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Abstract

A systems engineering approach was used to develop aacwahaRd Drug
Administration (FDA) Class Il medical device. Daweinent efforts spanned the system
life cycle and involved project stakeholders. Requiremerte developed and
alternative designs were conceptualized. The beshaltee design concept was
selected based on research and analysis in view oédgements. A detailed design
was embodied in a prototype system that was tested and fet to meet requirements.
The design was revised, including a tradeoff where totaéaycost was increased to
satisfy a constraint requirement regarding compliantie federal Food and Drug
Administration (FDA) regulations. The revised systemigie was validated and
approved by the project stakeholders within the company.pidject progressed
through the production stage and into the utilization stabere the design was
validated and approved by project stakeholders outside ebthpany, including the
FDA, and it was successfully operated by end-users. A suggsiem was developed to
facilitate proper operation and maintenance of the syste

The purpose of this paper is to present a case study systems engineering
process and how was used to ensure that a medical devige ohes all project

stakeholder requirements, including a requirement for atgnyl compliance.
INTRODUCTION

Fischer Industries, Inc. was one of several manufactofeabletop x-ray film
processing systems for medical diagnostic imagingicgimns. These systems are
typically used in the offices of dentists, doctorg] ahiropractors to develop films taken
of patients under treatment. They develop x-ray filmaudtpmatically transporting it

through a series of chemical baths, a water bath, dngea As medical diagnostic
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imaging equipment, x-ray film processors are regulatediass 11 (moderate risk to
health and safety of patients) medical devices by th&. FD

The industry was highly competitive and manufactureos/stto design x-ray
film processing systems with the quickest film throughputsiptes This was done by
increasing film transport speed coupled with adding compticstibsystems with
expensive components like heaters, pumps, sensors, solelvasl, vaicroprocessor
controls, and user interface panels. End users weré¢oatis/elop more film in a given
time period, but their film processing systems were rmostly to purchase, required
plumbing connections within the darkroom, a minimum 15-amgir&dal receptacle,
and specialized skills and training to install and servidas limited sales to large
practices, with expensive darkroom facilities, within reatthe Fischer Industries
dealer network.

In a radical move, the Marketing Department at Fistheustries determined
through market studies that a new simple, low-costpilatessor system design would
open up a new market for the company. This new markeistedrimarily of smaller
practices that lacked the capital to invest in evernetd® expensive film processor
system that Fischer had to offer. Many of these pexctvere in the rural US and in less
developed foreign countries, far away from the Fishdustries dealer network. Most of
these practices where hand developing only a few x-nag filer day, using trays of
chemicals and water.

This paper describes the process used to define systeneregois and the
system boundary for this new film processor systerngdes view of the limitations of
existing designs. This paper also describes the actigiti@snteractions within the
system life cycle engineering process, including: concEtelopment, production,

utilization, and support.



THE SYSTEMS ENGINEERING PROCESS

Systems engineering is basically good engineering whersystem is viewed as a
whole. It uses a top-down approach to gain the necesgaryiew and understanding of
how system components perform together as a wholereT$ a life-cycle orientation
that addresses all stages of the design project. t@ensgengineering, there is a better
and more complete effort regarding the initial definitadisystem requirements. The
goal is to create systems requirements that aredeétied, well-specified, and traceable.
Once defined, these requirements are related to speegfign criteria. A team approach
is used throughout all stages of the system developmemnsure that all design
objectives are efficiently and effectively met [Blaaoth pp. 18 — 19].

Systems engineering should not only clarify the oveegllirements and objectives
of the system, but should do so for operation within yiséesn’s defined operating
environment. Furthermore, continuous monitoring should ne dbboth the
environment and the system over the system life cgodmsure that the system meets the
requirements [Fairbairn, p. 2/7].

Table 1A of the Appendix shows the stage model of theesysfe cycle used in the
development of the new film processor model. This hods similar to they system
life cycle model described in ISO/IEC 15288:2002, Annex B andHach system life
cycle stage was performed according to the Waterfall S¢iqli&lodel shown in Figure
1A of the Appendix. The model is arranged essentidgyd Gantt chart, where each
system life cycle stage is performed sequentially [Ksinefp. 4]. The model is well-

suited to simple systems of this nature.



CONCEPT STAGE

At the start of this stage it was decided to createveerfar the system (the
proposed new film processor model). It was named tldPank™” by the Fischer
Industries Marketing Department. The purpose of this stagetavcapture stakeholder
requirements and determine alternative concepts for theTAank™ based on the
requirements.

Requirements Development

Requirements are of three basic types: functionalppeance, and constraint
[Martin, p. 18]. A functional requirement specifies tlexessary task, activity, or action
that must be accomplished or what the system mugt derformance requirement
specifies how well the system must perform along withconditions under which it
must perform. A constraint requirement would, for examgpecify compliance with
government regulations or industry standards.

Good requirements must be achievable, verifiable, unambigooomlete,
expressed in terms of a need (not a solution), consistémother requirements, and not
be so detailed to the point of constraining possible swistiLeonard, p. 36].

Before requirements could be identified and captured, itfiwsasiecessary to
identify the stakeholders in the AutoTank™ project. Th&edtolders were determined
to be the end users, the US Food and Drug AdministreEioA), and the following
Fischer Industries personnel: the General Manager, tes/Barketing Manager, the
Product Service Manager, the Production Manager, therigliat®rocurement Manager,
the Director of Manufacturing, the Director of Engineg, and the President/CEO.

A meeting was held with the principal stakeholders athéistindustries to define
the basic need for the AutoTank™ system. These prinsipkéholders were comprised

of the General Manger and the Sales/Marketing Man&gemg this meeting, the basic



need was defined to be: A new x-ray film processing syshat will be priced within
reach of small practices in the target market and paratisfactorily within the
constraints of the target market. Market study data flemarget market showed that:

1. Practices operated with low capital investment buddgetta showed that a
maximum cost of $2400 for the AutoTank™ would be within redahast
practices.

2. Practices tended to have facilities that could not accmate any of the film
processing machines in the current Fischer Industries priweictMost end-
users developed up to three x-ray films per day by hand iatslos small
darkrooms without:

a. A potable water supply for wash water bath replenishment.

b. A sanitary sewer connection for automatic disposatadte water and
used chemical solutions.

c. Adequate electrical service to allow operation of a fllmcessor that
draws more than 10 amps.

3. Most practices were located too far from the Fischer ngssdealer network.
Without the help of dealer service technicians, end-wdtese practices were
unable to install, clean, maintain, and repair any ofitlleprocessing machines
in the Fischer Industries product line.

Functional and performance requirements for the Autk™ahad to be defined.
This was done by holding meetings with all project stakigis in view of the basic need
definition for the system and market study data.

Discussions with the Fischer Industries project staker®ldealed the

following information:



1. The profit margin for the AutoTank™ would have to be a mum of 40%. This
translated into a maximum production cost of $1,400.00 basdw@riting data
in the market study.

2. Tooling, manufacturing setup, and non-recurring engineerindejBsts were
limited to a total of $75,000.00.

3. Customer support would become very challenging becauseuit we limited to
telephone and email.

4. Service repair parts would be sent via mail which couldnueaience customers
in especially remote locations for extended periodsw if the new film
processor system was unreliable and prone to failure.

Discussions with project stakeholders at practices witl@rtarget market
revealed the following information:

1. Only basic hand tools (screw drivers, pliers, wrenches), were available to
most end-users.

2. End users were medical practitioners, not trained te@msavith advanced skills
in troubleshooting and repairing electro-mechanical devices.

Functional and performance requirements for the AutkTawere developed
based on the information gathered in the meeting. Tdmesshown prioritized in Table
2A in the Appendix. Stakeholder ownership was assigneddb requirement so it could
be traced back to its source. All requirements weteddand approved by each owner
with a signature.

It is interesting to note that one constraint requingtmeas developed based on
FDA regulations. The FDA was a requirements stakehdt@ewas not available for
discussion, so careful consideration was given té-w& regulatory requirements

regarding Class Il medical devices.



FDA regulations require any new medical device productsuogtantially
equivalent (SE) to a predicate device (already approveshferto the public by FDA), to
go through an expensive and extremely time consuming testimgal trial, and
approval process. If a new product is proven to be SEptedicate device, it can be
approved quickly and inexpensively through a Premarket Notdicéb the FDA. A
Premarket Notification (also known as a 510(k)) is a margetpplication submitted to
the FDA demonstrating that the medical device describgdnthe submission is as safe
and effective as a legally marketed device that wasauriently on the US market.

SE is likely to be determined by the FDA if the medaewNice being reviewed is
found to have the same intended use and the same tegicabtharacteristics as the
predicate device. The device can have different techmalocharacteristics. For
example, it may be made up of different materialsetmdifferent design, use a different
energy source, rely on different principles of operatand still be SE to a predicate
device. However, it is SE only if it has the samendied use and the submitter can
demonstrate that it is as safe and effective as tltkcpte device. Additionally, the
device being reviewed must not raise any different issygsdmg safety and
effectiveness when compared to the predicate device.

Based on FDA regulations, the AutoTank™ constraint reqe@renwas defined.
Ownership for this requirement was assigned to thadem@sCEO at Fischer Industries,
because he was ultimately responsible for regulatory kange. The requirement was
dated and approved with the owner’s signature.

Alternative Concept Definition
After the system requirements were determined and preditialternative

AutoTank™ concepts were defined. Conceptual designs weedoged from these



alternatives for consideration. The objective wathitak out of the box, so to speak, and
come up with at least two alternatives for considenrati

The first alternative concept for the AutoTank™ would talyy emulate the
process of developing x-ray film by hand. The system wbane three injection molded
tanks: one for developer solution, one for fixer solytemmd one for wash water. Each
tank would be filled and drained manually. The developédswaruld be heated with an
inexpensive aquarium heater. The tanks would be held togetherassembly and
placed next to a dryer compartment on the film procefsame. The exposed x-ray film
would be attached with clips to mechanism that would auioaligtdip the film into the
three tanks for developing and washing, move the filmtimodryer section, and then
carry the dry, developed film outside of the film prooess

The second alternative concept for the AutoTank™ waw &dst derivative of
the lowest cost film processor then in the product lifikis was the “Classic E™” film
processor. The operating principle of the Classic B grocessor is shown in a
process diagram in Figure 2A of the Appendix. The Clds8icwiring diagram is
shown in Figure 3A of the Appendix.

Referring to process diagram in Figure 2A, exposed x-rayidilimserted into the
top of the Classic E™ film processor. Acrylic trandgpollers engage the film as it is
inserted and they propel the film into a heated develapetien bath. The film is then
transported through the developer bath and into a fiXeti@o bath. Rollers transport
the film through the fixer bath and into a wash watéh ba clean off any chemical
residue on the film. Wash water is continually repleatswith potable water from a cold
water connection while the machine is in operation. werfrom the water bath is
drained to a sanitary sewer. After passing through therwath, the film is transported

by rollers through a dryer that blows heated air actus$ilin to evaporate moisture.
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After drying, the film drops out of the bottom of therfiprocessing machine into a tray.
Transport speed is constant and carefully timed to prodexlelop and completely dry
the film before it exits the film processor.

To speed up the developing process in the Classic E™, thiepewvbath is
automatically heated to 92°F using a temperature sensortangparature control
printed circuit board assembly (PCBA). Heat is kepivben the film processor is
developing film (Run Mode) and when it is standing by far next film (Standby
Mode). A level sensor PCBA, transformer, controlyetnd level sensing float switch
are used to automatically shut off power to the develomehshould the developer
bath level drop far enough to expose the heating elemet {The developer and fixer
baths are kept agitated using circulating pumps. When asfilnserted, both baths are
replenished with fresh solution from storage tanks urigefiim processor. Overflow
during replenishment is drained to a sanitary sewer. Highaomponents in the Classic
E™ included circulating pumps, replenishing pumps, the devela@erhieater
subsystem, and the dryer heaters.

Considering the design of the Classic E™ film procedssign in view of the
system requirements, the second alternative AutoTank™®epbmvas derived by:

1. Eliminating developer/fixer bath circulating pumps, develdper solution
replenishing pumps, the water solenoid valve, all supply tubimg)the
developer/fixer solution storage tanks. Developer solufioer, solution, and
water would be added to the film processor by hand. Becd@s@poration,
levels in the baths would have to be checked periodiealliyreplenished by
hand.

2. Retaining the small (and cheaper) film transport rolleksaf the Classic E™

but using them in a deeper tank assembly and frame fitargex film processor
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model (the 4000M™). This deeper tank would provide more volumiiéo
developer, fixer, and water baths. This would extend takilise of the
chemical baths and the wash water bath, since theldwo longer be
automatically replenished and drained during processing.

3. Eliminating the developer bath heater, temperature@dPCBA, temperature
sensor, level detection PCBA, transformer, floatadw and film feed relay. Film
would be developed at room temperature, analogous to develdpisdgfi hand.

4. Eliminating heaters in the dryer section. Film woulddbed by blowing room
temperature air across its surface. Heatless dryirfipistige only if the film
transport speed is slow enough.

The second concept alternative is illustrated inAli®Tank™ film processor
process diagram shown in Figure 4A of the Appendix.

Figure 4A also shows the system boundary for the comdtephative. This
boundary defined the inputs and the outputs of the systent defined what was to be

included and was not to be included in the system development.
DEVELOPMENT STAGE

In systems engineering, the development stage involvégamathe problem
and synthesizing a solution [Martin, p. 29]. Mockups andopypes are built to check
compliance to requirements and to validate design assumptirhis stage ends when
the design is fully qualified, all requirements haverbeomplied with, or appropriate
deviations have been approved.

Research, analysis, and preliminary design showed #&tshconcept

alternative of the AutoTank™ would be in conflict witlidl systems requirements:
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1. The mechanism to move the x-ray film would be very darafed mechanically
and very expensive to design, tool, and manufacture. deedjeosts exceeded
the $75,000.00 maximum budget requirement.

2. Due to its complexity, the mechanism to move the xfitaywould be prone to
fail and difficult for end-users to service and maintaithout on-site support.

3. The mechanism to move the x-ray film would require atapace within the
film processor. The film processor dimensions would eddbe foot print
requirement.

Since SE and low cost were prime requirements #d#sign of the
AutoTank™, both alternative concepts would have to befasagal effective as any
predicate film processor models in the Fischer Indesproduct line, plus it would be
logical that they would be designed to have much cheapoorafewer components.
Furthermore, because one of the primary requiremenited tooling, manufacturing
setup, and non-recurring engineering (NRE) costs to a maxwi$7b,000.00 it would
also be logical that a concept for the AutoTank™ would po@te as many components
from current inventory as possible. With this in mina, finst concept alternative was
discarded and focus was turned entirely to the second oaibernative.

For the second alternative concept, preliminary rebeanalysis, and design
showed that cost to manufacture would be about $400.00 bledomaximum $1,400.00
requirement. Also, since the second concept alteeated many existing components
from the Classic E™ and the 4000M™ film processors, thes toslesign, tool, and
manufacture the AutoTank™ would be well under the $75,000.00 maximu
requirement. The simplified design concept of the se@dternative would make the
AutoTank™ extremely easy for end-users to set up and rnmaini special tools would

be required.
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A prototype of the second concept alternative was consttuding components
from the Classic E™ and the 4000M™ film processors. lhkeGlassic E™, the film
transport speed was held constant by a fixed-speed driveTns drive unit had a gear
ratio to produce a total film transport time of around tmiautes. The prototype
AutoTank™ was placed in a test darkroom for validation.xAay machine was used to
expose film of a test subject (an unpopulated printed ciboatd) and three films were
developed each day over a two week period with small v@ngin ambient temperature
over that time. Developer solution temperature wesrded each time a film was
developed. The developed films were placed on a lighthdwisually inspected.
Readings were also taken in the same location onfésaclith a densitometer.
Validation testing showed that the AutoTank™ design, assdied in the prototype,
could not meet the SE requirement, because it was mdfieasive as a predicate device.
Film contrast was found to vary significantly over aaimariation (4°F) in developer
temperature.

After careful re-evaluation of the AutoTank™ design isvisgpothesized that a
variable speed drive unit could compensate for reasonabl¢éimasian ambient
conditions. In other words, the transport speed couldbldesd down for lower
developer solution temperatures and it could be sped up farewvaeveloper solution
temperatures. It was reasoned that a “sweet spot” ceuiolulnd on the variable speed
drive unit control setting that would give acceptable filomtrast over reasonable
variations in room temperature.

Cost analysis showed that a variable speed drive unit wddladlenost $400 to
the total production cost of the AutoTank™. This would brirggdbst almost up to the
maximum production cost requirement of $1,400.00. The followane-off was

proposed to the project stakeholders at Fischer Industitie smwengineering change
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notice (ECN): Increase the production cost to enallétlioTank™ design to meet the
SE requirement. The trade-off was accepted and thevizg@Napproved. The design of
the AutoTank™ was revised accordingly.

The AutoTank™ prototype was rebuilt to include a variable sdeed unit. It
was then placed back in the test darkroom for validaMeray films were developed
over a range of room temperatures as described for preesiss After some
experimentation with the variable speed unit controirggst a sweet spot was found that
provided a 3-minute, 43-second total film transport time fornvaldper temperature
range of 77 to 81°F. This transport time yielded congiglendensity for three films
per day over three weeks without changing chemical sotitomater.

All requirements for the AutoTank™ were proven to be niéie AutoTank™
design went through a final design review with project stakkers at Fischer Industries.
The design was approved and the design documentation wesd taver to
manufacturing. Using the validation test results tmsBE to a predicate device (the

Classic E™), a Premarket Notification was written artahstted to FDA for approval.
PRODUCTION STAGE

Pilot production inventory was ordered, production assepiolgedures were
written, and assembly stations were set up. Five pilatymtioon AutoTank™ film
processors were built for development testing. EadgloPank™ was inspected and
tested at the end of the production line to verify thay fianctioned properly.

The AutoTank™ pilot production units were installed at uaimedical practices
in the target market. These practices were givenwaaTAank™ free of charge if end-
users agreed to evaluate the product for a three monthl péfialuation included
documenting ambient temperatures, variable speed driveetiiiigs, usage of chemical

solutions, any problems with film quality, and any difficedt with maintenance. At the
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end of the three month evaluation period, all of thet production AutoTank™ units
operated satisfactorily without any significant problemd.end-user requirements were
satisfied.

After review of the Premarket Notification, the FDA apyed sales of the
AutoTank™ because it was SE to predicate devices in sohéti Industries product. All

stakeholder requirements were met. The AutoTank™ wemfulitproduction.
UTILIZATION STAGE

Upon delivery of the first AutoTank™ system to a paying custoie project
moved into the Utilization Stage. Systems engineaatiyities can continue in this
stage of the project to support any modification agtithiat may be required
[Faulconbridge, p. 8]. This was the case for the AutoTank™.

For example, some medical practices were found to agpdrair AutoTank™
film processors where ambient conditions cooled down dpuatnt temperature to the
point where, even at the slowest transport drive uttinge the films would not develop
properly. To solve this problem, an optional low powlzan rubber blanket heater
subsystem was developed to adhere to the bottom of thipplewveath tank. Validation
testing in the lab and in the field proved that the resoaent for developer solution heat

was met, and the optional subsystem was put into prodiwdiization.
SUPPORT STAGE

This stage was concurrent with the utilization stagesystems engineering, the
support stage involves developing a means to facilitate pog@eation and maintenance
of the system. This includes developing a supply chaiomgwmables and spare parts.
It also includes training end-users, maintainers, disposensinistrators, etc. [Martin, p.

29].
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During the development of the AutoTank™, the support stagdved preparing
instruction manuals, putting together troubleshooting procedinagsng product service
personnel, and developing an instructional video to show ed hew to set up and

maintain the AutoTank™.
CONCLUSION

In this case study, systems engineering was used to impoov@&unications
between all project stakeholders. This ensured thegalirements were specified in
common terms and that none were overlooked. The regemts were used to guide the
design process. Throughout the design process, validasting ensured that all
requirements were ultimately met and that all stakehaoldeds were satisfied in a
timely, cost-effective manner. Systems engineerif@tsfcontinued over the entire life
cycle to ensure that stakeholder needs continued to tom riew of changing

requirements or new requirements.
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