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Engineering Laboratory Experiments - a Typology

Sjoerd Zwart

Faculty of Technology, Policy and Management, Technical University, Delft, The Netherlands

ABSTRACT

With the introduction of large commercial industrial laboratories at
the end of the nineteenth century, many types of experiments were
institutionalized that do not aim at testing hypotheses. This paper
builds a typology of experiments in techno-science, by analysing
more than two hundred and fifty real-life technical projects. This
resulted in four testing types (tests of hypotheses, of designs, of
means-end knowledge, and of models or software), three determining
types (developing working principles, preferred actions, and deter-
mining values of variables or relationships between variables) and
one trial-and-error type of pure exploration. The typology is devel-
oped by working back and forth between thick descriptions of the
experiments including their goals, and the development of six crite-
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ria of differentiation, to wit: determining versus testing; measurement
scales of (in)dependent variables; intrinsic versus instrumental value
of the outcomes; proximate function of the outcome; distant role of
the outcome in the embedded project; the descriptive or normative
character of the proximate or distant outcomes. The typology opens
up inspiring methodological and philosophical research questions.

Introduction

The appearance of commercial laboratories was an integral part of the second industrial
or technical revolution. In 1876, Thomas Alva Edison, founded one of the first laboratories
for research and commercialization of electrical technologies in Menlo Park, New Jersey;
he employed more than hundred researchers.! The importance of Edison’s initiative lay
not only in the production of amazing new products, but also in the creation of an insti-
tution whose goal was the development and commercialization of inventions.> With the
establishment of research in commercial laboratories came also the institutionalization of
various types of engineering experiments. This article sets itself the goal of categorizing
these types.

Many philosophical works on experimentation by, for example, Roger Bacon, John Stuart
Mill, Auguste Comte, Claude Bernard, or Pierre Duhem, already recognize other functions
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of experiments than simply testing hypotheses. Summarizing this work, Franklin and Per-
ovic discuss some of them in physics.> They mention: choosing between two competing
theories, calling for a new theory, confirming or refuting a theory, providing evidence
for the existence of an elementary particle involved in an accepted theory, or that deter-
mines the mathematical form of a theory. They take sides with lan Hacking claiming that
experiments have ‘a life of their own’, independent of theory.*

Note, however, that all these functions ultimately concern the creation of descriptive
knowledge. This seems natural, at least at first sight, because Franklin and Perovic concen-
trate on physics. Despite the colossal technological influence on experiments in physics
today (e.g. CERN’s Large Hadron Collider), they do not consider the much richer variety of
experiments in technology.

Developments in thermodynamics, electromagnetism, and fluid dynamics during
the Second Industrial Revolution made scientific and engineering practices increas-
ingly interdependent.” Experimental scientists achieved spectacular technological results
and engineers contributed to scientific breakthroughs. Thus, to structure the science-
technology relationship, Zwart and de Vries recommend to concentrate on types of research
projects rather than theories or practices.® This helps to distinguish the different roles of
experiments, as working packages in an engineering project have a role-related hierarchi-
cal means-end structure.” These roles, in combination with their characteristics, establish
the type of an experiment. The goal this article sets itself is to provide a typology of exper-
iments encountered in the practices of engineering projects, which serves epistemic and
methodological purposes.

The structure of the paper is as follows. In the next section, we first discuss what is
meant by ‘experiment’; next, we elaborate the different levels on which experiments can be
described; then our method and its justification are explained, and at the end the criteria
of typology are discussed. The third section is dedicated to the main empirical content: the
eight types of experiments are introduced by means of examples. In the fourth section, the
types are compared with some distinctions already found in the literature: theory-driven
versus exploratory experiments (Friedrich Steinle) and epistemic versus action-guiding
ones (Sven Ove Hansson). And the last section briefly indicates possible methodological
and philosophical follow-up questions.

What is in this paper the difference between a ‘classification’ (or ‘taxonomy’) and a ‘typol-
ogy'? In general, a classification or taxonomy is a partition of a set, where a partition is
a collection of mutually exclusive and collectively exhaustive equivalence classes. That is,
every entity belongs to one and only one class. Consequently, the boundaries of the classes
are unequivocal. The present typology violates this mathematical condition. It classifies
experiments less strictly using the notion of Weberian ideal types. Weber defined ideal types
as methodological instruments, which were non-normative mental constructions, one-
sidedly accentuating the essence of a concrete aspect of a phenomenon.? Constructing an
empirical typology comes down to finding distinctive ideal types and their characteristics
that cover many similar entities in the field. Regarding laboratory experiments, for instance,
Boyle's experiments make the ideal of the hypothesis-testing type. All the eight types in our
typology are characterized by a model example. Discussions can arise about the type of a
specific experiment or about whether a new type should be introduced. This objection does
not, however, invalidate our typology any more than it would the typology of colors, which
evokes the same discussions.
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The success criteria of a typology consider its comprehensiveness (does it cover almost
all entities); the conceptual clarity (do most entities clearly belong to one type, without
evoking many discussions); and its balance (a small number of types should not cover
almost all entities). Note that, in contrast to descriptive beliefs, typologies are not (approx-
imately) true or false; they advise how to cut up reality for some purpose that might be
closely related to truth and falsity (biological classification, periodic table) but need not
(typology of sciences or of speech acts).

Preliminaries

Before creating a typology one should identify the objects to be classified. Here, the ques-
tion arises whether an experiment includesiits results. If not, the experimentis only an action
protocol. This is not problematic when the results of the experiments are (almost) the same.
What, however, if with the same protocol, the outcomes differ substantially? Then, either
the experiments are the same but underdetermined, or they are different. Additionally, if an
experiment is identified with its protocol, it can only fail due to a deviation from its protocol,
such as a technical failure. To evade this and similar complications, here, an experiment is
identified with its protocol and its direct result. The second identification issue, the various
possible levels of description, will be dealt with after the next section.

Characterization of ‘laboratory experiment’

In this article, a laboratory experiment is a token execution of a means-end designed
subprojectembedded in alarger techno-science project with the purpose of learning some-
thing. It should therefore be reproducible, which means that the execution of the same
protocol produces similar effects. The learning should take place by systematically manip-
ulating the most important input factor(s) of the assumed underlying mechanism, and
controlling all other relevant aspects as much as possible. Finally, the effect(s) on the output
(the results) should be observed or measured. When almost all tokens of the same experi-
mental protocol culminate in comparable results, they form an institutionalized experiment
type such as, e.g. the Wheatstone bridge measurement of an electrical resistance.

Let us consider some consequences of this characterization. First, neither pure computer
simulations nor thought experiments are considered real experiments, unlike their exper-
imental validations. Next, to enable learning, repeated experiments should give similar
outcomes and should not be ‘unique’. Because experiments must be partially controllable,
large unique ‘social-technical’ trials are not experiments as characterized above. Also phe-
nomenological observations and measurements, although necessary ingredients, differ
from experiments because of the control and manipulation requirements. Since the design
of an action plan determines group intentions, experiments can be performed by individ-
uals or by groups. Finally, the result of an experiment can concern the truth-value of some
statement, or the suitability of a design or an intervention for some goal.

Due to the characterization above, intentions of researchers play a crucial role in the
identification of experiments. Regarding artifacts, we usually distinguish between their
physics, the material or molecular structures, and the purpose for which the artifact was
conceived and developed. Only the molecular arrangements fail to characterize an arti-
fact because of the lack of intentionality. The molecular arrangements of its stones, wood
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and glass does not make a construction a cathedral, which requires the intentions of its
makers and users. In this article, the same is assumed for laboratory experiments. Con-
sider Heinrich Hertz’ experiment with the Ruhmkorff coil designed to show the existence
of Maxwell's EM-waves. Hertz is claimed to have said about these experiments: ‘It's of no
use whatsoever. This is just an experiment that proves Maestro Maxwell was right — we just
have these mysterious electromagnetic waves that we cannot see with the naked eye. But
they are there’.? Some years later, also using the Ruhmkorff coil, Guglielmo Marconi carried
out similar experiments to develop wireless telegraphy and radio emissions. Again some-
what later, Ruhmkorff coils were used in experiments to ignite internal combustion engines.
Despite the physical similarity of these three types of experiments, they have to be classified
differently because of their different purposes.

Let us conclude this section with some semantical remarks. First ‘means-end knowledge’
is contrasted with ‘working principle’. The first is considered general action-knowledge of
the form: if one wants to achieve technical goal G within engineering context C, one is
advised to carry out engineering action A. The second is connected to a unique design
or model. It is a causal chain specifically designed to make a technical artifact meet its
requirements. Next, a ‘proof of concept’ is experimental evidence to show that some cho-
sen working principle performs as anticipated. Finally, in a ‘feasibility study’ researchers
determine whether a technical solution is economically feasible.

Levels of description

Let us turn to the different levels-of-experiments descriptions. The first and thinnest
description level only considers the experiments’ phenomenology. On this level the inputs,
outputs and actions are only described in the way cameras capture images without consid-
ering any intentions or goals whatsoever. These phenomenological descriptions typically
use direct observations: pictures, lights moving, needles being close to some number on a
dial, stretching springs, human movements, etc.

On the second level, descriptions grow thicker when formulated in terms of changing
variable values and explanations of what is physically happening with the objects dur-
ing the experiment. Statements like ‘the force is five Newton' are already interpretations
because we only have direct access to displacements. Even at this physical level, however,
an experiment fails only if it does not follow the protocol. Michelson, in his attempt to show
differences between the speed of light rays due to their difference in velocity relative to the
aether, could write to Lord Rayleigh: ‘The expected deviation of the interference fringes
from the zero should have been 0.40 of a fringe — the maximum displacement was 0.02 and
the average much less than 0.01".'° But without his intentions he could not have claimed
that his experiment had failed. It is this physical level of description, which remains close
to the physical skin of the mechanism that may lead to the belief that most laboratory
experiments are of the same type. Indeed, most laboratory experiments can be described
at this physical level, in terms of changing values of (in)dependent variables and control-
ling intervening variables. Those descriptions are not false, but they neglect important
differentiating methodological experimental details.

On a third level of description an experiment is conceptualized as an action, and the
physical description is extended with the proximate goal explicated in the embedding
project plan. On this level (and the next) hypothesis testing and design performance



162 (&) S.ZWART

can be distinguished when the physics of both experiments are the same.!’ Conse-
quently, a typology of experiments starts to be feasible on this level. In addition, only
here, experiments may fail even if the protocol has been followed meticulously. Thus,
because the aim was to measure the speed of the aether wind on earth, the Michelson-
Morley experiment may be considered to have failed although it was carried out in accor-
dance with its protocol. Failed experiments in this sense are those where nature (artificial
or designed) refuses to answer, or gives answers completely outside the scope of the
expectations.

Michael Bratman explains how all human plans are hierarchical.”> This also holds
for Techno-science projects. Consequently, on the final description level, the inter-
preted outcome of the experiment is also considered as a means for its embedding
project goal. Laboratory experiments then become sub-plans in an overarching research
design plan. They are considered as work packages in a larger research project, which,
besides the proximate goals, also provides for more distant purposes of the experi-
ment. The distant goal of an experiment is the role that this experiment plays in its
embedding project. Within our Michelson-Morley example the well-established correc-
tive conclusion ‘Aether wind does not exist’ belongs to the description on project plan
level. From this comprehensive point of view the experiment was an important start-
ing point for further developments.’> ‘Thin experiment’ descriptions refer to those on
the first two levels, and ‘thick descriptions’ to those adding proximate goals and dis-
tant purposes. Our ideal-type typology of experiments is based on thick experiment
descriptions.

The method and its justification

The purpose of this article is to offer an approach to cutting up the reality of engineer-
ing experiments for epistemic and methodological purposes. This is conceptual research,
which requires different methods and validation than purely descriptive empirical projects.
Let us consider the paper’'s methodology and its validation.

One way of designing a typology of experiments is to turn to the literature. The
advantage of consulting well-documented examples is that they provide clear concep-
tual anchoring points. The method has two drawbacks, however. First, most of the existing
experiment descriptions are written from the perspective of descriptive knowledge pro-
duction, and therefore run the risk of being biased. Second, only following the literature
one would be in danger of missing out experiment types that serve the purposes of engi-
neers. To counter these two threats this article follows a bottom-up approach and carries
out original empirical research.

The empirical material built upon is a database of short reports of more than a thousand
Bachelor End Projects (BeP) carried out at the mechanics faculty of the Delft University of
Technology (3mE) between 2002 and 2015. In these six-months projects, four to six stu-
dents, closely supervised by high level staff, worked on engineering assignments to obtain
their Bachelor’s degrees. Researchers of all departments were asked to hand in open-ended
assignments with unknown answers. BeP results were regularly published, even in refer-
eed journals. The large majority of BeP reports contain experiment descriptions. The author
has been involved in teaching methodology parallel to the BePs and in hands-on coaching
of at least five hundred groups. The typology below has been developed by investigating
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all experiments performed in more than two hundred BePs carried out between 2012 and
2015. As the 3mE departments use many experimental strategies also used elsewhere in
the TU Delft it is assumed that the database gives a sufficiently rich and perhaps even
comprehensive overview of most experimental actions of engineers in (academic) practice.

The development of an ideal typology comes down to working back and forth between
the empirical data (the experiments) on the one hand, and the type descriptions (charac-
teristics and criteria) on the other. At the start were some generally accepted characteristics
(e.g. hypothesis testing, and exploration) or cases (Boyle, Edison, Froude) which determined
the first version. Going back to the database, problems were encountered such as, for
instance, with its comprehensiveness or lack of discriminatory force (here e.g. differences
in scales of the independent and dependent variables). Path-dependence necessitated a
new start as different levels of description and scale differences were not taken into account.
After some back-and-forth movement the typology and the criteria started to stabilize
and the other experiments received their natural placement. At the end the typology was
comprehensive and practical, at least as far as academic engineering experiments were
concerned.

The three most apparent threats to the (construct) validity of the proposed typology
are the following. First, what if the samples taken from the 3mE department (TU Delft)
are biased? It is unlikely that staff would advise students to perform other types of experi-
ments than they do themselves. Perhaps other faculties at TU Delft provide different types
or would have completely different distributions of types? That would pose a threat to the
content validity. Indeed the generalization of the present typology might be an interesting
follow-up research question, especially for other practical sciences such as the medical and
the agricultural ones. It should be noted that this typology is concerned with the types of
experimental actions and not experimental contents, since for the latter the threat of bias is
larger. If one extends the scope even further, one might fear a bias toward academia. Per-
haps in a commercial setting, engineers would perform other ‘quick and dirty’ experiments
for lack of time or money. However, it seems unlikely that the latter would lead to other
types of experiments, rather than sloppier executions.

The second threat to validity is the clarity of the ‘type’ definitions and the usability of
the criteria. The chosen way to counter this threat to criterion validity is to publish it in the
exploratory phase and see what colleagues think. If the typology is extended with statistical
recommendations, it can also be released as a survey to practitioners to assess its practical
value.

Subjectivity is the third apparent construct validity threat for the typology. Would
attempts of other researchers to construct a typology with the same methodological and
epistemological purposes converge with the one presented here? This is a complicated
issue that requires at least another paper to be answered satisfactorily. First, one must ask
whether convergent validity is an appropriate requirement, since it seems to vary from
one subject to another. The periodic table encompasses more empirical input and con-
verges more than psychological typologies, or even biological taxonomies. In addition to
true (or false) claims about experiments, typologies also involve the choice of criteria and
their relative values, which can be established in a variety of ways. Valuations are not true or
false, but must prove practical, provide more or less methodological guidance, or provide
epistemological insight. Second, the writings on experimentation do show at least some
convergence. We saw above that completeness requires that functions other than just
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hypothesis testing be considered. Moreover, the present typology bears some resemblance
to the proposals of Steinle, Burian, and Hansson (see below).

Criteria

What criteria did our back-and-forth work bring up? First, the most general criterion dis-
tinguished between experiments that determine and experiments that test. While explor-
ing, constructing or discovering, the former develop new claims or determine preferred
actions, artifacts or material properties. Examples include the determination of coefficients
of expansion, or stress—strain ratios of alloys, or the drag-lift ratio of a wing or propeller.
Experiments of the second kind validate hypotheses, artifacts, or procedural knowledge,
such as Pasteur’s experiments on spontaneous generation, or the Greyhound experiment
by which Froude tested his method of predicting the friction of a ship’s hull. AlImost all
experiments are either determining or testing.'*

The second criterion is the type of scales of the dependent and independent factors or
variables; especially the difference between nominal and ordinal scales is significant. This
distinction emerges already on the second thin level of description. The third criterion is
whether the experimental outcome also has intrinsic value besides its instrumental value for
the embedding research project. Some experiments only have instrumental value; others
have additional intrinsic value even outside the context of the research project in which it is
carried out. The fourth criterion is closely related; it considers the proximate function or role
of the experimental outcome. Fifth, also the distant purpose of the experimental outcome
in the project plan may play a role. Finally, the sixth criterion is whether these proximate or
distant outcomes have a descriptive or normative character. Most of these criteria were iden-
tified during the process of categorization, which was carried out against the background of
general considerations such as: taking experiments as action plans and distinguishing goals
of engineering projects. The resulting types are not simply blind combinations of the six cri-
teria mentioned, but are coherent ideal types to be found in the practices of laboratory life.

As an illustration, consider an experiment in the database designed to determine
whether it makes sense for pathologists to humidify human bone while sawing it, because
of differences in spread of wet and dry particulates. On the level of thin descriptions, the
expected outcome can be taken as a test of a descriptive hypothesis with nominal inde-
pendent and ordinal (or even quantitative) dependent variables. In our typology, it will be
taken to be testing the consequences of a practical manipulation because of its minimal
intrinsic but important instrumental value for pathologists.

Proposed typology of laboratory experiments

This section presents the empirical heart of the present paper. It introduces the eight types
of experiments by presenting examples. The boundaries between the types are sometimes
fuzzy, and for some experiments the chosen type may provoke discussion. This does not
invalidate the typology. The fact that people may disagree about the name of one specific
shade of red does not deprive our color system of its value. The order of presentation is
didactical and not systematic. Every type is characterized by means of the criteria in Table
1, and associated with a famous historical experiment, which functions as its heading and
paradigmatic example.
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Table 1. The criteria of experiment differentiation.

Determining versus Testing

Measurement scale types of (in)dependent variables

Intrinsic versus instrumental value of the outcomes

Function or role of outcome in the embedding research/project plan
Type of distant outcomes in this plan

Descriptive or normative proximate or distant outcomes

UV h WN =

Boyle type - hypothesis testing

Let us start with best-known type of scientific experiment, which occurs regularly in tech-
nological contexts as well. The experiments of this type test a hypothesis, which identifies
a quantitative mathematical, or ordinal relationship between the independent and depen-
dentvariables. Note that the outcome or conclusion of these experiments is descriptive and
as value-free as possible.

The example from the database concerns the behavior of a hanging liquid column within
a research project that investigated the drinking mechanisms of cats. For the experiment,
such a column was produced by a circular disk raised from a liquid surface with a uniformly
accelerated speed of approximately 4.5 m/s%. It was driven by a linear actuator. The disc
continued to move upward as long as the liquid column, formed by the disk, did not break.
The dependent variables in this experiment were the maximum volume V4 of the liquid
column, the time at which the column broke t, and tygy the time at which the volume of
the column was at its maximum. A high-speed video camera (500 images/s) recorded the
column. The hypothesis read: ‘An increase of viscosity leads to an increase in Vingy, tmax and
t'. It turned out that for Vg and ti the hypothesis holds whereas it fails for tpqy.

This project concerned the descriptive knowledge regarding a drinking mechanism and
the experiment had at least as much intrinsic as instrumental value. Moreover, it measured
the (in)dependent variables on quantitative scales although the hypothesis compared
them on ordinal level. This makes this experiment an example of the (ordinal) hypothesis
testing type.

Characteristics and digression

Let us call experiments testing a hypothetical quantitative relationship between variables
Boyle-type experiments. They have the following characteristics. First, the intention of the
experimenters is to test a mathematical relation between (a few) measurable indepen-
dent and dependent variables. Consequently, the independent variable(s) should not be
only nominal - i.e. unordered cases, which is a characteristic of the practical experiments
to be discussed below. Second, although the outcomes of the experiments may have
instrumental value for other goals in the embedding research project, typically, Boyle-type
experiments have intrinsic value. Experiments of this type test whether a proposed math-
ematical relationship between variables correctly describes the natural or artificial world in
the sense of Robert Boyle's famous words: ‘[Tlhe Hypothesis, that supposes the pressures
and expansions to be in reciprocal proportion”."”

Let us take an interesting philosophical digression. The outcomes of most pure Boyle-
type experiments are indifferent to causal directions; they remain neutral regarding the
causal influence between the independent and dependent variables. Often method-
ological handbooks require that the independent (variable) states have to cause the
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dependent (variable) states. Addition of mercury to one leg of a one-sided plugged U-
tube will cause an increase of pressure of the parcel of air under the plug. In contrast,
the dilution of air by means of a piston-cylinder device causes a reduction in the air
pressure of the remaining air. But taking two experiments with opposite causal direc-
tions as confirmation of one pressure-expansion hypothesis makes the causal direction
of that hypothesis redundant. And vyet, it is this position that Boyle takes in the mar-
velous fifth chapter in his 1662 book. The mathematical relation between pressure and
volume is considered the same under and above one atmosphere and the reverse under-
lying causal directions in the two experiments are completely irrelevant. Boyle concate-
nates the two experiments into one causally ‘directionless’ experiment, whose outcome
is the hypothesis cited above. Galilei's mathematical relationship between pendulum fre-
quency and length is also of the directionless Boyle-type. A ratchet that would impose
one specific frequency would ‘cause’ the length of a pendulum that keeps swinging in
phase.

Directionless experiments are a main ingredient of the scientific revolution. As Hans-
son rightly claims engineers were carrying out quantitative experiments long before the
seventeenth century.'® The unique developments during the scientific revolution, how-
ever, were not only the application of experiments to scientific questions, but mainly the
replacement of cause—effect theory by direction-free mathematical manipulation. The dis-
tant experimental outcomes were mathematical relationships between variables, apt for
pure mathematical treatment, the results of which could again be tested in other direc-
tionless experiments. This was the revolutionary development and prepared the way for
‘pure’ physics, which, fed by experiments, was detached from cause-effect directions and
had, as far as we know, no precursor in any preceding civilization. Its products do not fea-
ture causal (or other types of) directions, with perhaps the exception of thermodynamics.
Directionless experiments have not been carried out by engineers before the scientific
revolution.

Wright flyer type - design testing

In contrast to cases where researchers want to test hypothetical relationships between
(in)dependent variables, in design projects experiments are carried out to find out whether
the designed artifact functions according to expectations. One example in the database of
this type was in the project of miniaturization of liquid pumping devices. A glass piezoelec-
tric pump was built with a membrane of polydimethylsiloxane (PDMS). This membrane was
activated with polyvinylidene fluoride (PVDF), a strong piezoelectric, which was glued on
the membrane. Due to alternating electric tension the membrane would alternate between
a convex and concave form, thus changing the volume of the 10 mm diameter pump cham-
ber.On this small scale the construction of valves is difficult. Therefore, the inlets and outlets
of the pump chamber were made cone-like; the outlet had the cone’s small diameter side,
and the inlet its large diameter side connected to the pump. This nozzle-diffuser design is
known to have valve-like functionality. An experiment was carried out to validate the pro-
totype. It turned out that the single layer of PVDF changed its form sufficiently only under
high electric tension (240 V). Moreover, the addition of another PVDF layer did not make
the membrane deflect sufficiently. It was concluded that reducing the glue layer or finding
a stronger piezoelectric material would solve the problems.



ENGINEERING STUDIES (&) 167

Characteristics

Experiments testing designs similar to that just described will be put under the heading of
Wright Flyer test experiments. Although Orville and Wilbur Wright did not test their designed
artefacts in a laboratory, the images of them lying on their motorized gliders perfectly por-
tray the test-design character of this type of experiments. They are all set up to test whether
a unique design behaves as expected and fulfills the design requirements. If not, they are
used to find out how to improve the design.'” Their function in a hierarchical research
plan is to evaluate a unique blueprint, prototype or design. Typically, the intrinsic value
of the direct measurements, if any, is small, and contrasts with their large instrumental
value. Based on these experiments it is decided how the design process should be con-
tinued. Consequently, the distant conclusions are strongly normative. Even if, for instance,
the project concerns the design of a measurement instrument, which is tested by com-
paring all measurements results in the entire range against measurements standards, then
still this is not a Boyle-type of experiment, because of the lack of intrinsic value of that
comparison.

Note that scientists also use testing design experiments when they test a measuring
setup or apparatus. Nevertheless, considered by their outcomes and goals, testing designs
remains engineering. These goals are never the description of a mathematical relation
between variables, which we encountered in the previous section. Thus, physicists use
test-design experiments for their instrumental and not intrinsic value.

Swan/Raven type - determining the preferred practical intervention

Besides hypothesis and design testing, also a third group of experiments has been identi-
fied in the recent literature. These experiments concern discovering the consequences of
some type of intervention or manipulation and to put the outcomes in an order of prefer-
ence. These practical experiments come close to what Hansson calls ‘direct action-guiding’
experiments.'8

The real-life example from the database appeared in a project regarding steerable
instruments used during minimally invasive surgery in which instruments were devel-
oped with steerable tips (50 mm), actuated by extra cables to enhance maneuverabil-
ity. The question was how to raise the bending and the torsional (rotational) stiffness
of the tip. To that end, tips were constructed with parallel cables, and two with helix
cables, one with a half and another with an entire revolution along the 50 mm axis.
The tips existed of three concentric layers of cables. The inner layers of all three con-
sisted of parallel cables, which enabled steering of the tip, and the outer layers rotated
around the longitudinal axis for bending and torsional stiffness. The cable layers were
constructed on a flexible core, and the stiffness cables were clamped in cable fixations
at the beginning and end of the tip. Measurement of these tips showed that the bend-
ing stiffness of the half-helix tip was higher than that of the tip with the parallel cables,
and that of the tip with one-helix cables. Moreover, the torsional stiffness increased with
the number of revolutions. It was concluded that half-helix cables were most suited for
steerable tips. They featured the largest bending and torsional stiffness and avoided
unpredictable displacement behavior displayed by other one-helix tips. Note that not
the proximate measurements but the more distant objective determines the type of this
experiment.
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Characteristics

Practical experiments in engineering (and other intervention sciences) are typically about
determining the consequences of technical intervention or manipulation within well-
defined circumstances. Their role in a hierarchical research plan is to find out the ‘optimal’,
or most preferred intervention in that context; they discover means-end knowledge. Typ-
ically, the independent variables of practical experiments are nominal (e.g. different types
of interventions, artifacts, or situations) and the dependent variables may be quantitative,
but the precise values are often relatively unimportant; it is the order of the quantities
to be ‘optimized’ that really count. Note that because no statistic measures the correla-
tion between nominal and quantitative (or ordinal) variables even the most approximate
outcomes of practical experiments are distinctively different from Boyle-type experiments.
Although the direct quantitative outcomes have only comparative descriptive importance,
the more distant outcomes typically have normative impact. Despite the subsidiary impor-
tance of their actual quantitative results, practical experiments usually have substantial
intrinsic value.

In 1867-1868 William Froude conducted practical-like experiments when he famously
compared the resistance of the Swan and Raven ship hulls in 1867-1868. He showed on
three different scales that sharp ship hull models (Raven) produced more friction than the
blunter ones (Swan) at higher speeds. The pure comparison of two models regarding their
friction at various speeds can be taken as the image of practical experiments.'® All prac-
tical experiments are therefor brought together under the heading Swan/Raven type of
experiments.

Note that a practical experiment characterized as determining the ‘optimal’ interven-
tion or manipulation differs from choosing the appropriate unique working principle some
design. The former is much more general and not geared toward one specific application as
a unique design. In practice, however, the borderline between a practical experiment and
finding a design working principle may sometimes be fuzzy.

Practical experiments are often conducted in situations where scientific theories fail to
provide definitive answers and the results of such experiments are more or less satisficing
rather than true or false. The choice of a ship hull depends on more than only its friction at
high speeds.

Determining parameter values or relations between variables

The practical experiments of the previous section play the role of determining the interven-
tion or manipulation with the most desirable consequences. The experiments in the present
section determine something else, viz., the value of parameters or the relationship between
variables. They do not explicitly test a hypothesized relationship, which makes the differ-
ence with Boyle-type of experiments. If the experiment serves a distant descriptive purpose,
it typically precedes hypothesis testing. If, however, the outcomes of the experiment clearly
serve a practical distant purpose, the experiment aims at the development of means-end
knowledge. Boyle-type of experiments do not need to consider possible collateral damage,
as engineering projects typically do when their goal is means-end knowledge.

The example was part of a project to develop a new body-powered arm prosthesis. It
concerned an experiment designed to determine the pinch forces needed to hold rectan-
gular and cylindrical objects with a hook made by TRS Prosthetics. In this experiment the
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object size (27 and 44 mm for cylindrical and 14 mm, 27 and 44 mm for rectangular objects),
weight (varying between 0.1kg and 1.2 kg in steps of 0.25 kg) and bending stiffness were the
independent variables; the required pinch force was the independent one. Every measure-
ment was repeated ten times. The pinch force was measured indirectly via the force on the
cable that powered the prosthesis. For the three object forms, five weights, and degrees of
stiffness the necessary pinch forces were measured. It appeared that for the 14 mm object
the pinch force was 1.7 0.3 times lower than for 27 and 44 mm objects. Moreover, rigid
and relatively stiff objects needed almost the same pinching. Only objects with consider-
ably lower stiffness needed a smaller pinching force. As an extra, the researchers found
out that the TRS hook needed more pinching force than predicted by the Coulombs law of
friction.

Although the proximate outcomes of this experiment bear similarity to the mathemat-
ical relationship testing of Boyle experiments, their intrinsic value is much less than that
of the latter. To know that the smallest pinching force to hold a rectangular object of size
44 mm with weight 0.875 kg is 30N is uninteresting in itself. For the designers of a body-
powered arm prosthesis, it is however very important. This newly developed knowledge of
quantitative relationships clearly serves the distant purpose of design knowledge. The prox-
imate outcomes are however descriptive and become normative in relation to the more
distant purposes.

Characteristics

Experiments set up to find the value of parameters or the relationship between quantitative
variables are concerned with determining rather than testing relationships. The indepen-
dent and dependent variables are quantitative and the proximate purpose is descriptive. If
the intrinsic value of the outcomes is high (e.g. determination of the speed of light, or the
relationship between speed and rolling friction), then these experiments play a construc-
tive part in the hierarchy of a descriptive knowledge plan. Note by the way that, because
of the iterative character of the empirical cycle the borderline between these experiments
and quantitative hypothesis testing may sometimes become fuzzy.

If the intrinsic value of the outcomes is clearly less important than the consequences for
means-end knowledge (or even a design concept like skin friction, or a drag/lift parameter,
etc.), then the experiment plays a normative rather than a descriptive role in the embedding
project hierarchy. Consequently, experiments of this category may occur in project plans
aiming at descriptive or means-end knowledge. Depending on their role in these plans the
outcomes of the experiments may be more or less context dependent. The more the depen-
dent variables are interpreted normatively, the more similar the experiment becomes to a
practical means-end experiment.

The experiments in this section that have enough intrinsic value to become independent
descriptive knowledge will be of the stress/strain type. These are experiments that aim at
determining a value of a parameter or of the mathematical relationship between variables.
If, however, such a quantitative experiment misses this intrinsic value and only becomes
relevant for the achievement of another, more distant aim, then it will be called a Froude’s
Torquay type of experiment. To determine the skin resistance due to viscosity induced by
shear forces, and not wave making, Froude measured the friction of many vertical boards
of different lengths (and sharp edges to evade wave making) moving under water. This
resulted in Froude’s formula of viscosity friction, which he used to predict the resistance of
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large new ship hulls. It remained secret until far after his death - another clear difference
with the swift publication of Boyle's law.

Systematic parameter variation

According to Walter Vincenti, Systematic Parameter Variation (PV) is a ‘procedure of repeat-
edly determining the performance of some material, process, or device while system-
atically varying the parameters that define the object of interest or its conditions of
operation’.20 According to the PV method, first all relevant variables must be identified,
then they are systematically varied and, finally, the results of the dependent variable(s)
are presented in an orderly fashion in tables. The normative, more distant results (e.g.
the highest lift/drag coefficient or the lowest resistance, etc.) are closely connected to
these descriptive, proximate results. In 1901, the Wright brothers (bicycle repairers by
trade) famously designed the first systematic wind tunnel PV experiments. Another well-
known and more recent example of PV is the Wageningen B-screw series (1930s-1970s),
in which the torque and thrust of 120 propeller models are measured (ranging between
two and seven blades), at different speeds, and for blade-propeller area ratios between
0.3 and 1.05. The results are still being discussed in modern handbooks on marine
propulsion.?!

PV is often applied for technical purposes when a scientific theory is insufficiently devel-
oped or is unable to provide reliable and accurate quantitative answers to often urgent
technical questions. Although most (or perhaps all) causal influences (relevantindependent
variables) on the dependent variable (the effects) are known, the situation might simply
be too complicated for precise scientific elaboration. Typically, the independent variables
mutually influence each other to such an extent that isolating them is impossible and assess
their individual contribution to the change of the dependent variable. PV is a subcategory
of the experiments covered in this section.

Interestingly, we will see below that Steinle regards PV as a characteristic of Exploratory
Experimentation.?? Scientists, for whom by definition the distant goal is discovering aspects
of some world structure, also apply PV to get a grip on new phenomena to be explored,
which often leads to fundamental new conceptualizations. Hansson, however, considers
PV to be possibly a ‘generalization of the control group’ and as such a ‘safeguard in experi-
mental design’.23 In section 5, we will come back to this claim. Apparently, PV is a method
rather than a type of experiment for which the distant goal determines its type.

Edison’s filament type — determining a new and unique working principle

Experiments determining a unique working principle belong to a hierarchical plan for a
specific design. They endeavor to find out whether this principle will work for the specific
design. Let us look at an example where two working principles were compared.

Force control in robots is about how to let the robot apply the required amount of
torque (force) with its end-effector to the outer world. In the search for cost-effective
force control of a specific RoboCup robot, two promising concepts were compared. Con-
cept A calculated the external force by comparing the motor torque, measured by the
motor current, with the torque predicted by the dynamic model of the arm. Concept
B measured the torques (forces) between the robot’s hand and arm. These forces were
decomposed into horizontal and vertical components, which enabled the robot to produce
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the required forces with its end effector. To implement concept A, the kinematic model
had the effector make straight up-and-down movements along a line, where the angles
and velocities were fed into the dynamic model, which calculated the torque forces in the
joints. These forces were also measured by the motor current. The differences were con-
siderable and unpredictable. Thirty different values of the motor current (spread 5 Nm)
related to 1 Nm of expected torque. This was not repairable. Concept B was first imple-
mented with a fixed set-up, measuring two forces for eleven rotated positions (between
pointing upwards toward pointing downwards) of the hand with known weight. With an
affine-transformation method the two forces were decomposed in forces in the x- and
y-direction. After the load cells had been calibrated, this method enabled the robot to
determine the direction and magnitude of the external forces, and using the kinematic
model, to move its hand in the force direction. A proof of concept had been successfully
established.

Characteristics

The experiments just described were about determining working principles for some spe-
cific design. Their independent variables are, on the one hand, the experimental set-up to
be implemented in the design, and on the other, the often quantitative values of its cru-
cial variables. The most proximate outputs are typically quantitative (descriptive) values.
However, these are so close to the normative design requirements that the outcomes of
the experiment may be considered to be a proof of concept, or a failure (or a suggestion
about how to improve the working principle). Because this describes the function or role
of the experiment in the embedding project plan, most of the experimental value is instru-
mental. If compared with the experiments that help to decide about the most appropriate
means for some technical end, developing means-end knowledge is typically more general
than specific proofs of concept. The dividing line between determining a working princi-
ple for a unique design and testing a design may seem thin. However, it should not be
overlooked; the former involves verifying whether a given principle will be able to provide
the required functionality for a specific design, while the latter involves testing whether a
design prototype will indeed produce the expected results.

A paradigmatic image for finding an appropriate working material is the frantic way in
which Edison sought the appropriate filament for his electric light bulb between 1878-1880
at Menlo Park. This finally resulted in Edison’s famous patent of November 1879 for a light
bulb with a carbon filament. Generally, experiments that try to establish working princi-
ples often result in patents, if successful, something that tests of hypotheses almost never
do. Interestingly, Edison’s experiments with light bulbs also led him to observe the ‘Edison
effect’, the emission of electrons from heated metals. He observed that an extra foil in the
bulb connected to the negative potential compared with the filament, did not induce a cur-
rent between foil and filament, whereas it did if connected to the positive potential. Later,
John Ambrose Fleming used this effect as the working principle for the first vacuum tubes
to amplify electrical signals, thus providing the impetus for modern electronics.

Froude’s Greyhound type - testing means-end knowledge

Technical laboratories have been around for more than one century and a half, and many
institutions of engineering education have been transformed into universities. Still the
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emancipation of engineering means-end (m-e) knowledge experiences much opposition.
That all m-e knowledge is reducible to descriptive knowledge,?* or that m-e knowledge
is nothing more than following a recipe are popular objections to taking academic m-e
knowledge seriously. In contrast, many laboratories’ files display experimental testing of m-
e knowledge geared toward technical action and support of engineering m-e knowledge.
Let us consider an example from our database.

In a materials-science project, a method to determine the plastic zone size around
fatigue cracks was tested. In the proximity of such a crack, the local stress is higher than the
yield stress that produces a plastically deformed zone. The deformations produce disloca-
tions and bending in the crystal lattice. As Kernel Average Misorientation (KAM) maps can
be derived from Electron Backscatter Diffraction (EBSD) scans, the question arose whether
plastic zones could be located using KAM maps deduced from EBSD scans. To test this
idea, the following experiment was designed. Flat aluminum alloy 6061-T4 specimens of
220 mm x 30 mm x 1T mm with 6 mm notches were cut out. Fatigue cracks at these notches
were propagated under different loads at 30 Hz. KAM maps of the region around the tip
were produced of three samples at grid sizes between 0.3 and 2 um and maximum misori-
entation of 5° because larger ones are due to grain boundaries. The KAM maps however
showed random misorientations everywhere and nothing specific was visible around the
tip. Vickers micro-hardness measurements however did identify a plastic zone, which coin-
cided with the theoretical calculations. A final KAM calibration test showed that a KAM
measurement does not distinguish between noise and plastic strain lower than 2.2% strain.
Because the plastic zone due to crack propagation produces less than this 2.2%, the KAM
method was concluded to be inappropriate to identify the plastic zones caused by crack
propagation.

Characteristics

The experiments in this category have the purpose to test a means recommended for
achieving a pre-specified technical end; this purpose also defines their role in their hier-
archical project plans. These experiments are often carried out at the end of a project.
Typically, the prescribed action plan is followed and then the outcomes are assessed.
Thus, the main independent variable is nominal (the prescribed order of actions) and the
most proximate dependent variable is often quantitative. Sometimes the outcomes have
intrinsic value, but normally the distant outcomes are more interesting. Thus, typically, the
proximate outcomes are descriptive and the distant ones are normative.

Means-end knowledge is more general than a successful test of a working principle,
i.e. a proof of concept. Consequently, the results of means-end knowledge tests are more
comprehensive and less context dependent than those testing a working principle. The
main difference between m-e knowledge and practical experiments is, therefore, that the
first also includes comparisons of the consequences of alternative interventions whereas
the second just measures whether a chosen working principle delivers what is expected.
Note that for the outcome of a means-end tests to become real m-e knowledge, the most
important side effects of all considered means should be considered as well.

At the end of the 19 century, William Froude observed that the friction from 6 ft to 12 ft
models satisfied Frédéric Reech’s scaling law, but the scaling from 3 ft to 6 ft did not. He
hypothesized that to extrapolate the resistance of a large ship hull from that of a scale
model, one needs to distinguish between the calculation of viscous friction and the scaling
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of wave making resistance. Once Froude had obtained his viscous friction formula he com-
bined it with Reech’s scaling law to predict the complete friction of the HMS Greyhound and
validated it with his famous ‘Experiments for the Determination of the Resistance of a Full-
sized Ship, at Various Speeds, by Trials with HMS Greyhound, Performed Off Portsmouth in
August and September 1871". Froude’s predictions turned out to be approximately true and
his experiments convinced most naval architects that Froude’s scaling method was valid.
The Greyhound validation experiments make the ideal type of experiments testing general
m-e knowledge.

AlphaZero type - testing computer outcomes

The introduction and development of digital computers have had an enormous influence
on techno-science as it increased computation and communication capacities beyond
imagination. Today, large computation intensive models and simulations have become
standard equipment for engineers and scientists. Many engineering experiments aim at
establishing trust in simulations, algorithms, finite element models, or finding the appro-
priate simulation software.?> The following is an experiment to see if a computer test can
take the place of empirical tests of cartilage damage.

In the context of detecting cartilage damage in a human ankle, the question arose
whether the program Wave2000® is accurate enough to describe real-life responses to
ultrasonic tests. To answer this question, a test was set up with a simple Perspex model.
The talus (a round disk) and tibia (beam with cutout fitting this disk at close distance) were
connected to a frame with source and receiver transducers at either side of the joint space.
An ultrasound pulse (1 MHz center frequency) was transmitted and received. The set-up
was immersed in water and 2D-modelled in Wave2000®. Twenty test-retest experiments
fell within the 95% reproducibility interval. Ten situations were considered: no damage and
2 mm deep damages on the disk of various widths (2, 4 and 6 mm) at the middle between
the two transducers (90°), close to the source (120°), and close to the receiver (60°). A com-
parison between the computational simulations and the real measurements revealed a
normalized cross-correlation less than the required 95% in six of the measurement situa-
tions. For all computational situations the pulse arrived before it arrived in reality. Moreover,
in the experiment the waves did not flatten out after 6e-5s (perhaps due to reflections),
whereas in the computational simulation they did. The researchers did not find trends in
the ways the damage size and location affected the output signal. It was advised to use
shorter wavelengths.

Characteristics

The experiments in this category have the purpose of testing or validating the outcomes of
simulations, or other computational methods for specific applications. This purpose is nor-
mally straightforward and fixes the roles of these experiments in the embedding project
plan. As the purpose of these experiments is validation of the mostly quantitative and
descriptive (in)dependent variables, the value of these experiments typically equates to the
instrumental value of the distant purposes. The experiments are context dependent as far
as they test computational outcomes for specific circumstances, but the general purposes
of these programs bestow them with some context independence.
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In 2016, world-champion Go player, Lee Sedol, was beaten by AlphaGo, something that
had been unimaginable before because of the complexity of GO. In 2018, Davis Silver and
his coauthors introduced proposals about how to generalize the algorithms of AlphaGo,
towards a generally applicable deep-learning Al program AlphaZero.2® They tested it by
letting it teach itself Chess, Shogi and Go without supervision, and made the resulting pro-
grams contest with the world champion programs Stockfish, Elmo and AlphaGo Zero. All
three were defeated in astonishing ways. For this reason, experiments that test general
computational methods for a specific application are put under the banner AlphaZero tests.
The difference between the AlphaZero and the Greyhound experiments is that the latter
tests whether the manipulation of reality indeed produces the required results, while the
former tests the extent to which virtual reality constructed entirely from empirical laws as
we believe them resembles simulated reality.

Trial-and-Error - preliminary type, establishing grip

Finally, experiments are carried out not only to ask nature or an artifact well-formed ques-
tions, let alone to test their answers, but also to help to formulate such well-formed
questions.?” These experiments are preliminary, and precede a design, descriptive or m-
e knowledge project. Our database only contains a few of them. In design, preliminary
investigations are typically carried out using simulation software. Our example concerns
an experiment preceding m-e knowledge.

In the search for efficiently co-firing biomass in existing coal plants, grinding effects
of torrefied biomass were researched. To that end, bagasse (TBG), roadside grass (TRSG)
and wood chips (TWC) were torrefied for two hours, at 270° Celsius in a Nitrogen flow of
400L/hr. Next, three samples for each were grinded with a ball mill for 0.5, 1, 5, 10 and
15 min, and the temperature and particle size distributions were measured. To the sur-
prise of the researchers the temperature during the grinding decreased approximately
2.5°C for all grinding times. They found this hard to explain. For all samples, the par-
ticle size no longer decreased after some time, which depended on the biomass. The
differences in grindability were most obvious after 30s of milling when TBG had par-
ticles of the smallest size, and all other particles were smaller than 50 microns; TRSG
and TWC showed a larger minimum particle size after 30s of milling. TBG was the best
and TRSG was the hardest to grind. Its minimum particle size was only obtained after
10 min; moreover, it was less brittle than the other materials. TWC reached its mini-
mum particle size after five minutes. It was shattered because one minute of milling
produced particles of the smallest size, while chunks of material were present as well.
The researchers were unable to quantify the influence of torrefaction of biomass. Never-
theless, according to observation with the naked eye, torrefaction significantly improved
grindability of the biomasses. It was concluded that the research had to be contin-
ued with larger batches of biomass and an infrared thermometer; in addition, it was
advised to investigate the relationship between torrefaction temperatures and grinding
performance.

Characteristics
Preliminary experiments help to identify the relevant starting points for research projects.
They help to get a grip on some phenomenon. In descriptive knowledge projects, their
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function is mainly to identify the relevant variables or specify the subject to be investi-
gated. For m-e knowledge projects, however, their job is to establish technical actions or
interventions that will achieve the goal stated in the canonical project description. Because
of the virtual absence of knowledge about the relevant variables, hypotheses, mecha-
nisms let alone theories, the preliminary experiments are referred to as Trial-and-Error
Experiments.

The theoretical frame

The typology expounded above bears similarities to two distinctions found in the recent
literature. The first originates in the work of Friedrich Steinle?® and Richard Burian,?® and
is the difference between exploratory and theory-driven experiments. The latter ‘are done
with a well-formed theory in mind, from the very first idea, via the specific design and the
execution, to the evaluation’.30 ‘Exploratory experimentation, in contrast, is driven by ele-
mentary desire to obtain empirical regularities and to find out concepts and classifications
by means of which those regularities can be formulated’.3! Note that to emphasize the
action aspect of experiments Steinle prefers ‘experimentation’ to ‘experiment’. Moreover,
underlining that not ‘all experimentation should be subsumed under these two types’ and
‘exploratory experimentation ... is not the counterpart of theory-driven experimentation’
Steinle acknowledges the incompleteness of his typology.3? For Steinle exploratory exper-
imentation is epistemologically important because they lead to new conceptualizations.
For instance, Faraday’s magnetic lines of force preceded the electromagnetic field theory.
Steinle’s distinction subscribes to an order in time, since exploratory research precedes the
tests of hypotheses. Thus, it is referred to here as the ‘horizontal’ distinction.

In contrast to Steinle’s focus on descriptive knowledge, Sven Ove Hansson introduces
the distinction between epistemic and (directly) action-guiding experiments.33 He writes:

An epistemic experiment aims at providing information about the workings of the world we live

in. Therefore, the regularities looked for are such that can reveal mechanisms and propensities

of the study objects.... In contrast, a directly action-guiding experiment has a practical pur-

pose. It is performed to find out whether some intervention can be used to achieve a specified

practical purpose. (Hansson 2019, p.2 of 23)

Hansson’s distinction, as that of Steinle, is based on difference in purpose. According to him-
self, Hansson actually distinguishes between ‘interpretations of experiments’ rather than
experiments themselves,3* because the same experiment (as protocol) can be interpreted
as epistemic and action-guiding.3 This difference between the experiment as protocol and
its aim (or interpretation) has been addressed in section 2. Contrary to Steinle’s distinction,
Hansson brings us outside the realm of descriptive knowledge and introduces appropriate-
ness of interventions in technology, management, health care, and agriculture, etc. Clinical
and field trials are typical examples. Hansson’s knowledge-intervention distinction will be
referred to as a ‘vertical’ one.

If the horizontal distinction concerns the order in time, and the vertical is about types of
outcomes, then the two are at right angles and independent. The 2 x 2 matrix provided by
their combination already harbors four types presented above. Stress/strain-relationship
experiments are of the exploring hypothesis type, whereas Boyle’s experiments are of
the hypothesis testing type. Similarly, the Swan/Raven practical experiments are action
explorative, (as the experiments of the Froude’s Torquay type), whereas the Greyhound
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Table 2. The final classification.

Context Testing Determining
Descriptive knowledge (1) BOYLE (4) STRESS/STRAIN (8) TRIAL & ERROR
(general) Hypothesis testing Value or Relation between
variables with intrinsic value
Designs (unique (2) WRIGHT FLYER (5) EDISON FILAMENTS
working principle) Design testing Working principle for unique
design (proof concept)
M-e knowledge (6) GREYHOUND (3) SWAN/RAVEN Optimal actions
(general) m-e knowledge testing (practical experiment)

(4) TORQUAY TOWING TANK
Value or Relation between
variables with low instrinsic value
Computational (7) ALPHAZERO
simulation, model algorithm
testing

experiments are of the action testing type. As Hansson does not distinguish between spe-
cific design and general means-end knowledge, a third row should be added to the matrix,
which concerns the experiments in which appropriate working principle for a unique
design are explored, the Edison filament finding type, and those in which designs are
tested, the Wright Flyer testing type. The 2 x 3 matrix only misses the validation of com-
putational output, and pure trial & error experiments, which precede almost all knowledge
and experience. This results in the overview in Table 2.

Let us make some brief observations. First, the distinction between determining and test-
ing does not coincide exactly with the one of Steinle. He writes for instance: ‘Theory-driven
experimentation is not necessarily a test of theories or of hypotheses’.3® Nevertheless, his
exploratory experiments come close to our trial-and-error ones, which, regarding descrip-
tive knowledge, often result in new concepts or classifications. Second, according to Hans-
son, epistemic and action-guiding experiments aim both at knowledge,” and he does not
explicitly distinguish between descriptive and means-end knowledge, indispensable in our
typology. Third, the ideal-type character of the present typology should be reemphasized.
The boundaries between the types may sometimes not be as sharp as in a real classification.
It might also be incomplete in the sense that perhaps it does not cover all laboratory exper-
iments. Regarding the present database, however, the eight categories considered are the
typical focus points of similarity and distinction.

Our final remark concerns the relationship between the present typology of experi-
ments and that of engineering projects presented by Zwart and de Vries.38 They distinguish
between six project types based on differences in final goals and applied methods, viz.,
1. descriptive knowledge about the world; 2. a designed artifact or processes; 3. general
means-end knowledge, know how or guidelines formulating how to achieve some (tech-
nical) goal; 4. specific models or simulations; 5. optimizations; and 6. Mathematical and
information science results. Although these types do not seem completely unrelated to
the experiment types discerned, their relationship is far from one-to-one. Here, the dis-
tinction between determining and testing turned out to be the most fundamental one
when ordering the experiments in practice. It is closely related to the difference between
the intervention and evaluation phases so fundamental in the acquisition of experience.>®
Indeed, for the three main project categories, descriptive and m-e knowledge and design,
determining and testing experiments were clearly present - although for m-e knowledge
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determining the qualitative type has to be distinguished from the quantitative one.*
Design distorts the scheme a bit more because it covers also (unique) working principles.
Whereas experiments test designs, experimenters mainly search for working principles and
proofs of concepts for designs. Besides these tests, no preliminary design experiments were
encountered. Finally, regarding the three other project types (models, optimizations and
mathematics) the database does only contain validation experiments.

Relevance and outlook

Let us finally turn to some issues for follow-up research and conclusions. We start with
addressing the methodological and philosophical relevance of the present typology.
Regarding the first we will consider two issues: the importance of a clear description of
experimental purpose and the quality assessment of experiments.

Almost all experiments are imbedded in a hierarchical project plan designed to
achieve some predefined goal. Not elaborating all technical details, these plans are
partial,*! and the same holds for the embedded experiments. Reading project plans,
one often comes across experiment descriptions that fail to mention the exact role
of the experiment in the project or the experiment’s precise aim. The present typol-
ogy will be helpful in developing a clear idea of the experiment’s function descrip-
tion and its role in the embedding project. This is the first methodological issue.
Sometimes experiments serve multiple goals. For instance, the first Nereda® aerobic
granular sludge experiments served at least two purposes: falsification of the exist-
ing biological explanation of granular sludge and a proof of principle of granular
sludge waste water treatment plants, with a much smaller footprint than traditional
ones.*? Even for Trial-and-Error experiments a description of the more distance purpose
pays off.

Regarding quality assessment, Hansson discusses the following safeguards for action-
guiding experiments: control experiments; parameter variation; outcome measurement;
blinding; randomization; and statistical evaluation.*> He adds a normative claim, ‘the safe-
guards needed to avoid mistakes are essentially the same in action-guiding and epis-
temic experiments’ and a descriptive one, ‘these safeguards have to a large extent been
developed for action-guiding experiments’.** The conjunction of both claims triggers
the question why the safeguards did not develop in relation to epistemic experiments?
The normative claim is an interesting one but needs qualification. We already saw dif-
ferent interpretations of parameter variations. But what is more important, stress/strain
curve experiments are not double blind; nor were those of Edison, the Wright brothers
or Froude. Double blind experiments are much more relevant in cases where people are
tested.

Overall, controlled laboratory experiments are typically defined by an intervention, ran-
domization, pre- and after measurements, and a control group. In many experiments
described above the same measurements are repeated numerous times for reasons of
(inter-laboratory) precision and accuracy. Experiments are even carried out to assess
between-laboratory reproducibility. But if we test materials and not people, control group
experiments are absent almost everywhere. Once the elasticity of some steel alloy is known,
it is assumed to remain the same during the time another piece of the same material
undergoes some treatment. Although hysteresis is important for many phenomena in
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mechanics, the Solomon-four group design does not make sense for determining material
properties. Thus, safeguards may vary with the subject of the experiments.

In 1935 Ronald Fisher published his The Design of Experiments (DoE), which paved the
way for the application of modern statistics to experimentation. In chemical engineering
for instance, blocking techniques and factorial analyses of variances are used to find effec-
tively optimal circumstances to produce complex chemical compounds. Although Hansson
correctly claims that safeguards are important for experiments, the exact relationships
between various safeguards (and other statistical methods) on the one hand, and the vari-
ous experimental types on the other make an interesting subject for further research. When
the independent variables are nominal, such as the different configurations in the steer-
ing tip experiments (Swan/Raven example) no correlation with the quantitative dependent
variables are calculated. Because some goals in techno-science only require ‘good-enough
results’ (satisficing), it might turn out that the level of statistical rigor or the safeguards
needed may vary with the type of experiments.** This is the second methodological issue
yielded by our typology of experiments.

Philosophically the relevance of our typology stems mainly from its action-plan
analysis.*® Conceiving experiments as well-designed action plans reveals their position in
the embedding project and prepares the way to research the various means-end hierarchies
in experiments themselves. At first sight, this hierarchy might be more constrained than that
of entire research projects where possibilities of combinations seem endless. When exper-
imental physicists decide between different possibilities of illumination, which relates to
values such as resolution, dissipated energy, heat production, etc., then that sub-decision of
their experiment is a technical one. These decisions, however, do not make the entire exper-
iment a technical one. In this sense, Boyle's choice to put his glass U-tube in a block of wood
to prevent it from crashing under the high pressures due to the addition of mercury does
not make his experiment a technical nor a practical one. Despite these technical aspects,
the goal of his experiment was to come to a mathematical relation between pressure and
volume.

The hierarchical means-end analysis of experiment actions also has philosophical
impact, for instance regarding claims about theory-ladenness. It provides the opportu-
nity to investigate the roles theories play in experimentation. Refraining from carrying out
stress/strain experiments double blind or with control groups implies that some phys-
ical properties of steel alloys are assumed to be independent of time. Or, to mention
another example, it will help to analyze the influence of optical geometry on the out-
comes of experiments using optical instruments, based on this geometry. Analyzing the
means-end hierarchy of experiments will help to discriminate between different types of
theory-ladenness and to find out the extent to which it is problematic.

More generally, a typology of experiments can put the debates about truth and
(anti)realism in a new perspective. For instance, William James wrote: ‘The true... is only
the expedient in the way of our thinking, just as the right is only the expedient in the way
of our behaving’.#” If truth is reduced to being expedient, it becomes difficult to distin-
guish between the Boyle and the Swan/Raven type of experiments; the second is practical
whereas the first is not (despite the possible application of its results). Another interesting
issue is to what extent all experimentation is equally guilty of Richard Rorty’s stumbling
block: ‘representationalism’.*® Perhaps practical experiments are less representationalist
than Boyle-type of experiments, and might form the basis of pragmatism. Similarly, we
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may elaborate lan Hacking’s (1983) shift from the realism-antirealism debate toward rep-
resenting and intervening. To that purpose, we need to investigate the different ways in
which experiments and technologies intervene and come to a more balanced account of
the relationship between representations and interventions in techno-science.

Hopefully classifying the types of engineering experiments not only sheds new light on
the delicate hierarchical means-end networks in techno-science research projects at various
levels, but also opens up a broader philosophical interest in the foundations of engineering
and technology per se.

Notes

. Marcorini, The History of Science and Technology, 367.

. Gordon, “10 Moments That Made American Business.”

. Franklin and Perovic, “Experiment in Physics.”

. Hacking, Representing and Intervening.

. Cf.Vaclav Smil’s characterization of the period 1867-1914 as ‘The Age of Synergy’. Smil, Creating

the Twentieth Century.

. Zwart and de Vries, “Methodological Classification of Innovative Engineering Projects.”

. We take engineering projects as plans in the sense of Bratman’s Intention, plans, and practical

reason.
8. Weber, “Objectivity in Social Science”, 90.
9. Norton, Dynamic Fields and Waves, 83.

10. Shankland, “Michelson-Morley Experiment,” 32.

11. For similar reasons Hansson writes “we should distinguish between ... interpretations of exper-
iments. It is conceivable for one and the same experiment to be used for both purposes, i.e.
interpreted in both ways”. Hansson, “Farmers’ Experiments and Scientific Methodology,” note 2.

12. Bratman, Intention, Plans, and Practical Reason, section 3.1.

13. Einstein: “If the Michelson-Morley experiment had not brought us into serious embarrassment,
no one would have regarded the relativity theory as a (halfway) redemption.” Folsing, Albert
Einstein.

14. Note that this distinction depends on thick descriptions.

15. Boyle, A defence of the doctrine touching the spring and weight of the air, 58. To what extent the
historical Boyle was ambivalent in his commitment to "Boyle type" experiments we leave to the
historians of science. Here it should be taken as just a label.

16. Hansson, “Experiments Before Science.”

17. In practice, developing the details of a design, and testing them, often alternate in an iterative
design process.

18. Hansson, “Farmers’ Experiments and Scientific Methodology.” Kroes’s practical experiments also
seem similar, but the learning involved there is suggested not to be based on “regularities and
control” but on storytelling. Kroes, “Design Methodology and the Nature of Technical Artefacts,”
32.

19. Here, we leave aside that the Swan/Raven experiments inspired Froude to research the question
why the 6ft to 12ft models scaling satisfied Frédéric Reech’s (1805-1884) scaling law, and the
scaling from 3ft to 6ft did not. This led eventually to Froude’s famous quantitative scaling method.

20. Vincenti, What Engineers Know and How They Know it, 139.

21. E.g. Carlton, Marine Propellers and Propulsion, 93.

22. Steinle, “Experiments in History and Philosophy of Science”, S70.

23. Hansson, “Experiments Before Science,” 99.

24. Cf. e.g. Stanley and Williamson, “Knowing How.”

25. This does not make the computational simulations themselves physical experiments.

26. Silver et al., “A General Reinforcement Learning Algorithm that Masters Chess, Shogi, and Go

Through Self-Play.”
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27. This type also harbors those experiments carried out outside a specific research project living “a
life of [their] own.” Hacking, Representing and Intervening, xiii; Franklin and Perovic, “Experiment
in Physics”.

28. Steinle “Experiments in History and Philosophy of Science.”

29. Burian, “Exploratory Experimentation”.

30. Steinle, “Experiments in History and Philosophy of Science,” S69.

31. Steinle, lbid., S70. See also Franklin, “Exploratory Experiments”; Elliott, “Varieties of Exploratory
Experimentation in Nanotoxicology”; Waters, “The Nature and Context of Exploratory Experimen-
tation”; Karaca, “A Case Study in Experimental Exploration.”

32. Steinle, “Experiments in History,” (569) and (571), respectively.

33. Hansson, “Experiments Before Science.”; “Experiments: Why and How?"; “Farmers’ Experiments
and Scientific Methodology.”

34. Hansson, “Farmers’ Experiments and Scientific Methodology,” note 2.

35. Hansson, “Experiments Before Science,” 92.

36. Steinle, “Entering New Fields,” S69.

37. Hansson, “Farmers’ Experiments and Scientific Methodology,” note 2,

38. Zwart and de Vries, “Methodological Classification of Innovative Engineering Projects.”

39. De Groot, Methodology, section 1.1.

40. Note that the use of the six types mentioned needs the criteria 3-5 of section 2.

41. Bratman, Intention, Plans, and Practical Reason, sect.3.1.

42. Zwart and Kroes, “Substantive and Procedural Contexts of Engineering Design.”

43. Hansson, “Experiments Before Science,” 99.

44. Hansson, lbid., 99.

45. Maarten Franssen pointed out this issue.

46. It already gave rise to the acknowledgment of the directionless experiments in section 3.1.1.

47. James, The Meaning of Truth, preface.

48. Rorty, Philosophy and the Mirror of Nature. "1 argue that the attempt (which has defined tradi-
tional philosophy) to explicate "rationality" and "objectivity" in terms of conditions of accurate
representation is a self-deceptive effort to eternalize the normal discourse of the day” p.11.
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