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Introduction

Everyone knows the story of the computer mouse. Invented in the

1960s by Douglas Engelbart and his associates at the Augmentation

Research Center at Stanford Research Institute, it was refined at the

legendary Xerox Palo Alto Research Center in the 1970s, and was finally

popularized by Apple Computer in the 1980s with its use on the Lisa and

Macintosh computers. The Macintosh in particular helped establish the

mouse as the default input device (along with the keyboard) for a new

generation of personal computers using graphical user interfaces, bitmapped

screens, and icons. In journalistic accounts like Robert Cringley's Triumph

of the Nerds, Apple learned about the mouse after a delegation led by Steve

Jobs visited Xerox PARC in late 1979. PARC had developed an amazing

range of cutting-edge computer technologies in the 1970s, but was unaware

of their commercial potential. Jobs, in contrast, saw the possibilities

immediately, and, determined to import PARC's innovations into his own

machines, started the Lisa and Macintosh projects.

This narrative has the advantage of being simple, dramatic, almost

Promethean in its essential character; and like all great stories, it operates on

several levels. It is a fitting legend for an age that values the entrepreneur

over the established corporation. It highlights the qualities that made Apple

Computer a legendary computer manufacturer in the early 1980s-- its

countercultural disdain for convention and credentials, talent for seeing the

potential in technologies that others missed, and willingness to steal fire

from the gods. It also is a set-piece in Xerox's notorious "fumbling the

future," in which PARC developed all the key technologies of the personal
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computer, only to see them brought to market by other companies. Despite

these virtues, however, the standard account suffers from one problem: it is

wrong in almost every important respect. Both the Lisa and Macintosh

projects were underway before that visit, and both were experimenting with

bitmapped screens, graphical user interfaces, and input devices to

supplement the keyboard. Further, the famous 1979 visit was actually the

second of two visits to PARC by Apple.
1

The story of the PARC visit and its influence on Apple (and more

subtly, the development of the personal computer and PC industry) is just as

problematic for what it doesn't talk about. It's easy to get the impression

that little work was required to transfer PARC's innovations into the

personal computer. Previous writing about the Apple mouse has focused on

the debate over how many buttons it should have, leaving the impression

that the PARC mouse just had to be slightly redesigned and marketed

properly to be a commercially viable product.
2
 Likewise, the attention

devoted to the mouse's invention in Douglas Engelbart's Augmentation

Research Center unintentionally gives the impression that its subsequent

commercialization is a relatively trivial appendix.
3
 (Ironically, this echoes

the attitude of Xerox PARC scientists, who saw commercialization as

something that other people did.) More generally, despite the sophistication

of approaches based on the sociology of technology and analysis of

technological systems, the work required to turn a new technology into an

innovative and successful product-- the work of industrial design, or

"productization," to use the evocative yet clumsy term of art employed

within the industry-- has been overlooked in the history of computing.
4

In fact, the Apple mouse is different from its laboratory predecessors

as the DC-3 is from the Wright Brothers flyer; the work involved in its
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commercialization was much more substantial than anyone has recognized;

and it is the Apple mouse, not the ARC or PARC mice, that is the real

foundation of the mouse industry. The mouse developed for the Lisa and

Macintosh was much cheaper, sturdier and more reliable, and easier to

manufacture than its ancestors. Its electromechanical design became an

industry standard, and was copied in hundreds of millions of later models,

including two- and three-button models used in IBM PC-compatible

computers from the late 1980s. It was also conceptually different than the

ARC and PARC mice: its designers worked with fundamentally different

notions of who would use it, and different expectations of what they

burdens and degrees of complexity their design could impose on users. The

purpose of this article is to narrate the history of the Apple mouse's

development, and to show what kinds of skills were required to turn a high-

concept piece of technology into a product that could become an industry

standard. It begins with a brief discussion of the development of the mouse

at SRI and Xerox PARC, and efforts by companies other than Apple to

create a market for mice in the early 1980s. It then turns to the history of

the Apple mouse, and explains what major technical problems and

challenges its designers faced in creating a mass-producible, commercially

viable mouse. Most of this work takes place not at Apple Computer, but

inside Hovey-Kelley Design, a Palo Alto-based product design company

(now called IDEO). While Apple decided how many buttons the mouse

should have, and what its external appearance would be like, the technical

innovations that both set the Apple mouse apart from its predecessors and

made it a success were the responsibility of Hovey-Kelley.
5
 (I will not

discuss the effort that went into moving the mouse into production, and

effort to which both Apple and Hovey-Kelley contributed. However, the
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history of manufacturing computers and high-tech peripherals is one that

deserves more attention that it has received so far.
6
) It concludes by

explaining how the story of the mouse challenges the conventional view of

Apple in the early 1980s; throws light on research opportunities for

historians of Silicon Valley; and presents and historiographic lessons for the

history of computing.
7

Laboratory Mice

Before the 1980s, the mouse was a high-tech device used by

computer scientists and researchers working on specialized, high-cost

systems. The mouse was invented by Douglas Engelbart and his colleagues

(particularly Bill English) in the early 1960s, and was publicly unveiled at

the Joint Computer Conference in 1968, at a now-famous demonstration

conducted jointly at Menlo Park and San Francisco.
8
 Engelbart's mouse was

a large, three-button device (Engelbart later said would have used five

buttons if he could have figured out how to place them all). Its movement

was translated into electrical signals by a pair of wheels attached to

potentiometers; those signals were then retranslated into movement of a

pointer on a screen.

While it is Engelbart's best-remembered invention, the mouse was

one of many tools he and his colleagues at the Stanford Research Institute's

Augmentation Research Center created as part of a system for improving

organizational learning and online collaboration. The mouse was partnered

with a "chord keyset," a five-fingered keyboard that could be used instead

of the traditional QWERTY keyboard. (Photographs of ARC workstations

actually show all three in use.) Engelbart continued working on refinements

to his Online System (NLS) into the 1970s, after his research group moved
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from SRI to Tymshare, a private company. Even as the system migrated

from one computer platform to another, and the research group's fortunes

waxed and waned, the basic design of his mouse remained unchanged. In

part, this was a reflection of its designer's willingness to set a high standard

for the system's users. While the commercial version of the mouse was

associated with "ease of use" and simplicity, Engelbart conceived of the

mouse as a tool for enhancing experienced users' power over complex

computers, not a device for making computers more approachable for

novices. (In a 1987 interview, when asked why the ARC mouse had three

buttons, he said, "Well, it was all we could put on. That was all there was

room for.") Indeed, six months' training was necessary to learn the NLS

system's various commands and modes.
9

By this time, however, several of Engelbart's colleagues had left for

the Computer Science Laboratory (CSL) at Xerox's Palo Alto Research

Center (PARC). PARC had been founded in 1970 to imagine and develop

the "office of the future;" under the direction of former ARPA program

manager Bob Taylor, the CSL became a Mecca for cutting-edge computer

science research, only some of which made it into new Xerox products. At

PARC, the mouse was substantially redesigned and incorporated into the

Alto, a computer system that drew on NLS and other research systems

developed (or only imagined) in the 1960s. Xerox engineers (including

Engelbart's former collaborator English) redesigned the ARC mouse

substantially for the Alto, making it smaller and lower-profile, and

replacing the small round buttons with larger rectangular ones. Just as

important were their mechanical changes: they replaced the discs with a ball

bearing whose motion was read by a pair of rollers connected to electrical

brushes; the electrical signal transmitted from the brushes controlled the
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motion of the cursor. In fact, Xerox researchers developed several different

kinds of mice in this period, including optical or optical-mechanical mice;

however, the electromechanical mouse was the one ultimately produced for

Xerox's own personal computer, the Star.
10

Commercialization

Several entrepreneurs tried to commercialize the mouse in the late

1970s and early 1980s. According to one industry article, by 1983-- the

year the Lisa came out-- there were about ten companies selling mice. Some

tried to market variations on the ARC and PARC mice. The Mouse House,

founded by Berkeley engineer Jack Hawley, licensed Xerox's mouse patents

and sold it under the scientific-sounding X063X. In advertisements, the

company called itself a "purveyors of fine mice since 1975;" Hawley, who

had worked as a contractor at PARC on the redesign of the mouse, was

described in industry articles as the "self-described 'big cheese'" of mouse

design. Martin Hardy, a hardware designer who had worked with Engelbart

at SRI in the 1960s and 1970s, also started a mouse company in this period;

it sold a mouse based on the NLS design. Other companies sold newer

designs. Logitech, a Swiss-based company, began selling its mouse-- a

three-button hemispherical design developed at a technical institute in

Switzerland-- in the United States in 1982. Steven Kirsch developed an

optical mouse as a computer science student at MIT; his company Mouse

Systems developed his design into a product for IBM PCs.
11

Ultimately, the mouse veterans failed in the marketplace, while the

newcomers succeeded. Hawley's mice had 80% of the market in 1983, but

as the input device market grew in the mid-1980s, the Mouse House's share

of the market appears to have declined steadily. In contrast, Logitech
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became one of the largest manufacturers of mice, game paddles, and other

input devices for personal computers. Mouse Systems became a supplier of

mice to Sun Microsystems; Kirsch later went on to found the Internet portal

Infoseek. There are several probable causes of the failure of companies like

Hawley's and Hardy's. The computer industry suffered one of its periodic

shakeouts in the early 1980s, in which small companies aimed at hobbyists

and early adopters were bested by companies selling finished goods and

easier-to-use products to a broader audience. (Apple was unusual in that it

was a garage company that managed to secure venture capital and

professional management early-- a fact that has been given too little

attention in accounts of the company's fortunes that stress the modesty of its

origins over the impressiveness of its connections.)
12

 Price was probably

also an issue: Hawley's mouse cost $400, and users had to spend another

$300 for a hardware interface to connect it to a computer.
13

 Another

problem was software. Command-line interfaces were the norm in the early

1980s, and few commercial developers wrote software that took advantage

of mice. Graphics systems like CAD/CAM and computer animation were

still expensive, high-end technology. Both the Xerox PARC and NLS mice

were parts of larger, powerful computer systems; taken outside this

technical context, the mouse lost some of its appeal. Prospective buyers had

to be rich enough to afford an expensive peripheral, and sophisticated

enough to write software to use their mice.

Apple's Vision

Even if the Apple mouse had not been a technological leap forward

over its predecessors and competitors, the company's decision to use the

mouse in a personal computer was a significant social innovation. As has
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been argued independently by strategic marketing experts and scholars of

STS (science, technology, and society), the redefinition of an artifact's

audience requires considerable energy and imagination. In the case of the

mouse, seeing a cheap, reliable commercial product in the mouse took

plenty of both.
14

According to many accounts, Jobs decided to use a mouse after a

demo of the Alto at Xerox PARC in 1979. The impact of that demo on

Apple in general, and the Lisa and Macintosh projects in particular, has

been overstated, but it wasn't entirely insignificant. However, the most

extravagant claim, that the demo was a "eureka" moment that revealed the

mouse and other cutting-edge input devices to Apple engineers and inspired

the Lisa and Macintosh, is wrong in both fact and spirit. Both projects were

already underway by the time the Apple group visited PARC, and according

to Jef Raskin, both were already experimenting with graphical interfaces

and input devices like joysticks, touchpads, and mice. Just as important, the

"eureka" claim ignores the fact there were already a number of Apple

employees steeped in the highbrow culture of advanced graphical interface

technology, and quite familiar with mice. Jef Raskin, who was the head of

the Macintosh project at the time (he convinced Mike Markkula to fund the

project in late 1979, and was its head until mid-1981) had worked on

graphical computing since the 1960s, and spent time as a visiting scholar at

Xerox PARC in the 1970s. Bill Atkinson, the main designer of the Lisa user

interface and MacPaint, had used mice on high-end graphics systems while

studying at UC-San Diego and the University of Washington.
15

 Later

Macintosh project members-- software manager Bob Belleville, technical

writers Caroline Rose and Sandy Miranda-- had worked with Douglas

Engelbart at either SRI or Tymshare; others Engelbart veterans-- Ken

9



Victor, Harvey Lehtmann, and Dirk von Nouhys-- worked on the Apple II

or Lisa. Knowledge about the computer mouse did not come to Apple only

through the December 1979 Xerox PARC visit: it diffused into the

company from a number of sources. Rather, according to several sources,

the main value of the PARC visit was political: it helped win over Jobs to

graphical user interfaces and graphical input technology.
16

 The visit to

PARC was arranged to get Jobs up to speed on a cluster of technologies that

a number of other Apple employees were already familiar with and eager to

commercialize, and to get his support to work on these technologies within

Apple.

From the Laboratory to the Living Room: Redesigning the Mouse

Steve Jobs returned from PARC keen to have Apple computers

incorporate the technologies he had seen in the laboratory. There were

already groups within Apple working on the design of a graphical user

interface, and experimenting with input devices. However, rather than have

Apple's own designers work on the mouse, Jobs offered the project to a

Palo Alto startup, Hovey-Kelley Design.

Dean Hovey later recalled the meeting with Jobs in which the subject

of the mouse came up:
I had scheduled an appointment with Steve Jobs on a Friday
afternoon…. We'd been doing product design for Apple as a
consultant for quite some time, but our goal always had been to
do some of our own products. I had a few ideas and wanted to
talk to Steve about them, and we scheduled a time, and got
together. I started running down my list, and he said, "Stop,
Dean. What you guys need to do-- what we need to do
together-- is build a mouse." I had no idea what the mouse
was…. He explained what this thing was, and what it was all
about, and I said, "Gee, that sounds kind of interesting." And
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as the young product designer I was when I walked out that

door, I was ready to change the world.
17

Hovey-Kelley had worked with Apple on several small projects, but

why Jobs gave them the chance to work on this important project is not

entirely clear. (Apple spread the risk by hiring a second company to

produce a competing design.
18

) At the time, Apple was in the habit of

designing much of its own equipment, rather than relying on off-the-shelf

or OEM equipment. This yielded some notable failures, such as the

"Twiggy" disk drive, but aggressive outsourcing carried its own risks. The

mechanical design for the mouse would be handled by Hovey-Kelley, but

the exterior styling would be done Bill Dresselhaus and Jerry Manock,

industrial designers of the Lisa and Macintosh, respectively. Further, since

some features of the mouse-- most notably the number of buttons it would

have-- would affect the capabilities of the software, programmers also had

to be consulted about its design. Bill Lapson, an Apple project manager,

was assigned to coordinate work between these various parties, develop a

schedule for production of prototypes, and resolve disputes. However,

Hovey-Kelley was already working with Dresselhaus on the Lisa keyboard,

so adding the mouse to the firm's portfolio might have seemed the least

disruptive way to get the project going.
19

Whatever his reasons, Jobs must have had great faith in the company.

At the first meeting with Dean Hovey, after explaining what a mouse was,

Jobs went on to specify that he wanted a design that could be manufactured

for a fraction of the cost (between $10 and $35), and could work on his

jeans. Put another way, he wanted Hovey-Kelley to take a $400 piece of

technology developed by some of the greatest minds in the computer
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industry, dramatically improve its reliability, and cut its price by 90%. Jim

Sachs, a designer who worked at Hovey-Kelley since its founding, joked

that after hearing these specs, "We thought maybe Steve wasn't getting

enough meat in his diet; but for $25 an hour, we'd design a solar powered

toaster if that's what he wanted."
20

For its part, Hovey-Kelley was interested in expanding its

relationship with Apple, doing more technically challenging projects with

the computer company (their efforts had been confined to packaging and

traditional industrial design), and developing a manufacturing base to

complement their more volatile consulting business. The mouse, Hovey

thought, would help them do all three.
21

 Some of the Hovey-Kelley mouse

design group visited Xerox PARC; but unlike the Apple visits, these had

little impact. Several couldn't recall the visit, or confused it with trips they

took to PARC as students. Jim Sachs provided the fullest account:
We got a demonstration of the Star, which had a graphical user
interface, a laser printer, and a mouse. The laser printer was so
hush-hush that it was kept in another room: they would only
show us a printout of it. I always felt that the cooler engineers
got to see the laser printer, because that was definitely cool,
and I, being more junior, was stuck with looking at this...
mouse thing.

If they were to have any hope of satisfying Jobs' demands to make a

cheaper, more reliable mouse, Hovey-Kelley designers realized, they would

have to do several things: make the basic mechanical design radically

simpler; make it with cheaper and more robust materials; and make it easier

to manufacture. Apple procured several PARC mice for the designers, and

they quickly set to work analyzing its weaknesses.
22

What they saw was a masterpiece of high-concept technology, but a

deeply flawed commercial product. It was too expensive, it had sensitive
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parts that broke easily, it required a clean, laboratory-like environment to

work reliably, and it was hard to clean and repair. Indeed, Jim Sachs

referred to the Xerox mouse as a "laboratory instrument" rather than a

"product."
23

 The $400 price tag was an obvious problem: an Apple II cost

about $1200 at the time, and even for the relatively expensive Lisa, $400

would have been a high price for a peripheral. (It was even worse with the

Macintosh, which Apple hoped to sell for $500 to $1000.
24

) The ball that

was at the heart of the detector system was actually a ball bearing, encased

in a gimbal and ball bearing assembly, that helped support the weight of the

mouse. This was an elaborate system-- gimbals are more commonly used in

gyroscopes-- that required costly, high-precision parts.

The encoders, which translated the motion of the ball into an

electrical signal that was translated by the computer into a cursor's screen

position, were a second failure point. Xerox engineers had developed

several different encoders, including an optical-mechanical design similar in

some respects to Hovey-Kelley's final design. The PARC mouse, however,

used a combination of mechanical commutators that received information

about the mouse's motion from wire brushes. This was "similar to what

you'd find on [an electric] motor," Yurchenco recalled. "It was expensive to

do this: you needed two sets of these commutators, there were potential

wear problems, and certainly reliability problems." Together, the gimbal,

ball bearings, and brushes also absorbed a significant amount of the system's

energy.

Finally, in real-world conditions the PARC mouse's sensitive,

precision parts and ball bearings would jam up from dirt and dust. "The

slightest amount of dirt would jam up the whole thing and it would stop

working," Sachs recalled, and as a result the mouse "had a mean time
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between failures of one week." To make matters worse, it was designed to

be hard to clean. It had to be opened with a screwdriver and partially

disassembled to be cleaned, something that many ordinary users would be

reluctant to try.

The Hovey-Kelley Design

The Apple mouse evolved over the course of 1980 and 1981. Hovey

did some preliminary research on the state of the market and competing

mouse designs after his meeting with Jobs, but serious work on the mouse

only got underway in April. After finishing the literature review, the group

spend six weeks on a feasibility prototype. They turned out three prototypes

of increasing complexity between June and mid-July.
25

 They then hand-

built ten preliminary units, which were tested by Apple engineers and used

by software designers working on Lisa programs and operating system.
26

User tests to determine how people would hold the mouse, and thus what

size and shape the mouse should be, were conducted in August; they also

began thinking seriously about the package design at this point.
27

 Longevity

tests were being conducted in late October, indicating that the basic design

was stable by then.
28

 By the end of the year, 25 copies of the third

prototype (or P3, as it was called) were built and tested, focus was turning

to smaller details like the choice of cord and connector, and Hovey and

Sachs started working with Apple's peripherals division to tool up for

manufacturing.
29

 A P3 mouse with an injection molded case and buttons--

which now bore a close resemblance to the final production design-- was

delivered in late March 1981.
30

While the project was formally a collaboration between Apple and

Hovey-Kelley, the designers enjoyed considerable freedom to work on the
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problems of the mouse as they saw fit. Within the company, Dean Hovey

served as informal project head and their principal contact with Apple; Jim

Sachs and Rickson Sun focused on the electrical and optical components;

Jim Yurchenco took major responsibility for the mechanical design; and

Douglas Dayton concentrated on the exterior package design. Consequently,

the mouse's evolution reflected the working culture of Hovey-Kelley much

more than Apple. Dean Hovey and company cofounder David Kelley had

met several years earlier in the Stanford Product Design Program, an

interdisciplinary graduate program founded by engineering professor Robert

McKim. The Product Design Program's influence on Apple's early products

is significant though little-reported: Bill Dresselhaus and Jerry Manock were

also alumni, as were most of the founding members of Hovey-Kelley.
31

The first prototype was "hacked together" within days of Hovey's

meeting with Jobs. As Hovey recalled when he began work on the design,
The first place I went was to Walgreen's, and I bought… all
the roll-on deodorants I could find on the shelves. They had
these plastic balls in them that roll around. Then I went over to
the housewares area, and bought some butter dishes, and plastic
things that were about the size I might need to prototype
something…. Over the weekend I hacked together a simple
spatial prototype of what this thing might be, with Teflon, and
a ball. The first mouse had a Ban Roll-on ball.

The Mechanical Design

Hovey's weekend prototype gave the group a sense of the challenges

they would face in designing the mouse, and convinced them that a full-

blown project was worth pursuing. The challenge now was to solve the

problems with the ball bearing, the noisy encoders, and dirt. The first

problem they tackled was the ball. The ball in the Xerox PARC mouse was

held firmly by a gimbal; Hovey-Kelley designers wanted to go in the
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opposite direction, to "unconstrain the mechanical system," as Sachs put it,

eliminating any need for devices to push the ball onto the rolling surface.
32

Dean Hovey recalled coming up with a solution to this problem while

working in the company's offices, which had gently tilting floors:
I remember having balls of various size on my desk, and after
you'd leave them they'd roll off the floor, following the slant
of the table. And I said, "That's exactly what I want it to do: I
want it to roll without slipping."... I put my fingers around [a
ball] like a little cage. The ball was no longer being pushed on
as a bearing support, it was actually free to roll, and we'd
barely [need to] touch it to get the information about where it
was moving. And we redesigned [the mouse] as a result of

thinking of that.
33

The encoder problem was attacked early in the project as well. Sheets

from an early brainstorming session indicate that the group considered a

number of different approaches, including stamping the ball with a spiral to

make changes in its position easier to track, and inserting magnets in the

ball.
34

 Sachs had worked with optical encoders as a student at the

University of Michigan, and in April decided to try them in the mouse.
35

His new system consisted of two identical detectors, set at right angles.

Each detector had a shaft with a roller in the center (where the ball and

shaft came into contact), and a slotted wheel at one end; on one side of the

wheel was an LED, whose light shone through the slots to a phototransistor

on the other side. As the mouse was moved, the light from the LED was

broken by the wheel's turning, and the phototransistor recorded the on-off

pattern and translated it into an electrical signal. The shaft and slotted wheel

were the only moving parts of this system, which would make it more

durable, and less sensitive to dust. At first, Hovey planned to use a soft

foam roller, to cushion the ball and hold it in place; however, Bill Lapson
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convinced them to use hard rollers made of poron, which would improve

the accuracy of the signal (since there would be less play in the system), and

would last longer. To keep the ball pressed against the encoders, Rickson

Sun suggested adding an idler wheel with a spring-loaded roller.
36

Each individual component of the Hovey-Kelley mouse was

relatively simple, and the design addressed the key weaknesses of the Xerox

mouse. But their solution created its own problem. Their mouse, Sachs

worried, "required such precision that it probably couldn't be mass-

produced." For example, the LEDs and phototransistors had to be carefully

aligned for the encoders to function properly; if the mouse were dropped

and that alignment disturbed, the mouse would become unreliable. It was

therefore critical to figure out how these high-precision parts could be

assembled together, protected, and kept in alignment. As Sachs explained,

the mouse existed
at the intersection of technologies that weren't commonly
combined before. Precision electronics had been made, and if
you needed it to be extra reliable you could have military spec
electronics, which were expensive; and you could have
inexpensive electronics that didn't have tight tolerances. On the
mechanical side, you could have very tight tolerances
mechanically in a laboratory instrument, and it would be very
expensive; but if it was inexpensive it was sloppy. So we
needed to combine all of these, and be inexpensive yet have the
performance of high mechanical and electrical tolerance--

which was not anything that you could buy on the market.
37

Jim Yurchenco suggested constructing a single platform that would

hold the ball, rollers, LEDs and phototransistors, and idler wheel, fixing

them in place and eliminating alignment problems. This would itself have

to be a rugged, high-precision part. But what could it be made from? They

began by trying injection-molded plastic. The process had a number of
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things in its favor. All the skill required to manufacture plastic parts came

at the beginning of the process, in the design of the part, construction of the

tools (the molds that would be used in production), and the initial setup of

the machine that stamped out the finished parts. Plastic was cheap, which

was important given the need to keep costs low, but the parts could still be

made with "sub-thousandths of an inch tolerance" by a careful

manufacturer.
38

 On the other hand, as Yurchenco recalled, it also carried

risks:
there were a lot of very small features that had to be crammed
into a very small space, and building a mold to do that was
complex. Nobody had actually done this before, so it was never
completely clear that it would work when you put it

together.
39

Yurchenco spent several weeks working on a design for the platform,

which came to be known as the "ribcage." Some of the work was done at

the drafting table, but much of it was done in his head. Placing the different

components together in just the right way was the just the first thing

Yurchenco had to think about. The design also had to be translatable into a

functional tool which would turn out parts without too much trouble. As he

explained,
there are many shapes that are very difficult to create in a mold
for technical reasons, and in the end you have to be able to get
that part out of the mold. You need to be able to open the tool,
be able to eject the part, so you can close it and make another
one. And that requires design features in the part that you
wouldn't normally need for functionality of the part, but you

need for manufacturability of the part.
40

Finally, the ribcage had to be designed so people on an assembly line could

actually snap in the components without too much difficulty. Designers
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have some standard methods of making parts easier to work with, such as

creating key parts, adding features "whose only purpose is to aid in

assembly or aid in orientation," or fashioning parts (like rolls of Advanced

Photo System film) that can only be put together in one way.

Others on the project remember Yurchenco's work as a tour de force

of 3D visualization abilities: the exact sizes of parts had to be worked out

on paper, but Yurchenco was able to image how the ball, encoders, and

roller would interact, then design a part that would contain them. Indeed,

while much of the development work on the mouse was done by more than

one person, several interviewees gave Yurchenco sole credit for the

ribcage's design. However, that didn't mean he worked in isolation; to some

degree, his design coevolved with the exterior and electronics:
Douglas [Dayton] had to decide what the shape would look
like, and I would work back and forth with him and say,
"Okay, well I need a little more room here for this," and he
would change his shape slightly, or he would push back and
say, "I don't want to change that shape, change your shape."…
I would start by giving him a rough envelope of how big the
components are, and in his case he would come back to me and
say, "I want this thing to be about this big inside the hand." So
we would sort of establish a rough boundary about where we're
working…. Jim [Sachs] had to determine what electronic parts
had to go in there to enable the mouse to function; he worked
out the circuits, and then we worked together to place those
parts on the circuit board so his electronics would not be in the
way of the parts I needed. So we would agree on a rough
circuit board shape, and I would say, "This is my space, and
this is your space," and he would see if he could do his layout
inside "his" space. And if there were issues, we'd go back and
negotiate…. It's a very typical part of the design process. In
this case it was a little more closely linked only in that I
actually had some electrical components as part of the ribcage
assembly-- the phototransistors and the LEDs-- and so we had
to decide on those physical components, and I had to know

their size and shape in order to fit them inside the plastic.
41
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The size of some of the parts and the tolerances required in the final

design pushed the state of the art in plastic molding. Fortunately, Hovey-

Kelley had connections to the community of skilled machinists and tool-

makers that had grown up in Silicon Valley (first working for agricultural

machinery companies, then electronics manufacturers, and finally for

computer manufacturers). In particular, Micro Molding, a local company

that had worked with Hovey-Kelley on other projects, became an important

partner in making early versions of the ribcage and tooling.
42

The ribcage "turned out to be the linchpin," in Sachs' words, that

made the whole design work. It held all the precision parts together firmly,

protecting them from damage or falling out of alignment. Its manufacture

required no special skill, once the mold had been made. Yurchenco

designed it so the LEDs, encoder wheels, and rollers could be snapped in

easily by untrained assembly-line workers. Summarizing their work, Sachs

said, "Through optical encoders, through a spring-loaded third roller, and

through a unified cage to hold all these parts, we… made a mouse mass-

producible, reliable, and inexpensive. And hundreds of millions of them

have been made."
43

By eliminating the ball bearings and brushes, Hovey-Kelley reduced

the mouse's sensitivity to dirt. But dirt couldn't be eliminated entirely, nor

could it be kept out of the mouse forever. They first tried a "little wiper

ring that would wipe the dirt off before it could get inside," but it added

resistance and noise to the mouse. Instead, in June Yurchenco designed a

"nifty ring interlock" which could be removed without tools, and let users

clean the ball and rollers.
44

 Other choices were made with an eye to further

eliminating detritus. Rickson Sun experimented with different textures for
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the ball, on the theory that a ball with a slightly rough surface would have

better traction; however, he found that whatever its virtues, a ball with a

rougher surface picked up dirt, particles of tabletop, and even bits of plastic

from the mouse itself. Because of this, and because a steel ball proved fairly

noisy, they switched to a rubber-coated steel ball. (The Macintosh mouse

had an all-rubber ball.)
45

The design of the detector system, consisting of the optical encoders,

a spring-mounted roller, and the ribcage; the unconstrained ball; and

cleaning ring, together constituted the core mechanical innovations. These

were all worked out by the time serious attention turned to the exterior of

the mouse in the summer. As Sachs recalled, "One of the big debates about

the early mouse was, Was this something delicate that you would hold with

the tips of your fingers, or was this something that you would grab, like the

stick shift of a car or a sanding block?" The group had actually been

worrying about this from the beginning: when Hovey brought in his mouse-

making ingredients from Walgreens and the hardware store, there were

already a variety of hand-held items scattered around the office, including

gear shifts, sanding blocks, and bicycle handles (Hovey designed bicycles).

David Kelley and Douglas Dayton made a number of prototype

shapes out of wood or plastic, and user tests were conducted in August to

see how people held and used the mouse. There ranged from square mice,

to wedge-shaped mice, to one made from a sanding block (the last came

complete with "two little eyes like a mouse," Kelley remembered; "Apple

rejected it completely"), to a combination trackball-mouse. The tests

themselves were fairly informal: as Kelley described them,
Today, I'd bring in hand surgeons, to make sure that no muscle
groups were used unnecessarily, and have tests with typical
users; back then… you'd use your intuition, and show it to
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whoever you could find-- "What do you think about this one?
Okay, now what about this one?"-- but not in any systematic
way. We were just trying to get done so Steve [Jobs] wouldn't

beat us up [laughs].
 46

The tests showed that users did hold the mouse like a sanding block,

putting their palms on the table and their hand around the mouse. This

meant that a mouse that filled the hand was more comfortable, and it gave

users a greater feeling of control over the mouse. It also became clear that

while the buttons should be spaced apart to reduce confusion, too much

subtle detailing felt distracting. 
47

Most decisions about the design of the mouse were made

independently by Hovey-Kelley, but two important ones were not. First, the

packaging of the mouse-- the design of the exterior case-- was done by

Douglas Dayton and Bill Dresselhaus, the principal designer of the Lisa.

(The packaging of the Macintosh mouse would be designed by the

Macintosh team, with virtually no involvement by Hovey-Kelley.) Second,

the number of buttons the mouse would have was the subject of heated

argument within Apple. The NLS and Xerox mice had both had three

buttons, and Hovey-Kelley began working on the mouse with the

assumption that it would have three buttons: a mid-1980 memo from Hovey

included "three control buttons… located on the Mouse" as one of its

features.
 48

 By the time Dayton and Kelley made their models for user tests

in August, Apple engineers had made this an issue of debate: they crafted a

mix of two- and three-button models. Advocates of a two-button or three-

button mouse argued that a single button was unnecessarily limiting, and the

confusion over which button was which could be settled by good design--

for example, by putting one button under the index finger, and the second
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under the thumb. Advocates of a one-button mouse were willing to trade

what conventional computer designers saw as powerful features for a radical

degree of simplicity and accessibility. Multiple-button mice were associated

with systems that required months to learn, were modal, and made few

concessions to new users.
49

 The debate ended in the early fall, when Steve

Jobs sided with Larry Tesler, Jef Raskin, and other partisans of simplicity in

favor of a one-button mouse.
50

Hovey-Kelley designers also spent a lot of time on the mouse button,

but they were thinking about it differently. From a mechanical point of

view, it was a fairly trivial piece of the system that could be made by an

outside vendor and dropped into the final design.
51

 In fact, the first two

prototypes didn't even have buttons; only with the P3 mouse did the

designers actually add buttons to the prototype. So what was there to work

out besides numbers? The aesthetics and ergonomics of the buttons, which

would play a critical role in defining the feel of the mouse, and affect the

character of the Lisa and Macintosh user interface.

We usually talk about computer interfaces in exclusively visual terms,

as what we see on the screen. But input devices like keyboards and mice are

part of the user interface as well. Normally we don't notice them unless

they're strange or feel odd (when a keyboard is arranged in a novel way, for

example); they're the quintessential technology whose success is defined by

their invisibility. In the case of the mouse, the size of the body, weight of

the ball, flexibility of the cord, detailing on the sides of the case, and a

dozen other things all subtly by passively affected how solid, smooth, and

precise it felt. But the button was something users would touch dozens of

times during a session, as they opened documents, chose commands from

the menu bar, positioned the cursor, cut and pasted. Getting the button right
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would mean getting the mouse right. But what constituted the right button?

Designers can vary the amount of force required to press a button, the

distance it depresses, the kind and volume of sound it makes, the position it

returns to after being pushed, and its springiness, among other factors.

Endless combinations are possible, and they may all work best in one

situation or another.

The preferable qualities for the mouse button were defined in part by

basic ergonomics. A user's finger would rest on the mouse while they were

positioning the cursor, so it couldn't be too sensitive. But, the designers

realized, it was also necessary to have the mouse give users a clear sense

that they were interacting with the computer. An audible click provided

feedback to users when they pushed the button, reinforcing responses on the

screen (or alerting them to a problem if nothing happened), while a tactile

click signaled that the user had pushed far enough and should now expect a

reaction from the computer. These precise qualities all had to be fine-tuned

over time, and there are differences between the Lisa and Macintosh mouse

that reflect user feedback. Further, in order keep failure rates low, and

reliably turn out mice whose buttons had the same subtle qualities, Hovey-

Kelley decided to use a relatively expensive, high-tolerance microswitch,

which manufacturers could reliably produce to spec, and which didn't

require additional tinkering before being inserted into the mouse

assembly.
52

The Zen of the Product and Hovey-Kelley Culture

These choices over the qualities of the button reflected what Jim

Sachs called "the Zen of the product," the hard-to-describe yet tangible

qualities that defined the experience users had with the product. How
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sensitive the button should be, how much flexibility a cord needed, how the

choice of a steel ball made the mouse too noisy-- these could be shown and

talked about, but were almost impossible to capture in writing. Getting the

encoders and electronics right, designing a ribcage to hold everything

together, making the mouse more resistant to dirt, and making it possible to

clean the mouse when it got dirty was absolutely necessary to create a

mouse that could be used. Paying attention to the subtle ergonomics and

aesthetics was absolutely necessary to create a mouse that would be used.

These features were subtle; to make matters worse, they were nearly

impossible to describe in writing, and had to be communicated through

examples. As Sachs explained,
In mechanical engineering, the documentation really is an
adequate set of documented drawings, and a parts list. Beyond
that, there was so much intangible intellectual property about
how something works that it was really transferred verbally, or
through team meetings about what was important. So a design
team would sit down with a manufacturer and transfer their
knowledge in an interpersonal communication rather than a
technical specification…. You could write down that a switch
should have a certain activating force, and a certain sound--
though a sound is hard to document without sampling it….
There are some things you simply can't document, or things
where language fails us. The only solution we have found to
almost guarantee satisfaction is to have a human go to the
location, actually use all of their senses to determine-- along
with the written documentation-- that it is what it's supposed to
be…. [T]he Zen of the product… [is] something you can't

write down.
 53

That willingness to obsess over subtle details is something that Apple

had become famous for. It was generally understood as flowing from the

scruffy obsession of its engineers, which was allowed to flourish in Apple's

laid-back atmosphere. While IBM or Hewlett-Packard engineers spent
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weeks sitting in meetings and reaching consensus about specs and

procedures, Apple engineers pulled stunts like Steve Wozniak's marathon

redesign of the Apple II disk drive, or Chris Espinosa's sleeping in Berkeley

parks while finishing the Apple II user's manual. Hovey-Kelley worked in

somewhat the same spirit. Jim Sachs recalled that David Kelley cut the stick

shift of his BMW when he was experimenting with mouse shapes, and Dean

Hovey took apart appliances in his kitchen for parts for his prototypes; his

wife discovered one morning to find the refrigerator no longer worked,

some critical parts now reincarnated in a prototype mouse. "We all did the

same thing," Sachs added: "we sacrificed circuitry, we sacrificed anything."

Kelley admitted that "We certainly took stuff off my BMW," but didn't

remember sawing off any parts (though it might also have come from

Hovey's BMW). Hovey wasn't sure it was a refrigerator-- many appliances

in the Hovey household were sacrificed on the altar of design-- but the basic

story was right: as he explained, "When you're in one of those modes where

you're building something, and you need a part, and [the stores are closed],

but you're in the middle of it…you figure, 'Either I can stop and wait, or I

can go forward; so I wreck [the refrigerator], but it'll be $20 to fix it, it's

no big deal.' But when you're in the midst of the passion of designing, you

just do it."
54

But for Hovey-Kelley, the origins of this style weren't in garage

inventor culture (as it did for Apple): it was part of the culture of the

Stanford design program, and it was visible in the earliest rough prototype,

hacked together out of a butter dish and deodorant ball. This was a textbook

example of "rapid prototyping," of building something quickly to test one's

ideas, and relying more on models and materials than formal specifications

or user tests. It was a method well-suited to freelance designers or small
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start-ups with few resources, working in a market notoriously sensitive to

economic downturns. Hovey-Kelley has since evolved into IDEO, one of

the world's most renowned design firms; but at the time, they were less than

two years old, renting cramped offices over a coffee shop on University

Avenue for $90 a month (and as David Kelley recalled, "We were scared to

death, paying $90 a month").
55

The rapid prototyping style was a central feature of the product

design program, and it was taught as a method for encouraging creativity

and flexibility.
56

 Sachs recalled that Stanford had "instilled in all of us…

[the desire] to get to a result quickly:"
The idea of designing something, and having everything
fabricated to your specifications, was simply too long, slow
and expensive a way to see if your idea was valid. So it was a
characteristic of this group that you make quick prototype:…
take apart something else, or find something similar, and glue
it together or cut it in half…. [All] my products have started
with a real fast prototype. I'm [still] known for taking some
product and running it through a band saw, and cutting off all
the pieces I didn't want to come up with something that was a

rough model of the final product.
57

But the main purpose of the rapid prototyping approach was to encourage

ingenuity. As David Kelley put it, "In order to have breakthrough ideas,

you have to have a lot of ideas, all different from one another."
 58

 This also

encouraged students to think more broadly than in a conventional

engineering program. Indeed, the program sought to turn students into

"little Leonardo da Vincis," Dean Hovey argued, designers who were

"diverse in their expertise, skilled in many things, and diverse enough to

create a whole product." Exercising all those faculties was difficult-- small

firms in particular might work just on packaging, would have to focus on
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designing components so they could be manufactured and assembled easily-

- but the mouse was one of those few projects in which it happened. As

Hovey later said:
It turns out that the mouse had the right balance of mechanical
design, ergonomic design, software design, and electronic
design, that really mapped well with the generalist, mini-da
Vincis that Hovey-Kelley had. Jim knew the TTL logic, and he
could do some programming; you had to put in some LEDs,
and make sure things weren't bouncing. But there was nothing
truly advanced in the electronics, truly advanced in the
encoding, only advanced in the ability to manufacture to the
tolerances necessary to get the encoders operating accurately
…. [E]ven down to the tactile aspect of the click, it was a

perfect scaled project for a Stanford product designer.
 59

Conclusion: The Invisible Mouse

This, Hovey concluded, explains the mouse's invisibility. "From a

product designer's perspective, you've done something wonderful because

it's disappeared: the technology is not in the way, it's one with the person,

and it works." This isn't a bad thing: to the contrary, it's a measure of the

design's success. When I mentioned the mouse's historiographic invisibility

to Jim Sachs, he replied that "those of us involved" in the design "actually

smile at that, because our objective was to make it seamless and invisible...

The fact that the mouse was non-obtrusive and natural is the result of a lot

of work."
60

 Few users ever notice the heft of the cord, or the effect the

connector linking the cord to the mouse had on the mouse's agility, or the

silence of the ball as it moves across their desk. But they're not supposed to.

The mouse is one of those technologies whose invisibility is a measure of its

success. It the product of a process whose final act was to erase all traces of

itself, leaving behind something that was easy to learn how to use, and
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seemed perfectly natural in the arrangement of its parts and operation. It

takes a substantial change in its design-- the addition of a scroll wheel, a

radical change in its shape (think of the iMac's visually striking but

ergonomically challenging "hockey puck" mouse)-- to remind us that the

mouse doesn't just exist, but is created and evolves.

Until we notice them again, such technologies don't have designs, nor

do they have histories. For historians of computing, just as for computer

users, the mouse has been an invisible technology. This is part of a larger

lacuna in the history of computing. The field has mainly focused on

processors and memory, the rise and fall of specific companies, and the

evolution of the industry in general. The work of moving technologies from

the laboratory to the living room, and the skills required to turn inventions

into products, have been as invisible as good products.
61

 There are also

special difficulties involved in writing about the small companies, third-

party or independent manufacturers, and consultants who are often involved

in this process. It is, to some degree, the natural fate of the contributions of

consultants to be forgotten: ownership of their work belongs to the client,

even if lines of authorship point elsewhere. Big companies' archives, long

institutional memories, and ability to assist or shape historical inquiry

further focus attention on them, and away from influential short-term

players. Even within companies, the contributions of outsiders may be

forgotten: Apple itself quickly forgot about Hovey-Kelley's work on the

mouse, even though the two companies continue to work together. Several

people in Apple who worked on the mouse left the company after the Lisa

went to market, while others, like Bill Dresselhaus and Jerry Manock, were

themselves contractors who went on to other projects. This helps explain

why previous writers on Apple have confined their discussion of the mouse
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to issues that were most actively pursued inside the company: the argument

over how many buttons it should have. It also explains why Apple's first

patent application for the mouse left off the names of any Hovey-Kelley

designers: apparently the lawyers who prepared the patent didn't recognize

the depths of their contribution, and instead credited Bill Lapson with the

design. A revision to the patent, crediting the Hovey-Kelley designers, was

filed and granted in 1988.
62

This is a particular shame because the history of the Apple mouse

offers lessons for historians of Apple, as well as students of Silicon Valley.

The substantial differences between the Apple mouse and the Xerox PARC

mouse, and the presence at Apple of numerous PARC veterans, should lay

to rest the longstanding myth that Apple essentially stole PARC technology

after the famous December 1979 visit. It also challenges the traditional

picture of Apple as a company driven by garage-incubated genius, and

contemptuous of formal credentials and experience at established

companies. The mouse had been invented by Ph.D. researchers, nurtured in

two of the most renowned research centers in Silicon Valley, and made

commercially viable by alumni of one of Stanford's most prestigious

programs. The Apple that worked with Hovey-Kelley looks more like a

heterogeneous environment that balanced the values of iconoclastic,

countercultural visionaries with the skills of people who could design user

tests, construct sales channels, and manage inventory. Apple's is the

quintessential Silicon Valley story because it incorporates so much of the

Valley. Finally, the intimate relationship between the Lisa and Macintosh

mice suggests that accounts stressing mutual hostility between those two

projects should be taken with more than a grain of salt. Macintosh

designers, it is said, saw themselves as preserving the company's crazy-hip
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soul against Lisa's mediocrity and corporate bloat, but this didn't stop them

from borrowing liberally from the dark side when it suited their needs.

The history of the mouse also indicates that historians of Silicon

Valley can sharpen their analysis of the role of Stanford in the development

of high-tech industry. Too many studies of the Valley treat the university as

an educational country club or entrepreneurial incubator, important for the

bonding and networking opportunities it affords its students. The influence

of the Product Design Program on Hovey-Kelley Design shows that

Stanford's position in Silicon Valley isn't just an artifact of geography, but

a matter of pedagogy. By looking at the evolution and content of specific

programs, we could draw much more specific connections between the

knowledge produced and taught at Stanford, and the history of Silicon

Valley.

All together, this suggests that input devices deserve more attention

among historians of computing than they have received so far. Historians of

computing are as susceptible to the blandishments of speed and cutting-edge

technology as engineers, and have the additional burden of having to deal

with the ways archives and institutional memory structure historical

understanding. But input devices can affect operating systems, user

interaction, and software, and they can play a more direct role in defining

the social life of computers-- the ways people use and think about

information technologies-- than processors and memory, and their histories

can provide rich testimony to the people and eras that made them. It's time

to recognize that some of the most important computer technologies turn

out to be right at our fingertips.
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