Utilizing Quality Function Deployment (QFD)
in the Development of a Next Generation

Hematology Analyzer
by
Don J. Lee
Submitted to the Department of
Mechanical Engineering
i. Partial Fulfillment of the Requirements for
the Degrees of
Bachelor of Science in Mechanical Engineering
and
Master of Science in Mechanical Engineering
at the
Massachusetts Institute of Technology

February 1993

© Massachusetts Institute of Technology 1993

Signature of Author

Certified By

All Rights Reserved

""" Department of Mechanical Enginceriﬁ
January 22, 1993

MlCthlJ Rosen, Ph.D., Associate Professor

Biomedical Engmecrmg Department and Department of Orthopdednc Surgery

Accepted By

Director, Rehabilitation Engineering Program
University of Tennessee, Memphis
Thesis Supervisor

Accepted By

Peter Griffith, Sc.D., Professor of Mechanical Engineering
Chairman, Departmental Undergraduate Committee

Ain A. Sonin, Ph.D., Professor of Mechanical Engineering
Chairman, Departmental Graduate Committee

MASSACHUSETTS INSTITUTE

N veny "Ny nPY

1 MAR 24 1993

LIBRARIES
A PPN A8 sov ‘,



UTILIZING QUALITY FUNCTION DEPLOYMENT (QFD)
IN THE DEVELOPMENT OF A
NEXT GENERATION HEMATOLOGY ANALYZER

by
DON J. LEE

Submitted to the Department of Mechanical Engineering
on January 22, 1993 in partial fulfillment of the requirements for the
Degrees of Bachelor of Science and Master of Science in Mechanical Engineering

ABSTRACT

Quality Function Deployment is being used at MIT to develop a next generation
hematology analyzer, the QBC® Walkaway, for Becton Dickinson (BD), a major US
medical equipment corporation. The walkaway system, which automatically performs
the necessary tunctions for blood analysis, consists of a centrifuge and a blood tube
optical measurement station. An MIT product development team consisting of
undergraduate and graduate students in mechanical and electrical engineering and
management is working concurrently with BD to develop, from conception to prototype,
an automated hematology analyzer. The target market segment is medium-sized
physician practices (3-10 physicians) which was selected by BD, and the MIT team
conducted the necessary market research to define customer requirements and to fully
understand the competitors’ products. Market research consisted of experiential
interviews, a focus group, and card-sort interviews. These customer requirements were
used to generate, evaluate, and select system concepts. The “House of Quality” method
was used to translate customer requirements into engineering requirements.

The engineering team selected three systems for breadboarding and feasibility testing. Of
the three systems, a QBC® blood tube imaging system using a CCD (charged-coupled
device), the “CCD Imager’” was chosen for continued development based on superior
performance and cost-effectiveness. With this system, the team was able to reduce
optical blood analysis time from the current machine capability of 2 minutes to a
projected time of less than 15 seconds per blood sample. The team selected a patient
identification system consisting of a pre-bar-coded blood tube and a correlated analysis
results form which will minimize user error. A precision fluorescence method to measure

tube and float tolerances, which has been developed by the inventors of the QBC®
technology, will be incorporated to obtain high accuracy in optical band length
measurement. A system has been defined and a prototype is currently being developed to
meet BD corporate requirements for performance and future assays, government
regulations for clinical medical diagnostic equipment, and customer requirements from
the two target market segments.

Thesis Supervisor: ~ Michael J. Rosen, Ph.D.
Title:  Associate Professor of the Biomedical Engineering Department
and Department of Orthopaedic Surgery
Director, Rehabilitation Engineering Program
University of Tennessee, Memphis
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PREFACE

Our product development team for Becton Dickinson's QBC®
Walkaway project consists of a core group of graduate students, several
contributing graduate and undergraduate students, and three faculty
members from the three disciplines of mechanical engineering, electrical
engineering, and management. The core group of engineering graduate
students consists of mechanical engineering graduate students Amy Battles
and myself; one graduate marketing student Babu Anisetti (who replaced
Rich Wong after he graduated), and one electrical engineering graduate
student Laura Edwards. Benjamin Linder, a graduate student in mechanical
engineering, has observed and participated tremendously in engineering and
marketing decisions with our team. Karon MacLean, a doctoral student in
mechanical engineering, has been primarily responsible for the human
interface aspects of the machine. Mark Driscoll, who recently received his
Bachelor's degree in mechanical engineering, and more recently,
undergraduates Sarinda Newell and Nanette Palmer, have contributed to this
effort. Bachelor of Science candidate Ming Wu has made considerable
contributions in a breadboard and optical system design. Andres Pieczanski,
a graduate student in the mechanical engineering department, is a new core
team member who took over my position. The team has been led by Michael
Rosen, Ph.D., Principal Research Scientist in the Mechanical Engineering
Department; David Otten, Principal Research Engineer in the Electrical
Engineering Department; and William Qualls, Ph.D., Associate Professor of
Marketing in the Sloan School of Management.

The product development team has worked closely in all aspects of
engineering and marketing research; therefore the content of our Master’s
theses which have emerged from the project can be expected to be
objectively similar but subjectively different. I will reference two other
theses that have already emerged from the project: Richard Wong’s Master's
thesis for the Sloan School of Management on the preliminary QBC®
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Walkaway market research, and Mark Driscoll’s Mechanical Engineering
Bachelor's thesis on the human interface element of the QBC® machine.
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ACT/T
BD
CBC
CCD
CLIA-88
FDA
FMEA
HB
HCT
HIV
HMO
HoQ
LCD
Lymph/mono
MIT
NPP
PDT
PLT
QBC®
QFD
RBC
UL
WBC

Acronyms

Average Cycle Time per Tube

Becton Dickinson

Complete Blood Count
Charge-Coupled Device

Clinical Laboratory Improvement Act of 1988
Federal Food and Drug Administration
Failure Modes and Effects Analysis
Hemoglobin

Hematocrit

Human Immune Deficiency Virus
Health Maintenance Organization
House of Quality

Liquid Crystal Display
Lymphocyte/Monocyte
Massachusetts Institute of Technology
New Products Program

Product Development Team

Platelets

Quantitative Buffy Count

Quality Function Deployment

Red Blood Cells

Underwriter's Laboratory

White Blood Cells
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1. Introduction

The immense global competition from powertul and ever-threatening
economic nation;s from Asia and Europe drives US corporations to find and
use more effective methods to develop new products faster, better, and more
economically. Many major US corporations, such as Ford Motor Company,
Xerox Corporation, Chrysler, General Motors, IBM, and Motorola, have
adopted product development and manufacturing methodologies that have
helped them to sharpen their competitive edge.!s2:3»4 These methodologies
are often referred to as Quality Function Deployment (QFD). QFD was
developed in 1972 at Mitsubishi’s Kobe shipyard to integrate marketing and
engineering.5 It was introduced into the US by Ford Motor Company and
Xerox Corporation in 1986. A multi-functional product development team
(PDT) that includes marketing, engineering, and manufacturing works in
parallel on developing a product that satisfies customer needs. Many
companies have adopted or are adopting these methods. Unfortunately,
many US corporations are still in a rudimentary stage in implementing these
vital product development techniques.é
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1.1 MIT New Products Program

The Mechanical Engineering Department at the Massachusetts
Institute of Technology has recognized the need for educating students in
product development methodologies to maintain the global economic
leadership of the US. Professor Woodie Flowers and colleagues in the
Mechanical Engineering Department and other departments of MIT
established the New Products Program (NPP) to meet the concerns of the US
corporations by providing them with leaders in engineerinz. In this
program, graduate students from the various engineering disciplines and
from the Sloan School of Management are selected to form a team that will
develop a new product sponsored by a major corporation from cor.cept to a
final production prototype. The team members, usually faculty and graduate
students from mechanical engineering, electrical engineering, and marketing,
work very closely in parallel, getting involved concurrently in many phases
of product development.

Becton Dickinson (BD) is a major US corporation specializing in
medical instruments which is interested in trying to adopt the new product
development techiques. In the fall of 1991, BD’s Primary Care Diagnostics
Division made a decision to sponsor an NPP team to develop the next
generation of “Quantitative Buffy Count” (QBC®) machines: QBC®
Walkaway. This machine will be used for hematology analyses in medical
laboratories and larger doctor's offices to provide complete blood cell counts
and probable diagnoses of patients. The blood cell counts can provide
information relevant to diagnosis of a variety of diseases. The term
"walkaway" implies that the user just needs to insert blood samples into the
machine, walk away, and return later to get the printed blood count results
and diagnostic reminders. Ultimately, there are three goals that BD would
like to achieve from the development of this machine: 1) to study QFD and
learn its effectiveness; 2) to develop the first generation of fully automatic
hematology instruments; and 3) to implement QFD and concurrent
engineering techniques for future products.

15



The goal of the MIT/BD product development team is to develop a
machine that incorporates a centrifuge, a reader, and a user interface in one
unit which can perform blcod analyses and present resuits automatically
without the need for any human intervention or contact with blood, with the
exception for phlebotomy (drawing the blood from the patient) and inserting
blood samples into the machine. In the process of developing this machine,
the team is developing innovative methods to measure blood parameters,
incorporating new machine features, and user-friendly human interface.

My thesis focuses on the QFD methods and activities in developing
the Walkaway QBC. QFD methods used by the team include conceptual
brainstorming activities, the Pugh concept selection process, failure mode
and effects analyses, customer interviews, and the House of Quality. I will
discuss the rationale behind the many important decisions in both
engineering and marketing and some new methods different from those
currently taught, that were introduced by the team to help make the product
development process more effective. Furthermore, since teamwork is
extremely important to the success of concurrent engineering, I have
presented throughout this thesis, the incredible and unique group dynamics
that I have experienced with my team.

16



1.2 Introduction to Hematology

Hematology (as defined by the American Heritage Dictionary) is the
study of generation, anatomy, physiology, pathology, and therapeutics of
blood. Blood is a tissue (substrate) consisting of red blood cells (RBC) also
known as erythrocytes; white blood cells (WBC) also known as leucocytes;
and other biood cells. RBCs are red and orange in appearance. The main
component of RBC is hemoglobin, which is responsible for transporting
oxygen throughout the body. WBCs are categorized into two sub-groups
known as granulocytes and non-granulocytes, both of which are components
of the immune system (Figure 1.1). Another component of blood, the
thrombocytes, create the platelets needed to stop bleeding and maintain the
mechanical integrity of the vascular system.

LEUCOCYTES
Granulocytes Non-Granulocytes
Neutrophils Lymphocytes
Eosinophils Monocytes
Basophils

Figure 1.1 Breakdown of Leucocytes

Granulocytes are composed of neutrophils, eosinophils, and basophils,
while non-granulocytes include lymphocytes and monocytes. Neutrophils,
the most common element of the granulocytes, defend against pyogenic
infections. Eosinophils defend against parasites and also cause
hypersensitive reaction (allergy). Basophils contain histamine and heparin
which also lead to hypersensitive reaction. The lymphocytes produce anti-
bodies for body’s immune response defense and include two types: T-
lymphocytes and B-lymphocytes.
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Blood Sedimentation

After blood has been aspirated into a test tube, two layers are formed
consisting of a coagulated "jelly-like" mass at the bottom of the tube and a
serum at the top. Using an anti-coagulant prevents this jelly-like mass from
forming and keeps the blood components separated. After centrifuging the
test tube with the anti-coagulant, the blood separates (from top to bottom)
into plasma, buffy coat, and RBC. The buffy coat is layered with non-
granulocytes at the top and granulocytes at the bottom. The current
generation of QBC® determines the concentrations and cell counts of the
white blood cells in this buffy coat as well as various red cell parameters and
platelet counts.

18



1.3 History and Future of QBC Technology

Physicians are often in need of immediate hematological results to
properly diagnose patients in a timely manner. Not too long ago, physicians
typically had three tasks: perform a laborious “manual blood cell count,"
send the patient to an emergency room for a rapid blood test, or send out a
blood sample to an external laboratory and wait up to a day to get a complete
blood count (CBC). In manual blood cell counts, blood smears with
different staining techniques allow the microscopic identificaticn of different
types of blood cells and platelets. A differential count as well as a cell
quality examination can be performed with this method.

However, a larger practice has the option of hiring a medical
technician to run a rather complex electronic cell counting hematology
analyzer. The machines using this technology are manufactured by various
companies such as Coulter, Baker, & Unipath to count and provide the
morphology of white and red blood cells by using electrical resistance
feedback across a small aperture where indivdual cells pass through. These
machines often require a lot of operator training and maintenance, and can
cost up to $250,000. They can detect abnormal blood cells but cannot
identify them, so that a manual inspection is still necessary when
abnormalities are detected.

In 1976, Robert A. Levine and Stephen C. Wardlaw developed a
simple technique to count blood cells with the rather ancient approach of
observing blood cell layers after settling. This blood analysis technique
involves determining the heights of blood cell layers in a capillary tube after
centrifugation, which increases the rate of cell sedimentation.® The layers
that are formed from top to bottom are plasma, platelets, white blood cells
(non-granulocytes and granulocytes), and red blood cells. However, the
white blood cell layer height, also known as the buffy coat, is quite
miniscule compared to the red blood cell layer height. To perform a
quantitative buffy coat measurement, the Levine and Wardlaw approach uses
a precise cylindrical plastic float which has density less than that of red
blood cells. The float is inserted into a precise cylindrical capillary tube.
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After centrifugation, the thin buffy coat layer has expanded in the annulus
between the float and the capillary tube (Figure 1.2). An expansion factor of
approximately 10 was determined to be optimal based on float and capillary
tube tolerances and the measuring accuracy of low cell counts of the butfy
coat. This expansion in the annulus would allow the white blood cell layers
to be measured easily with a higher degree of precision.

Granulocyte Layer Lymphocyte/MonocyteLayer

Red Cells
Platelet Layer Fill Lines
'4( (55-65ul)

) C

Float area
Plasma

Buffy Coat

Figure 1.2 Centrifuged capillary blood tube

To make the componeats of the buffy coat layer more visible, acridine
orange is used as a fluorescence reagent. The acridine orange is absorbed by
the white blood cells causing the granulocytes to fluoresce yellow and the
non-granulocytes to fluoresce bright green. The platelets fluoresce orange
and the plasma fluoresces green. With these distinct boundaries, the heights
of the buffy coat components are easily measured. Knowing the cell counts
beforehand, a linear relationship between the cell layer heights and count is
developed.

Levine and Wardlaw found a couple of problems with blurring of the
boundary between the red blood cells and the granulocytes. In some
samples of blood, the layers of red blood cells and the granulocytes
sometimes overlapped. In order to obtain a more distinct boundary between
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the red blood cells and the granulocytes, potassium oxalate was later added.
This reagent shrunk the size of the red blood cells and hence made them
denser allowing a more distinct boundary between the red cells and
granulocytes. However, patients with red-cell fragmentation syndromes
often had more red blood cell membranes which were less dense than the
internal red cell contents. The potassiuin oxalate seemingly was not
effective with these cells so an agglutinating reagent was added to allow the
low density red blood cells to combine with the higher density ones. This
reagent, a glycophorin-specific monoclonal antibody, produced a red cell
layer that had a constant density over the entire height of the layer rather
than a continuously varying red cell density layer associated with the higher
density cells at the bottom and the lower density cells at the top.

This technique of blood analysis was marketed by Becton Dickinson
as QBC® in 1983 after FFederal Food and Drug Adminstration’s approval.
The centrifugation and reading of a capillary tube only requires
approximately 7 minutes. Unlike the electronic cell counting method, the
QBC® system requires no handling of reagents because all the necessary
reagents are coated inside the capillary tubes. This product is ideal for small
physician practices that require inexpensive and nearly instant blood
analyses. A variation of the QBC® was also developed to perform
quantitative buffy coat analysis for parasite detection in animals. Another
modified version was developed to diagnose parasitic diseases in human
patients in underdeveloped countries.

There is potential for the QBC® machines to analyze additional blood
parameters such as numbers of reticulocytes, glyco-hemoglobin, and CD4
cells (for HIV detection). Fluorescence reagents and new measuring
techniques are in the process of being developed to detect and quantify new
parameters. Currently, there is a variety of QBC® machines marketed by
Becton Dickinsor. The QBC® Autoreader can automatically analyze
various blood parameters and provide any diagnosis associated with a blood
sample. Just this year, a new technique using lasers has been developed to
measure bands to quickly provide a limited number of blood parameters in a
hand-sized unit called Hemascan.
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1.4 Current QBC® Technology and Products

The most recent QBC® system in the market is the “QBC®
Autoreader” and the “World-Class Centrifuge” which cost around $13,000
and $3000 respectively. This system is sold to small physician offices and
other small practices. The system can provide the following hematology
parameters from a centrifuged capillary tube:

¢ Hematocrit (HCT)

* Hemoglobin (HB)

* Platelet Count (PLT)

* White Blood Cell Count (WBC)

 Granulocyte Count (% and number)

» Non-Granulocyte (Lymphocyte/Monocyte) count (% and number)

+ Fibrinogen (a dedicated capillary tube and an optional QBC®
Incubator is needed)

The system can handle 3 basic types of capillary blood tubes:
capillary, venous, and fibrinogen blood tubes (see Appendix A for more
details). Each of the tubes have different pre-centrifuge procedures:

The capillary tube is filled with 55 to 65 pl of blood through capillary
action from a finger puncture. Blood needs to be filled from the
proper end of the tube so that anti-coagulating agents will take effect.
A float is inserted and then a closure (cap) is manually seated at the
correct end of the tube.

The venous and fibrinogen capillary tubes are obtained through a
more complex procedure. Blood is drawn from a vein using a Vacu-
Tainer® blood collection tube. The Vacu-tainer® cap is removed and
a venous capillary tube is inserted and properly filled using a
calibrated hand-actuated pipettor. A float is inserted into the venous
capillary tube and a closure is manually seated at the proper end of the
tube.

22



Becton Dickinson will be introducing two new blood tubes, EZ-Prep®
and Vacu-Tubes®, that are pre-inserted with floats and reagents and pre-
capped with closures. The EZ-Prep tube will replace the capillary tube and
eliminate the need for manual float insertion and manual closure capping.
The Vacu-Tube® will replace the venous capillary tube. It is a completely
vacuum-sealed system that contains the necessary reagents and a float.
Venous blood is automatically drawn into the Vacu-Tube® by the vacuum
through a needle directly from the patient. After phlebotomy, no other
procedure need to be followed before centrifuging. The Vacu-Tube will
eliminate any unnecessary exposure to blood with the exception for
phlebotomy.

After blood tubes are properly filled, they are centrifuged in the
World-Class Centrifuge for 5 minutes. A centrifuge is capable of
accommodating a maximum of 20 tubes for batch jobs. The tube positions
in the numbered slots of the centrifuge rotor must be recorded manually for
patient identification. The QBC® Autoreader must be calibrated at the start
of each day with a calibration capillary tube. The calibration procedure
takes about 2 minutes. After centrifugation, one tube at a time is inserted
into the QBC® Autoreader for automatic hematology analysis. The
Autoreader can only analyze one tube at a time. The analysis cycle-time per
tube is approximately 2 minutes. So the minimum possible average cycle
time per tube (ACT/T) is about 135 seconds when batched with 20 tubes in
the centrifuge as described in the following calculations.

centrifuge time : S minutes
analysis time for 20 tubes: 2 min./tube x 20 tubes = 2 minutes x 20 = 40 minutes
total time for 20 tubes: 45 minutes
ACT/T: (45 minutes x 60) / 20 tubes = 135 seconds

The ACT/T for fibrinogen tubes would take a little longer since they need to
be incubated before analysis.

The Autoreader automatically performs the necessary tasks to obtain
the hematology parameters after the machine’s cover is closed (Appendix
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A). A handling mechanism grabs the tube and moves it axially to the
optical reading station. An initial rough scan along the axis of the tube
locates the till iine, meniscus, float area, and closure. After this scan, three
more detailed axial scans, two fluorescence readings and one transmission
reading, are performed.

For fluorescence readings, a lamp with a blue excitation light turns on
(Figure 1.3). The excitation light is focused on the tube 90 to 135 degrees
from where the optical sensor is focused. During a tube scan, the
fluorescence light emitted from the blood tube is transmitted through one of
the two color filters to the optical sensor for either green or red fluorescence
reading. The optical sensor detects fluorescence intensity at each small axial
increment along the tube as the tube is axially moved.

Transmission light source

Blue excitation light source

Color Filter Wheel

Optical Sensor

capillary blood tube

Figure 1.3 QBC® Autoreader Optical Reading Mechanism

During the transmission reading, a white light source is focused on the
blood tube, the blue excitation light is turned off, and the color filter is
removed from the front of the optical sensor. The transmission intensity
through the diameter of the tube is detected and measured by the same
optical sensor for each axial increment of the tube.
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The three optical scans described above are performed eight times
around the circumference of the tube. The eight sets of fluorescence and
transmission readings that encompass the blood compone:.t bandlengths are
averaged for the final hematology results to avoid error resulting from wavy
band layers. These hematology results and corresponding diagnostic
reminders are printed out on a standard computer printer directly connected
to the Autoreader (see Appendix A).
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1.5 MIT Team’s Concurrent Engineering Process

The MIT team’s concurrent engineering activities incorporate
engineering, market research, and human interface. A core-team member
has participated in almost every aspect of the QBC® Walkaway system’s
development (Figure 1.4). Engineering and marketing expertise have been
continually exchanged to let all team members (core and peripheral)
understand each other’s position and background. This level of
understanding has promoted constructive communication and decision-
making at team meetings. Undergraduate and graduate research students
usually worked on mini-projects with the core-team, such as performing
feasibility experiments and examining design theories related to the project.
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Figure 1.4 MIT Team Layout
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Human interface also has been continually updated. As the QBC®
Walkaway system gradually became more concrete, the human interface
aspects were evaluated and then simulated. These simulations have been
used to get customer feedback. At the same time, marketing members have
continued to gradually develop a greater understanding for customer needs.
Team effort has been very dynamic and the concurrent engineering kept
everyone in touch with the progress of the QBC® Walkaway system. This
simultaneous process has allowed each team member to raise any design
issues immediately to expedite problem solving. Our team’s simultaneous
process is outlined in figure 1.5 and the project timetable is found in
Appendix B. In this thesis, I will describe only the activities up to the
prototype development stage.

MIT Product Development Team's
Concurrent Engineering Activities
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Figure 1.5 Concurrent Engineering Process
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At the start of the project, our engineers and marketing graduate
students conducted research on current hematology machines. After
understanding the QBC® and competing technologies, the team conducted
“experiential interviews” to obtain preliminary customer feedback on current
hematology analyzers (Section 2.2). We gradually accumulated data on
customer needs and generated a list of design requirements to begin
brainstorming ideas for the QBC® Walkaway system (Section 2.4). As we
gathered more customer information, we gained a higher level of
understanding of customer needs for hematology analyzers.

Many product development activities have been occurring
simultaneously since QBC® Walkaway’s conception. The human interface
aspects were considered from the beginning so that the exterior system
design could be generated in parallel to engineering and marketing demands.
Customer requirements and their relative importance acquired from
experiential interviews, focus group sessions, and card-sort interviews were
used to develop the House of Quality (HoQ) (Chapter 2). We used HoQ to
translate customer requirements to engineering requirements, understand
customer views on current hematology analyzers, develop a relationship
between customer and engineering attributes, and finally, generate a goal for
each of the engineering design requirements. We used the Pugh concept
selection process to generate, evaluate and select feasible concepts (Chapter
3). We used this process throughout the course of the project to fulfill
customer and corporate requirements.

When strong concepts emerged, we developed three breadboards to
determine their feasibility (Chapter 4). As this engineering activity was
happening, human interface issues were considered and external system
configurations gradually were maturing. Customer interviews were
conducted with various human interface simulations in areas such as
computer display, menu options, and method of information input and
output.? Marketing members also conducted surveys and more interviews to
perform conjoint analysis to understand how potential customers would
trade-off between cost and system features.

As system configurations changed when market information was
updated, our engineering team members were ready to adapt to the changes.
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However, since changes required more engineering time, etfort and
resources, careful decisions had to be made to accommodate tight schedules.
The human interface simulations were setup to adapt to new developments
using the software package Supercard™for the Apple Macintosh computer
systems. Daily electronic-mail communication between team members and
Becton Dickinson kept everyone updated on the product’s development.
Understanding that system requirements were gradually being developed,
we generated system concepts by attempting to anticipate conceivable
customer expectations based on our experience from interviews and focus
group. This foresight allowed us to switch concepts with less effort because
we were already familiar with many concept options.

At this writing, the final system has been defined for prototype
development. We are currently in the embodiiuent design phase for an alpha
prototype. We have just brought in a BD manufacturing manager to the
team to supply feedback on manufacturing issues before building the
prototype.

Our concurrent engineering activities have been dynamic with
frequent cross-functional communication with supervisors and core team
members. This communication process was effective with the product
development cycles.
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2. Voice of the Customer

This chapter describes the engineer’s viewpoint of the market research
conducted for the QBC® Walkaway system which include market segment
definition, customer interviews, competitor analyses, and focus groups. |
will give a comprehensive discussion on how market research was used in
engineering and my experiences with market research during the system’s
development. The market research was guided mainly by the marketing
graduate students Richard Wong and Babu Anisetti and by Professor
William Qualls. Aspects of the market research which dealt with obtaining
customer feedback were often conducted with the help of the core team
members. The marketing students performed the necessary analyses to
establish the relative importance of customer needs (for the “House of
Quality”) and also analyzed customer trade-offs between cost and features
(conjoint analyses). Richard Wong outlines the method of acquiring and
determining key customer needs in his Master’s thesis.!0 Babu Anisetti’s
Master’s thesis will detail the methods and results of the conjoint analyses.
The market research process, in which the entire team has participated, is as
follows:

1. PreliminaryExperiential Interviews identified customer needs.

2. A Focus Group identified more needs and wishes through a
formal session with potential customers.

3. Card-Sort Interviews determined the relative importance of the
customer needs which were established through the focus group and
experiential interviews.
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4. The House of Qualiry!! integrated all of the market research data on
customer needs and translated it into engineering design attributes.

5. Conjoint Analyses were helpful for understanding customer trade-
offs between product features and price.
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2.1 Target Market and Competitors

2.1.1 Hematology Analysis Methods

There are currently four methods of counting blood cells:
1. Manual -- stained blood cells are counted under a microscope

2. Impedance-counting -- blood cells are counted and differentiated
by determining their individual electrical resistances as they flow
through an orifice

3. Light Scattering and Flow Cytometry Devices -- laser excites blood
cells and their fluorescence is measured to count individual blood
cells

4. Cenirifugation and Blood Band Reading -- blood cell counts are
determined by the length of bands in a centrifuged blood tube
(current QBC® technology)

The most common hematology analysis method used in large physician
practices, hospitals, and clinical laboratories is impedance-counting. Manual
cell counting is nearly obsolete. However, blood smears are often analyzed
under a microscope by medical technicians when abnormalities are detected
through an impedance-counting method. This method cannot identify
abnormal cells. Laser scattering devices are also used to count cells and
determine cell morphology; Sysmex R-1000 machine, manufactured by
TOA Medical Electronics Company, uses flow cytometry and laser
scattering for automated reticulocyte analyses. The QBC® technology is
well-known to small physician practices (1 or 2 physicians) but it is
practically unknown in larger practices (over 3 physicians) and clinical
laboratories. BD intends to move the QBC® Walkaway system into these
larger practices and clinical labs.
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2.1.2 The QBC® Walkaway System Market

The QBC® Walkaway system has been focused on medium-sized (3-
10 physicians) physician practices and hospitals. In these market segments,
the four most common specialties that perform hematology analyses are:

- General Practices / Family Practices
- Internal Medicine

- Pediatrics

- Obstetrics / Gynecology

The potential competitors to the QBC® Walkaway are machines
manufactured by Coulter, Unipath, Sysmex, Danam, and Baker. The main
competitor will probably be Coulter’s impedance-counting system. The
Coulter systems are used in many hospitals and group practices and are
perceived to be the “gold standard” by many medical technicians.

QBC® Walkaway system will most likely be compared to low-end
and high-end Coulter systems: Coulter T540 and STKR. These systems
have the following specifications:

The QBC® Walkaway system, as specified by BD and customers
(through market research), will include more value-added features than the
Autoreader and can possibly be upgraded to measure many more blood
parameters (Table 2.1). The QBC® Walkaway system will differ from the
Autoreader system in the following ways:

walkaway capability

higher accuracy and precision

higher throughput

more blood parameter measurements

lower capital cost and mainter.ance

automatic patient identification

automatic diagnostic reminders

easier to use

market target is medium-sized physician practices and possibly
hospitals
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Features Coulter T540 | Coulter STKR QBC® QBC®
S L Autoreader Walkaway
walkaway capability no yes no yes
batch size 1 sample at a 100 samples, 1 sample for 40 samples,
time maximum analysis and 20 | maximum
samples for
centrifuge
automatic patient no, no, no, yes
identification patient only automatic | patient
(correlates sample to patient) § idenufication is | bar code identification is
manually reading that manually
recorded provides recorded
sample position
in u batch
precision:
 hematocrit N/A 23% 0.2 %
* hemoglobin <1.5% 1.5% 0.5 %
*«RBC <2.0% N/A N/A
* WBC <2.0 % 8.3% 3.0%
* lymph/mono N/A 149 % 5.0%
« granulocytes N/A 7.4 % 30%
* platelets <4.0 % 11.7 % 5.0%
differentiate types and sizes | yes yes only type of only type of
of blood cells detected blood cclls blood cclls

cycle time per sample

4() scconds

40 seconds

7 minutes for
one sample or

5.5 minutes for
one sample or

2.5 minutes 30 seconds
when when
centrifuged centrifuged
with a 20 with a 20
sample batch sample baich
system cost $18,000 $100,000 $16,000 $15,000-
320,000
annual service cost: $3000 $15,000 S0 $0
disposable cost per sample $0.90 $0.90 $2.50 $2.50
system requires a lot of yes yes no no
maintenance
operator needs technical yes yes no no
training to use the system
interfaceable to laboratory no yes no yes
interface system
Other blood parameters « fibrinogen « reticulocyte
counts
« fibrinogen
« CD4 counts
* glyco-
hemoglobin
distribution
primary market 3 or more 10 or more 1 or 2 physician | 3-10 physician
physician physician practices practices
practices practices

Table 2.1 Hematology analyzer comparison
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These improvements may give QBC® technology a competitive advantage
over Coulter’s impedance-counting systems. QBC® Walkaway’s lower
cost, lower average cycle time per sample, lower maintenance, automatic
patient identification, and ease of use might make it an attractive alternative
for medium-sized physician practices to perform hematology analyses “in-
house” rather than purchasing an expensive Coulter system or sending blood
samples and/or patients to nearby clinical laboratories.
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2.2 Experiential Interviews

Before our design team could conduct interviews, we had to
familiarize ourselves with all the the current hematology analysis
technologies: electrical blood cell counting, optical blood cell counting, and ,
of course, QBC®. We gathered information on the competitors as well as on
the QBC® technology from Becton Dickinson. After gaining an
understanding of the various hematology analyzers, we performed some
preliminary experiential interviews to obtain some customer feedback.

Each of the four graduate students on the team at that time (Amy,
Richard, Ben, and I) were assigned to one of the four market segments. We
interviewed both medical technicians and laboratory supervisors. These
interviews at customer sites gave us some insight about the customers'
knowledge, work habits. work areas, and their hematology machines. We
conducted experiential interviews with medical technicians and supervisors
at a Health Management Organization (HMO), military hospital,
hematology/oncology private practice, and several university medical
centers. Richard Wong’s thesis describes these interviews in detail!2.

There are many aspects of an interview which are difficult to record in
words. For example, customers' subtle reactions, such as the level of
disappointment conveyed by a grimace to a specific product feature may
provide a unique experience for the product development team member.
These intimate customer interactions might cause the team member to be
particularly concemed with that product feature and to modify it in the final
product to best satisfy the customer. It is therefore suggested to have
engineering team members participate in customer interviews.
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2.3 Focus Group

A focus group is a marketing tool that brings together potential
customers and generates discussions to help to identify their needs for a
specific product.!3!4 A focus group session may obtain feedback from
customers about their experiences with current products and their
expectations from future products. It is often led by an experienced
moderator who effectively directs and stimulates the group with scenarios
and questions to obtain the necessary information that will aid the design
team to develop the most successful product.

The moderator of our focus group, Warren Cormier from the Boston
Research Group, spent time with the design team before the focus group
session to understand the goals of the team, the various hematology analysis
technologies, and the current market. Our collected experiences and
knowledge from the experiential interviews, as described in the previous
section, helped to generate many questions and scenarios for the moderator
to discuss with the focus group.

Our first focus group session was held with the goal of determining an
initial set of customer attributes, testing many of our expectations about the
specific features expected from a general hematology machine, and learning
as much as possible about the competition. The experiences of the medical
technicians in the target maket allowed the team to develop preliminary
design guidelines and criteria as well as to initiate marketing strategy for the
QBC® Walkaway system.

2.3.1 Focus Group Session Description

Our focus group session was held at FieldWorks in Waltham,
Massachusetts in a room with a one-way glass window. The MIT design
team wes in an adjacent sound-proof observation room behind the one-way
glass. Sound from the session room was conveyed through speakers in the
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design team's room. The focus group was informed that the session was
being recorded and observed by the team. Figure 2.1 shows the layout of the
focus group members and the machines that they were using at the time of
the session.

Warren

Barbara Ruth Dottie
(Baker 8000) (Coulter T540) (Coulter T540)

Carol(Unipath/Abbott) Rita (Coulter T660)
Diarie(Coulter 880) Main table John(Coulter 5880)
Joseph«;ouum T660) ‘ Steven(Coulter STKR)

_______________ One-Way Glass

MIT TEAM

Figure 2.1 Focus Group Layout

All the medical technicians and supervisors were using impedance
counters made by companies who manufacture impedance-counting
hematology systems: Baker, Unipath, and most notably, Coulter. They were
all unfamiliar with the QBC® technology; this was expected, since the
QBC® machines are not sold in their market segments. Our experiential
interviews also confirmed this fact.

During the session, Warren asked the group to become the designers
of an ideal hematology machine. As a starting point, he suggested that they
identify the key concerns and issues relating to blood analysis machines, as
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well as the useful design features and desired areas for improvement in
current machines. When this line of thought was exhausted, Warren referred
to a list of categories(probes) which we had extrapolated from experiential
interviews before the focus group; we wanted to be certain that most
categories were covered (Table 2.1)

CUSTOMER CONCERN & NEED CATEGORIES

o Size

« Maintenance

» Speed

» Sample Handling

» Disadvantages of Patient 1.D.

« Data Management

« Menu

 Disadvantages of Reagents
» Overail System

Table 2.2. Customer concern and need categories from focus group

The group was asked to consider each category and explain in detail
the areas where the current machines can be improved. It was difficult for
people who were not designers to think of ideas for improvement, let alone
generate new ideas. There were only a few members who provided very
constructive comments. One medical technician, John, was identified as a
“lead consumer”; he was very comfortable and productive at this task. The
others mainly confirmed each other’s opinions or were silent. The
moderator attempted to get input from all the members of the focus group
session. The moderator's guide to establish customer needs and concerns
along with the focus group results can be found in Appendix C. The
outcome of this session is explained in the next section.
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2.3.2 Focus Group Qutcome

This section details the list of customer concerns and needs generated
by the focus group (Table 2.1) based only on impedance-counting
hematology machines.

Size

The medical technicians and laboratory supervisors in the group
stressed that counterspace is limited and maintenance was difficult because
of machine size and weight. They expressed a desire for a short and thin
“breadbox-sized” machine.

Maintenance

A disadvantage to impedance-counting machines was the need for
frequent, time-consuming and often complex daily and monthly
maintenance. Due to the complexity of impedance-counting technology,
medical technicians are trained directly by the manufacturer in machine
operation and maintenance. There are many plastic tubings which need
frequent maintenance in order to properly transport blood and reagents. The
focus group suggested that a color coded tubing system with easy access and
easy to read maintenance manuals would simplify maintenance and reduce
the chances for contamination due to accidentally disconnecting or
connecting a tubing.

Speed

An important issue was cycle time per analyzed sample. Doctors
usually request patient hematology or any other chemical analyses to be
performed as soon as possible. In addition, a medical technician time is
precious so any feature which minimizes time was preferable. We observed
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the hectic atmosphere of clinical laboratories during experiential interviews;
medical technicians were usually quite busy performing many different
tasks. Thus, any aspect of the machine that eliminates unnecessary effort
and time is desirable. Such features include self-maintenance or no
maintenance, automatic calibration, user-friendly instruction manuals with
clear pictures, automatic patient identification, and, of course, high sample
throughput.

Sample Handling

Reducing sample handling can help prevent the exposure to
bloodborne pathogens and reduce the likelihood of making patient
identification errors. For reasons of personal safety, the medical technicians
preferred to minimize contact with blood samples. Opening blood samples
would often expose them to blood aerosols which may be accidentally
inhaled or come in contact with open wounds despite the many safety
precautions that the medical technicians follow. Hence, automatic sample
processing (walkaway capability) is a desirable feature to minimize blood
sample handling .

Disadvantages of Patient Identification

The disadvantages of the current hematology machines that the focus
group expressed were the small labels, the ink mark smears on the labels and
the burdensome methods of matching samples to patients. Small self-
adhering labels are quite awkward to handle and stick onto small blood
tubes. The difficulty increases when the user is wearing protective latex
gloves. Labels which use handwritten ink can smear during handling. In
addition to the problems with current sample labeling methods, the medical
technicians need to keep track of patient information manually. The more
fortunate medical technicians might have a limited automatic patient
identification system. For example, in a Coulter STKR, the position of a
tube inserted into a cartridge can be automatically identified by the machine.
However, manual records matching patient names to sample numbers are
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necessary. A hematology system should to be capable of automatic patient
identification without requiring the user to handle clumsy labels.

Data Management

The medical technicians in the focus group also desired a hematology
system that could intelligently interact with the user and with other chemical
instruments. They wanted the machine to flag abnorma! test results, inform
them of errors with explicit words rather than with number codes, store
quality control information, and perform other tasks to reduce any mundane
but necessary effort. They wanted a “friend” that would effectively inform
them of any tasks that they need to perform, provide results with their
preferred formats, and communicate with laboratory information systems
(LIS) and with other laboratory machines such as chemical analyzers. In
general, the medical technicians expressed a need for simple and user-
friendly features that would allow effective and efficient interaction.

Information storage was also mentioned several times during the focus
group session. The medical technicians and laboratory supervisors were
interested in having an information storage system capable of storing two
days worth of blood analysis results, quality control (QC) data, and |
maintenance procedures and schedules. They suggested installing a disk
drive in hematology analyzers to electronically store data for paperless data
management because paper, in a clinical laboratory environment, can easily
get lost, damaged or contaminated.

Menu

The blood parameters that the focus group partcipants expect from
their hematology machine include reticulocyte counts, 5-part white blood
cell differential counts, and red cell distribution width. The Sysmex R1000
and System NE800O are machines distributed by the Baxter Diagnostics that
can perform reticulocyte counts and 5-part differentials respectively. Red
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cell distribution width (RDW) is available in most impedance-counting
hematology systems.

BD is currently developing a method to perform reticulocyte counts
using the QBC® technology. Information about BD’s intentions for adding
S-part differentials and sedimentation rate is not available at this time. The
QBC® technology, unlike the impedance counter which relies on individual
cell counts, does not require the RDW because cell counts are made from
distinct cell layers.

Disadvantages of Reagents

The impedance-counting machines require a lot of reagents. The
reagents are toxic and expensive, have a short shelf-life, often get
contaminated, and form sediments and crusts. Their packaging is bulky,
hard to open, and wasteful because they do not allow dispensing of all the
reagent. The focus group members expressed a desire for better packaged
and less expensive reagents. However, the QBC® machines will not require

any of these external reagent units since all the reagents are pre-coated in the
QBC® tubes.

Overall System .

The focus group wanted a hematology machine that is fast,
inexpensive, easy to use, safe, quiet, looks “hi-tech”, and modular for future
upgradability.

A Star Trek Enterprise Hematology Analyzer

After 1-1/2 hours. Warren took a different approach to induce
creativity in the focus group. He asked the participants to visualize
themselves as medical techicians on the Star Trek Enterprise and explain the
hematology machine that would exist in that scenario. This humorous
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exercise was helpful in defining some unique customer demands and wishes
as outlined in table 2.3.

The Star Trek Enterprise hematology machine was described to be a
small intelligent interactive robot dedicated to automatically collecting and
analyzing blood. It was also self-powered by a battery or the sun. Several
focus group members were interested in watching the interior mechanisms
through a clear skin during blood analysis.

- Streamlined - Compact

- Light - Fits on Countertop

- Automated - See-Through

- Smaller Reagents - No Tubing

- Status Words - Color Screen

- Takes Blood - Talks

- Cheap - Portable

- Does Billing - Eliminates Serviceman

- Host Computer - Battery or Solar Powered
- Automatic QC/Calibration

Table 2.3 Hematology Machine on the Star Trek Enterprise

Immediately after the focus group session, the MIT team met with
Warren for his feedback. He suggested that BD should sell benefits and not
the technology. This idea appears to have merit since the medical
technicians do not really care how blood is analyzed, whether by impedance-
counting or centrifugation, as long as their needs are met. Low cost (system
and disposable costs), low maintenance, and increased throughput are
critical for sales. Warren believes that users want an interactive system that
emphasizes ease of use. The lack of apparent interest in accuracy is mainly
due to the fact that accuracy is expected to be an inherent feature of the
system. The other expected functions of a hematology analyzer are the



measurement of blood parameters such as reticulocyte counts and 5-part
white blood cell counts.

After the focus group session, our team held a meeting to decide how
to use the information collected from the focus group, given that its
members had only discussed issues regarding our competitors' products,
which use a completely different technology than the technology that we are
using. The marketing student and professor explained that we need to
interpret the problems that the current products have and relate them to our
new product. For example, customer complaints such as "aerosols are bad"
(when aspirating or opening blood tubes) can be interpreted for the QBC®
Walkaway machine as a need to eliminate aerosols caused by blood tube
breaking during centrifuging. Other comments and experiences can be used
to differentiate the QBC® product. Complaints such as "too much tubing
for reagents and waste" are not relevant to QBC® technology; plastic tubing,
used as conduits for blood, reagent, and waste transportation, is present only
in the impedance counter technology. Thus, the QBC® technology, which
requires no tubing, has a competitive advantage. Each of the issues
addressed by the focus group members can be interpreted for the purpose of
defining our design criteria.
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2.4 House of Quality

The “House of Quality” (HoQ) is the first of four “houses” of
QFD.15:16 [t provides a means of integrating customer voices and
engineering design attributes. The other “houses” are briefly explained in
section 2.4.7. HoQ is used with a multi-disciplinary product development
team consisting of design engineers, manufacturing engineers, and
marketing personnel. Constructing the house promotes active interaction
among the members of the product development team. This enhanced
communication prevents misunderstanding of each team member’s function
and reinforces the common goal of developing a product.!” During the
development process, HoQ functions as a design guidemap.

Our product development team constructed an HoQ for the QBC®
Walkaway system (Figure 2.2-located in the back of this thesis) near the
beginning of the design phase. The components of our HoQ are as follows
(see Figure 2.3):

« Determine customer needs from market research
 Rank them according to relative importance as evaluated by the
customer

« Evaluate customer perception of QBC® and competitors’
hematology instruments

« Translate customer needs into engineering design requirements

« Develop a relationship matrix between engineering design
requirements and customer needs

« Evaluate the inter-relationships of each engineering design
requirement in the roof matrix

« Rank the relative technical difficulty of each engineering design
requirement

 Rank the relative technical importance of each engineering design
requirement
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HOUSE
OF Roof Matrix
QUALITY

Engineering Requirements

Relationships between
Customer Needs and
Engineering
Requirements

Perceptions

Customer Needs
Relative Importance
Customer

Relative Technical Importance

Relative Technical Difficulty

Figure 2.3 “House of Quality” of QFD18

Each of these steps will be explained in detail in the following sections.

2.4.1 Customer Needs and Their Relative Importance

Card-sort interview results were analyzed, and the relative importance
of the 61 customer needs were determined (see left side of Figure 2.2 and
Appendix C3).1 The market segments that the team interviewed were
medium-sized physician group practices (3-10 physicians) and hospitals.
Rich Wong provided three different sets of index ratings by classifying the
responses according to different groups: physician group practice medical
technicians, hospital medical technicians, and both combined. His thesis
provides an analysis of the variations of importance weightings between the
two market segments.
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The index ratings of the customer needs were analyzed and the ten
most important medical technician needs from the physician group practices,
hospitals, and combined are shown in tables 2.3, 2.4, and 2.5 respectively.20
The combined index rating is the average of the physician practice and
hospital index ratings. An index rating of 100 can be translated as average
importance. Both market segments were studied because BD’s original
intention was to target both segments. However, as of January 1993, BD has
decided to focus only on the medium-sized (3-10 physicans) practices .

"Tmpor “Cusfomer Need
1 174 2) Achieves level of accuracy equivalent to Coulter STKR.
166 19) Accuracy even if the blood clots

3 159 5) No opening sample tubes

4 156 10) Machine that can be stopped for a RUSH job or
emergency CBC (“STAT”)

5 152 13) Low sample volumes for automatic testing

6 150 3) Analysis CBC time less than a minute

7 141 15) Eliminate opening tubes to solve aerosol problem

8 138 7) Performs repeat test automatically

9 133 33) Not spending a lot of time getting machine started up

10 130 6) Reads data and determines whether automatic repeat of
abnormals necessary

Table 2.4 Ten most important needs for physician practice medical technicians

Physician practice medical technicians prefer an accurate, safe and
automatic hematology machine (Table 2.4). The first two most important
needs relate to accuracy. Coulter STKR is known by medical technicians to
provide accurate CBC’s; however, its nominal accuracy is not guaranteed
when blood clots are formed in the machine. The 3rd and 7th most
important attributes -- “no opening sample tubes” and “eliminate opening
tubes to solve aerosol problems” -- raise the issue of safety. Physician
practices often do not have the facilities to accommodate a full laboratory to
perform chemical and blood analyses; most practices send samples or their
patients to outside laboratories. Those that have an in-house lab usually
perform 30-80 CBC'’s per day. This implies that medical technicians in a
physician practice come in contact with blood relatively less frequently, in

48



contrast to hospitals that perform several hundred CBC’s per day. Thus,
they would tend to be reluctant to expose themselves to potentially
hazardous blood samples. The 4th most important need is “STAT”
capability; the capability to stop the machine’s operation in order to rush a
CBC of a critical blood sample. The next most important need is “low
sample volumes for automatic testing”, which is probably influenced by the
goal to minimize blood sample volume requirement for pediatric patients.
The last of the most important customer needs are throughput of less than 1
minute for a CBC, and automated features to expedite machine start-up and
to repeat tests for abnormal samples to check for consistency.

[Tmportance | Index Customer Need
___Rank Ratin
1 178 14) Able to throw specimens in cassettes, hit a button, and
walk away
2 164 10) Mach:ie that can be stopped for a RUSH job or
emergency CBC.
3 152 2) Achieves level of accuracy equivalent to Coulter STKR.
4 147 3) Analysis CBC time less than a minute
5 147 44) Complete interface capability to information system
6 144 | 31) Results that are flagged when abnormal results come up
7 142 149) Ability to interpret QC information and recognize drift
8 142 56) Contains alternate technology for backup testing
9 139 | 47) Eliminating error codes and using words that tell you
what's wrong
10 138 45) Able 1o store QC information

Table 2.5 Ten most important needs for hospital medical technicians

Hospital laboratories, in contrast to physician laboratories, usually
perform several hundred CBC’s per day as well as many other chemical and
blood tests. Their major needs are “walkaway” capability, “STAT”
capability, accuracy, speed, and information flow and storage (Table 2.5).
“Walkaway” capability allows the medical technicians to perform other
tasks while CBC’s are generated. “STAT” capability is necessary because
there are a large number of requests for immediate CBC’s from emergency
rooms and from doctors who suspect serious diagnosis of their patients. The
need to perform large numbers of CBC’s and “STAT’s” require fast
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hematology analyzers. Also, medical technicians would like to have the
machine automatically flag abnormal results so that the sample analyses can
be repeated or smeared on slides for visual inspection. Moreover, the
immense numbers of analyses create the need to automatically recognize
drift and maintain quality control information.

"Tmportance | Physician | Hospital | Combined | "Customer Need
‘Rank Tndex - Index | Index R . e
L Rating Rating Rating Lo S

1 174 152 163 2) Achieves level of accuracy
equivalent to Coulter STKR.

2 156 164 160 10) Machine that can be stopped for a
RUSH job or emergency CBC.

3 123 178 151 14) Able to throw specimens in
cassettes, hit a button, and walk
away

4 150 147 149 3) Analysis CBC time less than a
minute

5 152 135 144 13) Low sample volumes for automatic

_ testing

6 119 142 131 49) Ability to interpret QC information
and recognize drift

7 138 119 129 7) Performs repeat test automatically

8 159 97 128 5) No opening sample tubes

9 166 88 127 19) Accuracy even if the blood clots

10 108 139 123 47) Eliminating error codes and using
words that tell you what's wrong

Table 2.6 Medical technicians’ ten most important needs
in both physician and hospital markets

Table 2.6 lists the ten most important needs for the medical
technicians in both physician and hospital markets. Most of the important
needs of this combined market are similar to the two individual markets;
they are accuracy, “STAT” and “walkaway” capabilities, quick CBC
analysis time, and low sample volume. However, there are some needs that
indicate disparities in importance weights between the physician group
practice and hospital medical technicians. An example of this contrast deals
with exposure to blood as shown below.
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Physician  Hospital Customer Need

141 99 (15) “Eliminate opening tubes to solve aerosol
problems”

159 97 (5) “No opening tube samples”

125 105 (17) “Eliminate need to wipe aspirator tip”.

Our interpretation is as follows:

Hospital medical technicians are not as concerned about opening
tubes, wiping aspirator tips, or exposing themselves to blood aerosols,
apparently because they are more familiar with blood handling safety
practices. However, physician practice medical technicians take a more
cautious view. Since they are less familiar with handling blood, they would
rather avoid such potentially hazardous activities, if possible.

Another example of a large difference in relative importance of a need
is in “accuracy even if the blood clots.” A blood clot in an impedance-
counting machine usually requires maintenance. Medical technicians in
hospitals seem to be more familiar with machine maintenance than those in
physician practices; a hospital machine’s large workload probably requires
frequent maintenance. Moreover, hospital medical technicians also tend to
be more comfortable in dealing with exposed fluids, as previously noted.
Thus, accuracy even if the blood clots is desired more by the physician
practices and is not much of an issue in the hospital laboratories. Refer to
Rich Wong’s thesis for more analysis results.2!

After analyzing the results from the card-sort interviews and
attempting to understand the two market segments, the 61 customer needs
were structured using affinity-charts or K-J diagrams. The affinity-chart
process was used to impose a hierarchical structure onto the customer
needs.22 Our team classified the 61 customer needs into primary, secondary,
and tertiary need categories. This categorization preserved the original
customer importance rankings derived from the card-sort analysis. The
primary need categories provide general descriptions of the customer needs.
The secondary need categories divide the primary need categories into more
specific groups. Finally, the tertiary needs are the basic customer needs.
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These needs were placed in the left side of the House of Quality along with
their respective importance ranks for the physician practice, hospital and
combined market segments (see left side of figure 2.2 and 2.3).

A better method ot developing a structured hierarchy would be to use
the customer-sort process.2? In a customer-sort, customers are given cards
and asked to sort them in piles that represent similar needs. After sorting,
each customer is asked to select from each pile a single card, called an
exemplar, to represent the pile. The team can use the data from these
interviews to create a co-occurrence matrix to develop a structured hierarchy
of customer needs.>* This study conducted by Griffin and Hauser concluded
that “the customer sort hierarchy provided a clearer, more-believable, easier-
to-work-with representation of customer perceptions than the affinity
charts.” This process could have been performed in lieu of affinity charts by
the marketing team members if more time had been available.

2.4.2 Customer Perceptions

Customer perceptions describe how customers perceive the current
BD product (QBC® Autoreader) in comparison with the competitors’
products, in terms of satisfying their needs (right side of figures 2.2 and 2.3).
The team rated (on a scale of 1 to 5) the customer perceptions of the QBC®
Autoreader, and of a mid-range electronic cell counter, the Coulter model
T540 based on our knowledge and experience from customer interviews.
This comparison provides the opportunity to identify the desired attributes of
the QBC® Walkaway system that may help to meet or exceed the current
customer perceptions ot hematology analyzers.

In meeting the most important needs, the Coulter T-540 is perceived
to be better. It markedly outperformed the QBC® Autoreader in accuracy,
“STAT” capability and CBC analysis speed. The main drawback to speed
and “STAT?” capability of the Autoreader is its dependence on a centrifuge
for blood cell separation. The centrifuge takes S minutes to spin and it
cannot be interrupted and restarted. Both machines were perceived well in
requiring small sample volumes. However, the lack of automated features
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such as “walkaway™ capability, flagging abnormal results, automatic repeat
test and automatic QC drift recognition in both systems resulted in negative
customer perception.

The Autoreader was well perceived by our team in other less
important categories such as maintenance, reagents, size and cost. It
requires negligible maintenance and few extra maintenance costs, because
there are no tubing and other blood contacting components that need to be
regularly maintained by the medical technicians and servicemen. The
system does not require any external reagent units since all the necessary
reagents are pre-coated in the QBC tubes. The combined centrifuge and
Autoreader are about a quarter of the size of a T540 and costs about $10,000
less than the T540.

2.4.3 Engineering Design Requirements

In the next step. the team translated the customer needs into
engineering design requirements (located above the relationship matrix--see
figures 2.2 and 2.3). The engineering design requirements were described in
measurable terms. For example, the customer’s need to “analyze a CBC in
less than a minute™ can be translated into engineering design requirements:
centrifuge “spin time,” tube “scanning time,” “analysis time,” and “material
handling time.” In these design requirements, trime is a quantifiable term that
can be used to interpret the specific customer need to analyze a CBC in less
than a minute. Unquantifiable engineering requirements make generating
objective design measures awkward. Thus, it was important for us to
identify more quantifiable engineering design requirements to best represent
each customer need. Examples are shown in table 2.7.
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Custo_x_nengNegds --------------- -> Engineering Design Requirements

27) Machine covers that are easy to * time (0 remove cover

remove » number of steps to take apart for repair
o height, width, and depth of the machine
number of human failure points
amount of info. on tube

level of redundancy

labeling time

ID system cost

read and process time for ID

45) store QC information « data storage capacity

« number PCresources and functions used
+ number of external access routes

18) Eliminate error in patient ID

40) eliminate weekly or long-term + weekly cleaning time
maintenance « mean time for preventive maintenance
» downtime for preventive maintenance
52) 24-hour service available * repair time
* 24-hour maintenance contract
availability

» mean time between failure
leadtime for repair
centrifuge spin time
scanning time

analysis time

material handling time

read and process time for ID
(result) print out time

3) analyze CBC in less than a minute

Table 2.7 Examples of translations from customer needs to engineering design
requirements

Some customer needs were difficult to translate into useful
quantifiable engineering design requirements. The need for *“simplified
manuals with clear pictures and directions” was translated into the design
requirements “steps per illustration” and “number of illustrations.” It is
difficult to determine the specific number of illustrations or number of steps
per illustration which will make a manual “simple.” In this case, rather than
trying to quantify this particular need, the team decided to specify that the
content and structure of operation and maintenance manuals will be designed
to be as simple and clear as possible. We intend to research a variety of
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product manuals to gain insight on the types of instructions that can best be
conveyed to the users.

2.4.4 Relationships Between Customer Needs and Engineering Design

Requirements

After developing the engineering design requirements, the team
established relationships between the customer needs and the engineering
design requirements in the “relationship matrix” (see figures 2.2 and 2.3).
The purpose of this exercise is to understand how an engineering design
requirement influences the customer needs. For example, the engineering
requirement “number of human failure points” clearly has a strong
relationship with the customer need that it was originally translated from,
“eliminate error in patient ID.” However, the same engineering requirement
also strongly influenced the customer need to “load cassette, hit button, and
walkaway,” because improperly loading a cassette is a human failure point
that can prevent system operation and possibly cause harm to the machine
and to people. These types of correlations came from team experiences and
from knowledge of hematology products and customers. We arbitrarily used
“5,”%3,” and “1” for strong, medium, and weak relationships, respectively.
If there was no relationship between a customer need and an engineering
design requirement, the corresponding matrix element was left blank. These
numbers were then used in conjunction with the index ratings of customer
needs to determine the relative technical importance of each engineering
design requirement. This procedure will be described in an upcoming
section.

A important customer need, “stop for STAT” capability, stimulated a
lengthy discussion among the team members. It was the second most
important attribute for both the physician and hospital markets, and it
strongly affected the engineering requirements of “spin time,” “scanning
time,” and “analysis time.” “STAT” has different interpretations; based on
our customer interviews, the time for “STAT” results was determined to be
anywhere between immediate and a couple of hours. According to BD
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marketing personnel and doctors Levine and Wardlaw (the QBC®
technology inventors), we learned that “STAT” duration is defined to be
within about one hour. This news brought relief, because the QBC®
system’s speed is limited by an uninterruptable 5 minute centrifuge spin
time; interrupting a batch during centrifugation can jeopardize the blood cell
layer formation and result in erroneous analysis.

Although the customer’s responses were based solely on their
experiences with impedance-counting technology, many of their needs
would be the same for the QBC® technology. But the needs which were
specific to the impedance-counting machine were translated by the team into
needs for the QBC® muachine and they are presented in table 2.8. For
example, “no opening sample tubes™ is equivalent to “no opening Vacu-
tainer Tubes for venous samples.” Other examples, such as needs (17) and
(32) relating to aspirator tips of impedance-counting machines, were
associated with the thin capillary blood tubes used by QBC® machines. In
addition, some customer needs that related to reagents and tubing would
already be satisfied since the QBC® machines do not require any external
reagent units or tubing. Our tailored customer needs permitted us to
complete the relationship matrix that was appropriate for the QBC®
Walkaway system design.

The engineering and marketing team members spent many hours
together to complete the realtionship matrix. Developing the relationship
matrix stimulated discussions and improved our understanding of the
machine’s design requirements translated from customer needs.
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5) no opcnmg sample tubes

| -Translations :to::custome

BC® machines v

5) no opening of Vacu tainer Tubcs for
venous samples

15) eliminate opening tubes 10 solve
aerosol problems

15a) eliminate opening Vacu-tainer tubes
to solve aerosol problems

15b) eliminate aerosols when a tube breaks
during centrifugation

17) eliminates need to wipe aspirator tip

17) eliminate need to wipe capillary and
venous capillary tubes

19) accuracy even if blood clots

19) accuracy even if blood clots in tube

20) eliminates the problem of machine
jamming with blood clotting

20) eliminate the problem of machine
unable to read with blood clotting
(similar to 19)

25) uses little reagent and tubing

QBC® machines already meet this need
because they don’t use external reagent
units or tubing

32) aspirating tip or probe that won’t snap
off

32) capillary blood tubes that won’t break

34) equipment cleans and bleaches itself

34) QBC®’s optical measurement system
cleans itself

35) reagent doesn't crust up

QBC® machines already meet this need
because they don’t use external reagent
units

36) low reagent warning

———r—

QBC® machines already meet this need
because they don’t use external reagent
units

37) elimination of reagent

QBC® machines already meet this need
because they don’t use external reagent
units

Table 2.8 Translations of customer needs for QBC® machines

2.4.5 Roof Matrix

The roof matrix shows the level of interaction between each
engineering design requirement (see the triangular roof in figures 2.2 and
2.3) and identifies sets of design requirements that might require more

engineering attention.

nuM,’, ttm”, or

66 ”

above each design requirement
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points out, respectively, that increasing, decreasing, or setting a single target
for its measure is desirable. Symbols were used in the roof matrix elements
to represent relationships: two concentric circles denotes a strong positive

relationship; one circle -- a weaker positive; double “x’s” -- strong negative;
and single “x”-- a weaker negative.

A positive relationship means that optimizing one design requirement
will affect another design requirement advantageously. Increasing the
“amount of information on tube” has a strong positive effect on decreasing
the “number of human failure points.” Similarly, a negative relationship
indicates that optimizing one design requirement will negatively impact
another design requirement. Increasing the “amount of information on tube”
would most likely require more “labeling time,” and therefore, a strong
negative correlation exists between these design requirements.

Although increasing the “amount of information on tube” is
disadvantageous to decreasing the “labeling time,” it is advantageous to
decreasing the “number of human failure points.” Increasing the “amount of
information on tube” undermines the ability of the designers to optimize
other design requirements. This conflict should be prudently resolved by the
engineering team by considering relative technical importance and difficulty,
time constraints, human and financial resources, and any other corporate
requirements. Having evaluated that a set of conflicting requirements are
important to meeting customer and corporate needs, the team may design
one or more features into the machine to eliminate the potential areas of
conflict. Our team has not yet performed these detailed evaluations;
however, it is recommended if time and resources are available.

2.4.6 Relative Technical Importance and Difficulty

Relative technical difficulties of meeting engineering design
requirements were determined from team experience and knowledge (see
bottom section of the houses in figures 2.2 and 2.3). A scale from 0 to 5 was
arbitrarily selected and used to indicate the relative ease or difficulty in
meeting a design requirement. Design requirements such as “number of
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steps betore walkaway™ and “accuracy, precision, and repeatibility” were
given 5’s. Decreasing the “number of steps before walkaway” will require
more automation ,and increasing “accuracy, precision, and repeatability”
will probably require new technology; these requirements are clearly
technically challenging. Design requirements such as decreasing “cassette
size” only received a 2 because it probably would require minimal
engineering effort; overall dimensions rieed to be minimal, but at the same
time the cassette should be designed for handling. We considered many
engineering parameters, such as technological availability, mechanical
complexity, speed and level of computer control, in order to place a realistic
technical difficulty level on each engineering design requirement.

The relative importance of each engineering design requirement can
be detemined by multiplying customer index ratings to its correlation
strengths in the relationship matrix and summing all these numbers down a
column (see the bottom section of the house in figures 2.2 and 2.3). The
HoQ in figure 2.2 provides the sums as well as the normalized relative
importances (on a scale from O to 7) for the medium-sized physician
practice, hospital, and combined market segments.

The most important design requirements (with normalized relative
technical importance levels of 4 or more) are listed in table 2.9. There are
essentially 5 categories of design requirements: “walkaway” capability,
back-up tests using alternate technology, ease of maintenance, minimal
exposure to blood, and data management. The relative importance of these
design requirements for the physician, hospital, and both combined are quite
similar so the following qualitative analyses of these design requirements
will be for all three market segments.

“Walkaway” capability includes the following design requirements:

* increase variability of batch sizes
 reduce number of steps before walkaway
* reduce number of steps on return

* reduce required time before loading

* reduce number of human failure points

* reduce material handling time
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o Engmeermg Design Requirements

increase variability of batch sizes

reduce number of steps before walkaway

reduce number of steps on return

reduce required time between loading

include password for supervisor

include alternate technology

reduce time for maintenance

increase automatic maintenance level

reduce number of human failure points

reduce material handling time

reduce downtime for preventive maintenance

reduce number of blood exposures

reduce number of aerosols

reduce number of times disposables handled il

reduce number of sharps handled

increase data storage capacity

(G110, BN BN U] ()] o BN fo Y B ROL) LU, LU 1 B B2 (o)) B2
(O] LU, ] BN o BN IO oy o) DS ) o8 RULT RULE QST B B o) B o
o oY ESN EY E-Y EN [U,] B D] BN (U] [o)] [o )} B N BN o8 B8

reduce number of PC resources and functions
used

Table 2.9 Most important design requirements in physician
practices, hospitals and both combined

As expected. the requirements for “walkaway” capability minimize
interaction -- reducing time spent with machine, reducing the number of
steps for operating the machine, performing automatic repeat tests when
abnormal results are detected, and interfacing with LIS. Increasing
“variability of batch sizes” includes the ability to perform just 1 (“STAT”
jobs) or more CBC’s. “Number of human failure points,” translated from
the need for eliminating patient identification error, has a strong relationship
to the need for “walkaway™ capability. It implies that minimal manual
interaction with the machine system will reduce the chances for patient
identification error.

60



The need for a back-up test using alternate technology is important for
medical technicians when abnormal samples are encountered. The alternate
test results are used to verify the original test results. Alternate technology
for the QBC® Walkaway could, ironically, be an impedance-counting
system. If a customer requires two hematology analysis technologies,
purchasing both a Coulter and a QBC® machine might be an option. Or, if
the customer already has an impedance-counting machine, the QBC®
Walkaway can be used for back-up tests.

Maintenance is aiso an area of concern; its design requirements
include:

« reduce time for maintenance

* Increase automatic maintenance level

» reduce number of human failure points

* reduce material handling time

 reduce downtime for preventive maintenance

The impedance-counting machines inherently require a lot of routine
maintenance for proper operation. Maintenance includes eliminating blood
clots and cleaning tubing, both of which could affect machine accuracy.
Moreover, there are large clumsy boxes of reagents for which expiration
dates and fill levels need to be continually checked. Improper maintenance
can be viewed as a human failure point that will lead to erroneous CBC
results. However, the QBC® Walkaway should be able to easily meet these
requirements because blood and reagents are enclosed in a blood tube.

Minimizing the opportunities for exposure to blood and aerosols, and
for handling sharps (glass tubes, needles, etc.) are also design parameters
that need serious consideration. These safety requirements are slightly more
important to the physician practice medical technician than to those in
hospitals, as expected from card-sort analysis.

The last category of design requirements relate to data management:
* increase data storage capacity

« reduce number of computer resources and functions used
» include password for supervisor
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Customers desire the machine to store quality control information, CBC
data, and on-board easy-to-follow maintenance instructions. Moreover, they
would like to have the machine interface to LIS, recognize QC drifts, and
flag abnormal results. Our team wants to be able to satisfy all these
customer needs but at the same time we want to keep the Walkaway
system’s cost and size down by providing peripheral support capabilities
with software and electronic data ports in lieu of costly internal computer
peripheral hardwares. Passwords for laboratory supervisors for accessing
quality control information and other supervisory controls can easily be
incorporated into the machine software.

As anticipated, the important engineering design requirements relate
very closely tr most of the top ten customer needs identifed by the card-sort
analysis (see section 2.4.1). Interestingly, accuracy and CBC throughput of
less than a minute were not among the most important design requirements.
Clearly, the design requirements that affect many customer needs receive
high relative technical (engineering) importance. Unfortunately, as the team
learned from the focus group (see end of section 2.3.2), accuracy was
perceived by the customers to be an inherent feature of a machine and did
not command a high level of interest. Customers usually point out features
based on needs for operation and maintenance rather than features based on
needs for blood analysis performance. Machine accuracy was mentioned by
the customers with the need “achieves level of accuracy equivalent to
Couiter STKR.” Another need was “accuracy even if blood clots.” But this
need related to maintenance issues which influence the ability of the
machine to perform its expected function of providing accurate results.
Accuracy and other technological requirements should be specified as
corporate requirements and added to the set of “customer” needs. For
example, a corporate specification to increase speed, “faster analysis time,”
can be translated into the design requirements “increase computer processor
speed” and “increase data collection rate.” This addition to the left-side of
HoQ might lead to a more well-rounded set of important design
requirements.

If a machine’s technological features are unknown, there are only a
few ways to describe, say, the speed of CBC analysis. Customers did
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exactly that when they simply asked for a *CBC analysis time less than a
minute.” This seemingly simple need was translated by our team into six
different design requirements: “‘read and process time for ID,” “analysis
time,” “spin time,” “scanning time,” and “material handling time.” This one
customer need leading to six design requirements created an imbalance in
the ratio of customer needs to design requirements and undermined the
importance for speed. In contrast, safety (from exposure to blood) had a
ratio of 6 customer needs to 6 design requirements. Again, adding detailed
corporate requirements in the list of customer needs might alleviate the
imbalance problem of customer needs to design requirements, and help to
generate a more thorough set of important design requirements. Moreover,
requirements from other “customers” may be added to the list of customer
needs:

Regulations

- Clinical Laboratory Improvement Act of 1988 (CLIA 88)
- Occupational Safety and Health Administration (OSHA)
- Underwriter’s Laboratory (UL)

- Federal Food and Drug Administration (FDA)
Distributors

Vendors

The purchasing parties if not the end-users

2.4.7 Recommendations for Future Work

There are a few more components our House of Quality that have not
been completed. At this writing, our team still needs to resolve conflicting
engineering design requirements as they arise during the detail design phase
(after the conceptual design phases which will be explained in the next two
chapters). Another part of HoQ is objective measures, which compare each
engineering design requirement, in quantitative measures, to our product and
competing products.> Team consideration for these objective measures,
such as relative technical difficulty, importance (from section 2.5.6), and
estimated costs for fulfilling a design requirement, might be useful for
developing an engineering target (eg. precision is less than 3%) for each
design requirement -- which is the whole purpose of developing an HoQ.
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The next phases continue with BD’s product development team to
construct more “houses” which convey the customers’ voice to
manufacturing (Figure 2.4)2, The second house develops the design goals
and characterizes the system parts from the engineering requirements (parts
deployment). The third house uses the parts characteristics to develop a set
of key process operations for process planning. Finally, the fourth house
generates production requirements based on key process operations for
production planning. The team does not need to continually deal with large
houses. Instead, a house can be broken down into several houses as long as
interactions are minimized between the separated houses.

Linked houses convey the customer's voice through to manufacturing
‘ Engineenng | Parts : Key Process Producton
Characteristics l Charac(ensucsl Operations Requirements |
g‘g 4 An
33 2 ] 5
g8 £ e 8s
8 I $| 1 g1 IV
a3< 58 g 20
HOUSE PARTS PROCESS PRODUCTION
OF QUALITY DEPLOYMENT PLANNING PLANNING

Figure 2.4 Four houses of QFD?7
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3. QBC® Walkaway Sub-System:
Concept Generation Process and
Results

The purpose of this chapter is to describe our product development
team’s approach to concept generation and selection. During concept
generation, we generated up to 70 concepts for each of the four major sub-
systems established for the QBC® Walkaway system. We then performed
feasibility studies of the concepts. In selecting sub-system concepts, our
team used a systematic concept selection process developed by Stuart
Pugh.28 The process incorporates design criteria such as engineering design
requirements from HoQ, reliability, manufacturing, cost, and
maintainability. By considering many issues associated with the QBC®
Walkaway system during the concept design phase, we wete hoping to
ultimately develop a “strong” system that would require :n!y minimal
redesign work in the future. The implementation and results of this
conceptual design process for the QBC® Walkaway will be presented in the
next chapter.

There were essentially two stages in our team concept generation and
selection process:

« Stage 1: The QBC® Walkaway system was divided into principal
sub-systems and concepts for these sub-systems were
generated and discussed by the team.
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« Stage 2: Concept feasibility studies were conducted. Feasible
concepts were then evaluated, assessed, and selected.

Our team also performed a preliminary failure mode and effects analysis
(FMEA) which can be found in Appendix D1. Important procedural
elements will be described throughout the chapter. Conclusions drawn from
performing these tasks will be presented in the later sections of this chapter.
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3.1 Stages to Concept Selection

3.1.1 Stage 1: Concept Generation

Our team had to decide on a brainstorming procedure. We had two
approaches -- (1) generate a set of entire system concepts or (2) generate
several sets of principal sub-system concepts. After some discussion, we
concurred on the second approach because it would help us maintain focus
on the primary system functions. Secondary sub-systems, such as tube
handling mechanisms, were set aside for future evaluation because their
designs were dependent on the primary sub-systems.

After Pugh concept evaluation, we had the intention to select
combinations of the *“strong” primary sub-system concepts to make three
systems (see section 3.3 for final results). Figure 3.1 shows our general
approach to creating three system from the results of our sub-sysiem
concept selection process:

System 1: Al, B2, C3, DI,

System 2: A2, B3, C1, D2,

System 3: Al, B2, C2, D2.

Sub-Systems

A B C D

a1 System 1
o
o 2 System 2
)
S3 System 3

Figure 3.1 System selection from sub-system concepts
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Our product development team performed numerous individual
brainstorming drills and about 15 group brainstorming sessions, each lasting
3-4 hours. These brainstorming sessions involved marketing, electrical
engineering, and mechanical engineering graduate students as well as the
supervisors from each discipline. We presented concept drawings and their
descriptions to each other, with the hopes of generating nearly 100 concepts
for each primary sub-system functions. We were, in fact, able to generate

between 40-70 ideas tor each of these functions (see Table 3.1 and Appendix
D2).

. Machine Functions .} number of ideas
Display CBC information 48
Cell separation 54
Measuring float and tube annulus 66
Measuring bands 62
Patient identification 44
Blood transfer to machine 21
Overall system configuration / Industrial design 20

Table 3.1 Preliminary brainstorming activities

The main sub-system functions that we established on were: “display
CBC information,” “cell separation,” “measuring float and tube annulus,”
“measuring bands,” and “patient identification” (Table 3.1).

e “Display CBC information” deals with conveying CBC results and
suggested diagnoses to medical technicians and doctors.

» “Cell separation” deals with separating blood cells into its
components. Currently, a centrifuge is used for this function, but
we decided to look for other alternatives.

» “Measuring float and tube annulus” deals with measuring the
annulus area created by the float outer diameter and the tube inner
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diameter (Figure 3.2). The QBC® Autoreader measurement
accuracy for white blood cell layers in the annulus is about 95%
despite high manutacturing tolerances for both the float and the
tube. BD’s goal with the Walkaway system is to achieve accuracy
greater than to 97%.

“Measuring band” deals with determining the lengths L’s of the
blood cell layers after centrifugation (Figure 3.3). BD’s goal for
this axial measurement precision is 0.0005 inch.

“Patient identification” deals with minimizing human errors in
matching CBC results to the patients.

float diameter

tube inner
diameter

annulus

Figure 3.2 Tube and float annulus
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Figure 3.3 Blood cell layers

Concept brainstorming involved both individual and group effort.
We selected one function at a time (Table 3.1) in which each individual team
member generated about 10 concepts to present to the team. (The raw data
is presented in Appendix D2.) We then brainstomed as a group. The
sessions usually lasted only about a few hours per day, after which, our
effectiveness in generating and discussing ideas deteriorated dramatically.
During group brainstorming sessions, our team tried not to criticize
eachother’s ideas. Criticizing during brainstorming only hindered creativity
and inhibited interaction by forcing team members to share only defensible
concepts. The purpose of brainstorming has been to use the collective
creativity, experience and knowledge of individual team members to
stimulate the generation of new ideas.
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Although our initial intention was to brainstorm primary sub-system
functions, we were curious to see what kind of ideas the last two functions of
Table 3.1 would evolve. “Blood transfer to machine” was a secondary sub-
system function and clearly, “overall system configuration/industrial design”
dealt with the overall system design. The results in Appendix D2 show that
there were some interesting system ideas. For example, in “blood transfer to
machine," we thought about eliminating handling blood tubes and letting the
machine automatically take samples by directly putting the patient’s arm into
a slot or the patient’s finger into a hole in the machine. Another related idea
was to have a tube appendage on the machine that can draw blood directly
from the patient using disposable needles. Brainstorming in these areas
stimulated many new and interesting ideas which we intend to use during
system concept development.

The *“display CBC information” function is presented here as a typical
example of our brainstorming process. Although most ideas dealt with
displayed information, related functions such as human interface and data
management also spawned. LCD screen, monochrome monitor, voice
output, and color coded forms were among the function ideas. *“Mouse-
driven” interaction and “radio link between machine and doctor’s office”
were among the related function ideas. Quite often, our relaxed attitude to
idea generation process aided in stimulating a lot of creativity.

In some cases, ludicrous ideas became catalysts for generating better
ideas. During and after the exchanging individual ideas, new concepts were
shouted out which often led to a chain reaction of more new ideas. There
were also times when ideas “leap-frogged” during the brainstorming
sessions. For example, while brainstorming “measuring (blood cell) bands,”
someone suggested : “tag cells with radioactive element and detect
radiation.” But after this, two other ideas relating to radiation followed:
“expose tube to radiation then scan tube and measure radiation intensity”
and “tag with radioactive element and measure the decay rate/half life”.
Then, several completely different ideas were mentioned after which
someone returned to the radiation idea and suggested “(hey, let’s use)
radioactive tag and (detect with ...) an x-ray!!!”. Using radioactive elements
for blood analysis seemed very peculiar. Interestingly enough, the band
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measuring method that we eventually chose, was analogous to this idea.
Rather than using radiation, we eventually selected to measure blood cell
bands by detecting the light emanating from blood cell using a linear CCD
array.

3.1.2 Stage 2: Concept Evaluation and Selection

After the brainstorming sessions, each team member took the the
responsibility to perform preliminary feasibility studies of all the concepts.
Feasibility studies included finding out about the currrent technologies,
performing technical analyses, doing literature research, and talking to
experts (often vendors and BD engineers). For example: a study was
conducted for determining the feasibility of using an ultrasound transducer
to send ultrasonic sound waves axially into the tube and to receive reflected
waves from each blood band. Library research was performed to better
understand its technology. Blatek, Inc., manufacturers of ultrasonic
transducers for our application, was then contacted. The company
apparently has high precision liquid ultrasound transducers with frequencies
ranging from 0.5 to possibly 10Mhz. The vendor explained that the axial
resolution is approximately 1/4 the sound wavelength generated by the
transducers. Using elementary equations and the speed of sound in blood
(which is close to water) of 1.5Smm/usec, the axial resolution was detemined
to be:

N 1 1 mm lin.
resolution(in.) = (—) 1.5 ( )
4 \ frequency(Mhz) psec \25.4mm

Sy 0.014764
resolution(in.) =

frequency(Mhz)

Using the above equation, the range of achievable axial resolution was found
to be between 0.030 to 0.0015 inch. This performance could not meet the
0.0005 inch resolution requirement and so the ultrasound was agreed to be
and unacceptable concept for the Walkaway system.
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After the feasibility studies, our team convened to assess each
concept. We eliminated ideas that were not feasible and combined similar
ideas. This process dramatically reduced the number of concepts to a
manageable level of around 10 for the Pugh concept selection process. We
agreed to continue to evaluate four sub-systems for the QBC® Walkaway
machine: “patient identification,” “measuring (blood) bands,” “measuring
float and tube annulus,” and visual “display.” The “cell separation” function
was eliminated after we learned that BD experts had already experimented
with many of our concepts in the past and found that they did not perform
better than just simple centrifugation.

LA INYY

Feasibility studies allowed the team to evaluate ideas based on facts
rather than on speculation. There were times during concept selection when
we could not evaluate concepts because of lack of information. This slowed
down the process since we had to conduct a more thorough investigation
before concept evaluation could continue.

Pugh concept selection process

The Pugh concept selection process is a systematic method for
selecting the concept that best meet engineering design requirements of the
House of Quality and other design goals set by the team.?9 It is used
extensively in MIT's undergraduate and graduate engineering design
curriculum and is becoming more commonplace in many corporations.3® In
the section, the Pugh concept selection process and its results are presented.
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Figure 3.4 Sample Pugh Chart

1. Large poster papers (4 feet x 20 feet) were used to make the Pugh
charts for each primary sub-system mentioned in the previous section:
“patient identification,” “measuring (blood) bands,” “measuring float and
tube annulus,” and visual “display.” A general Pugh chart is shown on
figure 3.4 for reference. The large posters allowed every team member to
easily refer to the concepts and design criteria during the evaluation and
selection process.

2. Concept drawings and/or descriptions were placed on the top row.

3.  The concepts were drawn and/or described on a similar level of detail
in order to prevent bias of any one concept. Moreover, we agreed on a name
for each concept to make communication easy.

4. A list of design criteria was made for each sub-system. These lists
were generated from engineering design requirements of HoQ (see figure 2.2
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and sections 2.4.3 to 2.4.6) that were relevant to the sub-system function &nd
other design goals specific to the sub-systems. An example is presented to
explain the details and importance of this process.

For “patient identification,” there was one set of general criteria from
the HoQ (engineering design requirements) and another set of more
specific criteria related to its basic function (section 3.2.1):

Engineering design requirements for “patient identification”

- System cost

- Manual human interaction with tube and/or form

- Number of potential failure points from human interaction
+ Ability to interface to laboratory information system (LIS)

Other engineering design goals for “patient identification”
8

Cost per sample

Machine can read ID

Ease of tube reading by human

Reliability in reading ID

Potential ID interference with blood band and tube&float
annulus measurement operation

- Laboratory information system (LIS) dependency

++ +

The “+” and “-” indicare that that more or less of a criterion
level is better for the sub-system design. For the criterion, “machine
can read ID,” it is better to have a system with a greater multi-
functional capability that can read ID as well as measure blood cell
bands and tube & float annulus. In another example, it is better to
minimize the patient ID system’s “laboratory information system
(LIS) dependency” because some customers do net have such
systems. But at the same time, it is important to maximize the “ability
to interface to LIS” because some customers already have or intend to
install LIS in the near future.

Although many design criteria were obvious to indicate with a

“+” or a ““-,” there were those that were not as obvious but we made
decisions based on speculations. To our dismay, we learned the
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importance of making careful decisions as the following situation
shows. In the sub-system “display” (detailed in section 3.2.4), we
indicated the “size of display™ criterion with a **-”” without much
discussion. During the concept selection process, there were some
long exciting debates among the team members. Some of us felt that
smaller screens would suffice to display CBC information effectively,
give minimum customizability with a touch keypad, and keep the
machine cost down. Others felt that medical technicians would
probably be willing to pay the higher cost for a larger screen that will
make reading easicr and give the screen more room for
customizability. In the end, we decided to discontinue the “display”
sub-system evaluation because we were not exactly sure what our
customers wanted. We intend to continue this selection process after
we obtain more customer input about displays. We learned from
experience that understanding the design goals before beginning the
Pugh selection process is important to help to expose areas where
more market research was needed.

In another instance, “cost” was misunderstood by a couple of
team members as being just material costs excluding manufacturing
costs. When this misunderstanding was recognized while completing
the Pugh chart, we reviewed the design criteria and repeated the entire
concept selection process for that sub-system. We leamned that
common understanding of design goals and requirements was critical
to the success of the process. Our presumptions wasted a lot of time
but eventually we were fortunate to recognize the misinterpretations to
help bring mutual understanding of each design criteria. However,
this mishap could have been avoided by writing the detailed
definitions next to each criterion on the chart.

A concept which the team members felt was “strong” and well

understood was selected to be the datum. For example, for “measuring
bands,” we selected “HWH” (section 3.2.2) because we were already
familiar with the technology (which was developed by BD) and we felt it
had potential for the Walkaway system.
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6. We evaluated across the matrix, one criterion at a time, and gave a
“47,*-" or an “s” to each concept with respect to the datum. Going across
prevented defensive attitudes from team members on a single concept and
heiped to maintain a consistent definition of the criterion. Each team

member took turns mediating these evaluation sessions.

7. The "+”,“-”, and *'s” were summed. We selected the concepts with
the greatest number of “+” and f-om this selection. There were usually
about 3 “strong” concepts per sub-system.

8. We then “attacked the -'s” of these selected concepts and started
forming hybrids. Features of other “weaker” concepts and/or new concepts
were used to eliminate those negative attributes. The level of conceptual
detail generally increased with this procedure. Moreover, the process of
forming hybrids induced more ideas.

Although a concept might have a lot of +’s and s’s, if it was not
able to meet a critical design criterion such as 0.0005 inch precision
for “measuring bands”, one would say that the design is weak.
Incorporating weights to each design criteria might eliminate this
problem. However, it is quite difficult to weigh design criteria
because they are very subjective. Forming hybrids eliminated these
weights. When hybrids are made, -'s are changed to +’s and so the
critical design criteria were considered. For example, the “HWH”
(see section 3.2.2), which was found to be a *‘strong” concept,
received a “-” for its inability to perform the necessary fluorescence
readings because of its red laser. However, the “-” was changed to a
“+” by suggesting the use of a blue rather than a red laser. As long as
hybrids are formed and -’s were changed to +’s, subjective weighting
of the design criteria was unnecessary.
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3.2 Results of Concept Evaluation and Selection

Before beginning the Pugh concept selection process, we eliminaicd
many ideas after the initial feasibility studies and we often combined many
of the similar ideas. We narrowed the field of reasonable concepts down to
4 to 15 for each function. During the selection process, we set aside the
weak concepts which generated a lot of -’s in the Pugh matrix, in order to
expedite the often long and arduous sessions.

3.2.1 Patient Identification

“Patient identification™ deals with associating a patient’s blood sample
with its analysis results. With the current QBC® systems, the user must
manually keep track of a patient’s sample in the numbered tube slots in the
centrifuge rotor and while transterring to the machine after centrifuging.
Hence, the possibility of identification errors made us consider patient
identification systems meant to minimize user error and intervention.

We began by generating a list of patient ID selection criteria based on
the HoQ and from our own intuitions (Table 3.2).

An important criterion was preventing interfercnce with blood
analysis. However, we did not want to leave out the possibility of using an
ID reading mechanism to also measure bands and float & tube annulus.
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_ Patient Identification Concept Selection Criteria =~
. System cost

. Manual human interaction with tube and/or form

. Number of potential failure points from human interaction

+ 1

. Ability to interface to laboratory information system (LIS)

. Cost per sample (ie. disposable cost)

. Machine can read ID

. Ease of human reading on tube

. Reliability in reading ID

. Potential ID interference with blood band and tube&float annulus
measurement operation

- 10. Laboratory information system (LIS) dependency

+ [+ [+ [

Table 3.2 *Patient Identification” concept selection criteria

Interface capability to LIS was another desirable feature for the
medical technicians. Although many customers of our target market do not
have LIS, many have stated that they intend to incorporate such information
systems in the near future. To satisfy both LIS users and non-users, we
decided that the Walkaway system should be capable of interfacing and at
the same time, be independent to LIS to maximize the machine’s versatility.

Evaluated “Patient Identification” Concepts

After numerous (about 5) team meetings, discussions, and feasibility
studies we concurred on 7 patient identification systems from a set of nearly
70 concepts for the Pugh concept selection process. These 7 concepts are
shown in figure 3.5.
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1. "Shipping Tag ID" ] 2. "Bracelet & Tube ID" J 3. "Form and Tube Sticker"

=] .

name:
SS#:
Address:

John
Doe

4."Form & Tube"

(] [ 1

name:
SSit:
Address:
Doctor

7. "Coded Tube & Form"

name:
SSi#:
Address:
Doctor

Figure 3.5 ‘“‘Patient Identification” concepts
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Figure 3.6 “Patient Identification” Pugh chart
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Refer to the Pugh chart on figure 3.6 for the following evaluations and
results of “patient identification.”

1. “Shipping tag ID”

A phlebotomist attaches a piece of handwritten tape or tag around the top of
the tube. After inserting the tagged tube into the QBC® Walkaway, a
medical technician types in the patient ID into the machine using a
keyboard.

This concept does not require a costly ID system. The cost per sample is
low because it only requires a simple tag. A handwritten tag makes it easy
to read and also makes it LIS independent. However, the drawbacks are that
it requires a lot of manual intervention and it increases the number of
potential human failure points.

Score: 0 (scored same as the datum)

2. "Bracelet & Tube ID"

A phlebotomist associates a patient tag (such as a bar code on a bracelet or
card) with a pre-coded tube (which could also be a bar code) by scanning in
both of them after drawing blood. The tube is sent to the lab and the LIS
automatically matches the hlood analysis to the patient. The doctor can
receive the blood analysis through his office computer by typing in the
patient's ID number or scanning in the patient's ID tag.

The “Bracelet and Tube ID” fared well in cost per sample, not interfering
with QBC® operation, low amount of human interaction with tube and form,
and low number of potentizl failure points from human interaction. In the
other criteria, this concept matched the datum. Unfortunately, it requires an
LIS.
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Score: +4

3. DATUM: "Form and Tube Sticker"

In this concept, a pre-coded (barcode) form also contains a corresponsing
bar-coded sticker. A doctor removes the bar-code from the form and sticks
it on a blood tube. After blood is drawn, the tube is sent down to the lab and
the form remains with the doctor. The doctor can call up the blood count on
his office computer by scanning the bar code on the form with a bar
code“pen.” This concept requires the use of an LIS.

Score: 0

4. "Form and Tube”

A pre-made form with a bar code, and a QBC® blood tube, that does not
have an identification tag, moves around as a unit. After drawing blood, the
medical technician simultaneously inserts the form and tube into their
respective slots in the QBC® machine. The machine automatically
maintains the association of the form to the tube. The results are printed out
on the pre-made form.

Since the patient information is printed directly on a pre-coded form, reading
the form and associating the sample to the patient is easy for the medical
technicians. Furthermore, the lack of any identification tag on the blood
tube eliminates interference with the QBC® blood reading operation.
However, it can’t interface with LIS unless the form can be scanned by an
internal scanner and the medical technician types in the corresponding
patient information.

Score: +2
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5. "Now"

This is the current method of manually keeping track of tubes. The medical
technician must record the location of the tubes in their respective centrifuge
slots.

The need for manual interaction increases the possibility for erroneous
patient identification especially with large batch jobs.

Score: -2

6. "Auto ID"

Before blood is drawn, 2 phlebotomist inserts a tube into an ID generator and
types in the patient D such as social security number, name, and patient's
doctor. It automatically dispenses the tube with a human readable and
QBC® machine readable identification tag. The phlebotomist immediately
draws the blood from the patient. The ID generator can be attached to the
LIS but needn’t be. The blood tube is transferred to the lab and the LIS can
automatically associates the analyzed tube with the patient. The patient's
blood analysis is quickly forwarded to the doctor via the LIS or hand
delivered.

The “Auto ID” concept was by far the strongest concept. With this patient
identification system, the Walkawa+ aachine can be configured to be LIS-
dependeat or independent. Since pauent information is directly placed on a
blood tube, which can be read by both the machine and the medical
technicians, the possibility of accidentally associating a tube to a patient
dramatically decreases. The only major drawback was high system cost.

Score: +6
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7. "Coded Tube and Form"

A medical technician simultaneously inserts a pre-coded form and a pre-
coded tube (both with the same bar code) into their respective slots in the
QBC® machine. Since both the form and tube have the same bar code, they
do not necessarily have to be placed into the QBC® simultaneously. This
feature eliminates one potential human failure point.

This concept is very similar to the “Form and Tube” concept with the
exception for the pre-coded tube. The QBC® machine can read the tube and
has the option to download the blood analysis results and patient code to the
LIS.

Score: +3

NOTE: For all these concepts, there could be an option to allow the medical
technician to intervene, read the analysis results, and push a "GO" or
"NO-GO" button before the analysis is forwarded to the doctor via
LIS or manual transfer. The medical technicians from our
interviews and the focus group session often asked for this
intervening feature.

“Patient Identification” Evaluation Conclusion

The following four concepts beat the datum: “Bracelet and Tube ID”,
“Form and Tube”, “Auto ID”, and “Coded Tube and Form.” The strongest
concept was Auto ID with the only drawback being its potentially high
system cost.

We re-analyzed each of the concepts and proceeded to form hybrids.
We eliminated the “Form and Tube” concept after agreeing that this concept
was quite similar to the “Coded Tube and Form” concept except for a coded
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tube. We decided to conduct a more detailed feasibility study and also form
hybrids of the three strongest concepts: “*Bracelet and Tube ID”, “Auto ID”,
and “Coded Tube and Form.”

To gain a better understanding about identification systems, I
contacted a vendor specializing in automatic identification, Symbol
Technologies in Framingham, Massachusetts. Apparently, this vendor had
experience with patient identification system in hospitals. She explained
that hospitals are unwilling to spend money on a dedicated automatic
identification system for a single medical instrument, especially if they
intend to incorporate a universal automatic patient identification system that
can be interfaced to all their medical instruments and electronic information
systems. Unfortunately, both the “Auto ID” and the “Bracelet and Tube ID”
concepts required a dedicated automatic identification system; the “Auto ID”
required a machine to automatically encode and dispense QBC® tubes, and
the “Bracelet and Tube ID” required a hospital-wide computer information
system that provided ID bracelets or cards to patients. Her logical
explanations allowed us to eliminate these two concepts. We then decided
to form hybrids on the “Coded Tube and Form” concept.

Final Options

8. A tube with 2 bar codes; one that is permanently affixed to the tube
and the other larger bar code (with same ID as the permanent one
on the tube) that can be peeled off to be attached to any form that
contains patient information.

A medical technician uses a bar code reading wand, which is
attached to the machine, to manually scan the bar code from the
form after a tube has been analyzed by the machine. The machine
associates the results from the pre-coded tube and the scanned-in
bar code and automatically prints out the results on plain fan-fold
computer paper. The printed results can be stapled or taped to the
original form containing patient information. This idea eliminates
the need for a dedicated pre-coded form and also makes the entire
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system less expensive and simple. However, there is still the
possibility of attaching the wrong tube’s results to the patient’s
form.

9. A pre-coded tube and form with a form feeder in the machine.

A stack of forms, each imprinted with a patient’s information, is
inserted into the QBC® machine. The forms are fed automatically
into the machine and their bar-codes are automatically identified by
a dedicated bar code reader. The machine associates a blood
analysis with the correct pre-coded form and the results are printed
directly on that form. The automatic form feeder and the dedicated
bar-code reader can make this system more expensive but mis-
association of results with patients due to human error is eliminated

10. A hybrid of 8 and 9. A tube has 2 bar codes, one permanently
affixed to the tube and the other larger bar code which can be
peeled and stuck on any form. The QBC® system’s printer is
capable of reading the bar code stuck on the form.

After tube analysis, a medical technician feeds the form (with the
bar code sticker) into an external dot matrix printer linked to the
QBC® machine. This printer’s head contains a photodetector
which can read the bar code as it traverses across the form. The
blood analyzer can then associate the bar code with the proper
results and download the information to the printer. This idea
eliminates the need for a dedicated form and an expensive integral
automatic feeder and bar code reader. Moreover, it can be both
inexpensive and eliminate a potential user-error associated with the
original “coded tube and form” concept.

We decided that some form of hybrid of the “Coded Tube and Form”
system concept would be most effective for patient identification. At this
writing, we are not at a position to select a final concept. Patient
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identification is a very important issue especially with increasing insurance
costs and mal-practice suits. We intend to perform a focus group in the near
future to help us to make a prudent selection of a patient identification
system that best satisfies the customer and minimizes user error and
interaction.
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3.2.2 “Measuring Bands”

“Measuring bands™ is the function for measuring the length of each
layered blood component in a centrifuged capillary tube. Band measuring
techniques must accommodate fluorescence as well as transmission readings
(described in section 1.4). From these measurements, the QBC® system
software can determine the blood cell counts and also provide suggested
diagnoses (known as diagnostic reminders at BD).

M
1. Accuracy
2. Precision
3. Repeatability

4. Cost

5. Reliability (Mean Time Between Failure)

6. Size

7. Speed (Speed of Taking Measurement)

8. Stability (Robust to Environmental Noises)

9. Calibration Ease

10. Ease of Manufacturing and Assembly

11. Fluorescence Capability

12. Multiple Use Capability

(Can also measure tolerance, perform patient ID)
+ 13. Safety

- 14. Contact with Blood (Instrument contact)

+ [+ [+

++ [+ [+ [+ [+] +]

Table 3.3 “*Measuring Band” concept selection criteria

Our team’s experience from customer interviews and corporate
specifications was used to make a list of concept evaluation criteria for the
“Measuring Band” sub-system (Table 3.3).

» Corporate specifications require system’s measuring precision to be less
than 0.0005 inch, and accvracy & repeatability to be greater than 97%.

89



 Although low cost is important, trade-offs were made given current
technological availability. The cost of the “measuring band” system has tc
be only a fraction of the maximum allowable overall system material cost of
$2,000. During evaluation, we analyzed costs for each concept associated
with manufacturing, and system interfacing complexities.

 Small size was found to be important to the customers for maintenance
ease and countertop space-saving.

» Multiple use capability includes the ability of the “measuring band”
system to read patient identification (i.e. bar codes), perform both
fluorescence and transmission readings, and also precisely measure the
annulus between the float and the tube.

 Another important criterion is safety. The system need to perform its
function without compromising user safety.

Evaluated ‘“Measuring Band” Concepts

After an initial Pugh selection process, we attacked the negative
aspects of winning concepts and performed more feasibility studies for a
second round of concept selection. The “new” winning concepts (Figure
3.7) were evaluated and the results are presented in figure 3.8. Some of the
concepts had color analysis and others did not because we believed, at that
time, that as long as band lengths were measured, color analysis was not an
issue. We found out later that BD’s intention of adding more capabilities to
the Walkaway system required color analysis.
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