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We investigated the role of the feel of the keyboard 
in supporting skilled typing, examining the importance 
of tactile, haptic, and proprioceptive feedback from the 
act of typing. Our experiments were partly motivated by 
dueling intuitions about the feel of the keyboard device 
in skilled typing. On one hand, the feel of the keyboard 
seems relatively unimportant. After learning to type on a 
standard keyboard, we expect our skill to transfer well to 
a new keyboard when we upgrade our computer or buy a 
new laptop. After all, computer and laptop keyboards are 
very similar, with standard-sized 1.9  1.9 cm keys and a 
QWERTY key layout, so we do not expect the feel of the 
new keyboard to drastically disrupt our ability to type. On 
the other hand, the feel of the keyboard seems essential 
in typing, as you yourself can demonstrate by typing this 
sentence without a keyboard by raising your hands and 
typing in the air. You may not be able to remember key 
locations without feeling the keyboard underneath your 
fingers. These dueling intuitions—that manipulations 
of the feel of a keyboard could prove inconsequential or 
could drastically disrupt typing ability—inspired an em-
pirical resolution in which we compared typing on regular 
keyboards with typing on successively deconstructed key-
boards, ending with typing on a flat surface.

Although skilled typing has been studied for decades 
(Cooper, 1983), the role of the keyboard in supporting 
expert typing has received limited treatment. One line of 
research was focused on the spatial layout of letter-to-
key assignments. Key layout is known to influence initial 
learning rate but makes little difference to typing rate once 
the layout is well practiced (Anderson, Mirka, & Joines, 

2007; Liebowitz & Margolis, 1990; Norman & Fisher, 
1982). However, much less attention has been paid to the 
role of tactile, haptic, and proprioceptive feedback in sup-
porting expert typing. We are aware of only two studies 
in which these issues were directly addressed, and these 
studies demonstrated that typing becomes more error 
prone when anesthetics are applied to individual fingers 
(Gordon & Soechting, 1995; Rabin & Gordon, 2004).

Given that typing is a motor activity, feedback from the 
act of typing seems like a necessary component of skilled 
typing. However, theories of typing have said little about 
the role of motor feedback (John, 1996; Rumelhart & 
Norman, 1982; Salthouse, 1986; Wu & Liu, 2008). One of 
the important features of skilled typing is the rapid nature 
of keystroke execution. In the sample of 356 university 
students that we have tested in our typing studies, the aver-
age typing rate was 67 words per minute (wpm; SD  19), 
or about 5–6 keystrokes per second. At this time scale, 
motor feedback from the keyboard would be too slow to 
adjust online keystroke execution (Lashley, 1951; Rabin 
& Gordon, 2004). As a result, theories of typing assume 
that keystroke execution is controlled by hierarchical, 
feedforward processes or schemas. At the top of the hi-
erarchy, word-level processes feed letter-level processes, 
which in turn trigger action plans for executing individual 
keystrokes. Schemas are feedforward in the sense that 
higher-level cognitive processes construct detailed plans 
for action that are executed by the motor system (Keele, 
1968; Lashley, 1951; Newell, 1991; Schmidt, 1975). The 
plans are supported by a cognitive map of key locations, 
which allows rapid finger movements to specific key loca-
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typical typing experience; worse for the buttons condi-
tion, in which the feel of the keys was removed but the 
resistance or give of the keyboard was maintained; and 
worst for the flat and laser conditions, in which the feel 
of the keys and the resistance of the keyboard were both 
removed.

Method
Subjects. The subjects were 16 students from Vanderbilt Univer-

sity who were recruited for their self-reported ability to type 40 wpm. 
Their skill was confirmed on a typing test. Mean typing speed was 
65 wpm (range  39–89 wpm). All of the subjects were compensated 
with $12 for 1 h of participation. All of the subjects had normal or 
corrected-to-normal vision and spoke English as a first language.

Apparatus and Stimuli. The experiment was conducted on a PC, 
with a 15-in. SVGA monitor controlled by METACARD software. 
Typing responses were registered on one of four keyboards: Three 
keyboards were created by deconstructing a standard dome-switch-
type USB QWERTY keyboard in three steps. For the key device, we 
used the regular keys on the keyboard. Each key was 1.9  1.9 cm. 
For the button device, we removed the top layer (keys) to expose a 
rubber membrane spanning the entire keyboard, containing 1.0  
1.0 cm bubble-like domes under each key location. Keypresses were 
registered when a dome was pressed. For the flat device, we removed 
the rubber membrane to expose two superimposed flat plastic mats 
containing electronic circuits for each key, registering a keypress 
when the two sheets were pressed together to close a circuit. Each 
point of contact was 0.5  0.5 cm. The fourth keyboard was a laser 
keyboard, which projected an image of the keys on the desktop and 
registered finger movements on the projected image (Bluetooth Vir-
tual Keyboard, iTech Dynamic, Hong Kong). Each projected key 
was 1.9  1.9 cm.

The USB sampling rate for each keystroke was approximately 
125 Hz, and identical across the key, button, and flat keyboards. 
The manufacturer specifications for the laser keyboard claim a USB 
response rate of 400 characters per minute, which translates to ap-
proximately 6.7 Hz. All of the keyboards were clearly labeled with 
outlines of the keys drawn on the rubber and plastic mats and the 
letters written within the outlines, and the spacing of the keys was 
constant across keyboards.

Words for the discontinuous typing task were gathered from 
the University of South Florida word norms (Nelson, McEvoy, & 
Schreiber, 1998). The list was filtered to include words that were 
four or six characters in length. There were 891 four-letter words 
(mean word frequency [Ku era & Francis, 1967]  150 per million, 
range  94–203 per million) and 903 six-letter words (mean word 
frequency  149 per million, range  94–200 per million); 200 
unique words from the four- and six-letter word sets (total  400) 
were randomly chosen for each subject.

The continuous typing task involved four paragraphs on the mer-
its of border collies, ranging from 111 to 117 words in length, from 
Logan and Zbrodoff (1998).

Design and Procedure. In the discontinuous typing task, we 
presented the subjects with a single word on each trial. There was a 
total of eight blocks, each containing 50 trials. Each block contained 
25 unique four-letter words and 25 unique six-letter words. Each 
subject responded on four different keyboards. The keyboards were 
switched every two blocks, and measures of performance for each 
keyboard were based on two blocks, or 100 trials. Keyboard order 
(keys, buttons, flat, or laser) was counterbalanced across subjects 
in four orders, with a balanced Latin square design. The subjects 
were seated approximately 57 cm from the computer monitor. At 
the beginning of each trial, the subjects received a fixation cross 
(500 msec), followed by a word in the center of the screen in upper-
case. The word remained on the screen until the subjects pressed the 
space bar after typing the word. The typed responses were echoed at 
the bottom of the screen in lowercase. All letters appeared in black 
against a gray background. The letters were 8 mm in height. The 

tions to be planned and executed without feedback from 
motor processes.

Recent research from our laboratory has challenged the 
idea that an explicit cognitive map of key locations is pre-
cise enough to support accurate typing. Liu, Crump, and 
Logan (in press) had skilled typists judge direction and 
distance from one key to another without looking at the 
keyboard. We found huge errors in judgment, suggesting 
that typists have poor explicit knowledge of the spatial 
layout of the keyboard. However, their implicit knowledge 
was excellent, supporting choice of the correct key loca-
tions five to six times per second. This raises the question 
of the locus of the implicit knowledge. One possibility is 
that requisite knowledge is strongly internalized and does 
not require interaction with the keyboard to be expressed. 
Another possibility is that requisite knowledge is partly 
externalized (Clark, 2008) and is accessed through the 
feel of the keyboard that is provided by tactile, haptic, and 
proprioceptive feedback during the act of typing. In other 
words, expert knowledge supporting skilled typing may in 
some sense materialize through physical interaction with 
the keyboard.

We conducted two experiments to assess the impor-
tance of the feel of the keyboard during skilled typing. 
The first experiment compared typing on deconstructed 
keyboards that were created by successively dismantling 
a regular keyboard until we were left with a flat surface. 
A strongly feedforward view predicts no effect of decon-
struction, since movements are planned with respect to 
a central cognitive map without feedback from the key-
board. A more interactive view predicts strong effects of 
deconstruction, which systematically removes feedback 
from tactile, haptic, and proprioceptive sources. In the 
second experiment, we examined practice with a flat laser 
device, which projected an image of a keyboard onto a 
flat surface, to determine whether the disruption in typing 
skill could be overcome with practice.

EXPERIMENT 1

In Experiment 1, we tested performance on a regular 
keyboard (the keys keyboard), a keyboard with the keys 
removed to expose a set of rubber buttons underneath the 
keys (the buttons keyboard), a keyboard with the rubber 
buttons removed to expose a flat plastic surface embedded 
with electronic circuitry that detects keypresses (the flat 
keyboard), and a laser keyboard that projects an image 
of the keyboard on a flat surface (the laser keyboard). 
Subjects performed discontinuous and continuous typing 
tasks with the four keyboards. The discontinuous task in-
volved typing single words. We measured first-keypress 
response time (RT), the interval between successive key-
strokes (interkeystroke interval, or IKSI), and error rate. 
The continuous task involved typing paragraphs. We mea-
sured IKSI and accuracy.

If typing is supported by feedforward action plans, per-
formance should remain invariant across the four key-
board types. Alternatively, if typing is influenced by feed-
back from interacting with the keyboard, performance 
should be best for the keys condition, which replicates 
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ing task, RT was the time between the presentation of the 
word and the first keypress. RTs were submitted to an out-
lier elimination procedure (Van Selst & Jolicœur, 1994), 
which removed 3% of the observations in each cell. Words 
with errors were excluded from the RT and IKSI analyses. 
For the continuous typing task, we measured IKSIs and 
error rates.

All of the measures of performance in the discontinuous 
typing task were substantially disrupted by deconstructing 
the keyboard. To evaluate the disruption across keyboards, 
we calculated Fisher’s least significant difference (LSD) 
for p  .05. For RTs, the critical value was 94 msec. The 

subjects were told that the backspace would not function. Thus, all 
keypress errors were recorded.

The continuous typing task was always presented after the discon-
tinuous typing task. The subjects typed four short paragraphs, one 
for each keyboard. The paragraphs were randomly assigned to the 
keyboards for each subject, and keyboard order was counterbalanced 
with a Latin square design. The paragraph typed with the regular 
keyboard was used to estimate typing skill in words per minute.

Results and Discussion
Mean RT, IKSI, and error rates across subjects are pre-

sented for each keyboard in Figure 1. Table 1 is a summary 
of ANOVAs on each measure. For the discontinuous typ-
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Figure 1. Mean response time (RT) to the first character, inter keystroke interval (IKSI), and error rate in the discontinuous 
(broken lines) and continuous (solid lines) typing tasks in Experiment 1 as a function of keyboard type (keys, buttons, flat, laser) 
and word length (four letters vs. six letters). Error bars are Fisher’s least significant difference values for p  .05, calculated 
from the interaction between keyboard type and word length in the discontinuous task and from the main effect of keyboard 
in the continuous task.

Table 1 
Summary Table for ANOVAs in Mean Response Time (RT) to the First Keypress, 

Interkeystroke Interval (IKSI), and Error Rate in the Discontinuous  
and Continuous Typing Tasks in Experiment 1

Measure  Effect  F  df  MSe  p

RT Keyboard 20.73 3,45 34,527.20 .0001
Length 10.30 1,15 1,874.86 .006
Keyboard  length 1

IKSI Keyboard 43.34 3,45 13,023.60 .0001
Length  1.99 1,15 700.72 .18
Keyboard  length  4.27 3,45 384.766 .01

Error rate Keyboard 15.12 3,45 0.03522 .0001
Length 66.01 1,15 0.1815 .0001
Keyboard  length 10.39 3,45 0.0022 .0001

Continuous IKSIs Keyboard 23.24 3,45 7,497.47 .0001

Continuous error rate  Keyboard  19.64  3,45  0.01337  .0001
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whether performance with the laser-projection keyboard 
would improve with further practice. Subjects were 
given 300 extra trials of practice (for a total of 400 trials 
across four blocks). As in Experiment 1, every word was 
unique. Crump and Logan (in press) found substantial 
reductions in IKSI with 480 trials of practice on a laser 
keyboard, but their subjects typed the same 20 words 
throughout practice (also see Roeber, Bacus, & Tomasi, 
2003). In Experiment 2, we asked whether general bene-
fits might result from practice, so we presented a unique 
word on each trial. For comparison, we had the subjects 
type 50 unique words on a regular keyboard before and 
after training.

Method
Subjects. Subjects were 16 students from Vanderbilt University 

recruited for their self-reported ability to type 40 wpm or more. 
Mean speed on the typing test was 65 wpm (range  48–94 wpm). 
All of the subjects were compensated $12 for 1 h of participation. 
All of the subjects had normal or corrected-to-normal vision and 
spoke English as a first language.

Apparatus and Stimuli. We employed the same computer ap-
paratus, keys (regular), and laser-projection keyboards as in Experi-
ment 1. Four- and six-letter words were drawn randomly for each 
subject from the same word lists described in Experiment 1.

Design and Procedure. We employed the same discontinuous 
typing task reported in Experiment 1, except that the subjects were 
only given the keys and laser-projection keyboards. There were six 
blocks of 100 trials (50 four-letter words, 50 six-letter words). In 
the first and last blocks, the subjects were given the regular key-
board. The subjects were tested on the laser-projection keyboard 
in Blocks 2–5. After completing the discontinuous typing task, the 
subjects performed the continuous typing task from Experiment 1, 
typing two paragraphs, one on the regular keyboard, and one on the 
laser keyboard.

Results
Mean RTs, IKSIs, and error rates as a function of word 

length and block are depicted in Figure 2. The results from 
repeated measures ANOVAs on each measure are reported 
in Table 2. Performance was substantially disrupted dur-
ing the middle four blocks, in which the subjects typed 
on the laser keyboard. For Blocks 1 and 6, the mean RT 
was 654 msec, the mean IKSI was 150 msec, and the 
mean error rate was .05. For Blocks 2–5, the mean RT 
increased by 193 msec (30%) [F(1,75)  234.20, MSe  
6,805.19, p  .01], the mean IKSI increased by 144 msec 
(96%) [F(1,75)  239.28, MSe  3,674.14, p  .01], and 
the mean error rate increased by .13 (262%) [F(1,75)  
138.98, MSe  0.00512, p  .01]. There was no evidence 
of improvement over the middle four blocks, in which the 
subjects practiced typing on the laser keyboard. Tests of 
linear trends over Blocks 2–5 showed no significant change 
in RT [F(1,75)  1, MSe  6,805.19], a small amount of 
slowing in IKSI [F(1,75)  3.28, MSe  3,674.14, p  
.08], and a significant increase in error rate [F(1,75)  
5.88, MSe  0.00512, p  .05].

The finding that 400 trials of practice on the laser key-
board were not sufficient to improve performance sug-
gests that the results of Experiment 1 are not merely due 
to the novelty of the typing instrument (cf. Norman & 
Fisher, 1982). Instead, disruptions to performance from 
deconstructing the keyboard are substantial and persis-

mean RT in the key (standard keyboard) condition was 
689 msec. The mean RT for the buttons condition was 
144 msec (21%) longer; that for flat was 296 msec (43%) 
longer; and that for laser was 323 msec (47%) longer. All 
of these differences exceeded the critical value. RTs were 
significantly longer for the flat and laser conditions than 
for the buttons condition, but the RTs for the flat and laser 
conditions were not significantly different. For IKSIs, 
the critical LSD was 58 msec. The mean IKSI in the keys 
condition was 155 msec. The IKSI was 117 msec (75%) 
longer for the buttons condition, 321 msec (207%) longer 
for the flat condition, and 160 msec (103%) longer for 
the laser condition. The IKSI for the flat condition was 
significantly longer than the IKSI for the buttons and laser 
conditions, which did not differ significantly from each 
other. For error rate, the critical LSD value was .09. The 
mean error rate (probability of at least one error per word) 
for the keys condition was 0.13. The mean error rate was 
.08 (62%) higher for the buttons condition, .23 (175%) 
higher for the flat condition, and .28 (207%) higher for 
the laser condition. The mean error rate was significantly 
higher for the flat and laser conditions than for the buttons 
condition, but the flat and laser conditions did not differ 
significantly.

Similar disruptions were seen in the continuous typing 
task. For IKSI, the critical LSD value was 62 msec. The 
mean IKSI for the keys condition was 158 msec, which 
was very close to the mean IKSI in discontinuous typing. 
The mean IKSI was 70 msec (44%) longer for the buttons 
condition, 247 msec (156%) longer for the flat condition, 
and 124 msec (78%) longer for the laser condition. The 
buttons and laser conditions did not differ significantly, 
but the mean IKSI for the flat condition was significantly 
longer than that for the buttons and laser conditions. For 
error rate, the critical LSD was .08. The mean error rate 
(per word) for the keys condition was .08. The mean error 
rate was 0.12 (147%) higher for the buttons condition, 
0.31 (325%) higher for the flat condition, and 0.18 (222%) 
higher for the laser condition. The buttons and laser condi-
tions were not significantly different, but the mean error 
rate for the flat condition was significantly higher than 
that for the buttons and laser conditions.

These large disruptions are not consistent with a strong 
feedforward view of typing. Performance was best when 
the subjects interacted with the keyboard on which their 
typing skill was usually expressed. Performance was pro-
gressively worse the more the keyboard differed from a 
regular one. The flat keyboards produced the worst per-
formance. These findings demonstrate a substantial role 
for online tactile, haptic, and proprioceptive feedback in 
supporting the fluidity of typing skill.

EXPERIMENT 2

Experiment 1 demonstrated that the feel of the key-
board is a crucial component of typing skill. In Experi-
ment 2, we asked whether the disruptions in performance 
were due to the novelty of typing on unfamiliar key-
boards. The subjects in Experiment 1 had only 100 trials 
with each keyboard. In Experiment 2, we investigated 
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same size as the keys on the regular keyboard, yet the laser 
keyboard produced RTs like the flat keyboard, IKSIs like 
the button keyboard, and the highest error rate in discon-
tinuous typing, so size cannot be everything. The angle 
of the laser keyboard was flatter than that of the regular 
keyboard, but the angles of the button and flat keyboards 
were the same as that of the regular keyboard. The subjects 
could not rest their fingers on the home row of the flat and 
laser keyboards without triggering inadvertent keystrokes, 
whereas they could on the regular and button keyboards, 
and this may have contributed to the disruption. Indeed, 
the mean IKSIs were about the same on the laser key-
board and the button keyboard, suggesting that resting on 
the home row was not so important once the fingers were 
in motion. To test the importance of the feel of the keys 
in aligning the fingers on the home row, we had 61 typ-
ists place their hands on a blank piece of paper as if they 
were on the home row, and we traced the outline of their 
fingers. The outline was curved instead of straight (mean 
discrepancy from straight  12.5 mm; SE  0.6 mm), 
suggesting that feedback from the keys is important in 
aligning the fingers with the home row.

tent. The present results also suggest that the practice ef-
fects in Crump and Logan (in press) were specific to the 
repeated items.

GENERAL DISCUSSION

The present experiments resolve the dueling intuitions 
about the role of the keyboard in typing. We may adapt to 
a new computer relatively easily, but deconstructing the 
keyboard to remove the feel and resistance of the keys 
dramatically impaired typing in both experiments. The 
contrast between the regular keyboard and the buttons 
keyboard suggests that the feel of the keys is important, 
and the contrast between the buttons, flat, and laser key-
boards suggests that the resistance of the keys is important 
as well. However, our deconstructed keyboards differed 
from the standard keyboard in other ways, so it is difficult 
to isolate single factors responsible for the disruption.

The buttons were smaller than the regular keys, and the 
sensitive regions of the flat keyboard were smaller than 
the buttons, and smaller targets take longer to hit (Fitts, 
1954). However, the keys on the laser keyboard were the 

Table 2 
Summary Table for ANOVAs in Mean Response Time (RT) to the 
First Keypress, Interkeystroke Interval (IKSI), and Error Rate in 
the Discontinuous and Continuous Typing Tasks in Experiment 2

Measure  Effect  F  df  MSe  p

RT Block 46.92 5,75 6805.19 .0001
Length 10.81 1,15 1046.08 .005
Block  length  1.37 5,75 1222.09 .25

IKSI Block 48.51 5,75 3674.14 .0001
Length  3.90 1,15 6371.02 .07
Block  length 1

Error rate Block 29.19 5,45 0.00512 .0001
Length 66.29 1,15 0.0011 .0001

  Block  length   2.44  5,45  0.00091  .05
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Figure 2. Mean response time (RT) to the first character, interkeystroke interval (IKSI), and error rate for the discontinuous 
typing task in Experiment 2 as a function of block (1–6) and word length (four letters vs. six letters). In Blocks 1 and 6, we used 
the regular keyboard; in Blocks 2–5, we used the laser keyboard. Error bars are Fisher’s least significant difference values for 
p  .05, calculated from the interaction between block and word length.
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The importance of the keyboard in the expression of 
typing skill suggests that interacting with the keyboard 
is as important to typing as planning to interact with the 
keyboard is (also see Liu et al., in press). This conclu-
sion challenges current theories of typing, which postu-
late feedforward action plans that control keystroke ex-
ecution (John, 1996; Rumelhart & Norman, 1982; Wu & 
Liu, 2008). These theories do not deny the importance of 
feedback, but they do not describe a role for it in the com-
putations that control typing. Extending these theories to 
include feedback from the keyboard during typing is an 
important step for future research.

The disruptive effects of deconstructing the keyboard 
are consistent with recent perspectives on embodied and 
extended cognition (Barsalou, 1999; Clark, 2008; Glen-
berg, 1997; Wilson, 2002), which emphasize the impor-
tance of motor processes in cognition and the importance 
of the environment in cognitive control. The role of the 
standard keyboard in supporting skilled typing suggests 
that the spatial map of key locations may be the keyboard 
itself. Without feedback from the keyboard, the cognitive 
map is not precise enough to support accurate typing (Liu 
et al., in press). More generally, the results support efforts 
to integrate research on cognition with research on motor 
control (Rosenbaum, 2005). Typewriting may be a useful 
paradigm for integration, because it recruits a wide variety 
of cognitive and motor processes (Salthouse, 1986).
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