
its calculated value, and the equation that was solved to 
find it, in the order that the unknowns were determined 
by the solution procedure. 
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Hardware Design of the HP 48SX Scientific 
Expandable Calculator 
Leveraging an ear l ier  design resul ted in  prototypes wi th 
90% production tooled parts only nine months after the start 
of  the project .  The HP 48SX inc ludes an 8- l ine-by-22- 
character super-twisted nematic l iquid crystal display, two 
expans ion por ts  for  ROM or  bat tery-backed RAM cards,  
and two I /O ports:  RS-232 and inf rared.  

by Mark Thomas B.  Lester S.  Moore,  Preston D.  Brown, James P.  Dickie,  David L.  Smith,  Thomas B.  
Lindberg,  and M.  Jack Muranami 

THE NEEDS OF HP HANDHELD CALCULATOR cus 
tomersâ€”engineering, math, and science students 
and business and scientific professionalsâ€” have rad 

ically changed over the years, as the personal computer 
has become the standard tool of technical students and 
professionals. However, the need for convenient, handheld 
computation has not disappeared, but simply evolved. 

Surveys of our high-end technical calculator customers 
reveal that nearly all own or have access to a personal 
computer, that they use their calculator daily, that profes 
sionals make up about half of the customers for high-end 
technical calculators, and that they need a powerful hand 
held calculator with graphics and I/O capabilities. The 
HP 48SX scientific expandable calculator (see Fig. 1 on 
page 6) is designed to meet their needs for more advanced 
computation, graphics, customizability, expandability, and 
the ability to link to their personal computers. 

The 64-row-by-l 31 -column STN LCD (super-twisted 
nematic liquid crystal display) provides the means for pre 
senting the power of HP 48SX graphics, matrix manipula 
tions, and equation entry. Two plug-in card slots provide 
RAM expansion (in 32K-byte or 128K-byte increments) and 
customization (plug-in application ROMs such as HP's 
Equation Library ROM card described in the article on page 
22). A serial I/O port provides a means to link to an IBM 
PC-compatible or Apple Macintosh computer, and an IR 
(infrared) port allows sharing of solutions between 

HP 48SX calculators and provides a link to the HP 82440B 
infrared printer. 

Previous Series Leveraged 
One of the primary project objectives for the HP 48SX 

was extensive leverage from the design and manufacturing 

Fig.  1  .  Two expansion por ts  accept  ROM or  bat tery-backed 
RAM cards.  
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development of our current calculator family to minimize 
development time and cost. Design leverage was a primary 
consideration in every HP 48SX part design. This emphasis 
on design leverage resulted in laboratory prototype units 
built with 90% production tooled parts only nine months 
after the start of the project. 

The HP 48SX is a direct descendant of the series of low- 
cost, high-volume, vertical-format calculators introduced 
in January 1988. This series, consisting of the HP 10, 14, 
17, 20, 21, 22, 27, 32, and 42 calculators, achieved low 
cost and minimal part count through the use of a few highly 
integrated designs. These calculators were designed from 
the outset to be built on a highly automated assembly line 
at a rate of several calculators per minute. 

The designers of the HP 48SX leveraged many of the 
processes, materials, and even design details from the pre 
vious series. As a result, the HP 48SX is able to enjoy the 
benefits of an automated assembly line that could not have 
been justified by HP 48SX volume alone (see article, page 
40). Sixteen out of seventeen major assembly processes are 
common to both product lines. Only four parts are shared, 
but all raw materials and many suppliers are common to 
both families. A subtle benefit resulted from leveraging 
design details, since many design decisions were preor 
dained, saving time during the investigation phase. By shar 
ing details, the HP 48SX designers were able to proceed 
more confidently, capitalizing on the knowledge gained 
and improvements made as the earlier series of products 
entered production. 

It took some time for the designers to accept leveraging 
completely, because they were forced to compromise what 
they envisioned as optimum. Once the commitment was 
made, however, many unknowns were eliminated and it 
became clear that, in this case, leveraging was the right 
way to meet the product and division objectives. 

Design Features 
The topease of the HP 48SX is a four-color, injection 

molded part. Its 49 keys are an integral part of the topease; 
each key is attached and guided by two small cantilevers. 
This design yields a low-profile key with an excellent con 
trolled feel. The keyboard is made of Mylar with tuned- 
resistance carbon graphite traces. This allows a low profile, 
reduces cost, and improves reliability because of the inert 
ness of graphite. The battery contacts are engineered to 
eliminate fretting corrosion and the loss of memory that 
would inevitably result. The liquid crystal display is a 
super-twisted nematic (STN) design for improved contrast 
and viewing angle. Two expansion ports accept ROM or 
battery-backed RAM cards (Fig. 1). These cards are conve 
niently sized to be handled easily and have a thin outline. 

Throughout the machine, from the generous radius of 
the bottom case that allows it to fit comfortably in the hand, 
to the seven small openings in the battery compartment 
that pick off electrostatic discharges, details are incorpo 
rated into the design of the HP 48SX to achieve small size, 
reliability, and overall customer satisfaction. 

Initial Design 
Leveraging the design from the previous calculator 

design resulted in less than optimal tooling and design 

options. 
For the simpler products, the layout of the single display 

driver 1C on the opposite side of the printed circuit board 
from the display made sense. When applied to the HP 
48SX, this constraint forced the 202 outputs from three 
display drivers to feed through to the display side of the 
printed circuit board. This wasted a large amount of board 
area and caused the printed circuit board to be the most 
expensive non-IC component in the product. 

Initially, the mechanical layout was done around the 
same small button cell batteries that were used in the pre 
vious series of calculators. However, electrical system 
simulations done early in the design cycle showed battery 
life to be unacceptable and the HP 48SX was redesigned 
around higher-capacity AAA batteries. 

Several other iterations occurred. A printed display win 
dow was thrown out in favor of a special hard polarizer 
optically bonded to the top surface of the LCD. This reduced 
cost, eliminated the window, which is easily scratched, 
and resolved a long-standing problem of particles trapped 
between the window and display. The biggest benefit of 
the windowless design is the 67% reduction in glare. 

For a time we considered incorporating only one plug-in 
port. The two-port design was eventually selected to allow 
both ROM and RAM cards to be plugged in at the same time. 

Final Design 
The HP 48SX is manufactured from three subassemblies: 

the topease, the printed circuit assembly, and the bottom 
case. These assemblies are built from 24 mechanical parts, 
four surface mount ICs, a 170-pin TAB (tape automated 
bonding) 1C, five discrete leaded components, and 31 sur 
face mount devices (see Fig. 2). 

Topease  Assembly  
The topease assembly is designed to be as free as possible 

of product-specific detail. This was done to allow the basic 
topease assembly to be incorporated into future products. 

The top surface of the product consists primarily of a 
0.012-inch-thick, seven-color, printed aluminum overlay. 
The purpose of the overlay is threefold: (I) to provide a 
pleasing surface finish and shape, (2) to carry the nomen 
clature for three shifted functions as well as the product 
name and number, and (3) to make the overlay the first 
line of defense in a carefully designed ESD (electrostatic 
discharge) protection system. Adding to the cosmetic 
appearance is an electroformed copper logo which, along 
with the overlay, is applied to the topease using pressure- 
sensitive adhesive. 

The four-color molded topease design represents a major 
engineering and process achievement. The HP 48SX key 
nomenclature is actually a separate molded part for each 
key around which the topease is shot (see Fig. 3). To create 
the cavities that form the nomenclature, the legend artwork 
was digitized on a CAD/CAM system. Cutter paths are gen 
erated from this data. The cutter paths are used to cut a 
positive image of the nomenclature in a carbon electrode. 
The cutters used are special ground cutters as small as 
0.001 inch in diameter at the tip. The electrodes are used 
for electrodischarge machining of the extremely fine detail 
into the first-shot cavities. The tolerances must be carefully 
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Industrial Design of the HP 48SX Calculator 

T h e  e x p r e s s e d  n e e d s  a n d  w a n t s  o f  h i g h - e n d  t e c h n i c a l  c a l  
culator users contributed to the design objectives for the HP 48SX 
sc ien t i f i c  expandab le  ca lcu la to r .  Needs  ana lys i s  and  concep t  
tes t ing  were  conduc ted  a t  the  onse t  o f  the  HP 48SX program,  
and s ta ted requi rements inc luded:  
â€¢ Handheld product shape (tradit ional vert ical format) 
i  Large d isp lay  (8- l ine  des i rab le)  
â€¢ Customizable and expandable through plug- in media 
â€¢ Data I/O for mass storage, print ing, programming, etc. 
â€¢ High-quality tactile keyboard. 

In addi t ion to these stated requirements,  the industr ia l  design 
object ives for  the HP 48SX inc luded:  
B Easi ly  learned accessib i l i ty  to funct ions and features through 

an organ ized keyboard and d isp lay  in ter face 
â€¢ Direct and easy access to expansion and customization media 
â€¢ A visual and tact i le experience consistent with the product 's 

"next-generat ion" technological  leadership.  

Package Design 
A sof tened,  ver t ica l - format  package a l lows comfor tab le  hand 

held use of the HP 48SX. Even the molded rubber feet are sculpt 
ed to match the case contour for minimal tacti le intrusion. Overall  
s i ze  was  de te rm ined  by  t he  handhe ld  r equ i r emen t  f o r  w id th ,  
keyboard  and d isp lay  s ize  fo r  length ,  and component  s izes  fo r  
th ickness.  Components are located to  a l low a low leading edge 
for  the keyboard,  resul t ing in a three-degree wedge prof i le .  The 
keys  and keyshapes are  leveraged f rom the prev ious ser ies  o f  
low-cost,  h igh-volume calculators.  They are designed to provide 
comfor tab le yet  pos i t ive tact i le  response,  min imal  ent ry  er rors ,  
and h igh re l iab i l i ty .  User  access to  bat ter ies and p lug- in  media 
i s  p rov ided  th rough  covers  a t  the  back  o f  the  ca lcu la to r .  Bo th  
the infrared and RS-232 I /O ports are at the back, directed away 

f rom the user .  A molded ar row-shape ind icator  on the topease,  
above the logo,  communicates the posi t ion of  the d i rect ion-sen 
s i t i ve  in f ra red I /O fea ture ,  and the  lens  area o f  the  cover  over  
the  in f ra red  components  i s  po l i shed  to  commun ica te  i t s  l i gh t -  
transmissive function. Next to it is the RS-232 port, which accepts 
a  smal l ,  custom 4-p in  p lug des igned to  match the v isua l  theme 
and scale of  the HP 48SX. 

T h e  g o a l  o f  c u s t o m i z a t i o n  a n d  e x p a n s i o n  i s  a c c o m p l i s h e d  
through two p lug- in  s lo ts  for  cred i t -card-s ize memory modules,  
ava i l ab le  as  RAM or  ROM app l i ca t ions .  The  s lo ts  a re  loca ted  
unde r  a  removab le  cove r  and  i n f ra red  l ens  a t  t he  rea r  o f  t he  
bo t t om  case .  Because  o f  cos t  and  s i ze  cons t r a i n t s ,  an  e j ec t  
m e c h a n i s m  w a s  n o t  f e a s i b l e  f o r  u s e r  r e m o v a l  o f  t h e  c a r d s .  
Instead,  user access is  provided by of fset-stacking the cards to 
expose custom, molded p last ic  gr ips,  which are at tached to the 
cards by the vendor  (see F ig.  1  on page 25) .  These contoured,  
tex tu red  g r ips  a re  mo lded  w i th  a  ho le  in  the  cen te r  to  p rov ide  
visual  access to a t i t le graphic on the pr inted card surface whi le 
the card is inserted in the calculator. The constructed grip texture 
is  cons is ten t  in  sca le  and appearance w i th  o ther  g r ip  tex tures  
used on the HP 48SX, and enables the user to remove the cards 
f r om the i r  f r i c t i on - f i t  edge  connec to r s  w i t h  a  s i ng le  f i nge r  o r  
thumb. 

A custom sof t  case was des igned to  be inc luded wi th  the HP 
48SX. Its objectives are to protect the product in normal transport, 
t o  p rov ide  s to rage  fo r  a  qu ick - re fe rence  gu ide  and  add i t i ona l  
memory cards, and to reinforce the message of product superior 
i ty and qual i ty.  The f inal  design is a f ine-weave pouch. The case 
is l ined and padded, and has a zipper closure. An internal pocket 
is  prov ided for  the qu ick  re ference gu ide and memory  cards.  

(cont inued on page 28)  

Logo 

Overlay -Â»â€¢(â€¢Â» 

Chassis 
Spacer 

Batteries 

Bottom Case with 
ESD Shield and 
Piezoelectric Beeper 

Logic 
Board 
Assembly 

Fig. 2.  The three HP 48SX subas- 
s e m b l i e s  a r e  t h e  t o p e a s e ,  t h e  
pr in ted  c i rcu i t  assembly ,  and the  
bo t tom case.  They  are  bu i l t  f rom 
24  mechan ica l  par ts  and  var ious  
I C s ,  d i s c r e t e  c o m p o n e n t s ,  a n d  
sur face mount  devices.  
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User Interface Hardware Design 
A l t h o u g h  t h e  H P  4 8 S X  a p p r o a c h e s  c o m p u t e r  p o w e r  a n d  

sophist icat ion, i t  operates pr imari ly as an appl icat ion with a dedi 
ca ted  indus  and  d i sp lay  in te r face .  The  mos t  s ign i f i can t  i ndus  
t r i a l  t o  c h a l l e n g e  w a s  t o  p r o v i d e  v i s u a l l y  o r d e r e d  a c c e s s  t o  
the 21 00 functions using only forty-nine keys plus display menus. 

The user inter face sur face of  the HP 48SX is  d iv ided into two 
pr imary zones:  the d isp lay and d isp lay bezel  and the keyboard 
and  keyboard  over lay  (see  F ig .  1  on  page 6 ) .  The  w indowless  
8 - l i ne  l i qu i d  c r ys ta l  d i sp l ay  i s  f r amed  by  a  f o rmed  a l um inum 
over lay ,  wh ich  "cascades"  down to  the  keyboard  in  two s teps .  
Located in the middle step is a row of  s ix keys which operate in 
conjunct ion wi th  menus presented on the bot tom row of  the d is  
p lay .  The over lay  co lor  sur round ing these keys  is  the  same as  
the display bezel to reinforce the associat ion of keys with display 
menus.  The s ix  menu keys  are  d i f fe ren t ia ted  in  s ize  and co lo r  
f rom a l l  o ther  keys  to  d is t ingu ish  them as  spec ia l .  A t  the  base 
of the second overlay cascade is the remainder of the keyboard, 
which provides quick,  direct  access to alphanumeric entry,  math 
operations, cursor control, and function sets presented as display 
menus.  The tota l  of  49 keys was chosen based on the minimum 
number  requ i red  to  p rov ide  d isc re te  a lphanumer ic  en t ry .  Keys  
a re  g rouped  and  s i zed  acco rd ing  t o  f unc t i on  and  re l a t i ve  f r e  
quency of  use to  order  the keyboard v isual ly .  

T h e  m a j o r i t y  o f  t h e  f u n c t i o n  m a r k i n g s  a r e  p r i n t e d  o n  t h e  
aluminum overlay. Unlike preceding models, including the HP 41 C, 
there was no opportuni ty to p lace a second set  of  funct ion mark 
i ngs  on  the  keys .  Th i s  i s  because  o f  t he  l eve raged  keyboa rd  
des ign,  wh ich  is  l im i ted  to  a  s ing le ,  in tegra l ly  molded func t ion  
mark ing.  Th is  presented a graphic  cha l lenge because the keys 
access up to four major functions each. As a result,  the keyboard 
over lay is  designed wi th up to two shi f ted funct ions above each 
key,  pos i t ioned s ide by s ide and accessed by co lor -coded sh i f t  
keys. The shif t  keys are also coded with arrows indicat ing lef t  or 
right These the relative position of the shifted nomenclature. These 
symbols are used in the documentation in place of color to reduce 
pr in t ing costs.  Twenty-s ix  keys a lso have an a lpha character  at  
the  lower  r igh t  corner ,  accessed by  an a lpha sh i f t  key .  Sh i f ted  
funct ions that cal l  up screen menus are dist inguished by a black 

f i e l d  b e h i n d  t h e  t e x t  a n d  a r e  g r o u p e d  i n  t w o  a r e a s  o f  t h e  
keyboard. The overlay has a total of six si lk-screened colors and 
one  t i n t .  The  keyboard  i s  des igned  to  accep t  snap - in  cus tom 
over lays for  user-programmed keys,  custom appl icat ion requi re 
ments,  and so on.  

Colors 
A very  dark ,  h igh-chroma brown ca l led  mercedes  b lack  was  

chosen for  the two major  case parts for  i ts  consistency wi th the 
new ca lcu la to r  l i ne  and  s t rong  cus tomer  p re fe rence  in  ea r l i e r  
appearance tests .  Because of  the in tegra l  design of  the h inged 
keys ,  they  share  the  case  co lo r .  A  warm gray  meta l l i c  co lo r  i s  
used on the  d isp lay  beze l  to  fea ture  the  d isp lay  area v isua l ly ,  
soften the transit ion to the l iquid crystal display, and add richness 
t o  t h e  t h e  p r o d u c t  a p p e a r a n c e .  T h e  b a c k g r o u n d  c o l o r  o f  t h e  
keyboard over lay  is  a  l igh ter  vers ion o f  mercedes b lack  ca l led  
mercedes medium, which prov ides a subt le  contrast  to  g ive the 
keys v isual  prominence. 

The most  chal lenging co lors  to  determine were the l ight  b lue 
and cora l  sh i f t  co lors  on the keyboard over lay.  The sh i f t  co lors  
on a l l  HP calculators are intended to contr ibute an accent  color  
on otherwise neutral  p lat forms, and to code the product v isual ly 
into a product  category (business,  scient i f ic ,  or  RPN scient i f ic) .  
The HP 48SX is  in  the sc ient i f ic  category,  but  funct ions in  both 
algebraic and RPN modes and is real ly in a category of  i ts  own. 
The  two  sh i f t  co lo rs  se lec ted  were  o r ig ina l l y  used  fo r  the  two  
scienti f ic categories, but are l ightened for readabi l i ty.  In addit ion 
to their both being "scientif ic" colors, they were selected because 
o f  the i r  eas i l y  d is t ingu ishab le  hues  and  the i r  ba lanced va lues  
and chroma, which help a l lev iate a spot ty appearance.  Al l  other 
funct ion mark ings are  in  legend l igh t  gray ,  se lec ted for  i ts  neu 
t ra l i ty  and readabi l i ty  on the background colors.  

Corporate identi ty is provided by a nickel-plated electroformed 
logo, selected for i ts high-quali ty, three-dimensional appearance. 
The  p roduc t  name is  des igned fo r  cons is tency  in  loca t ion  and  
fonts nickel other current HP calculators, and is printed in a nickel 
metal  t int  to match the logo. 

Michae l  Derocher  
Senior Industr ia l  Designer 

Corvall is Division 

Fig.  3.  A "short-shot"  photo of  the HP 48SX keys.  A separate 
mo lded  pa r t  f o r  each  key  p roduces  the  key  nomenc la tu re .  
The topease is  molded around the key nomenclature.  Not ice 
the hole in  the 9 key,  which is  formed by a moving core p in.  
Th is  ho le  a l lows the  second-shot  p las t ic  (dark )  to  f low in to  
the center of  the 9. 

controlled because the curved steel surface of the second- 
shot cavity must "shut off" against the corresponding 
curved plastic nomenclature that was formed in the first- 
shot cavity. The raised-plastic nomenclature ribs must be 
just touched by the second-shot cavity. The interference 
between the two must be large enough to prevent the 
nomenclature from being pushed around by the injection 
pressure of the second-shot plastic but not so large that the 
nomenclature plastic is crushed and distorted by the 
clamping force, which can be as high as 400 tons. 

The 49 keys are integrated into the topease design to 
simplify assembly and eliminate the possibility of mislead 
ing a key. To achieve good tactile feel, each key is sus 
pended on two cantilevers, each 0.016 inch thick by 0.116 
inch long. These small beams serve three purposes. They 
guide the key through a well-controlled arc, they perma 
nently attach the keytops to the topease, and they serve as 
the paths through which the second-shot plastic flows. To 
fill the keytops through these small beams, each key has 
its own gate, for a total of 60 gates. An ordinary part of 
this size would have only one gate. 

The Triax material used for the topease is a Nylon-ABS 
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alloy and was specifically selected for its toughness and 
processing characteristics. The most critical aspect of the 
topease design is the small cantilever beams. The beams 
had to be tough enough to maintain their mechanical integ 
rity through environmental and life testing, yet supple 
enough not to degrade the force-deflection characteristics 
engineered into the snap domes. The Triax plastic was 
found to flow well, which allows a thin beam, and its 
toughness was verified in testing over 2.5 million key cycles 
without failure. 

The tactile feel of the keys is a result of painstaking 
design, testing, and quality assurance efforts. The 0.004- 
inch-thick Mylar dome sheet contains 49 details, which 
provide the snap feel as each key is depressed. Each key 
has an actuator which presses against the top center of the 
dome. As the dome is pressed it deflects at its base into a 
dome spacer recess. At this stage the force is building 
linearly with deflection. As the force builds to the trip 
point the dome buckles, causing a sudden drop in force. 
Momentum and the resulting imbalance of force between 
the finger pushing on the key and the key no longer pushing 
back causes the inside of the dome to impact firmly against 
the keyboard contacts. The inside of the dome is printed 
with a pad of conductive carbon graphite. Upon switch 
closure the dome pad shorts the interdigitated carbon 
graphite contact fingers of the keyboard. Below each key 
switch is another recess created by a 0.003-inch-thick chas 
sis spacer. This recess allows the keyboard to wrap around 
the depressed dome, resulting in a much more reliable area 
contact instead of the point contact of a dome against a 
flat plane. 

The keyboard is a 0.003-inch-thick Mylar sheet with 
screen-printed carbon graphite traces and contacts. The 
feedthroughs of the two-layer keyboard employ triple 
redundancy to improve yield and reliability. The keyboard 
lines are multiplexed with the address lines. This scheme 
reduces the pin count on the 1C and saves printed circuit 
board area, both of which lower costs. However, it requires 
that key line resistance be carefully controlled. The exact 
sheet resistance of the carbon ink was measured. This infor 
mation was used to hand-tune the area of each of the 98 
key line traces. 

The backbone of the HP 48SX is the nickel-plated 0.018- 
inch-thick stainless steel chassis. The chassis serves several 
functions, the most obvious of which is to support the 
keyboard and add rigidity to the topease. Sixty-two 
heatstakes clamp the keyboard between the topease and 
the chassis. The large number of heatstakes provides an 
even preload, which guarantees a consistent key feel. 

The chassis also furnishes the negative battery contact. 
Incorporating the negative battery contact as an integral 
part of the chassis eliminated the need for a separate contact 
and the operations to attach it and its wire. The chassis 
serves as the connection between the overlay and the ESD 
shield located in the bottom case. Redundant cantilever 
contacts are employed in both cases to provide the lowest- 
impedance contact under all conditions. Seven snaps 
around the perimeter of the chassis maintain a constant 
preload between the two case halves. This ensures a good 
cosmetic fit along the 0.040-inch-wide seam. It also resists 
shear, greatly enhancing the torsional rigidity of the prod 

uct. A closed-cell urethane foam pressure pad provides a 
constant force to maintain the connection between the key 
lines and the printed circuit board. The chassis provides 
the topease with two snap details centered on the key line 
connections. These prevent the topease from creeping over 
time under the constant force of the pressure pad in this 
area. A special detail is designed to stiffen the chassis 
around the liquid crystal display. Basically, the chassis 
forms a frame around the glass display to protect it from 
impact and bending that occur as a result of the product's 
being dropped. 

Two narrow strips of double-sided adhesive tape are used 
to secure the display in the chassis. The 202 0.013-inch- 
wide LCD contact pads must be positioned within Â±0.003 
inch to make proper connection to the printed circuit board. 
Two zebra connectors are used to make connection between 
the LCD and the printed circuit board. The zebra connectors 
consist of two strips of silicon rubber supporting a thin 
row of alternating conductive (carbon loaded silicon) and 
insulating materials. The conductors are on a 0.004-inch 
pitch so that each display line connection is made with a 
minimum of two conductors. Two precision punched 
holes, which are optically registered to the printed circuit 
board traces, align the chassis/LCD assembly. Tabs on the 
chassis are inserted into the zero-clearance printed circuit 
board holes, permanently alligning the printed circuit 
board and LCD. Six twist tabs secure the assembly, provid 
ing a constant preload for the zebra connectors. 

The eight-line, twenty-two character graphics display is 
one of the HP 48SX's most valued features. Attempting to 
prevent display breakage when the product was drop tested 
from up to two meters was one of the more interesting 
challenges for the designers. 

The glass from which liquid crystal displays are man 
ufactured is fragile. Glass failures are always in tension. 
The glass has a theoretical tensile strength of 100,000 psi. 
However, flaws within the glass lower its design limit to 
10,000 psi. Edge defects, a result of scribing and breaking 
the glass to size, cause stress risers which further reduce 
its usable strength to only 1,000 psi. Once the design of 
the display mounting had been optimized, designers turned 
to reducing the variability in the strength of the display 
itself. Improving the surface finish at the scribed edge 
proved to be the most attractive solution. The display in 
the HP 48SX has a special polished finish on the glass edge 
where the tensile stress is highest during a front drop. This 
results in measurably better and more consistent drop test 
performance. 

Printed Circuit  Assembly 
The HP 48SX printed circuit assembly is a collection of 

proven technology and innovation. To be built on the exist 
ing surface mount printed circuit assembly line, both of 
the new HP 48SX connectors had to be designed as robot- 
loadable surface mount devices. 

Dominating the printed circuit assembly is the large 80- 
pin plug-in card connector. This custom connector accepts 
two cards in a staggered formation so that the label on each 
card can be seen. The card connector is molded with 40% 
glass filled PPS to survive the 225Â°C (437Â°F) infrared solder 
ing process. Heatstakes are used to secure the card connec- 
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HP 48SX Custom Integrated Circuit 

The  HP  1LT8  1C  i s  t he  s i ng l e  cus tom ch ip  i n  t he  HP  48SX  
ca lcu la tor .  The 1LT8 1C is  d iv ided in to  the fo l lowing funct ional  
areas: 
â€¢ A 4-bi t  CPU with an 8-MHz clock. The 1LT8 CPU is ident ical  

to the CPU used in the HP 28S, which is a leveraged redesign 
o f  the  1LK7 CPU.  The 1LT8 CPU prov ides  fas ter  ins t ruc t ion  
execut ion t imes but  s t i l l  main ta ins  fu l l  compat ib i l i ty  w i th  the 
1 LF2/1 LK7 and the HP 71 B bus architecture. The CPU internal 
and external  data paths are 4 b i ts  wide.  Memory is  accessed 
in 4-bit  quanti t ies (referred to as nibbles) using 20-bit  address 
es, yielding a physical address space of 51 2K bytes. The CPU 
internal word size is 64 bits. Operations are performed on data 
st r ings up to 16 n ibbles in length.  

â€¢ A memory control ler capable of interfacing to f ive commercial 
byte-wide RAMs, ROMs, or  p lug- in  por ts .  The purpose of  the 
memory interface is to allow the 1 LT8 chip to drive commercial 
RAM and ROM ICs. Since commercial  memory parts are byte- 
wide,  th is requires some careful  inter facing to the 4-bi t  wor ld 
o f  the  CPU.  The  same l i nes  tha t  go  to  the  memory  address  
a r e  a l s o  u s e d  t o  s c a n  t h e  k e y b o a r d .  T h e  k e y b o a r d  i s  c o n  
nected through ser ies resistors to the I /O l ines whi le the mem 
ory is connected direct ly.  This al lows commercial  memory ICs 
to  be  connec ted  to  the  1  LT8 ch ip  w i th  a  min imum o f  added 

pads.  Each memory dev ice can be conf igured by sof tware to  
the requ i red s ize  and p lacement  in  the address space.  

â€¢ A l iquid crystal  d isplay (LCD) control ler  capable of  dr iv ing a 
64-way mul t ip lexed d isp lay .  Th is  cont ro l le r  ha l ts  the CPU to  
access data  in  main  RAM and then formats  i t  fo r  the LCD.  I t  
is capable of handl ing the softkeys in a separate memory area 
and scro l l ing the main d isp lay.  

â€¢ A col lect ion of  memory mapped control  registers including a 
32-b i t  quar tz -c rys ta l -cont ro l led  t imer ,  a  1  200- to-9600-baud 
fu l l -duplex UART capable of  dr iv ing RS-232 or  in f rared- level  
s igna ls ,  and a  cyc l ic  redundancy check (CRC) generator .  

â€¢ A col lect ion of analog circuitry including a dual power supply 
(4.3 volts for the system and 8.5 volts for the display), a low-bat 
tery  ind icator ,  a  power-on/reset  c i rcu i t ,  a  crysta l  osc i l la tor ,  a  
f requency  mul t ip l ie r  (wh ich  genera tes  the  8-MHz CPU c lock  
f rom the 32-kHz crysta l ) ,  and a d isp lay vol tage generator .  
The 1LT8 1C is  manufactured at  the Northwest  1C Div is ion of  

Hewlett-Packard. 

Preston D.  Brown 
Development  Engineer  

Corvall is Division 

tor to the printed circuit board and to take the preload 
exerted by the 80 cantilevered contacts. The contacts con 
sist of two rows of cantilevered phosphor bronze beams 
which are angled into the solder paste to form a butt joint. 
A butt joint is used because it wicks the solder up high 
into a fillet, preventing solder bridging between adjacent 
leads and allowing easier inspection. The nominal preload 
between the leads and the plane of the printed circuit board 
allows for some nonplanarity in the leads, ensuring that 
each lead penetrates the 0.004-inch-thick solder paste and 
yields a well-wetted solder joint. 

The four-pin serial connector uses a similar butt type 
solder joint design. Like the card connector, it is a custom 
design using heatstakes to fixture the part during infrared 
soldering and to prevent the solder joints from being over- 
stressed during use. Cantilevered arms are formed with the 
body of the connector to provide a slight snap upon inser 
tion of the plug and a retention force to resist removal. 

The most intensively engineered component on the 
printed circuit board is the 170-pin TAB-package 1C. The 
capabilities of the 1C itself are very impressive, but equally 
impressive is the way in which the 1C is connected. Gold 
bumps are deposited on the 1C at each contact pad. A circuit 
consisting of 0.003-inch-thick polyimide film with 0.003- 
inch-wide traces is positioned on top of the 1C. The layout 
of the circuit is such that the traces at the inner portion of 
the tape actually cantilever off the polyimide substrate. 
These tin-plated copper beams are then aligned with the 
1C and simultaneously bonded. 170 inner lead bonds with 
a 0.005-inch pitch are made in one operation. The advan 
tages of TAB are that its pin count is high, that it can be 
gang bonded, and that the polyimide substrate is punched 
with holes for 35-mm sprockets just like 35-mm move film 
(see Fig. 3 on page 42). The last feature is used to place 
hundreds of parts with no human intervention. The reels 

of burned-in and tested TAB packages are loaded onto an 
HP-developed TAB dispensing tool. This tool trims and 
forms the outer leads and presents the excised parts to a 
robot for placement on the printed circuit board. 

The pitch of the outer leads is 0.020 inch, so accurate 
positioning of the TAB package on the printed circuit board 
is important. The position of the printed circuit board traces 
is determined by reading a target on the board with an 
optical sensor mounted on the robot. The TAB package is 
positioned by an annular ring of copper trace which over 
hangs a hole in the polyimide. The hole is exposed and 
etched at the same time as the 170 leads that are being 
positioned. This allows very accurate positioning of the 
leads using a simple mechanical detail. The leads are 
formed so they are preloaded into the solder paste. They 
have some compliance but the force they exert requires a 
TAB clamp to maintain the leads in intimate contact with 
the paste during the reflow operation. The steep angle at 
which the leads enter the paste is designed to hold the 
solder up high into a fillet, easing inspection and prevent 
ing solder bridging between pads. 

Much design and testing went into the development of 
the TAB process. The results from a technical point of view 
far exceed all expectations. 

Bottom Case Assembly 
Most of the details unique to the HP 48SX are contained 

within the bottom case, making it possible for future prod 
ucts to use the HP 48SX topease assembly. 

The HP 48SX's plug-in cards are guided into the card 
connector through the rear of the bottom case. A box is 
created within the bottom case to guide the cards and pre 
vent damage to internal components. An infrared-transmis- 
sive polycarbonate card door covers this box, keeping the 
cards from dislodging during a drop and forming a window 
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over the LED and phototransistor used for infrared I/O. 
Critical to a CMOS product is maintaining power to avoid 

losing memory. Particular attention was paid to designing 
the battery compartment so power could not be interrupted. 
The batten,- compartment holds three AAA batteries. The 
compartment is designed so that if battery leakage occurs 
from the vents at the negative terminals, no openings allow 
it into the circuit board. The battery contacts are designed 
to prevent fretting corrosion, a type of corrosion caused by 
micromotions at the contact point, which results in oxide 
buildup and eventual loss of contact. Extensive testing was 
undertaken at the very start of the project to characterize 
this phenomenon. Custom electrical measurement tools 
were employed that could detect the very onset of fretting 
corrosion. Batteries from U.S., European, and Japanese 
suppliers were exhaustively tested for compatibility with 
the contacts. Even the battery door was designed to prevent 
loss of power. The door employs a multistage snap, which 
prevents the batteries from becoming dislodged in drops 
up to two meters. The result is a design that ensures 
extremely reliable power even under the most extreme con 
ditions. 

A 0.006-inch-thick 3003 HIS aluminum ESD shield lines 
the inside of the bottom case. The shield contacts the chas 
sis with a large-area contact. This forms a two-dimensional 
Faraday cage, protecting the circuitry from exposure to 
electric fields. The HP 48SX is designed to withstand 
repeated discharges with potentials up to 25 thousand volts 
while running without hard failures, and 15 thousand volts 
without any disruption of its operation. The ESD shield 
also provides the ground connection for the piezoelectric 
beeper. A single spring makes the positive connection and 
provides the force for the ground connection to the ESD 
shield. Heatstakes keep the beeper and ESD shield in place. 
The conical beeper spring is designed with three closed 
coils at the top and bottom. These coils are wider than the 
pitch between the open coils, preventing the springs from 
tangling so they can be barrel plated and vibratory -bowl-fed 
to a robot for totally automated placement directly on the 
printed circuit board. 

Completing the HP 48SX package are four molded feet, 
which are sculptured to conform to the bottom case radius. 
The feet are press fit into the bottom case while it is still 
warm at the molding machine. A small bump on each foot 

provides compliance so that the HP 48SX will resist rocking 
even if the surface is slightly uneven. 

Electrical System 
The HP 48SX electrical system is considerably more pow 

erful and more complex than those of previous HP hand 
held calculators. With its infrared and RS-232 I/O and plug- 
in ports, it is also more versatile. The heart of the electrical 
system is the 1LT8 chip, a 170-pin HP-developed 1C (see 
box, page 30). 

The HP 48SX contains two printed circuit boards. The 
main logic board is sandwiched between the topease assem 
bly and the bottom case. The Mylar domed keyboard with 
carbon graphite traces is housed in the topease assembly. 

The 49-key keyboard is scanned by the 1LT8 chip via 
multiplexed RAM and ROM address lines. Address lines 
A9 to At 7 scan the keyboard while AO to A5 are inputs to 
the 1LT8. The keyboard is read asynchronously every milli 
second when the CPU drives its output register lines, A9 
to A17, all high and reads its input register lines, AO to A5. 
When a key is pressed, contact is made between an input 
register line and an output register line, putting a high level 
on the input register line. This high level generates an 
interrupt, causing software to scan the keyboard to deter 
mine which key is pressed. The ON key is not scanned but 
is wired to VDD. This allows the system to be turned on 
while in deep sleep. The ON key is the only key capable 
of generating an interrupt and waking the system up. All 
key lines are isolated from the main system address lines 
by built-in 4-kfi carbon graphite resistors. 

The logic board contains five ICs: a 256K-byte ROM, a 32K- 
byte RAM, two column drivers and the 1LT8, which con 
tains the CPU, an LCD driver controller, a memory control 
ler, and a UART for RS-232 and IR I/O control. Also on 
the logic board are 36 discrete components, two 40-pin 
card connectors (for plug-in cards), one four-pin RS-232 
connector, 202 pads for connection to the display, and 17 
pads for keyboard contact. All of this is on a printed circuit 
board that measures 5.1 inches by 2.75 inches (see Fig. 4). 

During product development, three logic boards were 
designed: the 256K ROM version that was released to pro 
duction, a 32K DTP* EPROM version that contained self- 
test code used for initial shakedown and environmental 
testing, and a 256K EPROM version that was used for soft 
ware development, debugging, and quality assurance. 

For production testing, 77 logic board traces have dual 
test points. These test points are probed by a special test 
block that is connected to an HP 3065 test system. The HP 
3065 tests all discrete components and ICs before the unit 
goes to final assembly. 

The system is powered by three AAA batteries and has 
three power supplies, which are controlled by the 1LT8 
chip. The VH (8.1 to 8.9V) supply is used for the LCD 
display and RS-232 voltage swings. VDD (4.1 to 4.5V) is the 
main logic supply. The Vco (4.1 to 4.5V) supply is derived 
from the VDD supply and is used to power the ROM and 
plug-in cards. 

The power supply requires only two discrete diodes, an 
inductor, an n-channel power MOSFET, and three filter 

Fig.  4 .  HP 48SX log ic  pr in ted c i rcu i t  assembly .  "OTP: One-t ime programmable.  
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0.050- inch p i tch .  Towards the memory  card ,  the  p ins  are  go ld-  
p la ted and cant i levered to  prov ide a contact  force of  30 grams 
to  70 grams each.  Towards the  HP 48SX pr in ted c i rcu i t  board ,  
the contacts are solder-p lated and terminate in e i ther  a ver t ical  
or 35Â°-off-vertical surface mount butt joint. Since the two memory 
cards can share a l l  but  f ive  p ins,  35 pa i rs  o f  p ins  are so ldered 
to  one  p r in ted  c i rcu i t  board  pad  each .  The  two copper  g round 
p ins ,  wh ich  are  press  f i t  in to  the  body,  push open the  memory  
card  shu t te r  and  p rov ide  a  pa th  fo r  ESD f rom the  card  pane ls  
direct ly to the pr inted circuit  board ground plane. The 40% glass 
PPS a l ignment  comb is  press f i t  onto the body af ter  a l l  80 p ins 
are inserted and formed, providing al ignment of the pin t ips onto 
the pr in ted c i rcu i t  board pads.  

Overal l ,  the connector  measures 2.378 inches wide by 1 .555 
inches long and stands 0.556 inch of f  the pr inted c i rcu i t  board.  
A l though two cards  are  he ld  s tacked,  the  cus tom connector  i s  
less than 1.5 t imes the th ickness of  the manufacturer 's  or ig inal  
s ingle-card connector .  

While design detai ls pertaining to body strength, pin geometry, 
and  p in  p la t ing  were  adap ted  f rom the  o r ig ina l  connec to r ,  the  
heatstaking process to which the HP 48SX memory card connec 
to r  had  to  con fo rm was  a  cha l lenge .  Bas ica l l y ,  a f te r  i nse r t i on  
through the printed circuit board, the heatstake pins are f lattened 
us ing temperature and pressure,  thus prevent ing removal .  The 
f la t tened por t ion,  ca l led the heats take "head" ,  cons is ts  o f  very  
r ig id  and  b r i t t l e  g lass  f ibe rs  in  a  mat r i x  o f  reme l ted  PPS.  The  
head must not deform under the force of the 80 preloaded contact 
p i ns  f r om re f l ow  so lde r i ng ,  o r  so lde r  de fec t s  w i l l  r esu l t  f r om 
l i f t ed  p in  t i ps .  In  add i t i on ,  the  head  mus t  be  tough  enough  to  
endure repeated shear  s t ress dur ing card inser t ion test ing and 
repeated tens i le  s t ress  dur ing drop tes t ing .  To compl ica te  mat  
ters assembly the heater block on the printed circuit board assembly 
l ine needed to heatstake the memory card connector,  ser ia l  con 
nector ,  and TAB c lamp s imul taneous ly  to  min imize  cyc le  t ime.  
To  es tab l i sh  op t imum hea ts take  head  geomet ry ,  hea te r  b lock  
pressure,  heater  temperature,  and mel t  t ime,  repeated s tak ing 

and subsequent drop testing were conducted. Init ial ly, ten stakes 
of 0.062-inch diameter were used but proved to be bri t t le in drop 
tes t ing .  Nex t ,  the  s take  d iameter  was  inc reased to  0 .118  inch  
bu t  the  resu l t i ng  fo rce  imba lance  on  the  hea te r  b lock  caused  
the'serial connector heads to be loose. After much tr ial and error, 
the combination of four 0.1 18-inch-diameter heatstakes, a 0.147- 
inch head d iameter ,  a  440T heater  temperature ,  and a  13-sec-  
ond mel t  t ime produced the toughest  heats take heads.  

The memory  card  connector  thus implemented combines the 
benef i t  of  the manufacturer 's  proven design wi th custom detai ls  
incorporated to produce the highest-performance part  using pre 
determined assembly processes.  

P e r f o r m a n c e  
Tests proved the memory card and connector for the HP 48SX 

tested be a re l iab le  combinat ion.  No funct ional  prob lems devel  
oped after 20.000 cycles of insert ion/removal l i fe test ing consist  
ing of periods 000-insertion sequences alternating with 24-hour periods 
in a supersoak chamber.  The card surv ived one-meter drop test  
ing ,  both  a lone and p lugged in to  the ca lcu la tor ,  as  d id  the con 
nector .  The card also exper ienced no mechanical  damage when 
exposed to  25.000-vo l t  ESD. both a lone and p lugged in .  

C o n c l u s i o n  
The goals of  design and manufactur ing leverage were met by 

us ing an OEM memory card and incorporat ing of f - the-shel f  con 
nec tor  des ign  de ta i l s  where  app l icab le .  Custom fea tures  were  
added, however, when increased rel iabi l i ty and manufacturabi l i ty 
we re  deemed  necessa ry .  Thus  t he  bes t  so lu t i on  f o r  bo th  cus  
t o m e r  a n d  p r o j e c t  w a s  i m p l e m e n t e d  i n  t h e  H P  4 8 S X  m e m o r y  
card  and connector .  

M.  Jack  Muranami  
Mechanica l  Engineer  

Corvall is Division 

capacitors (see Fig. 5). This is a boost-switching power 
supply in which the 1LT8 chip controls the current in an 
inductor, which is connected to the batteries, via the MOS- 
FET. When one of the supplies (VH or VDD) is low, the 
1LT8 pulses the MOSFET at a 122.84-kHz rate, increasing 
the inductor current. The current from the inductor is then 
dumped through one of the diodes, charging its filter 
capacitor. If both supplies are low the 1LT8 switches the 
charge between them at a 30.72-kHz rate. 

To conserve battery life, the power supplies (and the 
product) have three modes of operation: 

1LT8  CPU Chip  

Fig .  5 .  HP 48SX power  supp ly  schemat ic  d iagram.  

m Running. The 1LT8, column drivers, RAM and ROM, 
power supplies, and plug-in ports are all powered. Bat 
tery current is 9 mA. 

â€¢ Light sleep. In this mode the 1LT8 turns off and battery 
current drops to 4 mA. This mode is entered whenever 
the CPU is inactive and a key is not being pressed. The 
iLTS's display controller accesses memory every 244 /Â¿s 
to update the display. When the update is complete, the 
address lines switch and check to see if a key is pressed. 
Pressing any key will turn the CPU on. 

â€¢ Deep sleep. All supplies are turned off and battery cur 
rent drops to 12 /uA. The VDD supply floats to the battery 
voltage (VBAT) which supplies power to the ON key, 1LT8, 
and RAM. This mode is entered when the CPU has been 
inactive for ten minutes or the unit has been turned off. 
To wake the system, the ON key must be pressed. 
The 1LT8 chip also monitors the battery voltage. When 

the voltage falls to between 3.4 and 3.0 volts, the low-bat 
tery annunciator is turned on. If the batteries are not 
changed and the battery voltage falls below 1.5 volts, the 
system turns off. A 1000-juF capacitor maintains the VDD 
supply for several minutes while the batteries are being 
changed. 

The 64-row-by-131-column STN LCD is driven by two 
commercial column drivers, each driving 64 columns, and 
the 1LT8 which drives 64 rows, 3 columns, and 7 annun- 
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ciator lines. The column drivers receive their data, timing 
and control signals, and voltage levels from the 1LT8. One 
of the problems with the commercial column drivers is 
that they require a negative voltage. To overcome this, we 
connect their + V line to our VH ( + 8.5V) supply, their GND 
to VDD ( + 4.4V) and their negative supply to GND. This 
requires all data and control signals received from the 1LT8 
to swing from 4.4V to 8.5V. Display data is stored in system 
RAM, and the 1LT8 display controller interrupts the CPU 
for 22 to 23 /Â¿s every 244 /as to access it. As display data 
is received, it is serially shifted to the column drivers. 
When the column drivers have received 128 bits of data, 
they store it and output it to the display synchronously 
with a row driver output from the 1LT8. 

For ease of expanding the HP 48SX's capabilities, dual 
40-pin connectors are installed on the logic board. These 
connectors will accept credit-card-size plug-in RAM or 
ROM cards. Each connector has its own chip select line but 
all address and data lines are common to the internal ICs. 
Each connector can accept up to 128K bytes of memory. 

The 1LT8 tests the connectors to determine if a card is 
present and if it is write protected. It does this by checking 
the card's write protect output. If the write protect signal 
is high, a card is plugged in and can be written to (RAM). 
If the output is low, a card is present and is write protected 
(RAM or ROM). If the line is floating, no card is present. 

RAM cards have their own lithium keep-alive batteries. 
When the HP 48SX goes into deep sleep, the power supply 
to the cards (Vco supply) is turned off. When the supply 
drops to between 3.9 and 3.5V, the RAM switches to its 
internal battery. The lithium voltage is sampled by the 
1LT8, and when it drops to between 2.5 and 2.2V, a low-bat 
tery annunciator is turned on. 
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