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1 Introduction e Comparison of product functionalityrew product designs
are truly “original.” Instead, they incorporate elements of other
Foduct designs that have accumulated in the corporate body of
(?esign knowledge. If functional descriptions of products, ex-
fessed in a common language, are accumulated in a repository,
hen that repository can be searched to find products similar in
ction. This offers obvious applications to benchmarking prod-
ts and searching for form solutions.
» Creativity in concept generatiohe ability to decompose a
%tsign task is fundamental to arriving at creative solutiis
. . . .. Likewise, it is critical to represent abstract and incomplete infor-
Sever_al factor_s motlvate_the creation of a funct.lonal bas_ls fi ation to make decisions early in a design process or product
mechanical design. In particular, use of the functional basis dgg,e|opment. Functional models, with the addition of a functional
scribed in th_ls article significantly contributes to the following S¥asis, significantly aid the capacity of design teams to break prob-
product design areas. lems down and make critical early decisions.

« Product architecture developmerithe desire to move the * Product metrics, robustness, and benchmarks important
product architecture decisidite. modular vs. integralearlier in ~ @spect of product development is to formulate objective measures
the conceptual design stage necessitates basing the decision &1 #enchmarking and quality endeavors. Functional models can
functional model of the produdtL,2). A modular architecture is 9réatly enhance methods, such as Quality Function Deployment,
then formed by grouping sub-functions from a functional moddp identifying and choosing metrics. The flows or connections of
(such as a function structyregether to form modules. The mod-functional models provide a high-level physical model of a prod-
ules identify opportunities for function sharing by componentdCt'S technical process. These flows, if suitably formalized, are
and lead to alternative layouts where concept generation te@yectly measurable, reducing the guesswork and artistic nature of

niques may be used to embody the layouts. To systematicafiyo0Sing metrics.
explore product architecture possib!lities across a wide variety of the scope of this article is limited to the functional modeling
products, a common functional design language is needed.  ortion of conceptual design. Section 2 provides a glossary of
+ Systematic function structure generatidihe most common ¢ommon functional modeling terms. In Section 3, we review the
criticism of functional modelsparticularly their graphical repre- gesign research leading up to the functional basis, which is pre-
sentation known as a function structbie that a given product sented in Section 4. A functional modeling methodology is given
does not have a unique representation. Even within a systemgiiGection 5 to demonstrate the placement of the functional basis
function structure generation methodology, different designefgnin the design process. However, the functional basis for me-
can produce dlfferlng“functlon_ structures. A common set of funGhanical design presented in this article can be used across many
tions and flows(the “connectivity” of the product's function methodologies. The end result is always a functional model of a

significantly reduces this occurrence. It also provides a consisteptquct expressed in a common design language, as the example
basis for developing high-level physical models, and for teachifg section 6 demonstrates.

the abstract concepts of functional modeling to engineers.

 Archival and transmittal of design informatioRroducts are
transient; their service Iiveg range from Qays to hundreds of yeags, Glossary of Terms
but are nevertheless transient. The design process behind a prod- : L
uct is even more fleeting. The creation of each new product,The'foIIowmg terms are u_sed throughout the artlcle_ln reference
though, adds to the collective design knowledge and needs totBevarious parts of the design process. They are defined here for
recorded in a consistent manner. A functional model is an exc&farty. i ) ) _
lent way to record and communicate design information. To do soPreduct function the general input/output relationship of a
consistently, a common set of functions and flows with clead Product having the purpose of performing an overall task, typi-

timeless$ definitions is necessary. cally stated _in verb-objc_ac'g form.
Sub-function a description of part of a product’'s overall task

Contributed by the Design Theory and Methodology Committee for publication iéDrOdUCt funCIIOI)l, stated in Verb-ObJeCt form. Sub-functions are

the DURNAL OF MECHANICAL DESIGN. Manuscript received August 1999. Asso- decomposed from the product function and represent the more
ciate Technical Editor: Jonathan Cagan. elementary tasks of the product.

Functional modeling is a key step in the product design proce
whether original or redesign. This article reports on an inducti
approach to create a common design language for use with fu
tional models, focusing primarily on the mechanical and electr
mechanical domains. The common design language is terme
functional basis. It allows designers to describe a product’s overg
function as a set of simpler sub-functions while showing their
connectivity. With such a set, designers can communicate prodH
function in a universal language.
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Function a description of an operation to be performed by ahanical design function®21]. Malmqvist et al. note that the de-
device or artifact, expressed as the active verb of the sub-functitailed vocabulary of TIPS would benefit from a more carefully
Flow: a change in material, energy or signal with respect tstructured class hierarchy using the Pahl and Beitz functions at the
time. Expressed as the object of the sub-function, a flow is tiéghest level. Kirschman and Fade&?2] propose four basic me-
recipient of the function’s operation. chanical functions groups, but vary from the standard verb-object
Functional modela description of a product or process in termsub-function description popular with most methodologies. How-
of the elementary functions that are required to achieve its overaller, this work appears to be the first attempt at creating a com-
function or purpose. mon vocabulary of design that leads to common functional mod-
Function structure a graphical form of a functional model els of products.
where its overall function is represented by a collection of sub- Building on the above work, the concept of a functional basis is
functions connected by the flows on which they operate. described in this paper, significantly extending our previous re-
Functional basisa design language consisting of a set of funcsearc13,23,24. A functional basis is a standard set of functions
tions and a set of flows that are used to form a sub-function. and flows capable of describing the mechanical design sfface
our focusg. Our work expands the set of functions and groups
them into eight classes. Also, for the first time, a definition for
3 Background each function is given. This initial functional basis subsumes all
3.1 Functional Modeling. In function-based design meth-Other classification schemes discussed above along with the 30

odologies, functional modeling of a device is a critical step in thgaSic sub-functions found in TIPS. It is from this point that the
design procesg4,5]. The systematic approach of Pahl and Beitynctlonal basis in this artl_cle picks up. Accepting the_ functhns of
[4] and Hubka 6], which represents European schools of desigll?,'mev we add a standard list of flows with definitions in Section 4.

has spawned many variant methodologies in recent American deg 3 Design Knowledge Archival. In addition to conceptual
sign literature{3,7-13. Similarly, the field of value engineering gesjgn work, functional models represent a means of archiving
has significantly advanced our understanding of basic functiong,q communicating design knowledge. Augmented with other
especially with respect to economic measuie$-16. Regard- proquct specific data, such as a component to function map, per-
less of the variation on methodology, all functional modeling bgprmance specifications and/or customer needs, a functional
gins by formulating the overall product function. By breaking the,oge| represents a concise body of design knowledge. Altshuller
overall function of the device into small, easily solved sUtEZl] recognized that patents provided a valuable store of design
functlons,. the form of the device follows from the assembly of a| nowledge while developing TIPS, but are not easy to search or
sub-function solutions. - _ categorize. Currently, product databases are being developed that
The lack of a precise definition fasmall, easily solved sub- fagjjitate easier search and retrieval of product design knowledge,
functionscasts doubt on the effectiveness of prescriptive desigl hased on a standard set of functions and flf2&-27.
methodologies such as those by Pahl and Beitz Ullman [3],
and Ulrich and Epping€lf7] among engineers in more analytical . . .
fields. For instance, within a given methodology how does onAé An Inductive Functional Basis
reconcile different functional models of a product generated by The functional basis is a tool for use in generating a functional
different designers? Typically, such differences arise from semanedel in product design. Many different design methodologies,
tics or poor identification of product function. The development ofhich include a functional decomposition component, are men-
a standard set of functions and flowsferred to here as a func- tioned briefly in Section 3. Purposely, no detailed description of
tional basis, others may call it a function taxongnand a sys- any one method is given prior to the introduction of the functional
tematic approach to functional modeling offers the best case liasis. By doing so, we hope to emphasize the broad-based appli-
erase remaining doubt. cability of the functional basis. Regardless of the specific tech-
nique used to create a functional modsuich as a hierarchical

’ ; decomposition or task listing approacthe basis identifies when
of the recent work on a functional basis stems from the resultsgﬁ overall function is decomposed temall, easily solvablsub-

value engineering research that began in t_he 1pu0s14. value function and, thus, provides a common level of detail. Implied in
analysis seeks to express the sub-functions of a product as R
i

3.2 From Value Engineering to Functional Basis. Much

i b-obiect pair and . fracti ¢ duct " 4 is the representation of product function in a common lan-
action verb-object pair and assign a iraction or a proauct s cos age, eliminating semantic confusion.
each sub-function. Sub-function costs then direct the design eff

ifically. th lis t d th t of hiah val The only requirement of the functional basis is that functions
(specifically, the goal is to reduce the cost of high value subg,, oyerall and sub-must be expressed as a verb-object pair.
functiong. However, there is no standard list of action verbs al

he basis functions fill the verb spot and the basis flows provide

fife object. Next, the functional basis flows and functions are pre-

necessary to accurately communicate helicopter failure inform§e'nted. In each case, the logic behind the classification scheme

tion, Collins et al.[17] develop a list of 105 unique mechanicaly, g the ysage rules are given. Finally, several previous function

” e fdxonomies are compared to and shown to be subsumed by the
systems and do not utilize any classification scheme. functional basis

As systematic, function-based design methodologies gained In-
fluence, the development of function taxonomies continued. Now,4.1 Flows. An essential component of any functional mod-
though, the development is based on the related needs for a cleglarg approach is the representation of the quantities that are input
stopping point in the functional modeling process and, henceaad output by functions. These quantities entities are known
consistent level of functional detail. Pahl and Bdifg list five as flows. This research has developed formal representations of
generally valid functions and three types of flows, but they are fiows through a careful study of many fields within the physical
a very high level of abstraction. Hunddl8] formulates six func- and natural sciences. Analogies have also been adopted from other
tion classes complete with more specific functions in each classpdeling approaches, such as dynamics and bond graphs. The
though does not claim to have an exhaustive list of mechanigakults of these studies have then been applied to hundreds of
design functions. Another approach uses the 20 subsystem repm@ducts as part of this research. Reverse engineering exercises,
sentations from living systems theory to represent mechanical geeduct development, and industrial applications have served as
sign functions[19]. Malmqvist et al.[20] compare the Soviet the vehicles for the product applications.
Union era design methodology known as the Theory of Inventive Energy, matter and information are considered basic concepts
Problem Solving(TIPS) with the Pahl and Beitz methodology.in any design problenpd]. It is the flow of these three concepts
TIPS uses a set of 30 functional descriptions to describe all nmtbat concerns designers. Matter is better represented as material.
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Table 1 Flow classes, basic and sub-basic flows and comple-
ments [28]. Complements with gray backgrounds may be

treated as stand alone objects in the verb-object pair.

of the flow set(and function set in the following sub-sectjas to
compare different devices on a functional level. In this case, the
flows (and functiong should be expressed in their basic categori-

Class Basic Sub-basic Complements zation to capture similarities between devices. The possible levels
Matesial gm Hand, foot, head etc. of specification are depicted schematically in the botideage
ateria. as e . .
Tiquid and Degree of Specificatiquortion of Table 1.
Solid 3 ; . .
Signal | Status Auditory Tone, Verbal An Inclusive Case: Human Flow. Considering the material
glf:_cl“’fy _ _ and energy classes, both have basic flows of “human.” The im-
actile Pmum, . . . . . .
Taste - - portance in human crossing of device boundaries merits this spe-
— Visual Position, Displ cial inclusion. Often the requirement of human interaction is
= T known at an early stage of design. By its specification, it will
Class Basic Sub-basic Effort analogy Flow analogy guide the design to appropriate solutions faster.
Human Force Motion . . . . . . .
Acoustic Pressure Particle velocity Signal Flow Particulars. Signals, while in actuality either
Biological Eressure Volumetric flow material or energy, receive their own class because their role is to
Chemical Affinity Reaction rate . . . .
Electrical Electromotive force | Current carry information. Here, signals are treated as two basic flows
Electromagnetic | Optical Intensity Velocity used for conveying status or control information.
Solar Intensity Velocity
Energy | Hydraulic o Lol Energy Flow Particulars. Energy flow complements are di-
Mechanical | Rotational | Torque Angular velocity vided into effort and flow analogies based on eneigy-power)
Ifl;’r‘::a;f:;ﬁl i’:ﬁm 'F-i““"ek’dfv based modeling methods, such as contained in the bond graph
1 e Tequenc . . .
Preumatic i o literature [29]. These complements are shown in the_ final two
i{:dioaclﬁve }rntensity Decay rate columns of Table 1. Only one of the complements is used to
= = SIpere Heat flow further specify a basic or sub-basic energy flow. The energy flow
sage & Degree of Specification .
Class only complements are labeled as effort and flamalogies Not every
e basic energy flow in Table 1 will have power as the product of its
Basic or Sub-basic + Class effort and flow analogies, as would a true power-based effort and
More Specific¥ : flow product. The effort and flow analogies’ product is scalable to
Basic or Sub-basic + Complement .
Most Specific¥ power, though. The effort and flow analogies were created be-
Overall increasing degree of specification = cause they provide a consistent categorization of flows, eliminat-

ing confusion when increasing specification is needed. They also

identify variables that are important in future analysis. For in-
Information is more concretely expressed as a signal. Signa¥ance, in a hand held power screwdriver, is the relevant flow out
in actuality, are either flows of material or energy, but receivef the motorangular velocityor torque? Of course both exist, but
a special classification because their function is to carfprqueis the correct choice to describe the situation because the
information. effort is the more important output of the power screwdriver,

All design problems deal with these three basic flows, but Rased on the primary customer need of inserting screws easily.

seldom advances the design solution to deal with flows at thféhen mathematical models of the device are created, a formula-
highest level. We specify these flows more accurately to form tfi@n for the output torque will be required as expressed by the
vocabulary of standardized flows of the functional basis. THeNction structure.

functional basis flows are shown in Table 1. Definitions of Functional Basis Flows. Not only is a consis-

General Functional Basis Flow Usage. The representation tent division of basic flows necessary, but also a clear definition
of flows carries critical physical information about a product$or all flows. Flow definitions are given in Appendix A. For ma-
technical system. It is possible to represent flow at such a higi§fials, basic physics provides suitable definitions. The energy
level of abstraction that little meaning can be derived. Likewise,@ass is specified further by a bond graph approach of effort
natural language, such as English, provides too vast a rangeaBfl flows[29-32. Signals are defined from a human factors
possible descriptors, so that ambiguity and redundancies nfggndpoin{33].
arise. We address these issues through the development of ﬂO\Q{z Functions. As with flows, functions are formalized

CI"’{/SVS?’ in ac:]d:(tllon tol reflnftlaments W'éh'nkeac.h clabss._ d through a study of past methods, in addition to the patents and
ithin each flow class, flows are broken into basic and SUllihejiterature. Through these studies, the functions have been

basic_flows_. In practice, a basic flow is des_cribed by a basl'fSed to represent hundreds of products, both redesigns and origi-
descriptor-its class. For exampldiuman energys a basic flow. nal developments

iub—basiclﬂqwsharfel desc(;jr_ibed by %sgb-t_)asicddesgmgiimpla;lss. The function classes used in the functional basis are given in
n example is the flovauditory signal Basic and sub-basic flows 1416 2 The first column lists the eight function classes. These

gway be _furtherfspecigecti) by agdin_g a cogwglemegt. Here the flQW4sses are extended to include basic functions in the second col-
escription is formed by a basitor sub-basit descriptora umn. The third column lists functions that are only valid when

complement. A more specific description of theman energy \ saq with an appropriate flow. For example, the functiamsmit
used by a product such as a power screwdrivéiuisan forceA e jimited to use with the flow classes energy and signal and the

few special cases exist where complements stand alone in desGilyrion transportis used with the flow class material. The last

Ing a ZOV_‘I’_' E_tand alone_comfplements ?re denotedbby_atgraytbgg lumn lists synonyms for the basic functions. These are terms

tghmltm - 1a Indg andeggl?he, or gxgm? e’dW? {I:ay e in ereE ed ikt commonly appear in non-basis function structures and aid in
e torque produced by the engingnstead of the more cumber-ynqforming a function structure. Definitions and examples

somerotational torque._ L . for each of the functional basis functions are presented in
The degree of specification depends on the type of design "‘Wﬂpendix B.

customer needgand process choices resulting from customer
need$. Using a more general flow description produces a genericAlternative Uses of the Verb-Object Format. A functional
function structure and, thus, a wider range of concept variantsasis function always occupies the verb position of the standard
However, if customer needs dictate concreteness in flows, thenwanb-object sub-function description. However, the verb-object
increasingly specific complement is more valuable. Another usermat may be applied more liberally for some basic functions,
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Table 2 Function classes, basic functions and synonyms
[23,24]. Repeated synonyms are italicized.

such asallow DOF, couple, mixand convert Such extensions
provide for more expressiveness in the representation, as indicated
by these four functions as outlined beldfollowed by simple

Flows

Material = — QO Material

Mechanical, Pneumatic,
Radioactive, Thermal

O Material O
[Human, Gas, Liquid, Solid

Cl. Basi Fl S
ass as1c regt‘;\;cted ynonyms examp|e$
Separate Switch, Divide, Release, Detach, Disconnect, allow DOF: allow flow DOF (Ex.: allow rotational energy
Disassemble, Subtract,
Remove Cut, Polish, Sand, Drill, Lathe Do F) i
Branch Refine Purify, Strain, Filter, Percolate, Clear convert convertflowl to flow2 (EXx.: convert electrical en-
Distribute Diverge, Scatter, Disperse, Diffuse, Empty i
Absorb, Dampen, Dispel, Resist, Dissipate ergy. to meCham(.:al energy X . .
Tmport Tnput, Receive, Allow, Form Entrance, Caphire mix(couple} mix(couple)lowl andflow2 (Ex.: mix solid and
Exporft Discharge, Eject, Dispose, Remove ||q u |d)
ransfer . ) ) .
Channel Transport | Lift, Move 4.3 Comparison of Functional Basis with Other Taxono-
A Transmit _| Conduct, Convey mies. Three function and flow taxonomies are compared to the
Guide s et Saignten Steey functional basis in Fig. 1. Pahl and Beitz suggest high level func-
Rotate Tarn, Spin tions and flows. The set of functions and flows become more
Allow DOF | Constrain, Unlock detailed as Hundal refines them. The number of function classes
Connect Couple Join, Assemble, Attach increases from five to six and 38 basic functions are developed.
- Gomloie, Blend, Add, Pack, Conlesce The functional basis expands the number of function classes to
Actuate Start, Initiate
Contral | Regulate Conteel, Allow, Preven, Enable/Disable, eight, but reduces the total number of basic functions to 32.
udae A nterru; alve . . .
gni e Tcrerse Docioase, , Ampily; R Nogry, Though Hundal lists more basic functions, some are redundant
— Normalize, Multiply, Scale, Rectify, Adjust and therefore removed in the functional basis. For example, Hun-
fonn __ Compact, Crush, Shape, Cimpress Plerce dal's convert class uses eight basic functions to do what one does
Convert Convert Transform, Liquefy, Solidify, Evaporate, in the functional basis. Consider a kitchen blender. In Hundal's
Condense, Integrate, Differentiate, Process taxonomy, one of its subfunctions might liguefy material The
Store Contain, Collect, Reserve, Capture . . ! . . .
Provision Supply Fill, Provide, Replenish, Expose fu_nctlonal ba5|§ descnbes the sub-fu_nctlorcasv_ert solid to lig-
Extract A .. uid. Now, consider an ice maker unit of a refrigerator. Hundal's
Signal f:;‘f:ate f::i“’e' Recognize, Discern, Check, Locate taxonomy would list the freezing sub-function sslidify mate-
Display rial. The functional basis again uses the convert sub-function to
Measure Calculate describe the action asonvert liquid to solid The lines of Fig. 1
Support ::(a)iilize ;‘:::;a‘e' Protect, Prevent, Shield, Inhibit show how Hundal's taxonomy subsumes Pahl and Beitz’s high
Secure Amc,{ Mount, Lock, Fasten, Hold level set and, subsequently, how the functional basis subsumes
Position Orient, Align, Locate Hundal's taxonomy.
Pahl Hundal Functional Basis TIPS (Altshuller)
& Beitz :
rO Branch ?Branch O [Sep
! [Cut, Branch, Sep: [ R , Refine,
1| [count;Display — — [
L rO Channel O Transfer
Channel —:'OC;}rargnn;Lm . I—‘ '1'.“ o Enxp.lgn. T’a‘? -
1 - ransport, Transmit,
Connect— — :— O Connect gwbggnslate, Rotate,
: [smmgm, D, Connect
N : [Connect, Mix, Pack [Couple, Mix
o : [Add, Multiply, Valive: O Control Magnitude O Change, Control, Form,
ki I [Mark Actuate, FlgPulate, Change, Initiate, Intensify, Lower,
g 1 Form, Condition Modulate, Raise
& ! B Convert O [Create Destroy,
Vary - - + ='+O Change Magnitude &
Crush, Progshis. Form; _| P[°°f“f°" & enerate
esce, inge rovision
Change ———O Convert —? [store, Supply, Extract
SRESRPIL 1O ST ks
Integrate, Uéuef;?o Solldiiy g [%%a\as%rlendlcate. Dispiay: nspect, Weasure
Store ——+ S[ Suppl i u ort O— [set-up, Stabilize
tore -0 Store/Supply op Stabilize, Secure,
[Release, Store, Supply [
[stop, Hold
Energy- = - -O Energy Energy O Movement, Aerosol
Mechanical, Electrical, ? Human, Acoustic, flow, High pressure,
Th luid, Blm, Chemical, Eg;:lgﬂ,e mctlmzanrg?;l/&
neous E{m s Electromagnetic field,
Hydraulic, Magnetic, radiation, Electromag-

netic radiation, Light,
Chemical changes

[ Mixture, Object,
Structure

: . . T rre, Position,
Signal - - - - OSignal O S‘F“ai O Interaction, Dimension,
Status, Control State & properties,
Surface properties,
Volume
Legend:
Class

Basic category

Fig. 1 Comparison of earlier function taxonomies with the functional basis.
TIPS 30 function descriptions are also represented as functions and flows and
shown to be subsumed by the functional basis. The taxonomies to the left of the
functional basis column have evolved from function-based design methodolo-
gies while the TIPS was an independent development from the Soviet Union.
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The functional descriptions of TIPS are also subsumed by tlefectricity, human force, torque, heat, noise,

functional basis. The 30 functional descriptions are broken inrelative rotation, weight human force, weight
function and flow sets and then grouped according to function . . :
basis classesshown in Fig. 1. No%e thpe large numger of TIPS Hand. bit, screw loosen/tighten hand, bit, scre
functions associated with the control magnitude class. This is ccdirection, on/off, screws looseness (or tightness)
sistent with the Altshuller's casting of design problems as a sy™™4duse _ _ _ ] | omen RN
tem conflict to be resolved or controlled.

In short, the functional basis subsumes previous taxonomi_— Energy flow = —— Material flow — — » Signal flow

and offers a more complete and consistent set of functions and ) )
flows that is nonredundant. Coupled with the clear definitions, a  F19- 2 A Black Box model for a power screwdriver
deficiency of other taxonomies noted by previous researchees

Sec. 3.2, the functional basis offers the potential of a universal

design language. identifies one or more input or output flows for the product. These
flows, in turn, directly address the specific customer need.

. L . In general, customer needs only identify input or output flows,
5 Functional Model Derivation Incorporating the not flows internal to the product. The level of detail at which

Functional Basis input/output flows are identified at this point depends upon the

This section details a specific methodology to derive a fun&Pe Of design undertaken. In redesign, the flows are typically well
tional model using the functional basis of Section 4. It consists HPf'ned and benefit from the use of precise desc_rlptlons. However,
three tasks and is presented with an example to clarify tﬁ%aconceptual design problem, flows may be listed more gener-
concepts. ally (even asmaterial, energyandsignal) and refined as the de-

sign concepts develop.

5.1 Task 1: Generate Black Box Model. The first task of An example Black Box model for a consumer power screw-
the functional model derivation is to create a Black Box model, @river is shown in Fig. 2. Note that the system boundary chosen
graphical representation of product function with input/outputeats the bit as an input flow. This choice was based on the
flows. The overall function of the product is expressed in verlzustomer need of interchangeable bits. Flows are represented
object form. The input/output flows are most easily establishedther specifically since the power screwdriver is an existing
after the development of a set of customer needs for the prodymtoduct.

Systematic and repeatable techniques for gathering customer
needs are well described in literaty®7,13,34. This task relates 5.2 Task 2: Create Function Chains for Each Input Flow.
the customer needs to the functional model. Each customer néext each input flow, Task 2 develops a chain of sub-functions that

human force human force

direction _____________.
___________________________ N
on/off ... , X
electricity X :
store i ! i
| clecticity elect, lsupply elect, transmit L actuf-xt_e elect. regu!afte
electricity electricity | elect,] electricity electricity
elect. T
SCrew [
bit l W heat,
convert bit | torque
elec. to | 1orque,| change transmit | torque rotate | torque | dissipate b
torque torque |torque | torque | it} solid [ mie | torque LBt
I screw
heat, noise
(a)
bit
v ht hf human force
hand couple hand secure hand | separate hand
s solid bit solid bif_ solid bif_
manual use
_____________ e e |
relative rotation ) \ screw
rel Y react 1 t react. ¥
human . rot) force force. iy force rel. Tot.
force | import stop rotate dissipate alow [——— >
hum. force Ifl rot. ener hf, solid ht i ht, h.f
X 2 8 - orce rot. DOF [——»
screw f
weight weight
hi. transmit h.f.
force
ht actuate hf.
electricity
(b)
Fig. 3 Examples of two function chains for a power screwdriver. (a) A sequential

function chain for the flow of  electricity and torque . (b) A parallel function chain for
the flow of human force .
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operate on the flow. Here, the designer must ‘become the flow.’Parallel function chainsconsist of sets ofequential function
Think of each operation on the flow from entrance until exit of thehainssharing one or more common flows. Graphically, they are
product (or transformation to another flowand express it as a represented by a flow which branches in a functional model. Col-
sub-function in verb-object form. If a flow is transformed to anlectively, the chains are callgzhrallel because they all depend on
other type, then follow the operations on the transformed flow common sub-function and flow, but are independent of each
until it exits the product. Examples of two function chains for thether. Independence means that any one of the chains of the par-
power screwdriver are shown in Fig. 3. In FigaB a function allel function chain set does not require input from any other
chain for the flowelectricity is developed. By ‘becoming the chain within the set. Physically, the parallel function chains rep-
flow,” the designer realizes that five sub-functions operatelea- resent different components of a device that may operate all at
tricity before it is converted tdorque Four additional sub- once or individually. Figure @) shows an example of a parallel
functions then act otorque before it exits the product boundary.function chain for the power screwdriver. In it, the fldwmman
. . . ._force branches to form parallel chains of sub-functions. The four

Subtask 2A: Express Sub-Functions in a Common Functiong{ying operate independent of each otfibe first is concerned

Basis. The function chains(and the subsequent functional

. -“with the insertion and removal of the screw bit, the second deals

queb Sre_ ex%es?jeofl_mt.the stand%rd dvpcafulary d(')f the Afuncgo%?\m the manual use of the screwdriver, the third transmits the
asis. Using the definitions provided in Appendices A an : .

functions and flowgfrom Tables 1 & 2 are combined in verb- eight of the product and the fourth actuates the dgvice

object form to describe a sub-function. Expressing a functional5.3 Task 3: Aggregate Function Chains Into a Functional

model in functional basis form provides the general benefit §lodel. The final task of functional model derivation is to ag-

repeatable function structures among different designers. Furthgregate all of the function chains from Task 2 into a single model.

more it offers a standard level of detail for functional models, B may be necessary to connect the distinct chains together. This

means of verifying the consistency and correctness of the physiaation may require the addition of new sub-functions or their com-

system, and an important stepping stone for education. bination, defining the interfaces of modules within the representa-

Subtask 2B: Order Function Chains With Respect to Timion- The aggregated functional model for the previously dis-
' ussed power screwdriver is shown in Fig. 4. Note that both

Next, the functional model is ordered with respect to time. Tradg]nction chains from Fig. 3 are present and that links between

tional decomposition techniques, like the Pahl & Beitz metho ows of bit andscreware added. Also, the actuate electricity le
trace flows through sub-functions without regard for the depef; T i ) city leg
of the human forceparallel chain is combined with thelectricity

dence of sub-functions on a specific order. Ulrich & Eppirgéy gguential chain.

though, note that task dependencies for product development p? L .
cesses are either parallel, sequential or coupled with respect tJhe result of the derivation is a functional model of a product

time. Here we extend the concept of parallel and sequential Xpressed in tge gqncti?nallbascis. With such a fudnctionadl model,d
pendencies to sub-functions and flows of a functional model. nctions may be directly related to customer needs, products an

each case, the dependencies are defined with respect to a g gljlrl.functlonakl) re%res.ef_ntgtmns dmayfbe d[rectly comg)areq, prodgct
flow. amilies may be identified, product functions may be prioritized,

In sequential function chainghe sub-functions must be per_and direct component analogies may be generated within and out-

formed in a specific order to generate the desired result. A ﬂo?t!/de product classes.

common to all these functions is termedexjuential flowFor the
power screwdriver, the flowelectricity produces a sequential6 Example

function chain in Fig. 8). Here, five sub-functions must operate As an example application of the functional basis, two func-
on the flow of electricity in a specific order to obtain the desiretional models of a hot air popcorn popper are compared; one is

result of usable electrical energy. generated by a design team without any knowledge of the func-
bit Y
hl d b hf. hi human force
an import  (aak couple |hand secure | hand | separate hand
hand hfl  solid bit solid bif_ solid bit_
manual use
______________ .
relative rotation .
human ;ilt Y ;93(‘? react. Feact. A 2 rel. ot
force | import > stop % rotate fo::fe dissipate | allow ——
hum. force| Infl rot. ener. hf. solid - force hisl rot. DOF hify
f _l screw
weight
screw import | t i weighy
—_— H [t ransmit hf
solid force >
direction
"""""""" NTlag e hf.
onfoff .. __ [ R R \ [
electricity store : . [
re | lelect| supply | |etect| transmit | | 7] actuate ! regulate
electricity electricity electricity | elect.| electricity elect. electricity
electricity ‘
l scré’
Y heat,
convert bit
elec. to torque | change = transmit | torque, rotate | torque | dissipate tor%‘fle
torque torque [torque torque |_bit, | solid bit torque _’)t

I SCrew

heat, noise

Material flow e
Energy flow ——>
Signal flow - ---»>
human force  h.f.

Fig. 4 The functional model for a power screwdriver
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therm.
elect. s er.. | stop therm| heat
ener.
Gonvert | oo dsTpate
electricity import lect.torot| | acoustic =
[ clectrcity [eect ™) 5 ener. |

therm. |
acoustic ener.

rot.
ener]
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ener. to
preum.
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stop therm. ener.
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therm. ener:

Material low e

[ therm. ener.
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butter import | butter store 3;?; butter | store  [butter | export butter
solid solid liquid liquid liquid

Energy flow ——

Fig. 5 The hot air popcorn popper discussed in this example

Fig. 7 Functional model of the hot air popcorn popper gener-
ated using the functional basis  (FM B)

tional basis and the second is generated by the authors with the

standard vocabulary of the functional basis. The hot air popcorn

popper represents a product that handles a wide array of input and

. - 1ng a further reduction in total sub-functions and a more consistent
?)uuggtlf(t)rzlo_\ll_vhseaglrc(i),dtuhcutsi,srser?g\;;ﬁsina':ti)éozd language to descrlbeIlen[\g/'el of detall. Also, note that FM B uses the flgasto describe

The unstructured functional model of the popcorn popper }Qe air. This generalization allows the popcorn popper’s functional
shown in Fig. 6(referred to as FM A henceforttand the func- model to be compared with other products that operate on gases,

tional basis model is shown in Fig.(Feferred to as FM B hence- opening up design by analogy opportunities.

forth). Note that FM B is less complex overall with fewer sub- Flow: Electricity. In both models, electricity enters the sys-
functions than FM A(21 vs. 23. This reduction in complexity is tem (access powein FM A, import electricityin FM B) and then
made possible by the standard set of functions and flows agglits to power the heating and forced air subsystems. For the
standard level of detail of the functional basis. For other produdi@ating subsystem, FM A presents an overly specific chain of
tasks, the conversion with the functional model may actually isub-functions:convert electricity to heatheat resistorsand heat
crease the number of sub-functions. In such cases, the modehijis Whereas the use of the floalectricity indicates a process
being made more consistent and physically correct. Next, w@oice(i.e. electrical energy vs., say, hydraulic endrgye sub-
compare the two functional models flow by flow. function heat resistorsndicates a form solution, which should not
be present in a functional model. The functional basis prevents

Flow: Air (Gag). In FM A, the popcom poppecaptures, this in FM B by generating the sub-function chaianvert elec-

stores, moves, channedsd heatsthe air before it splits to deal | . v 10 th | dt it th |
with the popcorn and butter subassemblies. FM B offers a simplté'rcI y to thermal energiandtransmit thermal energy

description of this process. Based on the function definitions, thﬁ'iFolr t\?el fofr((:je(il ﬁlr_?#bsysrg?/mr, ::'\I‘/ll AfagllalTrigli\t/est a?t ovsrlztspf-
product does nostoreair. The sub-functionsnove airandchan- ¢''C [€vel Of detail. ‘The conversion ol electricity 1o 1S eventua

" . - _ form of pneumatic kinetic energy requires five sub-functions. FM
nel airin FM A are described byransport airin FM B, produc B describes this in two sub-functions at a more consistent level of

detail.

ascricty | aocemn et | T ] vest | remr T pesr [ omoron - Flow: Kernels (Solid). The sub-function chain dealing with
W the kernelgwhich eventually become popcorare similar in both
alct. heat .. Models. FM A uses two sub-functiofituidize popcorn and chan-
s | e (e mch nel popcorn to do what the functional basis definesteensport
ﬂé{ imp:ﬁer ener, lmech. e;| 0L mech. ener.

cch-en solid in FM B. FM B also refers to the kernel and popcorn as
o hyd. to noise i | . .. . ..
r,ydmhc hyd. solids in its more general sub-function descriptions.

alr capture alr store air move
air air air

convert
elect. to
mech. ener.

convert

function chain to operate on the flow of butteeceive butter,
store butter, heat butteand store butter The two store butter
o S ke sub-functions imply that the same function is needed twice. In

air

Ch‘ml—l'% ] et Flow: Butter (Solid & Liquid ). FM A develops a four sub-

= popen poncom popeom fact, as FM B shows in its five sub-function chaimport solid,
Then oo ] T store solid, convert solid to liquid, store liquahdexport liquid,
J l l these are two different functions—stoliguid and storesolid.

This is an instance where FM B provides more detail than FM A,
but at a consistent level.

exhaust
popcorn POPC

llg 3

....... d)
butter receive | butter store heat butter | store
butter butter butter butter

butter I

melted butter
ait

Example Summary. In sum, this example illustrates two key
heat "% advantages of the functional basis: a consistent level of detail and
semantic uniformity. The standard vocabulary of the functional
basis provides a consistent level of detail in sub-function descrip-
tion. This eliminates the proclivity of a design team to bias a
Fig. 6 Functional model of the hot air popcorn popper gener- functional model with form solutions. The function and flow defi-
ated without a structured vocabulary  (FM A) nitions offer semantic uniformity. For example, FM A uses three

Material flow e

Energy flow ——»
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different function words to describe the act of bringing in a flow (d)
to the systemaccess, capturandreceive This is the same func-

tion, more aptly name@mportin the functional basis. By arriving

at this consistent representation, analogies across many product
domains may be sought that solve the import function. Likewise,

design histories may be archived and retrieved for future use apdne

study. (@

7 Concluding Remarks

The functional basis provides a common design language that
can be used to model the functionality of products or processes.
Our current focus is to develop a functional modeling language
for human analysis and communication. In the future, a formal
computable form of the functional basis is desired. The adoption
of the functional basis will allow different designers to share in-
formation at the same level of detail, to generate repeatable func-
tion structures, and to compare functionality of different products
for idea generation purposes. All of these features contribute to arfl®
overall goal of formulating engineering design as a set of system-
atic and repeatable principles and as a teachable content area. We
are not advocating, here, that design does not include artistic and
creative aspects. Such aspects are at the core of product design.
Instead, we are advocating a position where many tasks in design
may be executed in a systematic and repeatable manner. Formal-
isms such as a functional basis aid in making methods systematic
and repeatable, enhancing the innovations that may be generated.

While the inductive functional basis presented here is intended
to span the entire mechanical design space, future efforts should
address its validity regardless of product scale and its applicability
to disciplines outside of mechanical design. The products included
in this research have been small to medium scale, across a variet
of industries. Large scale systems, such as automobiles, aircra ,C)
and the like are on the horizon.
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Appendix A: Flow Definitions

The set of flow definitions that follow is part of the functional
basis described in Section 4. A flow from this list is selected to fill
the object position of the verb-object functional description.
Flows in the functional basis are more abstract representations of
the actual problem'’s flows. The given definitions make the trans-
formation from actual flow to basis flow more methodical and
repeatable. An example of the flow usage follows each definition.

d

1 Material

(@ Human. All or part of a person who crosses the device
boundary. Example: Most coffee makers require the flow of
a human hando actuate(or star} the electricity and thus
heat the water.

(b) Solid. Any object with mass having a definite, firm shape.
Example: The flow of sand paper into a hand sander is
transformed into aolid entering the sander.

(c) Liquid . A readily flowing fluid, specifically having its mol- ()
ecules moving freely with respect to each other, but be-
cause of cohesive forces, not expanding indefinitely. Ex-
ample: The flow of water through a coffee maker is a
liquid.
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Gas Any collection of molecules which are characterized
by random motion and the absence of bonds between the
molecules. Example: An oscillating fan moves air by rotat-
ing blades. The air is transformed gasflow.

rgy

Human. Work performed by a person on a device. Ex-
ample: An automobile requires the flowlaiman energyo
steer and accelerate the vehicle.

i. Force. Human effort that is input to the system without
regard for the required motion. Exampléuman force
is needed to actuate the trigger of a toy gun.

Motion. Activity requiring movement of all or part of
the body through a prescribed path. Example: The
trackpad on a laptop computer receives the flow of
human motiorto control the cursor.

Acoustic. Work performed in the production and transmis-
sion of sound. Example: The motor of a power drill gener-
ates the flow ofacoustic energyn addition to the torque.

i. Pressure The pressure field of the sound waves. Ex-
ample: A condenser microphone has a diaphragm
which vibrates in response tacoustic pressureThis
vibration changes the capacitance of the diaphragm,
thus superimposing an alternating voltage on the direct
voltage applied to the circuit.

ii. Particle velocity. The speed at which sound waves
travel through a conducting medium. Example: Sonar
devices rely on the flow odicoustic particle velocityo
determine the range of an object.

Biological. Work produced by or connected with plants or
animals. Example: In poultry houses, grain is fed to chick-
ens which is then converted intological energy

i. Pressure The pressure field exerted by a compressed
biological fluid. Example: The high concentration of
sugars and salts inside a cell causes the entry, via os-
mosis, of water into the vacuole, which in turn expands
the vacuole and generates a hydrostdiiological
pressure called turgor, that presses the cell membrane
against the cell wall. Turgor is the cause of rigidity in
living plant tissue.

ii. Volumetric flow. The kinetic energy of molecules in a
biological fluid flow. Example: Increased metabolic ac-
tivity of tissues such as muscles or the intestine auto-
matically induces increasegblumetric flowof blood
through the dilated vessels.

) Chemical Work resulting from the reactions by which

substances are produced from or converted into other sub-
stances. Example: A battery converts the floncbémical
energyinto electrical energy.

Affinity . The force with which atoms are held together
in chemical bonds. Affinity is proportional to the
chemical potential of a compound’s constituent spe-
cies. Example: An internal combustion engine trans-
forms thechemical affinityof the gas into a mechanical
force.

ii. Reaction rate The speed or velocity at which chemi-
cal reactants produce products. Reaction rate is propor-
tional to the mole rate of the constituent species. Ex-
ample: Special coatings on automobile panels stop
the chemical reaction rateof the metal with the
environment.

Electrical. Work resulting from the flow of electrons from
a negative to a positive source. Example: A power belt
sander imports a flow oélectrical energy(electricity, for
convenience from a wall outlet and transforms it into a
rotation.
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i. Electromotive force. Potential difference across the
positive and negative sources. Example: Household
electrical receptacles provide a flow efectromotive
force of approximately 110 V.

ii. Current. The flow or rate of flow of electric charge in
a conductor or medium between two points having a
difference in potential. Example: Circuit breakers trip
when thecurrent exceeds a specified limit.

(f) Electromagnetic Energy that is propagated through free
space or through a material medium in the form of electro-
magnetic wavegBritannica Online, 1997 It has both
wave and particle-like properties. Example: Solar panels
convert the flowelectromagnetic energnto electricity.

i. Optical. Work associated with the nature and proper-
ties of light and vision. Also, a special case of solar
energy (seesolar). Example: A car visor refines the
flow of optical energythat its passengers receive.

(& Intensity. The amount of optical energy per unit
area. Example: Tinted windows reduce theti-
cal intensityof the entering light.

(b) Velocity. The speed of light in its conducting me-
dium. Example: NASA developed and tested a
trajectory control sensofTCS) for the space
shuttle to calculate the distance between the pay-
load bay and a satellite. It relied on the constancy
of the optical velocityflow to calculate distance
from time of flight measurements of a reflected
laser.

i Solar. Work produced by or coming from the sun. Ex-
ample: Solar panels collect the flow sflar energyand
transform it into electricity.

(@ Intensity. The amount of solar energy per unit
area. Example: A cloudy day reduces thelar
intensity available to solar panels for conversion
to electricity.

(b) Velocity. The speed of light in free space. Ex-
ample: Unlike most energy flowsolar velocity
is a well known constant.

(g) Hydraulic. Work that results from the movement and force
of a liquid, including hydrostatic forces. Example: Hydro-
electric dams generate electricity by harnessinghydrau-
lic energyin the water that passes through the turbines.

i. Pressure The pressure field exerted by a compressed
liquid. Example: A hydraulic jack uses the floky-
draulic pressureto lift heavy objects.

ii. Volumetric flow. The movement of fluid molecules.
Example: A water meter measures tr@dumetric flow
of water without a significant pressure drop in the line.

(h) Magnetic. Work resulting from materials that have the
property of attracting other like materials, whether that
quality is naturally occurring or electrically induced. Ex-
ample: Themagnetic energpf a magnetic lock is the flow
that keeps it secured to the iron based structure.

i. Magnetomotive force The driving force which sets
up the magnetic flux inside of a core. Magnetomotive
force is directly proportional to the current in the coll
surrounding the core. Example: In a magnetic door
lock, a change irmagnetomotive forcérought about
by a change in electrical currgnallows the lock to
disengage and the door to open.

ii. Magnetic flux rate. Flux is the magnetic displacement
variable in a core induced by the flow of current
through a coil. The magnetic flow variable is the time
rate of change of the flux. The voltage across a mag-
netic coil is directly proportional to the time rate of
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change of magnetic flux. Example: A magnetic relay is
a transducer that senses ttime rate of change of
magnetic fluxwhen the relay arm moves.

(i) Mechanical. Energy associated with the moving parts of a

machine or the strain energy associated with a loading state
of an object. Example: An elevator converts electrical or
hydraulic energy intanechanical energy

Rotational energy. Energy that results from a rotation
or a virtual rotation. Example: Customers are primarily
concerned with the flow ofotational energyfrom a
power screwdriver.

(@ Torque. Pertaining to the moment that produces
or tends to produce rotation. Example: In a power
screwdriver, electricity is converted intoota-
tional energy The more specific flow isorque
based on the primary customer need to insert
screws easily, not quickly.

(b) Angular velocity. Pertaining to the orientation or
the magnitude of the time rate of change of angu-
lar position about a specified axis. Example: A
centrifuge is used to separate out liquids of dif-
ferent densities from a mixture. The primary flow
it produces is that ofingular velocity since the
rate of rotation about an axis is the main concern.

Translational energy. Energy flow generated or re-
quired by a translation or a virtual translation. Ex-
ample: A child’s toy, such as a projectile launcher,
transmitstranslational energyto the projectile to pro-
pel it away.

(@ Force. The action that produces or attempts to
produce a translation. Example: In a tensile test-
ing machine, the primary flow of interest is that of
a force which produces a stress in the test speci-
men.

(b) Linear velocity. Motion that can be described by
three component directions. Example: An eleva-
tor car uses the flow dfinear velocityto move
between floors.

Vibrational energy. Oscillating translational or rota-
tional energy that is characterized by an amplitude and
frequency. In the rotational case, motion does not
complete a 360° cycléf >360°, then useotational
energy category. Example: In many block sanders,
the sanding surface receives a flow dbration to
remove the wood surfac¥ibrationis produced by an
offcenter mass on the motor shaft.

(@ Amplitude. Energy flow is characterized by the
magnitude of the generalized force or displace-
ment. Example: In fatigue testing, thérational
amplitudeof the tensile stress is more important
than the speed of each loading cycle.

(b) Frequency. Energy flow is characterized by the
number of oscillatory cycles per unit time. Ex-
ample: Exposure to certaibrational frequen-
ciescan induce sickness in humans.

(j) Pneumatic Work resulting from a compressed gas flow or

pressure source. Example: A B-B gun relies on the flow
of pneumatic energyfrom compressed airto propel the
projectile (B-B).

Pressure The pressure field exerted by a compressed
gas. Example: Certain cylinders rely on the flow of
pneumatic pressuréo move a piston or support a
force.

Mass flow. The kinetic energy of molecules in a gas
flow. Example: Themass flowof air is the flow that

transmits the thermal energy of a hair dryer to damp
hair.
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(k) Radioactive Work resulting from or produced by particlesAppendix A, the function definitions complete the functional ba-
or rays, such as alpha, beta and gamma rays, by the spsis; improving repeatability of function structure development and
taneous disintegration of atomic nuclei. Example: Nuclegroviding a standard level of detail at which the decomposition
reactors produce a flow shdioactive energywhich heats process stops.

U]

water into steam and then drives electricity generating tur-
bines.
i. Intensity. The amount of radioactive particles per unit

1 Branch. To cause a material or energy to no longer be joined
or mixed.

area. Example: Concrete is an effective radioactive (a) Separate To isolate a material or energy into distinct com-

shielding material, reducing thadioactive intensityn
proportion to its thickness.

ii. Decay rate The rate of emission of radioactive par-
ticles from a substance. Example: THecay rateof
carbon provides a method to date pre-historic objects.

Thermal. A form of energy that is transferred between

bodies as a result of their temperature difference. Example:

A coffee maker converts the flow of electricity into the flow 1y

of thermal energywhich it transmits to the water.
Note: A pseudo bond graph approach is used here. The
true effort and flow variables are temperature and the time

rate of change of entropy. However, a more practical ©)

pseudo-flow of heat rate is chosen here

i. Temperature. The degree of heat of a body. Example:
A coffee maker brings theemperatureof the water to
boiling in order to siphon the water from the holding
tank to the filter basket.

ii. Heat rate. (Note: this is a pseudo-flowThe time rate

ponents. The separated components are distinct from the
flow before separation, as well as each other. Example: A
glass prismseparatedight into different wavelength com-
ponents to produce a rainbow.

i. Remove To take away a part of anaterial from its
prefixed place. Example: A sandeemovessmall
pieces of the wood surface to smooth the wood.

Refine To reduce a material or energy such that only the
desired elements remain. Example: In a coffee maker, the
filter refinesthe coffee grounds and allows the new liquid
(coffee@ to pass through.

Distribute. To cause a material or energy to break up. The
individual bits are similar to each other and the undistrib-
uted flow. Example: An atomizedistributes (or spray$
hair-styling liquids over the head to hold the hair in the
desired style.

2 Channel To cause a material or energy to move from one

of change of heat energy of a body. Example: Fins ofgcation to another location.

a motor casing increase the flomeat ratefrom the
motor by conductior(through the fif, convection(to
the aip and radiation(to the environment

3 Signal

@

(b)

Status A condition of some system, as in information

about the state of the system. Example: Automobiles often (p)

measure the engine water temperature and sesthtas
signalto the driver via a temperature gage.

i.  Auditory. A condition of some system as displayed
by a sound. Example: Pilots receive auaditory sig-
nal, often the words “pull up,” when their aircraft
reaches a dangerously low altitude.

ii. Olfactory. A condition of some system as related by
the sense of smell or particulate count. Example: Car-
bon monoxide detectors receive aftfactory signal
from the environment and monitor it for high levels of
CoO.

iii. Tactile. A condition of some system as perceived by

touch or direct contact. Example: A pager delivers a
tactile signalto its user through vibration.

iv. Taste. A condition of some dissolved substance as (d)

perceived by the sense of taste. Example: In an elec-
tric wok, thetaste signafrom the human chef is used
to determine when to turn off the wok.

v. Visual. A condition of some system as displayed by
some image. Example: A power screwdriver provides
a visual signalof its direction through the display of
arrows on the switch.
Control. A command sent to an instrument or apparatus to
regulate a mechanism. Example: An airplane pilot sends a
control signalto the elevators through movement of the
yoke. The yoke movement is transformed into an electrical
signal, sent through wiring to the elevator, and then trans-
formed back into a physical elevator deflection.

Appendix B: Function Definitions

The function classes are introduced in Section 4. Definitions for
each class and basic function are presented below. Examples are
given for the basic functions. Used with the flow definitions of

368 / Vol. 122, DECEMBER 2000

(©

(& Import. To bring in an energy or material from outside the

system boundary. Example: A physical opening at the top
of a blender pitcheimportsa solid (food) into the system.
Also, a handle on the blender pitchanports a human
hand. The blender systeimportselectricity via an electric
plug.

Export. To send an energy or material outside the system
boundary. Example: Pouring blended food out of a standard
blender pitcheexportsliquid from the system. The open-
ing at the top of the blender is a solution to theport
sub-function.

Transfer. To shift, or convey, a flow from one place to
another.

i. Transport. To move amaterial from one place to an-
other. Example: A coffee makéransportsliquid (wa-
ter from its reservoir through its heating chamber and
then to the filter basket.

ii. Transmit. To move anenergyfrom one place to an-
other. Example: In a hand held power sander, the
housing of the sanderansmitshuman force to the
object being sanded.

Guide. To direct the course of an energy or material along
a specific path. Example: A domestic HVAC systgmides
gas(air) around the house to the correct locations via a set
of ducts.

i. Translate. To fix the movement of anaterial (by a
device into one linear direction. Example: In an as-
sembly line, a conveyor beltanslatespartially com-
pleted products from one assembly station to another.

ii. Rotate. To fix the movement of anaterial (by a de-
vice) around one axis. Example: A computer disk
drive rotatesthe magnetic disks around an axis so that
data can be read by the head.

iii. Allow degree of freedom (DOF). To control the
movement of amaterial (by a force external to the
device into one or more directions. Example: To pro-
vide easy trunk access and close appropriately, trunk
lids need to move along a specific degree of freedom.
A four bar linkageallows a rotationalDOF for the
trunk lid.
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3 Connect To bring two or more energies or materials together. (b) Stabilize. To prevent a material or energy from changing
course or location. Example: On a typical canister vacuum,
the center of gravity is placed at a low elevatiorstabilize

the vacuum when it is pulled by the hose.

Secure To firmly fix a material or energy path. Example:

(@) Couple. To join or bring together energies or materials
such that the members are still distinguishable from each
other. Example: A standard pencibuplesan eraser and a ©)

writing shaf_t. The coupling is performed using a metal On a bicycling glove, a velcro stragecuresthe human
sleeve that is crimped to the eraser and the shaft. hand in the correct place.

(b) Mix. To combine two materials into a single, uniform ho- (qg) position. To place a material or energy into a specific lo-
mogeneous mass. Example: A shakeixesa paint base cation or orientation. Example: The coin slot on a soda
and its dyes to form a homogeneous liquid. machinepositionsthe coin to begin the coin evaluation and

4 Control Magnitude. To alter or govern the size or amplitude transportation procedure.

of material or energy.

(a) Actuate. To commence the flow of energy or material in
response to an imported control signal. Example: A circuReferences
switch actuatesthe flow of electrical energy and turns on a 1] stone, R., Wood, K., and Crawford, R., 1998, “A Heuristic Method to Identify
light bulb. Modules from a Functional Description of a ProductProceedings of
(b) Regulate To adjust the flow of energy or material in re- DETC9§ DETC98/DTM-5642, Atlanta, GA.
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