
Progressive Hand Assembly of Circuit Packs
in a Small-Lot, High-Mix Environment

w. Andrew Elliott Progressive assembly iswidely used to hand-assemble components on
circuit packs. However, this method is normally used whenever lot sizes
are large and the production volume ishigh enough tojustify the effort
required to set upthe operation. When the manufacturing environment
consists ofsmall lotsizes and many circuit pack codes, progressive assem­
bly is usually notthe method ofchoice. It is a manufacturing truism thatthe
benefits ofprogressive hand assembly do notextend to small-lot production
where many code changeovers and setups are required. The prevailing view
is that the benefits derived do notexceed the effort required to prepare and
update the manufacturing information for each circuit pack type. This paper
describes the application ofprogressive hand assembly to a manufacturing
shop that typifies small-lot production and high product variability. It shows
that the benefits from a high-volume operation can be achieved in a small­
lotoperation when component preforming, kitting, and setup issues are
appropriately addressed.
Introduction

The circuitpackassembly operation
described in this paper is representative of
the small-lot, high-mix environment. The
average lot size-Le., the quantity ofcircuit
packsofthe same typeto be assembled as a
group-is 25packs; the minimum is one
pack. (High-mix indicates a largevariety of
circuitpacktypesto be assembled.)

Figure1showsthe circuitpack
assembly and test processflow. Morethan
180 active circuitpackcodes (i.e., types) are
assembled and tested. Notallprocesssteps
shown apply to allcircuitpackcodes.TableI
showsthat few, if any, of the codescan be
considered high-running, and that the major­
ityhaveannual volumes under 200 packs. The
annualvolume is distributed over12months
based on customerorders.There are over
40boardprofile sizesplus6 daughterboard
profiles. (A "daughterboard"is a subassem­
blythat is placed on a "parent" board.)

Traditionally, bench operators assem­
ble circuitpacksafter the components have
been hand-inserted. Whenthe firstpackis
done, the secondpackis begun,and so on,

until the lot is assembled. Abench assembly
operatorseldom sees a familiar circuit pack
type, and the effect is similar to building each
typefor the first time. The operatormust
correctly select, locate, form, cut, andclinch
the leadsofeach hand-inserted component.
(Clinching is a processofflattening the pro­
trudingleadagainst the solderpad.) With
about25boardsto a lot, andwith as many as
84components per board, the operator can­
not reacha level ofknowledge that comes
from familiarity.

Traditional "build complete" assem­
blyrequires several operatorskills, including
component identification, leadpreforming,
and manually tack-soldering components that
cannothavetheir leadsclinched. Butbecause
training and operatorturnover mustbe dealt
with continually to maintain a capable work­
force, traditional hand assembly methods can­
not provide the necessary quality level.

Compared to traditional hand assem­
bly, progressive hand assembly (see Panell)
normally overcomes these difficulties, while
offering the unskilled operatora jobin which
productivity is almost immediate. The
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40board sizes,plus6 daughterboardprofiles

Table I. Circuit Pack Volumes and Variety In the Typical
Small-Lot, High-Mix Environment

operatorat a bench.
- Quality often is alsobetter than in semiautomatic

machine-assisted handassembly, whereindividual
packsrisk handling damage from loading intothe
machine, unloading, and racking.

- Productivity is maximized byproviding a steady
supply ofwork.

The benefits are usually realized in high-volume,
large-lot production. Because few codechangeovers are
necessary, downtime is rare.The operators build the
samecircuit packrepeatedly, andassembly linesusually
canbe kept moving. The workis uncomplicated, andthe
operators canfocus on the few components forwhich
theyare responsible, therebyminimizing errors.And
because each operator's work is checked by the next
operatoras the packmoves down the line, anyerrors
should be caughtalmost at once.

In a small-lot operation, codechangeovers occur
frequently, anddowntime to set up the newcodemustbe
minimized. Whenworkers are idleduringsetupforthe
nextcode,productivity suffers. Eachcodechangepre­
sents newinformation to the operator aboutdifferent com­
ponents, their locations on the board, and newassembly
instructions. This newinformation canleadto quality prob­
lems if the operators do not quickly assimilate it.Asin
large-volume progressive assembly, the components must
be properly preformed to makesure theyfit the holeswith
a minimum ofeffort. Leads must be cut to the proper
lengthto avoid an additional step--Iead-trimming-after
wave soldering. Finally, the kitting operation musthave
been carefully performed to ensure that the kitting trays
contain enoughcorrectcomponents. (Kitting is the pro­
cess ofpreparing component sets fora particular

Panel 1. Progressive Assembly

Progressive assembly is a systematic methodto
manually assemble circuitpackcomponents, using
several operatorsto sequentially assemble the circuit
packs. Eachoperatorassembles the samefew com­
ponentson each pack, reducing the complexity ofthe
job. And each operator'sworkis checkedbythe next
operator, resulting in immediate feedback ofquality
problems. The conveyor provides a pacing effect that
improves concentration and productivity. Since the
packsare fedbyconveyor intothe wave solder
machine, handling problems are minimized.

The major benefitsofprogressive assembly are:
- Improved quality. Handassembly has one ofthe

highestdefect rates ina circuit packassembly
shop,andconversion to progressive hand assembly
can significantly improve quality.

- Reduced manufacturing interval. Reductions from
daysto hours are common.

- Increased productivity. Assembly effort is greatly
reducedbecausethe circuitpackis not repeatedly
picked up and turned over, and leadsare not
clinched and cut to properlength. Reduced han­
dlingalsoimproves both productivity andquality.

operator-eheck-operator aspect (i.e., each successive
operatoron the lineinspects the work ofthe operator
immediately before) allows immediate error detection
andcorrection, furthercontributing to improved
productivity.

Progressive assembly significantly reducesthe
effort associated with traditional handassembly. Most
ofthe reduction comesfrom eliminating having to tum
the boardoverafterthe component is inserted; then
having to locate, cut,and clinch the leads; andfinally
having to tum the boardoveragain to insert the next
component.

Progressive hand assembly alsoprovides impor­
tantbenefits overalternative methods ofassembly when
non-machine-insertable components mustbe placed on
a circuit pack.
- The manufacturing interval canbe minimized bykeep­

ing the product in continuous motion, rather than sit­
tingin a queuewaiting for the next process.

- Quality is usually higherwhencompared with the
alternative method ofhandassembly byan individual
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Annual Volume

1-200
201-500
501-1000
1001-2000
2001-3000
3001-5000
5001-7500

Number of Codes

92
35
24
23
4
4
2



QC = Quality control

Rgure 1. Circuit pack assembly and test process.

manufacturing process.)
Given the efficacy ofprogressive assembly in

large-lot, high-volume environments, the questions that
remain are:
- Would the benefits be worth the engineering effort to

prepare and maintain the circuit packcodesforpro­
gressive assembly?

- Would the benefits ofprogressive assembly apply to
the small-lot, high-mix environment?

Engineering the Pro......v. Assembly Process
Considerable preliminary engineering effort is

needed to prepare a circuit packcodeforprogressive
assembly. The following considerations apply:
- Line balancing: the timeto manually insertcom­

ponents into a circuit boardmustbe balanced among
the operators to equally distribute the component
insertion times. This includes checksofthe previous
operator's work and timefor the lastoperator to check
his or her own work.

- Component preforming: as partofthe process to
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Figure 2. Shop aid drawing generated by the FOCUS-PRIME
system, for Operator 3 on a four-operator line. The blue
shadings Identify the third operator's components and their
locations. The parts assembled immediately before, by
Operator 2, are Indicated by purple shading.

prepare a codeforprogressive assembly, each compo­
nent is analyzed to determine its properleadform and
length. Control ofleadlengthis necessary because
excessively longleadsmustbe cut afterwave solder­
ingat an extracost.

- Kitting: Components fora given progressive assembly
operator are placed in individual bins (orcompart­
ments) ina single tray, and allcomponents are labeled
with a description, and with the operator, tray, and bin
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number. Components supplied in tubes-such as inte­
grated circuits and small relays-are placed ina
separate trayand are labeled forthe appropriate oper­
ator. Some other partsare kept in the supplier's origi­
nalpackaging to minimize damage.

- Shop aids: these are pictorial views ofthe circuit pack
(including assembly information) needed byeach
operator. Theyare generatedby two methods. The
FOCUS-PRIME system1 provides shopaidsforsupported
circuit packcodes (seeFigure 2). Forothercodes, a
system developed at the Columbus Works (theScan­
dhu System) provides shopaiddrawings. In either
instance, drawings are color-eoded andcustomized for
each operator. To aid in the operator-eheck-operator
function, shopaiddrawings always use purple to iden-



tify components insertedby the previous operator,
and each operatorhas his or her own "customized"
shopaid drawings to know whatto look for.

- Information management: considerable effort is
neededto maintain the accuracy oflinebalancing,
component preforming, kitting information, and shop
aids. Changes may be suggestedbyoperators, recom­
mended byengineersto improve processes, or man­
datedbyengineering designchanges.

In a small-lot, high-mix environment, careful
attention to component preforming, kitting, and shop
aidsis essential to ensure a smooth progressive assem­
bly operation. Disruptions can result from wrong or
mixed parts, incorrect component preforms that make
the operatorstruggleto insert the part intothe board, a
shortage ofparts,or parts identified for the wrong opera­
tor.To minimize the disruptive effect ofparts shortages,
a stockofspare parts is maintained in a nearby computer­
controlled storageand retrieval system.

Progr....v. Assembly Un. Operation
Setupofthe progressive assembly lineitself to

manufacture changing codesis alsoan issue. To discuss
the setupissues, an understanding ofthe operation of
the lineis beneficial.

This progressive assembly lineis a powered,
conveyorized linewith sixoperatorpositions. Four posi­
tionswill serveformostcircuit packs, as concerted
efforts havebeen madeto haveas many components as
possible insertedby machine. Whenthe numberofcom­
ponents per operatorexceeds 12, or the numberofdif­
ferent components exceeds6, the fifth and sixthposi­
tionsare recommended. Arecess in front ofeach opera­
tor holdsthe kitting tray.

The leadoperatorselectsthe codeto be run
from a menuon the host computer. The dwell time (i.e.,
the amount oftimethe circuit packremains stationary in
front ofthe operator) and assembly linewidth (Le., the
width ofthe fourconveyor sections) are downloaded to
the programmable controller that operatesthe line. If the
width differs from the present linewidth, the rear con­
veyor rail automatically adjusts. If packsare already on
the line, the adjustment is madeas soonas the packs
leave the firstconveyor section (the third operatorposi­
tion) , providing sequential width adjustment. The width
ofthe fourconveyor sections is sequentially adjusted
undercomputer control. If no packsare on the line, all

four sections will width-adjust simultaneously.
Afew seconds before the packis scheduled to

move, a warning lightflashes to inform the operator. If
moretimeis needed, the operator pressesa foot switch
to holdthe pack. When the switch is pressedagain, the
packis released.

If soldermasking is neededto protectsome
holesfrom the solderwave, the leadoperatorapplies this
maskineither liquid or tapeform, and places the circuit
packin a solderfixture (i.e., pallet) that allows circuit
boardsofdifferent widths to be accommodated in a stan­
dardwidth fixture. This reducesthe numberofwidth
adjustments that otherwise would haveto be made.
Solder fixtures have eliminated boardwarpage resulting
from wave soldering, andhavehelped maintain con­
sistently superiorsolderquality.

Following the sixthoperatorposition is a vertical
buffer system. The vertical buffer automatically storesup
to 25circuit packsifthe wave soldermachine is tempo­
rarily unavailable becauseofadjustment or maintenance,
or ifthe wave solderconveyor is set to a different width
for soldering boardsassembled off-line. The vertical
buffer system-not normally usedwith a progressive
assembly line-is invaluable ina small-lot operation to
prevent short-term soldermachine unavailability from
affecting the progressive assembly operation. The incline
unittakes circuit packsfrom the vertical buffer, transports
them to the wave soldermachine, and transfers them.

Setup of the Progre"'v. Assembly Une
Because ofthe frequent circuit packcode

changesin a small-lot, high-mix operation, setuptime for
codechangeover mustbe minimized. In the described
process, downtime is minimized bydividing the code
changeover tasks among the operators. If these were
performed byone typical operator, the taskswould take
muchlongerthan the fourto five minutes neededbyall
fouroperators cooperatively. Setupresponsibilities are
as follows:
- Operator 1:Moves the processcart forthe newlot into

position, selectsnewcodefrom host computer menu,
obtains neededmaterials shown on the shopaid, and
returns unneeded materials from previous lot.

- Operator 2: Ensuresadequate supply ofsolder
fixtures; picks upempty kitting trays, and places them
on cart for return to kitting area; and provides kitting
traysfornewcodeto Operators 1and2.
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- Operator 3: Picks up shopaidsfrom previous codeand
refiles them in filing cabinetadjacent to the line; distri­
butes shopaidsfornewcode.

- Operator 4:Distributes kitting traysfornewcodeto
Operators 3 and 4.

Operator 1 beginsthe setupsequencewhile the other
operators are finishing the present lot. Aseach operator
completes workon the present lot, the setupactivity is
started. Bythe timeOperator 4 has completed his or her
activity, the newlot is already on the assembly line.

The simultaneous actions ofthe fouroperators
reduceinternal setup time, i.e., the timewhenthe pro­
cess must be shut down to allow forchangeover to the
nextcode. If too many setupsare required, or iftoo
muchtimeis taken per setup,the capacity ofthe line
could be reducedbelow the requiredlevel. To minimize
internal setuptime, no leadpreforming is doneat the
line. Lead preforming and kitting are doneoffline, while
the processis running. Internal setuptimereducesthe
capacity ofthe operation.

Benefits In the Small-Lot, HI~lx Environment
Installing progressive assembly in a small-lot,

high-mix environment led to an 85percentimprovement
overthe defect rate for "build complete" hand assembly.
Productivity improved 75percentoverthe earlierassem­
blymethod, afterneedlesshandling ofthe circuit board
to cut and clinch the leadswaseliminated, andafterrack­
ingand unracking the boardswasended.

Another major benefit ofprogressive assembly in
the small-lot, high-mix environment wasthat the manu­
facturing interval for the manual assembly operation was
reduced75percent. This resultedfrom lotsno longer
spending timein hand assembly, and in the lotswaiting in
buffers for inspection and quality checking operations.

These benefits havebroughtabouta new
manufacturing philosophy. Before progressive assembly,
it wasadvisable to move everypossible component from
handassembly to machine insertion, evenifthis move
requiredan extra setup,and evenifonly one partwas
inserted, to obtain the quality improvement available
from this method. It is now viewed as moresensible-if
fewer thanfourcomponents are insertedat a particular
machine-to eliminate a machine insertion stepand
move the components to progressive assembly. This
reducesthe queue timeand its effect on manufacturing
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interval, decreasesthe demand formachine insertion
facilities, andeliminates unnecessary handling.

Summary
Progressive handassembly ofcircuit packs is

applicable to the manufacturing environment character­
izedbyhigh product variability andsmall lotsizes. The
samebenefits normally associated with highvolume and
low variability alsooccurin this environment. More
engineering effort is required, however, to dealwith the
numberofcodesthat mustbe assembled. The process
described in this paperhas exceeded expectations for
quality improvement, productivity improvement, and
manufacturing interval reduction.

There are alsosynergies that leadto further
improvements. Forexample, the shorter manufacturing
interval givesquicker accessto defect information.
Shorterintervals tend togenerateless inventory; and
less inventory makesthe processboth morevisible and
amenable to furtherprocessimprovement.
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