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ABSTRACT. Objective. Medical instruments commonly have
poorly designed user interfaces that promote human errors
with life-threatening consequences. The primary hypothesis
of this study was that a speci¢c user interface could be made
safer and more e¤cient if redesigned using human factors
techniques and principles. Methods. The user interface of a
commercially available patient-controlled analgesia (PCA)
pump, the Abbott Lifecare 4100 PCA Plus II infuser, was
evaluated using a cognitive task analysis of bench tests and
¢eld observations. Based on this analysis, the user interface
was redesigned. Important elements of the new design include
a dialog structure with fewer steps, a dialog overview show-
ing the user's location in the programming sequence, better
command feedback, easier error recovery, and clearer labels
and messages. The changes were evaluated by comparing a
computer prototype of the new interface with a computer
simulation of the old one. Twelve student nurses performed
six programming tasks with each interface. Task completion
time, number of errors, and subjective mental workload were
collected for each trial. Results. The results showed signi¢-
cantly faster programming times (F(1,11) = 6.85, P < 0.025),
lower mental workload ratings (�2(1) = 4.45, p < 0.025, one-
tailed), and fewer errors (�2(1) = 3.33, p < 0.05, one-tailed)
with the new interface. Conclusion. Adopting a human
factors approach to redesigning the PCA interface led to sig-
ni¢cantly faster, easier, and more reliable performance. These
¢ndings have important implications for improving the de-
sign of other computer-based medical equipment.

KEY WORDS. Medical equipment, interface design, human
factors, task analysis, patient-controlled analgesia, human-
computer interaction.

INTRODUCTION

Human error plays a crucial role in the safety of medical
equipment. Sixty percent of the deaths and serious
injuries reported to the Medical Device Reporting sys-
tem of the Food and Drug Administration's Center for
Devices and Radiological Health have been attributed
to operator error [1]. This ¢gure is comparable to those
reported in other domains (e.g., nuclear, aviation) [2].
Experience in those domains has shown that errors can
be reduced through human factors design techniques
that take into account human capabilities and limita-
tions. In the medical domain, however, human factors
issues have received comparatively little attention [1, 3],
despite the fact that nurses and doctors are also dealing
with complex situations where human lives are at stake.
The primary hypothesis explored in this paper is that,



by adopting human factors design principles, medical
equipment can be made safer and more e¤cient.
Patient-Controlled Analgesia (PCA) pumps were se-

lected as a context for testing this hypothesis. There are
three types of safety problems related to PCA use [4]:
(1) operator errors (e.g., incorrectly entering a drug
cartridge concentration of 1 mg/ml instead of 10 mg/
ml, resulting in the computer administering a 1000%
overdose), (2) patient errors (e.g., misunderstanding the
PCA pump device), and (3) mechanical problems (e.g.,
``siphoning''). If human error plays as important a role
as we have suggested, then one would expect that
operator errors are the most common type of problem.
This is indeed the case [4].

With few exceptions, the possibility of reducing hu-
man errors by applying human factors design techniques
is never acknowledged in the PCA literature. Instead, the
most frequently mentioned intervention is to increase
the amount of training [4^6]. But rather than increasing
the training required to use a poorly designed interface,
it seems more logical to redesign the interface to make
it simpler to use. The task of interacting with the
machine should be made as transparent as possible [7] so
that nurses can focus on the task at hand, i.e., patient
comfort. Several cases of PCA machine misprogram-
ming reported in the literature [3, 6] suggest that this
goal has not yet been achieved. Ease of use does not
seem to have been an important criterion in the design
and evaluation of existing PCAmachines.
Several comparative evaluations of PCA machines

have been reported in the literature. Sawaki et al. [8]
evaluated 5 di¡erent devices in postsurgical wards, using
questionnaires given to nurses and patients. However,
only a few questions addressed usability, and even these
did not provide explicitly de¢ned criteria (e.g., How
easy was it to learn how to program and use each of these
devices?). Thus, the validity of the responses is ques-
tionable. Also, the study only measured the opinions of
users, not performance. It is well known that people may
express a preference for one device, when performance
data show no di¡erence or even an advantage for another
device [9]. As a result, the conclusions one can derive
from this study regarding usability are limited. A second
PCA machine evaluation focused on mechanical proper-
ties, and did not evaluate ease of use [10]. Nevertheless,
the authors claimed that the machines tested were ``user
friendly.'' Ilsley et al. [11] developed an automated sys-
tem to conduct standardized evaluations of PCA ma-
chines. However, this system only measures the reliabil-
ity and accuracy of the amount of medication delivered
by the PCA pump, not the adequacy of the interface
design. In summary, there is a strong need for evaluat-
ing PCA machines from a human factors perspective, a

pump that reliably delivers the required amount of med-
ication can still lead to catastrophe if it has a poorly
designed interface that induces programming errors.

METHODS

This study consisted of a cognitive task analysis (CTA)
of the interface to the Abbott Lifecare 4100 PCA Plus II
infuser, an analysis and redesign of that interface based
on human factors design guidelines, and an experiment
comparing the old and new interfaces.

Cognitive task analysis

CTAwas employed as a systematic method of studying
the psychological requirements of programming the
PCA machine. The CTA methodology used was based
on previous research [12^14]. Data were collected using:
bench tests (i.e., hands-on expert review), ¢eld observa-
tions, and comments from recovery room nurses after a
presentation of the proposed interface. A detailed de-
scription of this procedure can be found in Isla & Lin
[15] and Doniz & Harkness [16], so only a brief over-
view will be provided here.
The bench tests aided in identifying the character-

istics of the device that make its operation prone to
errors: poor assembly mechanisms, faulty operations,
and device failures. Also, a thorough mapping of inter-
nal system structure was conducted to identify design
de¢ciencies [15].
The ¢eld study took place in the recovery room of

the Toronto General Hospital (TGH). It involved ob-
serving and interviewing nurses responsible for pro-
gramming the current PCA machine. The study was
carried out over 8 visits during which 9 di¡erent nurses
were interviewed, and the programming of 30 PCA
machines was observed.
Development of a new design followed the bench

tests and ¢eld study. The proposed design was demon-
strated to TGH nurses during an oral presentation to
solicit feedback which would aid in further re¢ning the
design, and to foster user acceptance of the new design
ideas. Several design changes were directly motivated
by the feedback from the users [15].

Human factors design principles

The human factors design principles [13, 14] that were
used to evaluate and subsequently redesign the interface
to the Abbott Lifecare PCA Plus II were:
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1. Provide users with prompt, salient feedback after
each action.

2. Make the functions of the various controls clear and
obvious.

3. Make the displayed messages easy to understand.
4. Minimize the load on the users' memory.
5. Provide users with reliable shortcuts to increase e¤-

ciency.
6. Provide clearly marked exits for the user to leave

the system.

Experimental evaluation

Twelve subjects who had no prior experience with the
current Abbott Lifecare PCA interface were selected
from University of Toronto students enrolled in the
nursing program. A 2 � 3 � 2 � 2 mixed design was
adopted with Interface (Old vs. New), Programming
Task (PCA, Continuous, and PCA + Continuous), and
Repetitions (¢rst and second repetition of each pro-
gramming task) as within-subjects factors, and Interface
Order (Old First vs. New First) as a between-subjects
factor.
Graphical simulations of both interface designs were

developed using the Toolbook software development
package (Asymetrix Corporation, Bellevue, WA). The
simulations ran on an IBM-compatible (PC 486-DX,
33 MHz) equipped with a mouse and a SVGA color
monitor. Input data for the programming task were
provided to subjects on standard PCA order forms used
at theTGH.
Subjects were briefed on the purpose of the experi-

ment, and the tasks they would be performing. They
then received instructions on how to program the
device and hands-on-practice as well. For each trial,
subjects were provided with a PCA order form and were
asked to program the machine according to the values
on the form. After each trial, subjects completed a
mental workload rating scale. At the end of the experi-
ment, informal comments were solicited from subjects
to determine which of the two interfaces they preferred.
The total time to successfully complete each trial and

the number of errors were recorded by computer. Sub-
jective ratings of mental workload were also collected
using the NASA-TLXmethod, a well accepted measure
of subjective mental workload [17].
Completion time data were analyzed with ANOVA,

the number of errors was analyzed using a �2 test, and
workload data were analyzed using both ANOVA
and �2.

RESULTS

Cognitive task analysis

Bench testing led to three state transition diagram analy-
ses that summarize the structure of the tasks that users
are required to performwith the existing interface [15]:

1. general £ow of activities (function £ow diagram of
the ``subtasks'' performed to complete the task of
programming ^ see Figure 1);

2. decisions and actions required of each subtask; and
3. detailed mapping of sequential LCD messages and

user input.

The results showed that the structure of many subtasks
in the programming sequence was unnecessarily com-
plex. For example, the mode selection subtask, shown
in Figure 2, displays a choice between three related
alternatives as three unrelated decisions. This procedure
is time consuming, and neglects the need for a global
view of the decision options. Problems such as this

Fig. 1. Function £ow diagram of the programming sequence for the
Abbott PCA.
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anticipate the need for signi¢cant changes to the inter-
face.
An analysis of the information requirements associ-

ated with each dialogue step was performed next. The
information users needed to perform the tasks was com-
pared to the information directly provided by the inter-
face. Any mismatch represents a design de¢ciency. On
the positive side, the interface guides users through the
programming sequence, allowing them to ``perceive
and act'' and thus reducing dependency on working
memory. On the negative side, there is a lack of external
representation of the dialog structure. There is no over-
view to remind users how many parameters there are to
program, what order the sequence follows, what steps
in the sequence have been completed, and what steps
remain to be performed. Because the interface does not
provide this information, an unnecessary memory load
is placed on users. Furthermore, the touch switch panel
(see Figure 3) provides a misleading visual grouping of
the touch switches that fails to reinforce the structure of
the programming sequence. Finally, there is also a
problem with the labeling of the touch switches. For
instance, the RESET/START touch switch does not
reset the machine, it stops and starts infusion; and
REVIEW/CHANGE does not review the settings, the
HISTORY touch switch performs this function. These
problems can be observed in detail in Figure 4 which
shows the information required by the user and the
information provided by the device for each program-
ming and error recovery subtask. Various mismatches
between what is required and what is provided can be
identi¢ed, indicating a need for redesign.
Observing the machine and its users in context drew

attention to the added demands that the hospital envi-
ronment placed on users. The distractions and noise in

the recovery room during peak times appeared to in-
crease the nurses' mental workload. This underscores
the gravity of the problems encountered during the
bench tests, since those tests were performed under
comparatively favorable conditions.
User responses reiterated the problem areas identi¢ed

in the bench tests, especially the complex or lengthy
programming procedures, tedious error recovery proc-
ess, and indistinguishable touch switches.

The CTA results provided us with a solid understand-
ing of the demands that these tasks impose on users, the
context in which these tasks must be performed, as well
as an indication of how the current interface fails to
provide the resources to help users e¡ectively and reli-
ably deal with these task demands.

Analysis of existing interface using human factors
guidelines

The user should be given feedback about what opera-
tion has been executed, as well as the results of the
operation [13]. Feedback allows users to always be aware
of the status of the system, and to detect and recover

Fig. 2. Decisions and actions for the subtask of selecting operating
mode.

Fig. 3. Current interface for theAbbott PCA.
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from errors. The Abbott PCA machine provides a lim-
ited amount of feedback to users through a very small
LCD screen. For example, when a loading dose is being
administered, a message is displayed indicating that the
infusion is in progress. While programming, however,
the user receives no feedback on which parameters have

already been set or how many are left to program. This
can be frustrating for a new user because programming
is a fairly lengthy procedure.
The task of keeping track of the functions of di¡erent

controls is a¡ected by the choice of labels and the
number of functions for each control. Multifunctional

Fig. 4. Information requirements for programming subtasks.
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controls can be used to carry out several functions,
requiring users to remember the di¡erent operations
that a particular control performs in di¡erent contexts.
This increases the user's mental workload, and thus the
chances of making errors [13].
In the case of the Abbott PCA pump, the function of

the various controls is not very clear. For example, the
user must remember that the ON and RESET/START
touch switches have di¡erent e¡ects, despite the similar
labels. The ON touch switch is used to activate a warm-
start (retains parameter settings, if the PCAmachine has
been o¡ for less than an hour) or a cold-start (clears
parameter settings, if the PCA machine has been o¡
for more than an hour). The RESET/START touch
switch is used to begin or to stop infusion in the
CONTINUOUS and PCA+CONTINUOUS modes.
It also restarts infusion after the machine has been tem-
porarily turned o¡. However, it is not used to reset
parameters as the name implies.
Confusion over control function also stems from the

multifunctional nature of some touch switches. For
instance, the REVIEW/CHANGE touch switch is
multifunctional: it takes the user either forward or
backward in the programming sequence, depending
on when it is pressed. During programming, it can be
used to change a previous setting. Therefore, to go to
a previously set parameter, users press REVIEW/
CHANGE to scroll backwards through the program-
ming sequence until they reach the desired parameter.
However, if programming has been completed (i.e., all
parameters have been set), then REVIEW/CHANGE
takes the user forward through a series of displays sim-
ilar to those in the programming sequence, and allows
the user to make changes to any of the settings.
The ¢rst REVIEW/CHANGE function also appears

to su¡er from inconsistency. It is unclear how many
steps backward will result from one press of the touch
switch during programming, as evidenced by the fol-
lowing examples:

Example 1. The user is setting the value for drug con-
centration and realizes that he/she has mistakenly set
the concentration to mg/ml instead of mg/ml. Pressing
REVIEW/CHANGE returns the user to the previous
screen for selecting the concentration units, and allows
him/her to correct this setting.

Example 2. The user has already set the loading dose and
is about to infuse it but realizes that the value has been
incorrectly set and wants to return to the previous
screen to correct it. However, after pressing REVIEW/
CHANGE, the user is taken back to the screen used to
set the drug concentration.

In the ¢rst example, REVIEW/CHANGE takes
users back to a display which permits them to set the
drug concentration in di¡erent units. Users remain in
the same subtask (selecting drug concentration). How-
ever, in the second example, REVIEW/CHANGE does
not permit users to change the loading dose selected in
the preceding screen. Instead, it removes them from the
active subtask (administering a loading dose) and returns
them to a completely di¡erent subtask (selecting drug
concentration). Collectively, these examples show the
need for improved design in touch switch functioning.
Displayed messages should be clearly understandable

to the user. Messages which are unclear may themselves
be sources of error [13]. With the current machine,
several LCD messages are awkwardly worded and some-
times even ambiguous. For instance, the message below
appears when the REVIEW/CHANGE touch switch is
pressed at the end of the programming sequence:

CHANGE?
ANY SETTING:/
SELECTMODE
YES ORNO

The message is intended to ask users if they would like
to change the programming mode or any of the set-
tings. It is not apparent from this message that the
settings are dependent on the mode ^ which parameters
must be set depends on the mode one chooses. The
wording of the display also implies that a mode has not
yet been selected.
The interface should minimize the amount of infor-

mation that users must remember to operate the device.
Perceptual cues should be provided to relax the user's
reliance on memory. A device is said to have visibility if
by looking at it one can immediately tell what state it is
in and what the alternatives for action are [17]. Since the
user is led through the programming procedure by the
sequential messages, it is not necessary for the user to
remember what parameters must be programmed in
each of the three modes with the current interface. For
example, the dose and lockout interval parameters must
be set in the PCA mode. In the CONTINUOUS mode,
however, they are not part of the operating parameters;
a continuous rate and 4 h limit are set instead. The
interface dialogue ensures that the relevant displays are
brought up, as a function of mode. However, the CTA
results from bench testing and analysis of information
requirements have indicated that there are several other
features of the interface which unnecessarily increase
the burden on users' memory, making errors more
likely.
When users are comfortable with the system, short-
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cuts in the programming procedure allow them to prog-
ress through it much more quickly. Shortcuts should
only eliminate the steps that are unnecessary in a partic-
ular task [18], and the device should operate as normal
afterwards. By systematically supporting reliable short-
cuts, improvements in e¤ciency may be obtained with-
out incurring errors due to oversights.
One method of providing shortcuts is to set appro-

priate machine defaults. The default values provided on
the current interface con£ict with the standard operat-
ing values used at TGH. For example, the most widely
used concentration is 2.0 mg/ml. Users must currently
toggle through four screens of default values before
being able to enter this concentration. Making suitable
default settings available would eliminate many of these
unnecessary programming steps.
Providing appropriate exits can facilitate error re-

covery [18] by allowing users to leave the system after
having inadvertently entered incorrect commands. In
several programming tasks, the user is not provided
with an adequate exit.When setting the concentration,
the user must select one of a series of screens with di¡er-
ent drug concentrations or choose to set the concentra-
tion manually. If users accidentally skip the desired
concentration setting, they cannot use REVIEW/
CHANGE to go back to it. Instead, they must toggle
through all the screens (in a loop) and start again from
the beginning. Similarly, in the sequence for selecting
the mode, users are prompted sequentially by the LCD

messages to select one of the three modes. These screens
occur in a loop without an exit.
In summary, the Abbott PCA Plus II interface does

not conform with existing human factors guidelines,
thereby unnecessarily increasing both the demands
on users and the probability of human errors. The
design de¢ciencies that were identi¢ed are summarized
in Table 1, along with the e¡ects of each problem, its
severity, and a proposed solution.

Redesigned interface using human factors guidelines

The proposed solutions to the design problems in
Table 1 were integrated to create a redesigned interface
that obeys human factors design guidelines. It is impor-
tant to note that the new interface maintains roughly
similar technological constraints since modi¢cations
were made to the current interface (as opposed to the
conception of an entirely new physical format). This
approach was taken to prevent extensive deviation from
current manufacturing costs of the PCAmachine.
The new interface, shown in Figure 5, consists of an

enlarged LCD screen to house an indicator ¢eld and
menu display, in addition to the message ¢eld. The
indicator ¢eld displays the programming task that is
being performed, while the menu display shows the
three stages of programming: concentration, mode, and
settings. As the program leads the user through each

Table 1. Summary of problems with existing interface, along with their e¡ects, their severity, and proposed solution

Problem E¡ects Severity Solution

Dialogue structure too complex requires many steps
Memory load

High Present all options in parallel

Dialogue structure not visible Memory load High Provide overview

Error recover tedious Many steps
Takes time

High Single step backup fuction

Program not visible Hard to detect errors
Memory load

High Show data already entered upon request

Current place in dialogue not visible Memory load
Disorienting

High Show current place in context of overview

Controls poorly grouped Takes longer to ¢nd them Medium Provide functional grouping

Misleading and confusing labels Hard to interpret
Slows down user

Medium Provide labels that are user-driven

Misleading and confusing messages Hard to interpret
Slows down user

Medium Provide messages that are user-driven

Review/change inconsistent Disorienting and confusing Low Make consistent

Defaults not appropriate Many steps
Takes time

Low UseTGH standard
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stage, the corresponding item on the menu display is
highlighted by an indicator box. The redundancy of
having two sections of the LCD dedicated to tracing
the programming sequence ensures that the system
structure is constantly visible. This also allows for a
global view of the programming sequence. With the
existing design, each programming task lacks context,
giving the user only a highly limited view of the system
structure at each programming stage. The confusion
caused by this lack of awareness is minimized in the
new design by the sequence indicators, which show
where the users are, where they have been, and where
they are going in the programming sequence.
The touch switch control panel on the new interface

was modi¢ed in several ways. First, the number of
touch switches was reduced. Because of changes to the
programming sequence, the PURGE SYSTEM touch
switch was eliminated. The purging task now prompts
the user to press START to begin purging the system,
and to press STOP once the £ow is seen. Second, the
double touch switches of the current machine have
been separated into single touch switches on the new
interface. Also, grouping of the touch switches separates
the ones used for programming from those that are

special-purpose (BOLUS DOSE, REVIEW, HISTORY,
and ON/OFF). The upper group contains the program-
ming touch switches and is spatially organized in a
logical manner: YES above NO, START above STOP,
and the up arrow (") above the down arrow (#). As the
labels imply, each touch switch performs only one
function (one physical touch switch represents one soft
touch switch). The same is true for the special-purpose
touch switches in the bottom grouping, except for the
ON/OFF touch switch which serves two related pur-
poses.
The functions of the touch switches di¡er slightly

from those of the current interface due to modi¢cations
to the system structure. The BOLUS DOSE on the new
design replaces the LOADING DOSE touch switch.
This new label more accurately describes its function, as
indicated by the nurses at TGH.
REVIEW/CHANGE has been relabeled REVIEW.

It maintains the same purpose, allowing users to review
the settings and to make changes where necessary.When
pressed during programming, it performs similarly to
the current machine but with greater consistency. The
only modi¢cation to the error recovery task is that the
sequence indicators on the new design can inform the
user of their location within the sequence.

The HISTORY touch switch performs the same func-
tions as on the current machine with the added function
of providing an updated summary of settings at any
stage of programming. This supplemental function en-
hances users' sense of control over the system and aids in
detection of errors. As an additional preventive measure
against overlooking incorrect settings, a summary of
the programmed settings is automatically displayed
before users lock the door and hook the machine up to
the patient.
The system structure was simpli¢ed by minimizing

the number of message display screens. The major
change was an introduction of a menu system that
presented related choices in parallel rather than serially.
For example, when selecting the mode, the three op-
tions are listed on the screen simultaneously and the
user is prompted to use the " or # touch switch to select
the desired mode. This modi¢cation decreases the num-
ber of screens users must toggle through, and provides
users with a more global view of the dialog structure by
displaying all related decision options on a single screen.
Simpli¢cation was also achieved by providing the most
common settings and values used at TGH as defaults to
avoid unnecessary programming steps. Finally, message
screens for tasks that were ¢xed in the protocol of
machine setup (purging and setting 4 h limit) or extra-
neous to programming (e.g., bolus dose) were either
condensed or eliminated from the programming se-

Fig. 5. Redesigned PCA interface.
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quence. For instance, in the existing interface, the
prompt that asks the user: ``SET 4 HOUR LIMIT?
YES OR NO'' was eliminated because the 4 hour limit
must always be set for all programming modes. The
sequence on the new design will go directly to instruct-
ing the user to input the limit.
The combined e¡ect of these changes to the pro-

gramming sequence is a signi¢cant transformation in
the complexity of the dialog structure. The previous
design has a minimum of 8 screens and a maximum of
27, whereas the new design has the same minimum but
a maximum of only 12 screens, a reduction of 56%.

Experimental evaluation

Because of the aforementioned changes, the new inter-
face was expected to be more e¤cient, less demanding,
and more reliable than the old interface. A four-way
ANOVA was conducted with Interface, Task, Repeti-
tions, and Order as the main factors and task completion
time as the dependent variable. The Interface e¡ect was
signi¢cant (F(1,11) = 7.23, p < 0.025). As shown in
Figure 6, the mean programming time with the Old
interface was 2.03 minutes, whereas that with the New
interface was 1.76 minutes, 15% faster. However, this
main e¡ect can only be meaningfully interpreted within
the context of the Order � Interface interaction, which
was also statistically signi¢cant (F(1,11) = 9.76, p < 0.01).
As shown in Figure 7, there is unequal transfer from one
interface to the other. There are several ways to look at
this e¡ect. First, transferring from the Old to the New
interface causes a larger performance change than going
from the New to the Old (di¡erences of ÿ0.59 minutes
and ÿ0.05 minutes, respectively). Second, those sub-

jects who have already had some experience at the task
with the New interface are moderately faster, as a result
of learning, with the Old interface than subjects who
are doing the task for the ¢rst time with the Old inter-
face. Third, those subjects who have already had some
experience at the task with the Old interface are much
faster with the New interface than subjects who are
doing the task for the ¢rst time with the New interface.
This suggests that subjects who have been exposed to
the Old interface ¢rst bene¢t from a transfer of training
to the New interface, whereas the Old interface seems
to inhibit the bene¢ts of practice and training for the
group exposed to the New interface ¢rst.
The mental workload ratings were transformed into

percentages, and a similar ANOVA was conducted.
There was no statistically signi¢cant di¡erence in work-
load between the two interfaces (F(1,11) = 2.2, p = 0.12).
However, the average workload rating for the Old
interface was more than twice as high as that for the
New interface (15% and 7%, respectively), as shown in
Figure 8. This result may have been caused by the sig-
ni¢cantly lower workload ratings of the subjects who
were ¢rst exposed to the Old interface compared to
those who were ¢rst exposed to the New interface
(F(1,11) = 8.36, p = 0.016). Subjects in the former group
con¢ned their workload ratings (for the Old interface)
to the lower region of the workload scales, and when
given the new interface in their second session, did not
have adequate range remaining on the scale to express a
signi¢cantly lower workload rating. A �2 test was con-
ducted to determine whether more subjects experienced
higher workload ratings with the Old or New interface.
The results showed that 82% of the subjects had a higher
workload with the Old interface (�2(1) = 4.45, p <
0.025, one-tailed).
As shown in Figure 9, the New interface led to 10

Fig. 6. Mean programming time.
Fig. 7. Mean programming time as a function of interface and order
of presentation.
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errors, whereas the Old interface led to a total of 20
errors, a di¡erence of 100% (�2(1) = 3.33, p< 0.05, one-
tailed). Thus, the New interface led to a signi¢cantly
more reliable performance than the Old interface.
The informal comments expressed by subjects at the

end of the experiment were consistent with the results
just presented. All twelve participants expressed a strong
preference for the New interface design.

DISCUSSION

This research has shown how human factors techniques
can be used to improve the design of medical equipment.
A CTA of the Abbott PCA Plus II infuser provided a
systematic means of identifying the information users
require to program the machine e¡ectively. A review of

the existing interface using human factors design guide-
lines revealed many de¢ciencies that make the users'
task more di¤cult, and thus more error-prone, than it
needs to be. The same set of guidelines were systemati-
cally used to design a new interface that remedied these
de¢ciencies. An empirical evaluation of the old and
new designs showed that the redesigned interface lead
to faster programming times, lower ratings of mental
workload, and fewer programming errors. These results
strongly support the hypothesis behind this study,
namely that the use of medical equipment can be made
safer and more e¤cient by adopting human factors
design principles. As far as we know, this is the ¢rst
controlled study to empirically demonstrate this fact.
Going beyond PCA machines in particular, this re-

search also makes a signi¢cant contribution to the study
of medical devices in general. Many of the studies in the
literature on human factors of medical devices have
either critiqued an existing device but have not proposed
a new design (e.g., [14, 19]), or have proposed a new
design but have not evaluated it in a controlled manner
(e.g., [13]). While we have selected PCA machines in
this study, the design methods and conclusions presented
here are believed to generalize to other computer-based
medical devices.
Nonetheless, the work presented here is not without

its limitations. First, this study did not systematically
examine learning. It is not known how extended practice
will a¡ect the relative performance di¡erences observed
between the two interfaces. Second, the experimental
evaluation did not comprehensively address the issue of
transfer from one interface to another. None of the
subjects had ever programmed a PCA machine, so the
results generalize most readily to novice nurses, not to
nurses who have extensive practice with the existing
PCA interface. This is an important issue that needs to be
addressed if the design proposed here is to be introduced
into an operational setting where nurses have experience
with other interfaces. Third, the design proposed here
has only been implemented and evaluated as a prototype
using a computer screen and mouse. Further work must
be done to implement a fully functional physical device
with a keypad, and evaluate it with professional nurses
in context. Finally, we have been told that the interface
for the Abbott PCA Plus II infuser has been redesigned
by the manufacturer with di¡erent buttons and software
since our study was conducted. We do not know how
the newer design compares with the two that we eval-
uated here.
The method of analysis and the design principles

adopted in this research were based on previous work
and have been shown to be relevant to di¡erent medical
devices [12^14]. It is important to point out that these

Fig. 8. Mean mental workload.

Fig. 9. Total number of programming errors.

262 Journal of Clinical Monitoring and Computing Vol 14 No 4 May 1998



principles go well beyond the human factors guidelines
compiled by the Association for the Advancement of
Medical Instrumentation [20]. Research has shown that
those guidelines do not reveal many of the de¢ciencies
in computer-based devices [14]. Thus, if we are to go
beyond the de¢cient interfaces currently in operation,
medical equipment manufacturers will need to adopt
human factors analysis and design methods similar to
those used in this research. Hopefully, providing empir-
ical evidence of the bene¢ts that can be realized by such
methods, as we have done in this article, will serve as a
catalyst for change.
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