numbers. 

This study employed the most fundamental unigram language 
model and did not employ features such as auto-completion and 
auto-correction. In practice, increases in the processing power of 
small-screen devices like smartwatches allow more advanced auto-
correct and prediction algorithms to be harnessed. However, the 
potential efects on older adults have not been fully explored. Past 
research suggested that older adults tend to dislike text-prediction 
algorithms, but this study was completed over 10 years ago [30]. 
Advances in text-prediction technology in the past decade may have 
increased the acceptance of such algorithms in the older population, 
and future work can be done to confrm this hypothesis further. 

Some older adult participants regularly use a stylus for text entry 
on their smartphones due to the “fat fnger” issue. However, to 
ensure a valid comparison across user groups and keyboards, they 
were asked to only use their fngertips for this study. Future studies 
may conduct larger and more thorough empirical investigations of 
T9 keyboards that span diferent input strategies such as fngertip 
and stylus and investigate how diferent input devices afect the 
typing performance of older adults. 

Lastly, there were a low number of participants in our study, 
which may have resulted in the non-signifcant diferences between 
our novel T9 and the conventional T9. While we did not observe 
signifcant diferences for every measure, this does not mean that no 
diferences existed. To better understand whether a trend holds, one 
study is unlikely sufcient even with more participants [25]. Future 
work should conduct more studies with older adults of diferent 
backgrounds to validate our fndings and examine how various 
factors might afect the fndings. 
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7 CONCLUSION 
Overall our main fnding is encouraging for improving the gesture 
typing experience of older adults on the T9 keyboard. Our proposed 
design utilized key 1 to allow users to make continuous gestures 
when typing consecutive letters without rearranging the keyboard 
layout, leading to a better typing experience and learnability. We 
also provided empirical evidence comparing the proposed design 
with the conventional T9 and T9 with wiggle gesture. Through user 
studies with 12 older adults, we found that the T9 with enhanced 
key 1 led to 27.5% faster-typing speed over the T9 with wiggle 
gesture and was comparable to the conventional T9 (6.0% faster but 
not statistically signifcant). We found that the most common typing 
errors were insertions (52.2%), substitutions (35.1%), and omissions 
(12.7%). By having young adults complete the same typing tasks, 
we confrmed that the trends in favor of the T9 with enhanced 
key 1 either stayed consistent or were more prominent across age 
groups. Finally, we also provided suggestions for future designers 
and areas of further investigation for improving gesture typing and 
T9 keyboard layouts for older adults. 
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